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Introduction

The dogmas of the quiet past are inadequate to the stormy present. The occasion is
piled high with difficulty, and we must rise with the occasion. As our case is new, so we
must think anew and act anew.

Abraham Lincoln, 1862

When I came across this quote, it made me recall my first participation at an
international meeting on bone marrow transplantation, at a time when this was
the only term that was used to describe the field. During a particular session
there was a presentation on the use of peripheral blood as the sole source of stem
cells for transplantation, and a member of the audience rose to state that it was
medically unethical to consider such treatment, as it certainly could not contain
stem cells. Now nearly twenty years later, peripheral blood is the predominant
source of stem cells used for hematopoietic stem cell transplantation. In the
same period of time there have been several other dogmatic opinions, which
permeate all of medicine, that have come and gone in the field of hematopoietic
stem cell transplantation, and will continue to do so with advancements from
basic and clinical research.

It is within this context that the format of this book was devised.
Traditionally reviews on specific topics related to hematopoietic stem cell
transplantation reflect the views of a single author or a research group.
Although that view may be correct, it is rare within this field that the view is
universally accepted, and with continued advances in research, opinions and
views are quickly challenged or disproved. As such, each chapter within this text
is authored by at least two individuals, both respected authorities on their
respective topic, who do not necessarily share the same opinion or have direct
research ties. The goal was to bring two perspectives to the same topic resulting
in a more comprehensive and balanced review on relevant topics related to the
field of hematopoietic stem cell transplantation. The danger in using such an
approach was either a predominant review of one author or a particularly
sanitized presentation on only areas where the authors had total agreement
would emerge. However, the results of this ‘‘little experiment’’ were quite
pleasing, as the reader will find in the following chapters contained within this
text. They offer broad and often contrasting opinions on specific topics,
highlighting the expertise of all the authors. More often than not, the

ix



collaboration between the various authors, who had not worked together
previously, resulted in truly unique reviews.

The topics covered within this text cover general principles of hematopoietic
stem cell transplantation, application of hematopoietic stem cell
transplantation to specific diseases, and the biology and treatment of
transplant-related complications. In addition specific chapters cover topics in
which further understanding of the underlying biology and advancements
within the laboratory or emerging topics which are currently or likely having
major clinical implications on the field filed of hematopoietic stem cell
transplantation.

This collection is meant to complement more encyclopedic texts on the
subject of hematopoietic stem cell transplantation. Each chapter is more
detailed than a standard review, yet adequately concise and focused to
provide comprehensive information relative to biology, clinical results, and
treatment recommendations to meet the needs of students, scientists, and
clinicians interested in the field of hematopoietic stem cell transplantation. It
is hoped that those needs will be met and result in the improved care and
outcomes of patients undergoing hematopoietic stem cell transplantation.

Michael R. Bishop, M.D.

x Introduction
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Chapter 1

Principles and Overview of Allogeneic

Hematopoietic Stem Cell Transplantation

Sergio Giralt and Michael R. Bishop

1.1 Introduction and Historical Perspectives

Hematopoietic stem cell transplantation (HSCT) is the process and intravenous
infusion of hematopoietic stem and progenitor cells to restore normal hematopoiesis
and/or treat malignancy [1, 2]. The term ‘‘hematopoietic stem cell transplantation’’
has replaced the term ‘‘bonemarrow transplantation’’ (BMT) because hematopoietic
stem cells can be derived from a variety of sources other than the bone marrow,
including the peripheral blood and umbilical cord blood [2, 3]. Stem cells used for
HSCT are distinguished as being of hematopoietic origin, as there is growing
interest in using more primitive stem cells for regenerative therapy due to their
plasticity and unique biologic characteristics [4]. Hematopoietic stem cells are
further characterized according to their source, that is, from whom they are
obtained. Hematopoietic stem cells obtained from the patient him- or herself
are referred to as autologous [1, 3]. Hematopoietic stem cells obtained from an
identical twin are referred to as syngeneic obtained, and hematopoietic stem
cells from someone other than the patient or an identical twin are referred to
as allogeneic, which is the focus of this chapter.

The clinical application of HSCT originated in the clinical observations of the
severe myelosuppressive effects of radiation among nuclear bomb survivors at
Hiroshima and Nagasaki [5]. Intensive research efforts were made in the 1950s
and early 1960s to develop methods to reverse the myelosuppressive effects of
radiation, including the infusion of bone marrow [6–11]. The subsequent determi-
nation and understanding of the major histocompatibility complex (MHC) and
human leukocyte antigens (HLA) as the major determinants of graft rejection
significantly advanced laboratory studies and clinical application of allogeneic
HSCT [12–14]. The first successful reports of clinical bonemarrow transplantation,
utilized for patients with severe combined immunodeficiency disorders, severe
aplastic anemia, and advanced acute leukemias, occurred in the late 1960s and
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early 1970s [15–20]. Allogeneic HSCT has become a standard treatment option for
a variety of hematologic malignancies (Table 1.1) [21]. In addition, allogeneic
HSCT is a standard treatment for many immunodeficiency states, metabolic
disorders (e.g., Hurler‘s syndrome), and defective hematopoietic states (e.g., severe
aplastic anemia, thalassemia). This chapter focuses primarily on the rationale for
the application of allogeneic HSCT in the treatment of malignancy.

The distinctive characteristics of allogeneic HSCT are that the stem cell graft is
free of contamination bymalignant cells and contains immunologically competent
lymphocytes that are capable ofmediating a reaction against foreign antigens. This
latter characteristic can be a major advantage if the immunologic response is
directed against malignant cells, referred to as the graft-versus-leukemia or graft-
versus-tumor (GvT) effect, thus potentially eradicating disease and reducing the
chance of disease relapse [22–24]. However, if the immunologic response is directed
against antigens present on normal tissues, it can lead to the destruction of normal
organs, described clinically as graft-versus-host disease (GvHD). The risk of both
graft rejection (host-versus-graft reaction) and GvHD rises with HLA disparity.

The GvT effect was first recognized in animal models and subsequently was
noted among patients undergoing allogeneic HSCT for acute and chronic
leukemias [22–25]. The clinical importance of the interactions between immu-
nocompetent donor T cells and tumor cells inmediating aGvT effect is supported
by an increased rate of relapse in allogeneic stem cell grafts from which T cells

Table 1.1 Clinical indications for allogeneic hematopoietic stem
cell transplantation

Malignant disorders

Acute myeloid leukemia

Acute lymphoblastic leukemia

Chronic myeloid leukemia

Myelodysplastic syndromes

Myeloproliferative disorders

Non-Hodgkin‘s lymphoma

Hodgkin‘s disease

Chronic lymphocytic leukemia

Multiple myeloma

Juvenile chronic myeloid leukemia

Non-malignant disorders

Aplastic anemia

Paroxysmal nocturnal hemoglobinuria

Fanconi‘s anemia

Blackfan–Diamond anemia

Thalassemia major

Sickle cell anemia

Severe combined immunodeficiency

Wiskott–Aldrich syndrome

Inborn errors of metabolism

Modified from Copelan EA. N Engl J Med. 2006;354:1813–26
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have been removed (T-cell depletion), an inverse correlation between relapse and
severity of GvHD, and a comparatively increased rate of relapse after syngeneic
or autologous HSCT using the same myeloablative conditioning regimen [25].
Finally, the most compelling evidence for a T cell-mediated GvT effect originates
from the observation that infusion of allogeneic lymphocytes, a donor lympho-
cyte infusion (DLI), at a time remote from the transplant conditioning regimen,
can treat leukemia relapse successfully after allogeneic HSCT [26–29]. The DLI,
without any additional cytotoxic therapy, resulted in sustained cytogenetic and
molecular remissions. Over time it became increasingly apparent that a signifi-
cant part of the curative potential of allogeneicHSCT could be directly attributed
to the GvT effect.

1.2 Technical Aspects of Allogeneic Hematopoietic Stem Cell

Transplantation

1.2.1 Donor Selection

In allogeneic HSCT, stem cells are obtained from a donor other than the
recipient. Donor and recipient usually are identical or ‘‘matched’’ for HLA,
which is derived from the MHC located on chromosome 6 [30]. A single set of
MHC alleles, described as a haplotype, is inherited from each parent, resulting
in HLA pairs. The most important HLAs include HLA-A, HLA-B, HLA-C,
HLA-DR, and HLA-DQ loci. Among siblings, the genes which encode for
HLA-B and HLA-C are located so close to each other in the MHC that one is
rarely inherited without the other. As a result, an HLAmatch among siblings is
referred to a ‘‘6 of 6,’’ as they are matched for HLA-A, -B, and -DR; however, in
actuality they are matched for all of the HLA antigens [3]. The other antigens,
such as HLA-C, become more important in alternative sources of hematopoie-
tic stem cells, such as unrelated donors and cord blood, which are described in
more detail later in this chapter [31, 32].

The choice of donor for an allogeneic HSCT takes into account several
factors, including the patient‘s disease, disease state, and urgency in obtaining
a donor. When allogeneic HSCT is being considered for a patient, a fully HLA-
matched sibling is the preferred donor source, because the risk of graft rejection
and GvHD is lowest with this source of allogeneic stem cells. As described
earlier, a haplotype is inherited from each parent, and by simple Mendelian
genetics it would be expected that the probability that two siblings would share
the same haplotypes would be 1:4. The probability of having an HLA-matched
sibling increases with the number of siblings within a specific family. The
probability can be estimated using the following formula: The chance of having
an HLA-matched sibling=1–(0.75)n, where n is the number of potential sibling
donors [3]. There is an approximately 1% chance of crossing over (i.e., genetic
material switched between chromosomes during meiosis), primarily between

1 Principles and Overview of Allogeneic Hematopoietic Stem Cell Transplantation 3



the HLA-A and the HLA-B loci. The clinical outcomes for allogeneic HSCT
using a sibling with a single HLA mismatch are similar to those with a fully
HLA-matched sibling [33].

For patients who lack a fully HLA-matched sibling donor, the preferred alter-
native sources for allogeneic stem cells include an unrelated fully HLA-matched
donor, a partially HLA-matched cord blood unit, or a partially HLA-matched
familymember [34–36]. A closelyHLA-matched volunteer hematopoietic stem cell
donor may be identified through a bone marrow donor registry, such as the
National Marrow Donor Program (NMDP) in the United States, which includes
about six million potential donors. Many HLA phenotypes are possible, which
sometimesmakes the identification of amatched unrelated donor difficult and time
consuming. Depending on the ethnic descent of both patient and donor, the
probability of identifying an HLA-matched unrelated donor is between 50% and
80%. Due to advances in HLA-typing (reviewed in Chap. 4 by Baxter-Lowe and
Hurley) through the use of molecular typing techniques and improved supportive
care over the last decade, current results of matched unrelated donor transplants
for malignancy are not significantly different when compared to HSCT from
matched sibling donor transplant [32, 37].

One major disadvantage of using an unrelated donor is that the average time
required to identify and procure an HLA-matched unrelated donor is approxi-
mately 2–3 months, which may be too long for patients with rapidly progressive
malignancies [38]. The alternative stem cell source to an unrelated bone marrow
donor for allogeneic HSCT is umbilical cord blood [35–39]. The major advan-
tages of umbilical cord stem cells (reviewed in Chap. 10 by Wagner, Brunstein,
Tse, and Laughlin) is that they can be obtained in less than 4 weeks and that
even cord blood units mismatched in up to 2 of 6 HLA may be used for
allogeneic HSCT. This degree of HLA mismatching is acceptable because the
overwhelming percentage of T cells within the cord blood unit are naı̈ve, and the
incidence of acute GvHD is comparable to or less than that associated with an
HLA-matched unrelated bone marrow donor. The major disadvantage of
umbilical cord blood units is they are associated with a relatively high degree
of graft rejection, especially in adults [35, 39]. Engraftment and treatment-
related mortality appear to be directly related to umbilical cord cell dose; the
small volume usually available (50–150 mL) of cord blood results in low stem
cell doses in adult patients. It may be that the limitation of cell dose can be
overcome by the use of more than one cord blood unit or the transient support
from CD34+ cells from haploidentical family members [40, 41]. The other
significant disadvantage is that once the cord blood unit is used, there is no
way to go back and get additional cells for a donor lymphocyte infusion or in
the event of graft failure.

The other alternative source of allogeneic hematopoietic stem cells is to
identify partially HLA-matched family among the patient‘s first-degree rela-
tives who share at least one haplotype (haploidentical) with the potential
recipient [36, 42]. The major advantage with the use of a haploidentical family
member is that the donor is readily available for almost all patients. The major
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disadvantages are an increased risk of graft rejection, GvHD, and severe
immune dysregulation, which rises with higher degrees of HLA-mismatching.
Haplo-identical allogeneic HSCT has been limited primarily to use in children,
although the use of less intense conditioning regimens (discussed below) has
increased its applicability in adults [36, 43].

1.2.2 Stem Cell Acquisition

Hematopoietic stem cells for allogeneic HSCT may be obtained from the bone
marrow, the peripheral blood, and umbilical cord blood. Bone marrow hema-
topoietic stem cells usually are harvested by repeated aspirations from the
posterior iliac crest until an adequate number of cells have been removed [44].
If sufficient cells cannot be obtained from the posterior iliac crest, marrow also
can be harvested from the anterior iliac crest and sternum. Theminimal number
of nucleated marrow cells required for long-term repopulation in humans is not
precisely known. In practice, the number of nucleated marrow cells harvested is
usually 1–3�108/kg of recipient weight, depending on the diagnosis (i.e., higher
for aplastic anemia), the type and intensity of pre-transplant conditioning, and
whether the marrow graft will be modified in vitro. Marrow sometimes is
treated in vitro to remove unwanted cells before it is returned to the patient.
In allogeneic HSCT with major ABO incompatibility between donor and
recipient, it is necessary to remove the mature erythrocytes from the graft to
avoid a hemolytic transfusion reaction [45]. Peripheral blood hematopoietic
stem cells are used in approximately 60–70% of allogeneic HSCT [46]. In
steady-state, the concentration of hematopoietic stem cells and myeloid pro-
genitor cells is quite low, and prior to collection of peripheral blood hemato-
poietic stem cells by apheresis, attempts are made to increase or ‘‘mobilize’’ the
number of circulating hematopoietic stem cells by administering hematopoietic
growth factors, primarily granulocyte colony-stimulating factor (G-CSF; fil-
grastim) to the donor. The procedure is associated with a very low incidence of
complications and can generally be done as an outpatient. In both the auto-
logous and the allogeneic settings, the use of peripheral blood stem cells has
been associated with accelerated recovery of hematopoiesis when compared to
traditional BMT. In the allogeneic setting, the presence of higher numbers of T
cells in the peripheral blood stem cell graft initially raised the concern for
greater frequency and severity of GvHD. Several large studies have now
demonstrated that the use of peripheral blood in the allogeneic HSCT setting
is associated with a decreased relapse rate in hematologic malignancies and
improvement in overall and disease-free survival in patients with late-stage
disease [47]. However, the use of peripheral blood has been associated with a
significant risk of extensive chronic GvHD. After collection and processing,
hematopoietic stem cells from bone marrow, peripheral blood, or cord blood
may be directly infused or they may be processed with dimethylsulfoxide
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(DMSO) with or without hydroxyethylstarch and then stored in liquid nitrogen
until needed for transplantation [48].

1.2.3 Conditioning

Once an allogeneic stem cell source has been identified, patients are put on
regimens with the intent of ‘‘conditioning’’ or ‘‘preparing’’ them for the infusion
of hematopoietic stem cells. Most conditioning or preparative regimens use a
combination of radiation and chemotherapy [1, 3]. They also may contain
radio-immunoconjugates and/or monoclonal antibodies that target T cells
(e.g., alemtuzumab) [49]. The choice of a specific conditioning regimen depends
on the disease that is being treated. The earliest conditioning regimens were
designed to permit the administration of maximum doses of chemotherapy and/
or radiation (i.e., ‘‘high-dose’’ regimens) for the eradication of disease and to be
adequately immunosuppressive to prevent graft rejection. The most commonly
used chemotherapy agents in these regimens are alkylating agents (e.g., cyclo-
phosphamide and/or etoposide) with or without total lymphoid or total body
irradiation (TBI) at doses varying between 800 and 1440 cGy. The doses of
chemotherapy and radiation used in these regimens are referred to as ‘‘myeloab-
lative’’ because they result in a degree of myelosuppression and immunosup-
pression that is nearly universally fatal without the infusion of hematopoietic
stem cells as a rescue product [50].

Though efficacious, TBI is associated with a number of short and long-term
complications including secondary malignancies, cataracts, and endocrine dys-
function.More recently a low-dose non-fractionated mode of administration of
TBI with 200 cGy has been incorporated in the setting of nonmyeloablative
transplants [51]. The toxicities of TBI-containing conditioning regimens led to
the development of radiation-free regimens. Of these, the most commonly used
chemotherapy is the combination of busulfan and cyclophosphamide, devel-
oped initially by Santos and coworkers and subsequently modified by Tutschka
et al. [52, 53]. Busulfan is traditionally administered orally as 4mg/kg divi-
ded into four daily doses and given on each of four successive days (total
dose¼ 16�mg/kg) but this oral administration is limited by the erratic absorp-
tion of the drug. High plasma levels are associated with increased incidence of
hepatic veno-occlusive disease (VOD) and other toxicities [53]. More recently,
an intravenous formulation of busulfan has become available which allows
more predictable drug delivery [54].

Allogeneic HSCT with myeloablative conditioning regimens has been per-
formed successfully in patients older than 60 years of age; however, survival
after these transplants declines with increasing age, limiting the application of
allogeneic transplantation to a minority of patients who potentially could
benefit from this procedure. The substantial toxicities associated with tradi-
tional, myeloablative conditioning regimens have limited the application of

6 S. Giralt and M.R. Bishop



allogeneic transplantation to relatively young patients with good performance
status. However, the demonstration that an immune-mediated GvT effect plays
a central role in the therapeutic efficacy of allogeneic HSCT led to the hypoth-
esis that myeloablative conditioning regimens were not essential for tumor
eradication. This idea subsequently led investigators to develop less intense,
‘‘nonmyeloablative’’ conditioning regimens, which were adequately immuno-
suppressive to permit the engraftment of donor hematopoietic stem cells, while
sparing the patient many of the toxicities related to traditional high-dose
therapy. A variety of nonmyeloablative and ‘‘reduced-intensity’’ conditioning
regimens have been reported [51, 55, 56]. These regimens have been associated
with decreased early post-transplant morbidity and mortality and have per-
mitted allografting in older and medically debilitated patients. However, the
important clinical question is whether this reduction in toxicity comes at the
cost of a loss of anti-tumor activity within the conditioning regimen.

1.2.4 Treatment-Related Toxicities

There are a variety of acute and late toxicities, which can result in significant
morbidity and mortality, that are associated with and specific to allogeneic
transplantation [57]. The basic principle underlying the supportive care of the
transplanted patient is prevention. Most transplant complications have a tem-
poral relation to the conditioning regimen and the transplant. A simple index,
based on pre-transplant comorbidities, has been developed that reliably predicts
non-relapse mortality and survival [58]. This comorbidity index is useful for
patient counseling prior to allogeneic HSCT.

1.2.4.1 Rejection and Graft Failure

The failure to recover hematologic function or the loss of marrow function after
initial reconstitution constitutes graft failure. Graft rejection occurs when
immunologically competent cells of host origin destroy the transplanted cells
of donor origin [59]. Graft failure can occur in 5–11% of HLA-identical
recipients and may be mediated by immunologic graft rejection by the host
immune system, infections, drugs, or an inadequate stem cell dose. Graft failure
generally takes place within 60 days of transplantation, though late graft failure
has been known to occur. A number of factors are known to increase the graft
failure rate after allografting, among them, low nucleated cell count infused,
T-cell depletion, HLA mismatching, and the use of nonmyeloablative condi-
tioning. This complication occurs more commonly in patients who receive
transplants from alternative or HLA-mismatched donors, in T-cell–depleted
transplants, and in patients with aplastic anemiawho receive a non-TBI-containing
regimen. Graft rejection is less likely to occur in non-transfused patients with
aplastic anemia.
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1.2.4.2 Infections

Due to the utilization of post-transplantation immunosuppressive agents,
patients undergoing allogeneic HSCT are at increased risk, particularly to
fungal and viral infections, as compared to patients undergoing autologous

stem cell transplantation (reviewed in Chap. 21 byWade and Gea-Banacloche).
Infection prophylaxis is routinely employed to guard against bacterial, fungal,
and viral pathogens. Fluconazole has been shown to reduce the incidence of
systemic and superficial fungal infections, but does not affect the incidence of

resistant Candida species; intraconazole has been demonstrated to decrease
mold infections [60, 61]. Aspergillosis is the most common cause of death due
to infection after allogeneic HSCT, and the risk of invasive fungal infections
is increased in patients receiving prolonged, systemic corticosteroid for the

treatment of GvHD. However, newer anti-fungal agents (e.g., voriconazole,
caspofungin) have been demonstrated to successfully treat invasive aspergillosis
in the transplant setting. Clinical infections with cytomegalovirus (CMV) have
been significantly reduced utilizing a strategy of monitoring for CMV reactiva-

tion by detection of CMV DNA in leukocytes, plasma, or serum and upon
detection, the pre-emptive administration of ganciclovir before overt CMV
disease [62].

1.2.4.3 Genito-Urinary Toxicities

The development of hemorrhagic cystitis is associated with high-dose cyclopho-
sphamide within the conditioning regimen. This complication has been largely

abrogated by the use of mesna (sodium 2-sulfanylethanesulfonate) and aggres-
sive hydration. Acute renal failure requiring dialysis during the transplant
occurs infrequently [63]. Thrombotic microangiopathy, either idiopathic or
associated with the administration of calcineurin-inhibitors (e.g., cyclosporine)

can be a serious complication after allogeneic HSCT, posing a high mortality
risk or resulting in end-stage renal disease [64]. Nephrotic syndrome and
membranous nephropathy have been described in long-term survivors; these
complications seem to be associated more commonly with chronic GvHD and

nonmyeloablative conditioning [65].

1.2.4.4 Hepatic Toxicities

The most common liver complication associated with transplantation is veno-
occlusive disease (VOD)/sinusoidal obstruction syndrome of the liver [66, 67].
VOD is caused by endothelial damage in the hepatic sinusoids, and is charac-
terized any unexplained weight gain, painful hepatomegaly, and ascites; severe

VOD is associated with a high mortality rate. Beneficial treatments for VOD
are relatively limited; however, there have been encouraging reports on the
treatment of VOD with defibrotide [68]. The prophylactic use of ursodiol has
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decreased hepatic complications following allogeneic HSCT, especially among
patients receiving conditioning regimen containing busulfan [69].

1.2.4.5 Acute Graft-Versus-Host Disease

Graft-versus-host disease represents themost important barrier to allogeneicHSCT.
Graft-versus-host disease is described as either acute, generally presenting within the
first 100 days post-transplant (reviewed in Chap. 11 by Antin and Korngold), or
chronic, generally presenting after the first 100 days post-transplant (reviewed in
Chap. 12 byMartin and Pavletic). Risk factors for the development of acute GvHD
include a female donor (particularly amultiparous donor),more advanced age in the
patient and the donor, and cytomegalovirus sero-positivity of the donor or patient
and use of an unrelated donor. Acute GvHD is manifested by symptoms in several
organ systems, including the skin, gastrointestinal tract, and liver (Table 1.2) [70].
The skin manifestations range from a maculopapular rash up to generalized ery-
throdermaor desquamation. The severity of liverGvHD is scored on the basis of the
bilirubin and the gastrointestinal severity on the quantity of diarrhea per day.Organs
may be involved in isolation or simultaneously. However, delayed de novo presenta-
tions of acute GvHD are reported. A clinical grading system (Table 1.2) correlates
with clinical outcome. Severity is described as Grade I (mild) to Grade IV (severe).
The incidence of clinically significant GvHD (Grades II–IV) in recipients of HLA-
genotypically identical grafts (T cell replete) and using cyclosporine and metho-
trexate for GvHD prophylaxis is approximately 40%. Increasing HLA disparity
increases both the incidence and severity of resultant GvHD, with recipients of

Table 1.2 Classification of patients with acute graft-versus-host disease

Clinical staging

Stage Skin Liver Gut

+ Rash<25% BSA Total bilirubin
2–3mg/dL

Diarrhea 500–1000mL/day

++ Rash 25–50%
BSA

Total bilirubin 3–6mg/dL Diarrhea 1000–1500mL/day

+++ Generalized
erythroderma

Total bilirubin 6–15mg/dL Diarrhea>1500mL/day

++++ Desquamation
and bullae

Total bilirubin>15mg/dL Pain, with or without ileus

Clinical grading

Stage

Grade Skin Liver Gut PS

0 (none) 0 0 0 0

I + to ++ 0 0 0

II + to +++ + + +

III ++ to +++ ++ to +++ ++ to +++ ++

IV ++ to++++ ++ to ++++ ++ to ++++ +++

BSA¼ body surface area, PS¼ performance status
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phenotypically matched unrelated donor grafts experiencing a 50–80% incidence
of grade II–IV GvHD. Other risk factors for acute GvHD include older age, a
parous or alloimmunized donor, less intense immunosuppression, or the use of a T
cell replete versus T cell depleted graft.

Acute GvHD can often be diagnosed on the basis of clinical findings.
Histologic confirmation can be valuable in excluding other possibilities such
as infection. Mild GvHD of the skin may demonstrate vacuolar degeneration
and infiltration of the basal layer by lymphocytes. With more advanced disease,
histologic findings of necrotic dyskeratotic cells with acantholysis may progress
to frank epidermolysis. In the liver, early GvHD may be difficult to distinguish
from hepatitis of other causes.

The best therapy forGvHD is prophylaxis. The prophylactic use of cyclosporine
and methotrexate are effective in reducing the incidence of acute GvHD as well as
the survival of transplant patients and is the most commonly used form of GvHD
prophylaxis. Cyclosporine is a cyclic polypeptide that prevents T cell activation by
inhibiting interleukin-2 (IL-2) production and IL-2 receptor expression. While
effective as GvHDprophylaxis, cyclosporine imparts significant toxicities including
hypertension, nephrotoxicity, hypomagnesemia, a risk for seizures, hypertrichosis,
gingival hyperplasia, tremors, and anorexia. Tacrolimus is amacolide lactonewhich
closely resembles cyclosporine in mechanism of action, spectrum of toxicities, and
pharmacologic interactions. The combination of tacrolimus and methotrexate was
demonstrated to be superior to cyclosporine and methotrexate in reducing Grade
II–IV acute GvHD when used as prophylaxis.

Moderate to severe GvHD (Grades II–IV) requires appropriate treatment. The
mainstay of therapy has long been corticosteroid therapy. Treatment for acute
GvHD includes high-dose corticosteroids, anti-thymocyte globulin (ATG), or
various monoclonal antibodies [71–73]. Methylprednisolone, at a dose of 2 mg/
kg/d, can be expected to achieve responses in 40–60% of patients. Higher doses of
steroids have not been shown to be of greater benefit. Steroid refractory GvHD
responds poorly to second line therapies and is associatedwith increasedmortality.
ATG is commonly used as a second line treatment with limited success. Novel
treatments showing efficacy in preliminary studies include extracorporeal photo-
therapy and the combination ofmycophenolatemofetil and tacrolimus. In general,
acute GvHDof the skin is most responsive to treatment while GvHDof the liver is
least responsive. The fatality rate for acute GvHD may be as high as 50%.

1.2.4.6 Chronic Graft-Versus-Host Disease

Chronic GvHD occurs in 20–50% of long term survivors. Chronic GvHD
occurs most commonly between 100 days and 2 years from the transplant and
has polymorphic features similar to a number of autoimmune diseases [74]. It is
most likely to develop in older patients who also had acute GvHD or received
peripheral blood rather than bone marrow grafts; in 20% of cases there is no
history of prior acute GvHD [75]. Adverse prognostic factors include
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thrombocytopenia, a progressive clinical presentation, extensive skin involve-
ment, and an elevated bilirubin [76]. Common manifestations include the sicca
syndrome, lichen planus-like skin rash, scleroderma-like skin changes, esopha-
geal and intestinal fibrosis, obstructive lung disease with or without pneumonitis,
and elevated alkaline phosphatase with or without hyperbilirubinemia. Under-
lying immunologic deficiencies including hypogammaglobulinemia are common,
placing patients at increased risk for infectious events.

Chronic GvHD may be limited or extensive [76]. Limited disease implies
localized skin involvement with minimal or no liver involvement while extensive
disease suggests generalized skin involvement with or without other organ involve-
ment. Patients with limited disease have a good prognosis with 60–70% long-term
survival while those with extensive disease experience 20–30% long-term survival.
Treatment for chronic GvHD is guided by the extent of disease. Initiation of
therapy prior to functional impairment is of critical importance. Treatments for
chronic GvHD include corticosteroids, cyclosporine, thalidomide, ultraviolet light
treatments, or other immunosuppressive agents [77, 78]. Alternatives include
azathioprine, UV light, psoralen-UV-A, extracorporeal photopheresis, and thali-
domide. Themost common cause of death in patients with chronicGvHD remains
infection so all should receive prophylactic antibiotics with or without intravenous
immunoglobulin [78].

1.2.4.7 Late Complications

These include endocrine toxicities such as hypothyroidism, hypogonadism, or
growth hormone deficiency in younger patients; pulmonary effects may include
obstructive lung disease or pulmonary fibrosis; and other late effects including
cataracts and leukoencephalopathy [57].

1.3 Current Indications for Allogeneic Hematopoietic Stem Cell

Transplantation for Patients with Malignancy

There is clinical evidence that allogeneic HSCT can provide benefit, defined as free-
domof progression or overall survival, formost hematologicmalignancies.However,
the beneficial effects of allogeneic HSCT vary greatly with each type of malignancy.
Data indicate that due to their relative responsiveness to cytotoxic therapy, myeloa-
blative conditioning regimens with allogeneic HSCT result in higher response rates
than cytotoxic or conventional agents for almost all hematologic malignancies.
However, the durability of these responses and their effect on survival varies from
disease todisease. Similarly, there is evidenceof a clinicalGvT effect in almost every
hematologic disease; however, its potency and clinical relevance are highly
variable. Interpretation of the results of trials of HSCT always is complicated
by issues of patient selection. This can lead to either underestimating the
efficacy of allogeneic HSCT if it is used after exhausting all other available
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therapies or overestimating its efficacy if only the patients with favorable
prognostic characteristics are selected. The specific indications for allogeneic
HSCT are covered in the chapters for each respective disease. This section
briefly addresses the outcomes for malignancies with allogeneic HSCT.

1.3.1 Acute Myeloid Leukemia

With the exception of acute promyelocytic leukemia there is no doubt that
allogeneic HSCT offers the highest anti-leukemic activity after a conventional
induction and intensification therapy for acute myeloid leukemia (AML; a.k.a.
acute myelogenous leukemia) patients in first remission. Randomized con-
trolled trials comparing autologous and allogeneic HSCT to conventional
chemotherapy in patients with AML in first complete remission have demon-
strated improved leukemia-free survival with both forms of HSCT; however,
there has been no significant improvement in overall survival due to increased
treatment related mortality with allogeneic HSCT [79, 80]. The one exception
has been in pediatric AML, where allogeneic HSCT has been demonstrated to
improve both leukemia-free and overall survival for patients transplanted in
first complete remission [81]. For AML patients with poor prognostic features
(adverse cytogenetics, secondary leukemias, presence of minimal residual dis-
ease) there are strong indications for allogeneic HSCT in first complete remis-
sion (CR1) [82]. The outcome of HSCT for patients beyond CR1 is worse when
compared to the use of transplant while in CR1, but for these patients allograft-
ing still remains the most effective strategy to obtain long-term disease control.
Reduced-intensity and nonmyeloablative conditioning regimens may increase
the applicability of allogeneic HSCT for older AML patients [83].

1.3.2 Acute Lymphoblastic Leukemia

For adult patients with poor-risk acute lymphoblastic leukemia (ALL), most
investigators recommend an allogeneic transplant [84–86]. The results for
patients in later remissions, early relapse, or primary refractory disease are
clearly inferior to those of patients inCR1, but in nearly all of these circumstances
if an HLA donor is available, an allogeneic HSCT is associated with improved
outcomes when compared to prior therapy [87].

1.3.3 Chronic Myeloid Leukemia

Before the development of imatinib mesytale chronic myeloid leukemia (CML;
a.k.a. chronic myelogenous leukemia) was one of the major indications for
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allogeneic HSCT, and a well established curative strategy for CML with
5-year disease-free survival rates of 85% [88]. After the advent of imatinib
and the new tyrosine kinase inhibitors (TKI), allogeneic transplantation is no
longer the first option for CML patients [89]. Use of allogeneic HSCT is
limited to those patients in chronic phase who failed one, or in some instances,
two lines of TKI [90]. The GvT effect is critical in the potential cure of CML
with allogeneic transplantation, thus nonmyeloablative and reduced-intensity
conditioning regimens in this group of patients would seem an attractive
strategy. However it is not yet possible to conclude that for younger patients,
those younger than 40–50 years, either nonmyeloablative or reduced-intensity
allogeneic HSCT offers a major advantage to patients who would otherwise be
candidates for an allografting with conventional, myeloablative conditioning
[90]. Patients with accelerated, blastic or second chronic phase CML can not
be cured with imatinib or the new TKI dasatinib, and responses are usually of
short duration. Although clinical results of allogeneic HSCT are poor for
these advanced phases of CML, it continues to be the only potential curative
approach [91].

1.3.4 Myelodysplastic Syndromes

Allogeneic HSCT is the only curative treatment for myelodysplastic syndromes
(MDS). Because of the older age of patients with MDS, transplantation has
generally been reserved for patients with higher riskMDS orMDS transforming
to AML. The best results have been obtained in relatively younger patients, who
are earlier in their disease course and have not received any prior therapy. To
identify factors influencing transplantation outcome for MDS, the International
Bone Marrow Transplantation Registry (IBMTR) studied 452 recipients of
HLA-identical sibling transplants for MDS [92]. Three-year transplantation-
related mortality, relapse, disease-free survival, and overall survival rates were
37%, 23%, 40%, and 42%, respectively. Multivariate analyses showed that
young age and platelet counts higher than 100,000 at transplantation were
associated with lower transplant-related mortality and higher disease-free and
overall survival rates. Because the optimal timing for transplantation forMDS is
unknown, the IBMTR constructed aMarkov model to examine three transplan-
tation strategies for newly diagnosed MDS: transplantation at diagnosis, trans-
plantation at leukemic progression, and transplantation at an interval from
diagnosis but prior to leukemic progression [93]. Analyses using individual
patient risk-assessment data from transplantation and non-transplantation regis-
tries were performed using the International Prognostic Scoring System (IPSS)
for MDS with adjustments for quality of life. For low and intermediate-1 IPSS
groups, delayed transplantation maximized overall survival. Transplantation
prior to leukemic transformation was associated with a greater number of life
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years than transplantation at the time of leukemic progression. In a cohort of

patients under the age of 40 years, an even more marked survival advantage

for delayed transplantation was noted. For intermediate-2 and high IPSS

groups, transplantation at diagnosis maximized overall survival. There is

evidence that reduced-intensity allogeneic HSCT may benefit older patients

with MDS [94, 95].

1.3.5 Non-Hodgkin Lymphoma and Hodgkin Lymphoma

Although allogeneic HSCT has been reported to yield long-term disease-free

survival for patients with intermediate and high-grade non-Hodgkin‘s lympho-

mas (NHL), the demonstration of a potent GvT effect against NHL is less clear,

and the efficacy of donor lymphocyte infusion in lymphoma is anecdotal at best

[96–99]. Consequently, the specific role of allogeneic HSCT has not been defined.

There are data that nonmyeloablative and reduced-intensity allogeneic HSCT

may provide benefits for patients with recurrent follicular NHL; however, the

data indicate that this approach requires that the disease remains chemotherapy-

sensitive [98].
Allogeneic HSCT has had a limited role in the treatment of Hodgkin lym-

phoma (HL; a.k.a. Hodgkin‘s disease) due to the efficacy of autologous HSCT,

the treatment-related toxicities associated withmyeloablative allogeneic HSCT,

and a relative lack of evidence of aGvT effect against HL. However, recent data

indicate that reduced-intensity allogeneic HSCT may benefit patients with

recurrent HL, and a GvT effect against HD may exist [100].

1.3.6 Multiple Myeloma

A graft-versus-myeloma effect has been demonstrated, but the use of allo-

geneic HSCT for multiple myeloma had been limited since transplant-

related mortality in this group of patients with conventional myeloablative

regimens was very high, 30–50% [101]. Data with nonmyeloablative regi-

mens are encouraging, and based on the high transplant-related mortality,

multiple myeloma was a good model for investigating the feasibility of

nonmyeloablative transplants in this type of patients. Although several

studies have demonstrated that transplant-related mortality was decreased

with nonmyeloablative conditioning regimens, the relapse rate is greater

when compared to standard allografting [90]. Results of a prospective

biologically assigned study suggest, however, that the use of nonmyeloa-

blative allogeneic HSCT may be superior to autologous HSCT in newly

diagnosed myeloma patients [102].
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1.3.7 Solid Tumors

There has been considerable interest in investigating the presence of a GvT
effect in a variety of solid tumors, including renal cell carcinoma and breast
cancer [103–105]. Childs and colleagues reported on a series of 19 patients with
metastatic renal cell carcinoma who underwent nonmyeloablative allogeneic
stem cell transplantation [103]. Nine patients had responsive disease (47%), of
which three were complete responses.

1.4 Conclusion

There has been tremendous success since the 1980s in the increased safety of
allogeneic HSCT and in the expanding application of this treatment to more
patient populations. Areas currently under development that may further improve
the use and efficacy of transplantation include continuous improvements in sup-
portive care for transplant patients, broadened use of alternative donors, more
refined graft manipulations, and further improvements in the nonmyeloablative
transplantation techniques and GvHD prevention. Future progress depends on
our ability to identify safer and better-targeted anti-tumor therapies that can be
incorporated in the transplantation regimens without attenuating the GvT
responses. This remains a challenge for future clinical research.
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Chapter 2

The Principles and Overview of Autologous

Hematopoietic Stem Cell Transplantation

William Vaughan, Tara Seshadri, Mark Bridges, and Armand Keating

2.1 Introduction

Autologous hematopoietic stem cell transplantation (HSCT) refers to the use of

self-renewing progenitor cells derived either from the patient’s own marrow or

peripheral blood, as opposed to cells from an allogeneic or syngeneic donor, to

repopulate the hematopoietic system after administration of chemotherapy.

This treatment modality enables very high (‘‘myeloablative’’) doses of che-

motherapy to be administered in the hope of eradicating tumors while avoiding

the serious side effect of prolonged myelosuppression or even marrow ablation.

Autologous HSCT is best viewed as one step in the treatment strategy for

malignant (usually hematological) diseases and not a therapeutic entity in itself.
Almost half a century has passed since the first report of the infusion of

autologous bone marrow into a human to facilitate hematopoietic reconstitution

following high-dose chemotherapy [1], although interest in the therapeutic use of

marrow dates back much further. Brown-Sequard and d’Arsonaval made the

earliest known attempts, when they administered marrow by mouth to patients

with anemia related to leukemia [2]. Other methods of delivering marrow fol-

lowed, including the use of intramuscular [3] and intramedullary [4] injection in

the 1930s and the first report of intravenous infusion of viable bone marrow in

1939, in an unsuccessful attempt to treat a patient with aplastic anemia [5]. The

first uses of marrow therapeutically were exclusively with marrow derived from

an allogeneic source, a concept that might seem counterintuitive given the

relative frequencies of autologous and allogeneic transplants today.
These early attempts were carried out largely in isolation, and it was not until

the world entered the ‘‘atomic age’’ in 1945 that a concerted research effort

developed rapidly in the area of toxicity related to massive doses of radiation

and how these toxicities might be treated. Bone marrow suppression was one of
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the principal effects, occurring at exposure levels lower than for other significant
toxicities. Early murine studies by Jacobson et al. published in 1949 showed that
by shielding the spleen (which is hematopoietic in the mouse), the hematological
effects of large doses of radiation could be ameliorated [6]. Subsequent studies
demonstrated that the implantation of a non-irradiated autologous spleen into a
lethally irradiated mouse could accomplish the same objective [7]. Much of the
subsequent work again focused on using marrow derived from an allogeneic or
syngeneic source, and clinical reports of the use of allogeneic marrow to treat
leukemia followed in the mid-1950s [8, 9]. These were largely unsuccessful,
presumably due to an immune response against the infused marrow, as histo-
compatibility antigens were not yet known.

It was not until the mid to late 1950s that interest developed in the use of one’s
own hematopoietic system to repopulate an ablatedmarrow. It was known at the
time that a steep dose–response curve existed for some malignancies, but use of
very high doses of chemotherapy or radiationwas precluded by profound toxicity
to organs and tissues, particularlymyelosuppression. To circumvent this toxicity,
while at the same time avoiding an immune response against foreign marrow
cells, attempts were made to harvest bone marrow from patients with a terminal
malignancy and then re-infuse the marrow after treatment with massive doses of
radiation or chemotherapy.

The first report of this method was published by Kurnick et al. [1] in 1958.
Other reports soon followed in 1959 by McFarland et al. [10], McGovern et al.
[11], and Newton et al. [12]. These early attempts were in patients with very
advanced solid and hematologic malignancies and showed that the autologous
marrow infusion appeared to be capable of regenerating a lethally damaged
bone marrow. They did not, however, demonstrate any significant benefit to
high-dose therapy over conventional dose therapy and the use of autologous
transplantation fell out of favor for more than a decade. In the 1960s and
1970s, led principally by Dr. E. Donnall Thomas and colleagues, allogeneic
transplantation again dominated the landscape, owing to the identification of
histocompatibility antigens and the development of improved anti-infective agents
and supportive measures. Initial successes were in patients with immunodeficiency
syndromes, soon followed by patients with hematological malignancies.

Allogeneic transplantation, however, presented significant and unique pro-
blems, principally graft-versus-host disease (GvHD) and the lack of a suitable
donor in many cases. In part because of these challenges, there was a renewed
interest in autologous transplantation in the late 1970s, with the first successful
cure of lymphoma using this method reported by Appelbaum and colleagues in
1978 [13]. At that time methods for storage of transplant products were not well
developed, limiting autologous transplant regimens to those with a very short
marrow toxicity half life such as total body irradiation (TBI) [14], cyclopho-
sphamide [15], melphalan [16], BCNU (1,3-bis(2-chloroethyl)-1-nitroso-urea)
[17], and nitrogen mustard [18]. The development of cryoprotectants such as
dimethyl sulfoxide (DMSO) [19] in conjunction with controlled-rate freezing
techniques permitted the cryopreservation and storage of autologous bone
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marrow for extended periods of time [19, 20]. The availability of cryopreserved
bone marrow enabled clinicians to utilize both drugs with longer half-lives and
multi-agent, multi-day, intensive therapy regimens, resulted in the explosion of
interest in autologous bone marrow transplantation in the 1980s.

The next major advance in transplantation technology was based on the
recognition that hematopoietic precursor cells circulated in the peripheral
blood in man [20]. Goldman et al. in 1979 demonstrated that peripheral blood
cells collected from patients in chronic phase of chronic myelogenous leukemia
(CML) appeared to be capable of restoring chronic phase CML in patients
treated with marrow ablative therapy for acute phase CML [21]. Later, Juttner
and colleagues [22] reported high numbers of progenitor cells in the blood of
patients with acute leukemia recovering from induction chemotherapy and that
these cells were capable of producing prompt but incomplete hematopoietic
reconstitution after high dose melphalan chemotherapy. In 1984, Kessinger
et al. [23] performed the first successful autologous transplant with recovery of
hematopoiesis after marrow ablative therapy using cells collected from steady-
state peripheral blood in a patient with breast cancer. That same year, Korbling
and colleagues reported successful engraftment with normal hematopoiesis in
a patient given peripheral blood cells following high dose chemotherapy for
Burkitt’s lymphoma [24]. In a later report, Kessinger et al. [25] described a series
of 10 consecutive lymphoma and breast cancer patients who received autologous
peripheral blood stem cell grafts, resulting in partial engraftment in all patients
and full and sustained engraftment in the eight patients who did not die early
from transplant-related toxicity or progressive disease. Adequacy of the product
was determined by peripheral mononuclear cell counts and colony-forming unit
(CFU) assays. Two subsequent critical advances, the use of hematopoietic
growth factors [e.g., granulocyte colony-stimulating factor (G-CSF), granulo-
cyte-macrophage colony-stimulating factor (GM-CSF)] for progenitor and stem
cell mobilization [26] and stem and progenitor cell enumeration with the anti-
CD34 monoclonal antibody developed by Civin et al. [27], eventually resulted in
peripheral blood stem cell collection becoming the standard source for autolo-
gous HSCT by the early 1990s. Today, the number of autologous transplants far
outpaces the number for its allogeneic counterpart, and autologous HSCT has
now become standard therapy for many hematological malignancies.

2.2 Current Concepts and Evolving Rationale

for Autologous HSCT

2.2.1 Patient Selection

The experience with autologous HSCT in metastatic breast cancer serves as a
strong reminder of the importance of patient selection and the need for rando-
mized trials to accurately evaluate the role of such therapy. Early encouraging
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results of prolonged disease-free survival (DFS) in 30% of patients with meta-
static breast cancer treated with autologous HSCT fueled emotional debates
world-wide about the appropriateness of the therapy in this patient population.
There was considerable pressure both to treating doctors and insurance compa-
nies to offer autologous HSCT; consequently many patients were treated
off-trial. Hence, it was some time before well-designed randomized controlled
trials (RCT) accrued sufficient numbers of patients to appropriately evaluate
autologous HSCT in metastatic breast cancer. Several RCTs demonstrated
improved progression-free survival (PFS) with autologous HSCT for metastatic
breast cancer; however, none showed an advantage in overall survival (OS).
Moreover, up to 10% of patients succumbed to treatment-related mortality [28].
This experience highlights the disadvantages of deferring an evidence-based
approach in favor of treating individual patients with a potentially promising but
unproven therapy. The prevailing climate after the release of the negative RCT
results has discouraged other clinical trials of autologousHSCT to be designed and
performed in selected patients with breast cancer, who might conceivably have
benefited.

Despite the experience with autologous HSCT for breast cancer, we have
learned some important principles of the use of autologous HSCT. The efficacy
of autologous HSCT is dependent on chemotherapy sensitivity, timing, and
tumor biology, and these concepts are critical in ascertaining who and when to
transplant. As such, the indications and timing for autologous HSCT have
slowly evolved, and recommendations for when and on whom to perform the
procedure for specific diseases are changing. A summary of the current indications
for autologous HSCT is provided in Table 2.1.

2.2.2 Chemotherapy Sensitivity

Response to salvage chemotherapy is a very important predictor of outcome
after autologous HSCT; patients with non-Hodgkin’s lymphoma (NHL) who
were sensitive to salvage chemotherapy had a significantly improved 5-year PFS
(49% vs. 13%) following autologous HSCT compared to patients whose are
resistant [43, 44]. Studies with aggressive NHL show that patients frankly
refractory to salvage chemotherapy derive little benefit from autologous
HSCT [45], thus establishing chemotherapy sensitivity as a general requirement
before proceeding. It is noteworthy that many autologous HSCT trials in
follicular NHL [36], aggressive NHL [29] and Hodgkin lymphoma (HL, a.k.a.
Hodgkin’s disease) [30, 46] only include patients responding to chemotherapy.
Response to salvage therapy is also a predictor of outcome. Patients with either
NHL or HL achieving a complete remission after salvage chemotherapy were
observed to have a 75% failure-free survival at 2 years after autologous HSCT
compared with 40% for patients who achieved a partial remission [47]. As
autologous HSCT works on the principle of using large doses of chemotherapy
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to eradicate disease, it follows logically that patients refractory to induction or

salvage chemotherapy are less likely to have a favorable outcome compared

with those sensitive to chemotherapy.

2.2.3 Timing of Autologous HSCT

The timing of autologous HSCT is also critically important in determining an

optimum outcome. For example, although autologous HSCT is unlikely to be of

benefit in aggressive NHL as part of primary therapy [48], its use in treating relapsed

and refractory disease that is chemotherapy sensitive became widespread after the

publication of the PARMA trial in 1995 [43]. Of note, most trials demonstrating the

benefits of autologousHSCT inaggressiveB-cellNHL, either upfront or in relapsed

patients, were performed in the pre-rituximab era. The inclusion of rituximab

as part of salvage chemotherapy improves response rates in rituximab-naı̈ve

patients [49], thereby increasing the eligibility of patients for autologous HSCT.
In contrast to aggressive NHL, autologous HSCT for mantle cell lymphoma

(MCL) appears to be of most benefit when performed as part of primary

therapy in patients sensitive to anthracycline-based chemotherapy. Several

case series show that autologous HSCT in first remission is associated with an

improved OS and progression-free survival (PFS) when compared with historical

controls [35, 50, 51].

Table 2.1 Indications for autologous hematopoietic stem cell transplantation

Disease
Autologous
HSCT indicated?

When to perform Autologous
HSCT Reference

Aggressive NHL Yes Relapsed/refractory [29]

Hodgkin’s
Lymphoma

Yes Relapsed/refractory [30, 31]

Multiple Myeloma Yes After induction therapy [32–34]

Mantle Cell
Lymphoma

Yes In first remission [35]

Follicular
Lymphoma

Possibly In second/subsequent remission [36]

Chronic
Lymphocytic
Leukemia

possibly In second/subsequent remission [37]

Acute Myeloid
Leukemia

Yes In second remission if allogeneic
donor is unavailable

[38, 39]

Acute
Lymphoblastic
leukemia

Investigational [140]

Breast Cancer Controversial Consider in metastatic disease in
context of trial

[141–143]

Germ Cell Tumors Yes Relapsed/refractory [144]

Autoimmune
disease

Investigational [40]
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Unlike MCL, autologous HSCT is generally not performed as part of initial
therapy for follicular or other low-grade NHL. These diseases are generally
associated with a long OS, and although autologous HSCT may improve PFS
[52] when performed early in the disease course, OS is not altered. There is a
suggestion that improvements in both PFS and OS can be made when auto-
logous HSCT is performed in second relapse [53]. Despite the consistent results
of autologous HSCT in second relapse, its place in the treatment of follicular
NHL remains to be defined, especially in view of the impressive results of
rituximab maintenance after second-line chemotherapy [54]. The role of ritux-
imab as maintenance therapy after autologous HSCT also warrants further
investigation in NHL.

Several phase III trials have demonstrated that the use of autologous HSCT
early in the disease course for multiple myeloma results in improved complete
remission, event-free survival (EFS), and OS rates as compared to conventional
chemotherapy alone [32–34]. However, patients with adverse cytogenetic fea-
tures such as p53 deletion, t(4:14), and del 13q continue to have a poor outcome
after autologous HSCT [55, 56]. Responses to autologous HSCT have also been
shown to be an important predictor of outcome in multiple myeloma. Patients
achieving complete remission (CR) post-autologous HSCT having a higher
likelihood of surviving 5 years compared to those achieving partial remission
(PR). This has led to the investigation of tandem autologous HSCT in multiple
myeloma in an attempt to improve complete remission rates [57].

2.2.3.1 Tumor Biology

One of the best examples in using tumor biology to decide therapy has been the
experience with acute myeloid leukemia (AML). Currently, therapy for AML is
heavily stratified according to cytogenetics. Patients with favorable-risk AML,
defined by the presence of t(15:17)(q22;q12) or a translocation involving the
core binding factors, have a good outcome with chemotherapy alone. Thus,
autologous HSCT or allogeneic transplantation is not recommended in first
complete remission (CR1) for this subgroup. Patients relapsing can be effec-
tively salvaged with an allotransplant or autologous HSCT should a donor not
be available. Patients with poor-risk AML, defined by adverse cytogenetics or
those who require more than one induction to obtain a complete remission,
have a 5-year probability of relapse of 75–90%. These patients are generally
offered an allogeneic transplant in first remission if an appropriate donor is
available, as this approach appears to confer a survival advantage [58, 59]. The
best treatment approach for patients with intermediate-risk AML, the most
common subgroup of AML, is undefined. Trials with subgroup analyses of
patients with intermediate-risk AML did not demonstrate an advantage of
autologous HSCT in CR1 [60, 61]. Therefore, the role of autologous HSCT in
AML is best reserved for patients in second remission who lack an allogeneic
donor.
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2.2.4 Hematopoietic Progenitor Cells

Hematopoietic progenitor cells (HPC) have a variable ability to self renew and
are able to terminally differentiate into mature cells of the erythroid, myeloid,
megakaryocytic and lymphoid lineages. They form the corner stone in autolo-
gous HSCT as they re-establish normal hematopoiesis following myeloablative
chemotherapy. They are immunophenotypically characterized by the expression
of CD34, and this antigen is used to identify them in flow cytometric assays. They
can be subdivided into mature and immature subsets. Mature forms express
HLA-DR,CD33, andCD38 and lackCD90,while the immature subset expresses
CD90 and lacks CD33, CD38, and HLA-DR [62].

Hematopoietic progenitor cells are located primarily in the bone marrow with
only very small numbers circulating in the peripheral blood. Bone marrow
microenvironmental cells express numerous cell adhesion molecules and elabo-
rate cytokines, which interact with progenitors and stem cells and participate in
hematopoietic regulation and cell-microenvironment interactions. The capacity
of intravenously infused stem cells tomigrate to the bonemarrowwas established
in 1970s. The mechanisms involved in bone marrow homing are complex. Trans-
planted HPC interact with bone marrow stromal cells and the extra-cellular
matrix. Adhesion molecules such as integrins, CD44, CD62, and c-kit expressed
on progenitor cells and selectins expressed on endothelial cells mediate this
process. Subsequent rolling and firm adhesion of stem/progenitor cells to the
endothelial cell occurs [39]. A key factor in signaling is the chemokine, SDF-1
(CXCL12). This is produced by osteoblasts and marrow stromal cells and inter-
acts with the receptor CXCR4 present on stem/progenitor cells. Disruption of
this pathway appears, in part, to be involved in the mechanism behind HPC
mobilization with G-CSF.

2.2.4.1 Hematopoietic Progenitor Cell Mobilization

The vast majority of autologous HSCT is performed using peripheral blood
progenitor cells and obviates the need for a bone marrow harvest, hence saving
the patient a general anesthetic. Furthermore, the use of mobilized peripheral
blood progenitors results in rapid engraftment of platelets and granulocytes
[63]. Initial concerns that peripheral blood stem cells confer an inferior survival
over bone marrow-derived stem cells [42] have been put to rest following a
cohort analysis [64] and two prospective RCTs, which showed no survival
advantage with marrow HPC [65, 66]. Thus, it is unlikely that graft source
alters survival outcome to any significant degree.

Hematopoietic progenitor cells can be mobilized from the bone marrow into
the peripheral blood via cytokines or chemotherapy. Chemotherapy was first
found to increase progenitors in the peripheral blood in 1976 [67]. Following
administration of chemotherapy, leukopheresis can be initiated during the
hematological recovery phase. This mobilization chemotherapy is usually
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myelosuppressive and results in a brief episode of severe neutropenia. Cyclopho-
sphamide, either as a single agent or in combination, is frequently used as a
mobilizing agent [68]. Alternatively, leukopheresis can be performed after com-
bination chemotherapy for the primary disease process when hematological
recovery commences. A disadvantage of chemotherapy alone relates to logistics.
More leukophereses are required after chemotherapy alone and hematological
recovery may be delayed because of the mobilization of insufficient numbers
of CD34þ cells. As a consequence, chemotherapy alone is rarely used for
mobilization.

Cytokines such as G-CSF and to amuch lesser extent, GM-CSF, are used for
progenitor cell mobilization. G-CSF is more effective [68] and is well tolerated.
Themost common side effects are bone pain and headaches. G-CSF is generally
administered subcutaneously at a dose of 10 mg/kg/day and the HPC collection
commences after 5 days of administration. The main advantage of this method
is that the day of collection is more reliably predicted and there is avoidance of
side effects induced by chemotherapy.

Combination chemotherapy with cytokines results in excellent progenitor
cell collections [69]. In patients who have had considerable prior chemotherapy
exposure this approach may be successful especially if insufficient HPC were
obtained after cytokines alone. AMD 3100 (plerixafor), a bicyclam derivative,
has been shown to be an effective progenitor cell-mobilizing agent [70]. This
drug reversibly blocks SDF-1 from binding CXCR4 and hence interrupts the
hematopoietic stem cell–bone marrow stromal cell interaction. Like G-CSF,
AMD 3100 is administered subcutaneously. In phase II trials in patients with
NHL, multiple myeloma and HL the combination of AMD 3100 and G-CSF
resulted in superior collections compared to G-CSF alone, with 84% of patients
having a 50% increase in their daily CD34þ cell collections; blocking CXCR4
does not appear to affect engraftment since delayed engraftment. AMD 3100
may also be useful in conjunction with chemotherapy to reduce bone marrow
tumor load; the SDF-1–CXCR4 pathway plays a role in tumor cell homing to
the bone marrow in diseases such as multiple myeloma.

2.2.4.2 Factors Affecting Hematopoietic Progenitor Cell Mobilization

Despite the overall success of chemotherapy and cytokines in mobilizing progeni-
tor cells, in a small proportion of patients collecting adequate numbers of CD34þ

cells remains problematic. The most important factor determining a successful
HPCmobilization is the amount of myelosuppressive chemotherapy a patient has
received prior to collection [71]. In addition, prior exposure to certain agents such
as melphalan, busulphan, procarbazine, platinum compounds and fludarabine
are associated with impaired progenitor cell mobilization. Univariate analysis has
also identified prior pelvic radiotherapy, age greater than 60 years, bone marrow
involvement with disease, and underlying disease histology to be associated with
inadequate CD34þ cell collections.
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Methods to improve poor mobilization of HPC are lacking. Re-mobilizing

patients using a different strategy such as chemotherapy combined with G-CSF

instead of G-CSF alone are effective in some [69]. Stem cell factor has synergis-

tic effects on mobilization when combined with G-CSF, resulting in higher

CD34þ cell yields [72, 73]. However, in a non-randomized study of patients

who previously failed progenitor cell collection with traditional methods, the

addition of stem cell factor did not result in a successful collection [74]. The

utility of AMD 3100, either as a single agent or in combination with G-CSF, in

this patient population remains to be established.
Collection of HPC from bone marrow to supplement an inadequate HPC

collection from the peripheral blood has been investigated. Collection of HPC

from bonemarrow is performed under a general anesthetic and, overall, is a safe

procedure with an incidence of life threatening complications of 0.5%. Pain at

the collection site is frequent and affects up to 80% of patients [75]. Several

studies demonstrate the feasibility of this approach resulting in sustainable

engraftment [76, 77].

2.2.4.3 Hematopoietic Progenitor Cell Collection from Peripheral Blood

Collection of HPC from the peripheral blood is performed using apheresis

machines, which work on the principle of centrifugation which separates anti-

coagulated blood into various component layers based on specific gravity and

the stem/progenitors are located between the platelets and granulocytes [78].

A continuous blood flow of 60–100ml/min is required and can be achieved with

the use of 16–18 gauge needles for the draw and return of blood. Alternatively,

placement of a double lumen large bore catheter into the femoral, subclavian or

jugular vein can be performed if peripheral vascular access is poor.
In some centers, HPC collection following mobilization is initiated when the

white blood cell (WBC) count is greater than 1� 109/l, although the WBC does

not correlate well with the CD34þ cell yield. Direct quantification of CD34þ cell

levels in the peripheral blood is preferable and correlates well with the number

of progenitors actually collected [79]. When the peripheral blood CD34þ cell

count is more than 20� 103/ml there is a 94% chance of obtaining an adequate

HPC from a single apheresis [80, 81]. CD34þ cell enumeration is generally

performed by flow cytometry, and there can be considerable variation in

CD34þ cell enumeration when different protocols and analyzers are used [82].

Generally, a CD34þ cell dose of greater than 2� 106/kg will provide with

adequate hematopoietic recovery following high-dose therapy [83]; CD34þ

cell doses of 1–2� 106/kg results in significantly delayed platelet engraftment

while generally preserving neutrophil recovery. More rapid hematopoietic

recovery is associated with the total number of CD34þ cells infused [62], while

long term platelet engraftment is more dependent on the immature CD34

(CD90þ, CD33–, CD38�, HLA-DR�) infused [84, 85].
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2.2.4.4 Hematopoietic Progenitor Cell Storage

The vast majority of hematopoietic progenitor cell collections are cryopre-
served after collection. Following collection, a cryoprotectant, usually
dimethylsulfoxide (DMSO) at 10% concentration, is added. A 5% concentra-
tion of DMSO may be used when combined with hydroxyethylstarch [86].
These agents protect against the freezing damage to living cells and has been
proven to be non-toxic to stem cells. After the addition of the cryoprotectant,
the cells are frozen in a controlled manner to �1568C. Subsequent thawing is
usually carried out at the bedside using a 378C water bath [81]. The infusion of
DMSO is frequently associated with nausea and vomiting, however other
cardiovascular and respiratory toxicities have also been reported. Microbial
contamination of autografts is rare (1–4.5%) and is more likely with a bone
marrow harvest compared with an apheresis product [87–89]. After infusion of
a contaminated graft the risk of serious sequelae is extremely low; there has
been one death reported following infusion of an autograft contaminated with
Pseudomonas cepacia [87]. Standard operating procedures need to be in place
to ensure microbial contamination remains low, and recommended guidelines
have been published [90]. If the opportunity to re-collect the graft is not
available (i.e., the intensive therapy regimen has been administered) re-infusing
a graft contaminated with skin organisms would appear to be safer than
subjecting the patient to a prolonged period of pancytopenia. The role of
prophylactic antibiotics in this circumstance is unclear.

Non-cryopreserved autografts have been used successfully [91]. An advantage
is that toxicity from DMSO is avoided and infrastructure and resource issues
relating to cryopreservation are unnecessary, allowing more institutions to per-
form autologous HSCT. Studies with non-cryopreserved autografts demonstrate
a near 100% hematopoietic recovery rate. Non-cryopreserved stem/progenitor
cells remain viable for only 3–5 days, which limits the intensive therapy regimen
that can be employed.

2.2.4.5 Purging of Hematopoietic Progenitor Cell Grafts

With autologous HSCT there is always a concern that the re-infused hemato-
poietic progenitor cells will be contaminated with tumor cells and thus contribute
to relapse of disease. In a gene marking study on 20 patients with AML or
neuroblastoma, harvested progenitor cells were marked with neomycin resistant
gene. This gene was detected by polymerase chain reaction (PCR) assay in the
recurrent malignant cells of all five patients who relapsed after transplant [92].
Hence, various methods to remove or ‘‘purge’’ residual tumor cells from the
hematopoietic progenitor cell grafts have been tried. In NHL, B-cell specific
antibodies with subsequent complement-mediated lysis or immunomagnetic
beads to negatively or positively select for tumor cells or stem cells respectively
have been employed in vitro [93]. In vivo purging can result in grafts, which are
negative for tumor contamination by polymerase chain reaction (PCR) testing,
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and impressive EFS and OS rates have been seen in both MCL and follicular
lymphoma when PCR-negative grafts are used. Alternatively, in vivo purging
strategies using rituximab combined with chemotherapy have been developed
for NHL [94, 95]. Despite the theoretical risk of contaminated grafts, the main
factor contributing to relapse following autologous HSCT is incomplete tumor
eradication following intensive therapy. Thus purging will not significantly alter
outcome until intensive therapies are improved to the point where all minimal
residual disease is eliminated.

2.2.5 Intensive Therapy Regimens

The most important aspect of autologous HSCT is that it allows for dose-escala-
tion of chemotherapeutics beyond usual the maximal tolerated dose (MTD) by
mitigating an important dose-limiting toxicity (delayed or even absent recovery of
hematopoiesis). This dose intensification, particularly involving agents with steep-
dose response curves, enables a greater killing of malignant cells than can be
achieved with lower doses of the same agent [96]. Conventional chemotherapy
regimens have been designed in accordance with theNorton–Simonmodel; that is,
multiple cycles of chemotherapy are more likely to eradicate residual cancer cells
than a single treatment [97]. There are a variety of intensive or ‘‘high-dose’’ therapy
regimens that are used for autologous HSCT, and these are outlined in Table 2.2.
Randomized controlled trials on the efficacy of varying intensive therapy regimens
are lacking. From the available literature it appears that they do not appear to lead
to differences in PFS and OS, but have widely divergent toxicity profiles.

For autologous HSCT in HL and NHL, regimens generally include agents
such as BCNU, cyclophosphamide, etoposide, and melphalan [107]. In MCL,
TBI has often been used as part of the intensive therapy regimen [108]; however,
an analysis of autologous HSCT for MCL from the European Blood and Bone
Marrow Transplant Registry showed that TBI was not associated with
improved outcome [51]. High-dose, single-agent melphalan is themost common
intensive therapy regimen used in autologous HSCT for multiple myeloma, and
the addition of TBI has not shown to result in superior efficacy and thus is not
used on a routine basis [100].

Intensive therapy regimens for AML are generally based on data frommyeloa-
blative allogeneic transplants. The two traditional regimens are TBI or busulfan,
both combined with cyclophosphamide. TBI has the advantage of being non-cross
resistant with chemotherapy; however, issues relating to patient scheduling and
equipment availability make the widespread use of TBI difficult. The combination
of busulfan and cyclophosphamide is also effective in AML [109].

Monoclonal antibodies have been investigated as part of intensive therapy
regimens. The humanized anti-CD52 monoclonal antibody alemtuzumab
has been utilized in high-dose regimens for chronic lymphocytic leukemia.
However, the use of alemtuzumab in this setting can result in a syndrome of severe
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autologous GvHD, attributed to auto-effector T cells, which clinically presents
similarly to allogeneic GvHD [110]. Rituximab has been used successfully as part
of the intensive therapy regimens for patients with MCL and other NHL. Unlike
with alemtuzumab, there was no increase in toxicity or engraftment, and an
improved EFS was observed in MCL [112].

Radio-immunoconjugates such as yttrium-90 (90Y) ibritumomab tiuxetan
(Zevalin1) and iodine-131 (131I) tositumomab (Bexxar1) are anti-CD20 mono-
clonal antibodies conjugated to radioisotpes to deliver cytotoxic radiation to tumor
cells (reviewed in Chap. 13 by Gopal and Winter). 90Y ibritumomab tiuxetan has
been given in addition to high-dose chemotherapy in relapsed/refractory B-cell
NHL. This approach did not result in increased toxicity, and 2-year relapse-free
survival and OS for patients with aggressive B-cell NHL was 74% and 93%,
respectively [113]. Similarly, 131I tositumomab tiuxetan has been combined with
high-dose chemotherapy in chemotherapy-resistant B-cell NHL patients; the
resulting EFS and OS rates were 39% and 55%, respectively, at 3 years [114].

Within the past decade or so, advances in the collection of hematopoietic
progenitor have made it possible to administer high-dose therapy in sequential
cycles each supported by hematopoietic progenitor cell infusion. This approach
has most notably been applied in the pediatric tumors (e.g., medulloblastoma
and neuroblastoma [115, 116]), but it also has been utilized in adult patients
with germ cell tumors [117] and hematological malignancies [118, 119],

Table 2.2 Intensive therapy regimens used in autologous HSCT

Regimen Dose Disease Reference

Carmustine 300mg/m2 D1 NHL [98]

Etoposide 200mg/m2 BD D2-5 HL [99]

Cytarabine 200mg/m2 BD D2-5

Melphalan 140mg/m2 D5

Carmustine 300mg/m2 D1 NHL [29]

Etoposide 100mg/m2 BD D2-5

Cytarabine 100mg/m2 BDD2-5

Cyclophosphamide 35mg/kg D2-5

Melphalan 200mg/m2 MM [100]

Etoposide 60mg/kg D-4 NHL

Melphalan 140mg/m2 D-3 HL [101]

�TBI MCL

AML [102]

Busulfan AML [103]

Cyclophosphamide

Cyclophosphamide AML [104, 105]

TBI

Cyclophosphamide 100mg/kg D-2 NHL [106]

Etoposide 60mg/kg D-4

BCNU 15mg/kg
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particularly multiple myeloma [57]. A randomized trial performed by the Inter-

groupe Francophone du Myelome (IFM) demonstrated an overall survival

advantage for the group treated with tandem transplants [24]. Another approach

in multiple myeloma has been the use of high-dose therapy and autologous

HSCT as a method of cytoreduction, followed by a nonmyeloablative allogeneic

hematopoietic stem cell transplant [127, 128].
The intensive therapy regimen is designed to eradicate tumors, but in reality it

generally just induces a state of minimal residual disease. Even when molecular

negativity has been established, relapse after autologous HSCT continues to

occur, implying that our methods for minimal residual disease detection need

to be further refined. Furthermore, targeting patients at most risk of relapse after

autologous HSCT, using, for example, post-transplant therapy, is required.

2.2.6 Complications Following Autologous HSCT

2.2.6.1 Early Complications

Complications associated with autologous HSCT can be subdivided into early

and late. High-dose chemotherapy or TBI results in mucositis and pancytopenia.

The incidence of mucositis after autologous HSCT ranges from 75% to 100%,

and the severity can range from slight erythema to rarely, severe ulcerations

involving the entire gastrointestinal tract requiring the need for total parenteral

nutrition. The pathogenesis of mucositis involves direct epithelial damage and

may also include more complex mechanisms such as induction of oxygen free

radicals, up-regulation of pro-inflammatory cytokines and micro-vascular

damage [111]. Generally, mucositis is managed with supportive measures such

as analgesia, mouthwashes and fluid replacement. Palifermin, a recombinant

human keratinocyte growth factor has been shown in a randomized controlled

trial to decrease the duration and severity of mucositis in patients receiving TBI-

based intensive therapy [129].
Infections in the peri-transplant period are due to the immunosuppression

induced by the high-dose chemotherapy, as well as other risk factors such as the

presence of central lines, catheters and the breakdown of mucosal integrity.

Fungal infections can occur after autologous HSCT but the incidence is low. In

an analysis of almost 1200 patients in Finland receiving autologous HSCT, the

incidence of an invasive fungal infection was 1.5%, with the majority comprising

invasive aspergillosis infections [130].
Engraftment syndrome is characterized by fever, rash, fluid retention, and

pulmonary infiltrates and is seen shortly after engraftment occurs [131]. Pathogen-

esis is multi-factorial with interactions among T cells, monocytes, cytokines, and

complement activation combinedwith epithelial injury from the high-dose regimen

playing contributing roles. On neutrophil recovery, the release of cytokines and

other mediators of oxidative damage triggers the clinical manifestations. While
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management is largely supportive, corticosteroids are particularly helpful in
patients with pulmonary symptoms [131].

Organ toxicity is another cause of early treatment related mortality, responsible
for up to 2% of all early deaths. Cardiac (from failure, arrhythmias, or infarction)
and pulmonary complications (secondary to adult respiratory distress syndrome
or pneumonia) predominate; however, liver failure from veno-occlusive disease
still occurs occasionally. Patients undergoing autologous HSCT for amyloid,
particularly patients with cardiac involvement, are particularly prone to early
treatment-related mortality with an incidence of death approaching 25% [132].

2.2.6.2 Late Complications

The immune system after autologous HSCT is severely depressed with reduced
numbers of T cells, particularly CD4þ cells, reduced B cell production, and
disordered immunoglobulin production. These factors predispose transplanted
patients to develop infections, particularly with encapsulated organisms. Current
recommendations are that all autologous HSCT should have repeat vaccinations
against pneumococcus, diphtheria, tetanus, pertussis, and polio (inactivated
vaccine) 12 months after autologous HSCT. Vaccinations against hepatitis
A, B and H and Influenzae B can occur at 6 months while the combined measles,
mumps and rubella vaccines should be administered 24 months post-autologous
HSCT [133].

The rate of hypogonadism after autologous HSCT is high with one study
reporting that 97% of females and 19% of males showing hypogonadism [134].
Infertility in women after autologous HSCT is very common; return of ovarian
function does occur in approximately 30% of females undergoing autologous
HSCT, with younger women (age< 25 years) and those not receiving TBI more
likely to have menses return [135]. In addition, normal healthy pregnancies have
been reported after autologous HSCT [136]. After autologous HSCT, reduced
libido is present in up to 25% of men and appears to correlate with reduced
testosterone levels [137]. Long-term spermatozoa damage is common in men
after high dose therapy regimens, especially those that include TBI, consequently
pretreatment sperm banking is recommended for those with viable sperm.

Pulmonary complications relating to TBI; chemotherapy agents such as
busulfan, etoposide or melphalan; and infections can occur after autologous
HSCT and present as interstitial pneumonitis. After autologous HSCT, regular
clinical reviews and emphasis on cessation of smoking are suggested [120].
Other late complications after autologous HSCT include hypothyroidism,
often related to TBI, renal and bladder dysfunction due to TBI and/or cyclo-
phosphamide, osteopenia and osteoporosis [121], and psychosocial complaints
[122]. Quality of life in the first few months after autologous HSCT is impaired
and may be due to ongoing fatigue, nausea, and anorexia; however, with time
QOL usually improves.

An increased incidence of acutemyeloid leukemia ormyelodysplastic syndrome
(MDS) is associated in patients undergoing autologous HSCT for lymphoma.
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Amulticenter case controlled study examined over 2700 patients with NHL orHL
undergoing autologous HSCT. The cumulative incidence of therapy-relatedMDS
or AML of the entire cohort was 3.7% at 7 years after autologous HSCT [123].
Risk factors for the development of therapy-related MDS or AML include age
greater than 35 years, TBI, and the amount of pretransplant chemotherapy,
especially alkylating agents [124].

Nonrelapse mortality represents 10% of all deaths after 100 days from
transplant and occurs in approximately 5% of all autologous HSCT recipients
[125]. Themost common causes of late non-relapsemortality are second cancers
or, less commonly, late infections with an incidence that is similar regardless of
whether TBI was used or not. Long-term follow up of patients undergoing
autologous HSCT, therefore, is important.

2.2.7 Post-Autologous HSCT Therapy

Relapse of disease after autologous HSCT is likely due to the resurgence of
incompletely eradicated tumor cells. Thus, therapy after autologous HSCT to
eradicate minimal residual disease has been proposed to improve overall survi-
val. Rituximab administered in the post-transplant period for follicular NHL
andMCL is associated with conversion to a molecular remission [126] and may
result in improved EFS. The role of post transplant rituximab in aggressive
NHL is currently being investigated in two international multicenter trials.

Several types of maintenance therapy have been studied in multiple myeloma
[138]. In a randomized three-arm trial (arm A was observation, arm B was
pamidronate, and arm C was thalidomide and pamidronate) of maintenance
therapy inmultiple myeloma, thalidomide administration resulted in an improved
event-free survival at 3 years post transplant (52%vs. 36%) but given its toxicities,
its routine use cannot be justified and may be more appropriate in patients who
have a suboptimal response to transplant. [139] Bortezomib and lenalidomide are
currently under investigation as maintenance therapy after autologous HSCT
[138]. The notion that therapy should cease following autologous HSCT is sim-
plistic. Autologous HSCT is but one method of achieving minimal residual
disease. Innovative post-autologous HSCT therapies are needed to eradicate
minimal residual disease and hence, ultimately, achieve cure.

2.3 Conclusion

Autologous HSCT is a safe, frequently used treatment modality that has made
significant improvements in both OS and PFS for many conditions. Provided
autologous HSCT is undertaken in institutions with sound policies and proto-
cols, themortality andmorbidity of autologousHSCT should be low. The advent
of new therapies targeting components of tumor proliferation, differentiation,
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and survival is exciting and is waiting to be explored in conjunction with auto-
logous HSCT.

References

1. Kurnick NB, Montano A, Gerdes JC, et al. Preliminary observations on the treatment of
postirradiation hematopoietic depression in man by the infusion of autogenous bone
marrow. Ann Intern Med. 1958;49:973–8.

2. Quine WE. The remedial application of bone marrow. JAMA 1896;26:1012–3.
3. Schretzenmayr A. Anamiebehandlung mit knochemarksinjektionen. Klin Wochenschr.

1937;16:1010–2.
4. Migdalska KZ. Special section—transplantation of bone marrow. Blood 1958;13:300–1.
5. Osgood EE, Riddle MC, Mathews TJ. Aplastic anemia treated with daily transfusions

and intravenous marrow. Ann Intern Med. 1939;13:357–67.
6. Jacobson LO, Marks EK, Gaston EO, et al. Effect of spleen protection on mortality

following x-irradiation. J Lab Clin Med. 1949;34:1538–43.
7. Jacobson LO, Simmons EL, Marks EK, et al. Recovery from radiation injury. Science

1951;113:510–1.
8. Thomas ED, Lochte HL, Lu WC, et al. Intravenous infusion of bone marrow in patients

receiving radiation and chemotherapy. N Engl J Med. 1957;257:491–6.
9. Thomas ED, Lochte HL, Cannon JH, et al. Supralethal whole body irradiation and

isologous marrow transplantation in man. J Clin Invest. 1959;38:1709–16.
10. McFarland W, Granville NB, Dameshek W. Autologous bone marrow infusion as an

adjunct in therapy of malignant disease. Blood 1959;14:503–21.
11. McGovern JJ, Russell PS, Atkins L, et al. Treatment of terminal leukemic relapse by

total-body irradiation and intravenous infusion of stored autologous bone marrow
obtained during remission. N Engl J Med. 1959;260:675–83.

12. NewtonKA,Humble JG,WilsonCW, et al. Total thoracic supervoltage irradiation followed
by the intravenous infusion of stored autogenous marrow. Br Med J. 1959;1: 531–5.

13. Appelbaum FR, Herzig GP, Ziegler JL. Successful engraftment of cryopreserved
autologous bone marrow in patients with malignant lymphoma. Blood 1978;52:85–95.

14. Kurnick NB. Autologous and isologous bone marrow storage and infusion in the treat-
ment of myelo-suppresson. Transfusion 1962;2:178–87.

15. Buckner CD, Rudolph RH, Fefer A. High dose cyclophosphamide therapy for malignant
disease—Toxicity, tumor response, and effects of stored autologous marrow. Cancer
1972;29:357–65.

16. McElwain TJ, Hedley DW, Burton G, et al. Marrow autotransplantation accelerates
haematological recovery in patients with malignant melanoma treated with high-dose
melphalan. Br J Cancer. 1979;40:72–80.

17. Aronin PA, Mahaley MS Jr, Rudnick SA, et al. Prediction of BCNU pulmonary toxicity
in patients with malignant gliomas: an assessment of risk factors. N Engl J Med.
1980;303:183–8.

18. Herzig GP. Autologous marrow transplantation in cancer therapy. In: Brown EB, editor.
Progress in hematology. New York: Grune and Stratton; 1981. p. 1–23.

19. Dicke KA, Zander A, Spitzer G, et al. Autologous bone-marrow transplantation in
relapsed adult acute leukaemia. Lancet 1979;1:514–7.

20. McCredieKB,Hersh EM, Freireich EJ. Cells capable of colony formation in the peripheral
blood of man. Science 1971;171:293–4.

21. Goldman JM, Catovsky D, Hows J, et al. Cryopreserved peripheral blood cells function-
ing as autografts in patients with chronic granulocytic leukaemia in transformation. Br
Med J. 1979;1:1310–3.

38 W. Vaughan et al.



22. Juttner CA, To LB, HaylockDN, et al. Circulating autologous stem cells collected in very
early remission from acute non-lymphoblastic leukaemia produce prompt but incomplete
haemopoietic reconstitution after high dose melphalan or supralethal chemoradiother-
apy. Br J Haematol. 1985;61:739–45.

23. Kessinger A, Armitage JO, Landmark JD, et al. Reconstitution of human hematopoietic
function with autologous cryopreserved circulating stem cells. Exp Hematol. 1986; 14:192–6.

24. Korbling M, Dorken B, Ho AD, et al. Autologous transplantation of blood-derived
hemopoietic stem cells after myeloablative therapy in a patient with Burkitt’s lymphoma.
Blood 1986;67:529–32.

25. Kessinger A, Armitage JO, Landmark JD, et al. Autologous peripheral hematopoietic
stem cell transplantation restores hematopoietic function following marrow ablative
therapy. Blood 1988;71:723–7.

26. Gianni AM, Siena S, Bregni M, et al. Granulocyte-macrophage colony-stimulating factor to
harvest circulating haemopoietic stem cells for autotransplantation. Lancet 1989; 2:580–5.

27. Civin CI, Strauss LC, Brovall C, et al. Antigenic analysis of hematopoiesis. III. A
hematopoietic progenitor cell surface antigen defined by a monoclonal antibody raised
against KG-1a cells. J Immunol. 1984;133:157–65.

28. Vogl DT, Stadtmauer EA. High-dose chemotherapy and autologous hematopoietic stem
cell transplantation for metastatic breast cancer: a therapy whose time has passed. Bone
Marrow Transplant. 2006;37:985–7.

29. Philip T, Guglielmi C, Hagenbeek A, et al. Autologous bone marrow transplantation as
compared with salvage chemotherapy in relapses of chemotherapy-sensitive non-Hodgkin’s
lymphoma. N Engl J Med. 1995;333:1540–5.

30. Yuen AR, Rosenberg SA, Hoppe RT, et al. Comparison between conventional salvage
therapy and high-dose therapy with autografting for recurrent or refractory Hodgkin’s
disease. Blood 1997;89:814–22.

31. Schmitz N, Pfistner B, Sextro M, et al. Aggressive conventional chemotherapy compared
with high-dose chemotherapy with autologous haemopoietic stem-cell transplantation
for relapsed chemosensitive Hodgkin’s disease: a randomised trial. Lancet 2002;359:
2065–71.

32. Attal M, Harousseau JL, Stoppa AM, et al. A prospective, randomized trial of auto-
logous bone marrow transplantation and chemotherapy in multiple myeloma. Inter-
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Chapter 3

Natural Killer Cell Activity and Killer

Immunoglobulin-Like Receptors in Hematopoietic

Stem Cell Transplantation

Loredana Ruggeri, Shuhong Zhang, and Sherif S. Farag

3.1 Introduction

Natural killer (NK) cells are important effector cells of the innate immune system
and are known to have potent cytotoxic activity against a variety of cancer cells.
Until recently, however, the potential beneficial role of NK cell activity in
allogeneic hematopoietic stem cell transplantation (HSCT) has remained poorly
defined and largely overshadowed by immune reactions mediated by other
effector cells. In most allogeneic transplants, where close histocompatibility
matching of donor and recipient has been the goal, T-lymphocyte mediated
immune reactions have been the focus of most attention. For example, the
graft-versus-leukemia (GvL) effect following allogeneic HSCT and donor lym-
phocyte infusion for relapsed leukemia has highlighted the significant curative
potential of these immune effector cells, even in chemotherapy-resistant malig-
nancies. The GvL effect, however, is mediated largely by alloreactive T lympho-
cytes recognizing minor or major histocompatibility (MHC) antigens shared by
both neoplastic and normal cells, and in the majority of cases, therefore, lacks
specificity with the potential for widespread host tissue damage and severe graft-
versus-host disease (GvHD) in many patients [1, 2]. NK cell activity, at best, has
been considered to have a secondary role in these reactions. Indeed, specific
depletion of T lymphocytes from donor stem cells is known to completely
abrogate GvHD, although at the expense of also eliminating the GvL effect
with increased relapse [1]. Over the past decade, data from haplotype-
mismatched allogeneic HSCT at the University of Perugia has confirmed an
important role for NK cells in mediating potent GvL effects without GvHD
under specific transplant conditions. At the same time, understanding of NK cell
receptor biology and the means by which NK cells recognize and lyse leukemic
cells has paved the way for investigating novel ways of better harnessing the
therapeutic effect of these cells. This chapter will review the aspects of NK cell
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receptor biology important to the transplant physician and the clinical role ofNK

cell activity in HSCT.

3.2 Human NK Cells: Biology and Recognition of Target Cells

Human NK cells are innate immune effector cells that comprise approximately

10–15% of all peripheral blood lymphocytes and are characterized phenotypi-

cally as CD56þCD3� cells. Based on the surface expression of CD56, humans

NK cells can be subdivided into two subsets with distinct and phenotypic and

functional properties [3]. In peripheral blood, approximately 90% of NK cells

are CD56dim and express high levels of the Fc� receptor III (CD16) that binds

the Fc portion of IgG. The CD56dim NK cells are functionally cytotoxic and

capable of antibody-dependent cellular cytotoxicity. The remaining subpopu-

lation is CD56bright and CD16dim, and has predominantly a regulatory role

through the secretion of immunoregulatory cytokines following monokine

stimulation [4]. In addition, CD56bright NK cells constitutively express the high

affinity interleukin-2 (IL-2) receptor (IL-2R���) and expand in vitro and in

vivo in response to low concentrations of IL-2 [5, 6], while resting CD56dim

NK cells express only the intermediate affinity IL-2 receptor (IL-2R��), and
proliferate weakly in response to IL-2 concentrations [6, 7]. While CD56dim

NK cells are more naturally cytotoxic against NK-sensitive targets and

respond to IL-2 with increased cytotoxicity compared to CD56bright NK

cells [8], following treatment with IL-2 in vitro and in vivo, however,

CD56bright and CD56dim NK cells show similar levels of cytotoxicity [5, 9].

Based on these early observations, a novel therapeutic dosing schedule of low-

dose IL-2 with intermediate-dose bolus IL-2 has been developed with good

patient tolerability [10]. Finally, as discussed below CD56bright and CD56dim

NK cell subsets also differ in their pattern of expression of NK cell receptors

important in mediating killing of target cells, which might also account for the

observed differences in cytotoxic capacity.
The mechanism by which an NK cell recognizes a target cell with subsequent

activation or inhibition of killing differs significantly from those used by T and

B lymphocytes. Unlike the latter, NK cells do not rearrange genes encoding

receptors for specific antigen recognition but express a unique class of recep-

tors, NK cell receptors (NKR), which exist in both activating and inhibitory

forms that recognize major histocompatibility complex (MHC) class I or class

I-like molecules on target cells. Recognition of target cells is normally mediated

predominantly by paired inhibitory and activating NKR, as well as various

adhesion and costimulatory molecules [11, 12]. Table 3.1 lists the important

inhibitory and activating NKR together with their known ligands. Ultimately,

cytotoxicity is a function of a balance of inhibitory and triggering signals

through these receptors.
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3.2.1 Killer Immunoglobulin-Like Receptors

The killer immunoglobulin (Ig)-like receptors (KIR) exist as paired activating
and inhibitory receptors and are the best recognized superfamily of NKR in the
context of allogeneic HSCT. Early studies noted an inverse correlation between
surface HLA class I molecule expression on target cells and susceptibility toNK
cell-mediated lysis, suggesting that HLAmolecules protect self cells lysis byNK
cells. Conversely, lack of expression of self HLA molecules on target cells
resulted in the susceptibility to lysis (‘‘missing self’’ recognition) [13–17]. It is
now known that inhibitory KIR play an important role in recognition of self
HLA molecules, protecting against NK cell autoreactivity.

Table 3.1 Human NK cell receptors and their ligands

Inhibitory Activating

Receptor Ligand Receptor Ligand

Killer Ig-like KIR2DL1 Group 2HLA-C
alleles

KIR2DS1 Group 2 HLA-
C allelesreceptors

(KIR) KIR2DL2 Group 1HLA-C
alleles

KIR2DS2 Unknown

KIR2DL3 KIR2DS4 Unknown

KIR3DL1 HLA-Bw4 KIR2DS5 Unknown

KIR3DL2 HLA-A3, -A11 KIR3DS1 Unknown

KIR2DL5 unknown KIR2DL4a HLA-G

KIR3DL7 unknown

Heterodimeric
C-type lectin
receptors

CD94/
NKG2A (-B)

HLA-E CD94/
NKG2C

HLA-E

CD94/
NKG2E

Unknown

Natural
cytotoxicity
receptors
(NCR)

NKp30 Unknown

NKp46 Unknown

NKp44 Unknown

C-type lectin NKG2D MICA, MICB
ULBP-1,
-2, -3

Other receptors
and
coreceptors

ILT-1 (LIR-1) Unknown

DNAM-1 nectin-2;
nectin-5

Fc�RIII
(CD16)

Fc of IgG

CD2 CD58 (LFA-3)

LFA-1 ICAM-1

2B4 CD48

NKp80 Unknown

CD69 Unknown

CD40 Ligand CD40
aAlthough KIR2DL4 has a long cytoplasmic tail and ITIM motifs, it is functionally an
activating KIR which mediates NK cell secretion of interferon-� without inducing cytotoxicity
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Structurally, KIR are characterized by either two Ig-like (KIR2D) or three
Ig-like (KIR3D) extracellular domains that specifically recognize groups of
HLA class I molecules. Further, KIR are classified according to the length of
their cytoplasmic tails; long (KIR2DL and KIR3DL) and short (KIR2DS and
KIR3DS) cytoplasmic tails determine their functional properties. The long tail
KIR mediate an inhibitory signal due to the presence of immunoreceptor
tyrosine-based inhibition motifs (ITIM) in their cytoplasmic domains, while
the short tail receptors are associated with activating signals due to their
association with adaptor proteins bearing immunoreceptor tyrosine-based acti-
vating motifs (ITAM).

Human NK cells discriminate between allelic forms of HLA molecules pre-
dominantly via inhibitory KIR [18–22]. Importantly, there is not a KIR for each
specific MHC class I molecule, but sets of KIR recognize epitopes shared by a
group of MHC class I molecules. In addition, many HLA-A and HLA-B alleles
have no cognate KIR, indicating that the KIR repertoire is not all inclusive for
human classical class I allotypes [23]. Whereas KIR exist that are specific for a
number of MHC class I molecules, HLA-C is the predominant class I isotype
involved in the inhibitory regulation of humanNKcells. A single inhibitoryKIR,
KIR2DL1, recognizes an epitope shared by alleles of the group 1 HLA-C
allotypes characterized by Asn at position 77 and Lys at position 80 in the �1
helix of the MHC molecule [24, 25]. On the other hand, KIR2DL2 and
KIR2DL3 recognize an epitope shared by alleles of the group 2HLA-C allotypes
characterized by Ser77 and Asn80 (Table 3.2) [26]. Other inhibitory KIR recog-
nize epitopes shared by of HLA-Bw4 alleles (KIR3DL1) [27, 28] and epitopes
shared by HLA-A3 and -A11 (KIR3DL2) [29], respectively. For many HLA-A
and -B alleles, therefore, no corresponding KIR exist. Furthermore, although
previously thought to recognize the same ligands as their inhibitory counterparts,
further study has indicated that this is not the case and the ligands for the
activating KIR, with the exception of KIR2DS1, remain undefined [26, 30].

The KIR repertoire of an individual’s NK cells is not dependent on HLA
type, but is determined by the KIR genotype. While NK cells are tolerant to
autologous cells expressing self-MHC class I molecules, the genes encoding
HLA and KIR are inherited independently. The KIR genes are located in the
leukocyte receptor cluster on chromosome 19p13.4 [31]. Two broad human
KIR haplotypes, A and B, have been defined based on the distribution and
number of activating and inhibitory KIR genes [22, 32]. While all A and B
haplotypes contain several inhibitory KIR, group A haplotypes contain fewer
expressed KIR genes, with only KIR2DS4 and KIR2DL4 as activating receptor
genes, while the group B haplotypes contain diverse combinations of activating
KIR genes [32, 33]. In addition, individual KIR genes are polymorphic, so that
KIR haplotypes that are identical by gene content may differ significantly at the
allele level. Thus,KIR gene content, allelic polymorphism, and the combination
of maternal and paternal haplotypes contribute to significant diversity in KIR
genotype. As discussed below, KIR haplotypes as well as individual KIR may
play important roles in determining the outcome of HSCT.
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The expression of KIR genes on human NK cells occurs in a clonal manner

[16]. Studies on NK cell clones generated from normal individuals have shown
that one to eight different receptors from the inhibitory or activating KIR

present on a given genotype are expressed on individual NK cells [34]. Although

the mechanism regulating KIR expression is not fully understood, the process
appears to be largely stochastic and involves variable DNA silencing of KIR

Table 3.2 List of group 1 and group 2 HLA-C and HLA-Bw4 alleles

Group 1 HLA-C alleles

Group 2
HLA-C
alleles

HLA-Bw4
alleles

Cw1 (all)a Cw2 (all) B5 (all)

Cw3 (all except C*0307,
C*0310 and C*0315)

C*0307 B13 (all)

Cw7 (all except C*0707
and C*0709)

C*0315 B17 (all)

Cw8 (all) Cw4 (all) B27 (all)

Cw12 (all except C*1205,
C*12041, C*12042)

Cw5 (all) B37 (all)

Cw13 (all) Cw6 (all) B38 (all)

Cw14 (all, except C*1404) C*0707 B44 (all)

C*1507 C*0709 B47 (all)

Cw16 (all except C*1602) C*1205 B49 (all)

C*12041 B51 (all)

C*12042 B52 (all)

Cw15 (all
except C*1507)

B53 (all)

C*1602 B57 (all)

Cw17 (all) B58 (all)

Cw18 (all) B59 (all)

B63 (all)

B77 (all)

B*1513,
B*1516,
B*1517,
B*1523,
B*1524

Note: C*0310 (Ser77, Lys80) behaves as if it belonged to Group 1 and to
Group 2 HLA-C [24]. In other words, C*0310 blocks NK cells expressing any
HLA-C-specific receptor; it does not block clones expressing the Bw4 recep-
tor. C*1404 (Asn77, Asn80) is the opposite. It does not belong to Group 1 or
to Group 2 HLA-C [24]. In other words, it does not block NK cells expressing
HLA-C specific receptors. So, expression of C*1404 may be ignored in a
patient because it is as if the patient did not express HLA-C alleles at all. Of
course one has to consider the other allele. C*1207 (Gly77, Asn80) cannot be
assigned to either group based on its amino acid sequence, and still needs to be
tested functionally
a all¼ all molecular types within a serologically-defined group of alleles
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genes by DNA methylation [35, 36]. It is important to note that the possession
of a KIR gene does not mean that it is expressed on NK cells [37, 38]. For
example, in a study of normal allogeneic blood stem donors, 7% of 68 indivi-
duals in whom the KIR2DL1 gene was present and in 15% of 67 in whom
KIR3DL1 was present, the corresponding receptor was not expressed on the
surface on NK cells [39]. Furthermore, while in all individuals tested one or
both allelic forms of KIR2DL2/KIR2DL3 were present, KIR2DL3 was prefer-
entially expressed with transcripts of KIR2DL2 not transcribed in 42% of cases
[39]. Finally, while KIR2DL4 is constitutively expressed in all NK cells at the
transcriptional level, cell surface expression appears to be quite variable [34, 40,
41]. These studies suggest, therefore, that in investigating the clinical signifi-
cance of KIR in the setting of HSCT,KIR genotyping alone will not be optimal.

3.2.2 CD94/NKG2 Heterodimeric C-Type Lectin Receptors

The heterodimeric C-type lectin receptors share a common subunit, CD94,
linked to distinct glycoproteins encoded by the NKG2 gene family. While the
CD94 subunit lacks a cytoplasmic domain for intrinsic signal transduction,
the extracellular and cytoplasmic domains of the NKG2 molecules determine
the functional specificity of the receptor [42]. The CD94/NKG2 family of
receptors is considerably less diverse than KIR. Only a single receptor of this
family, CD94/NKG2A (and its splice variant NKG2B), is inhibitory and
possesses a long intracytoplasmic tail containing ITIM that mediate inhibitory
signals. The other heterodimers of this family, CD94/NKG2C and CD94/
NKG2E (and its splice variant NKG2H), are activating receptors and have
only short cytoplasmic tails that associate with adaptor proteins bearing ITAM.
Both activating and inhibitory receptors recognize HLA-E, loaded with leader
peptides derived from the signal sequences of classic class I MHC molecules
HLA-A, -B and -C [43, 44], and in effect sense overall MHC class I expression
target cells. The CD94 and NKG2 genes are all closely linked on chromosome
12p12.3-p13.1, and are much less complex [45, 46].

During development of the NK cell repertoire in an individual, the HLA
class I genotype imposes selection by dictating which KIR are to be used as
inhibitory receptors for self HLA class I and the frequencies of NK cells
expressing a given KIR. NK cells that do not express an inhibitory KIR for
self HLA class I express the CD94/NKG2A (or B) inhibitory receptor complex,
which fills in the gaps in the KIR repertoire. The significance of the existence of
paired inhibitory and activating receptors for MHC class I remains unclear.
Under normal conditions, the signals mediated by the inhibitory KIR and
CD94/NKG2 receptors override those from the activating counterparts, likely
due to the lower affinity of the activating receptors to their ligands compared to
that of the inhibitory receptors [47, 48]. However, only a minority of NK cells
express both activating and inhibitory isoforms recognizing the same HLA
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allotypes [21, 34]. More commonly, NK cell clones expressing an activating
receptor coexpress at least one inhibitory receptor specific for a different HLA
class I allele, which can be either a KIR or CD94/NKG2 (because the indivi-
dual’s HLA selects the self tolerant repertoire). The MHC class I-specific
activating receptors may function to detect altered class I expression on cells.
It should be noted that despite the modulating effect of HLA class I genotype,
the NK cell receptor repertoire is still primarily determined by differential
expression of KIR and NKG2 genes.

3.2.3 Non-MHC Class I Specific Activating Receptors

While NK cell activation can be mediated by activating KIR and CD94/NKG2
receptors, other activating receptors exist and are likely to play a more important
role in mediating NK cell cytotoxicity. The best characterized activating recep-
tors are the natural cytotoxicity receptors (NCR; NKp46, NKp30, and NKp44)
[49–51], for which ligands are not known, and NKG2D [52, 53], which recognize
non-MHC class I molecules of two distinct families, the polymorphicMHC class
I chain-related (MIC) peptides, MICA and MICB, and the human cytomegalo-
virus UL16 binding proteins (ULBP-1, -2 and -3), on target cells [53–55]. The
ligands of NKG2D are either absent or expressed only in low density on normal
tissues, but are induced or upregulated on target cells following stress and
neoplastic transformation. Variable expression of NKG2D ligands has been
demonstrated on a number of different malignant cell types [10, 56, 57]. Both
the NCR and NKG2D are known to play an important role in mediating NK
cell-mediated lysis of a variety of tumor cells [56, 58–60]. In addition, a number of
activating receptors with no apparent specificity for MHC class I molecules has
been reported, although many act as coactivators rather than direct stimulators
of NK cell function [52]. Activating coreceptors include Fc�RIII (CD16), CD2,
2B4, NKp80, CD69, LFA-1, CD40 ligand, and DNAM-1 (CD226), although
their relative importance in interacting with NCR and NKG2D is uncertain.
While the expression of activating ligands on tumor cells is known to be impor-
tant for activating NK cells, and likely contributes an important role in NK cell-
mediated GvL effects, the effect of activating receptors and ligand expression on
leukemic cells on transplant outcomes has not been investigated.

3.3 NK Cell Alloreactivity in Hematopoietic Stem Cell

Transplantation: Mismatching of KIR Ligands

The great diversity of KIR expression ensures generation of alloreactive NK cells
between individuals who are mismatched for MHC class I allele groups. There-
fore, the NK cells from any given individual will be alloreactive toward cells from
others who lack their KIR ligands and will be tolerant of cells from individuals
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who have the same or additional KIR ligands. In HSCT, this KIR ligand mis-

matching between donor and recipient occurs only in HLA class I-mismatched

transplants. Figure 3.1 illustrates how KIR ligand mismatching exerts a GvL

effect by alloreactive NK cells in T-cell depleted haplotype-mismatched trans-

plantation, where most clinical data has been generated (see below). Following

transplantation, NK cell clones developing from transplanted donor CD34þ cells

will not be inhibited by recipient cells that fail to express appropriate KIR ligands

(i.e., appropriate HLA-class I). In this context, a GvL effect is observed despite

T-cell depletion when donor-recipient pairs are selected for KIR ligand mis-

matches in the graft-versus-host (GvH) direction because leukemic cells of host

origin fail to express the inhibitory epitopes. In Fig. 3.1, the donor and recipient

are haplotype-mismatched. However, only in panel 1A, are the donor and reci-

pient also KIR ligand mismatched in the GvH direction. In this case where the

donor expresses both groups 1 and 2 HLA-C alleles (i.e., a Cw3 and a Cw2,

respectively), newly developing donor-derived NK cells in the recipient will

express at least one inhibitory KIR recognizing either the group 1 (e.g.,

KIR2DL2) or group 2 (e.g., KIR2DL1) alleles, but not necessarily both. As the

recipient only expresses an HLA-C group 1 allele (homozygous for Cw3), some

donor derived NK cell clones that express only KIR2DL1 will not engage
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Fig. 3.1 KIR-ligand mismatching in haplotype-mismatched stem cell transplantation pre-
dicting NK cell alloreactivity in the GvH direction. (a) In this example, donor and recipient
are HLA haplotype-mismatched and are KIR-epitope mismatched at the HLA-C locus. The
donor NK cell clones expressing KIR2DL1 recognize and are inhibited by an epitope shared
by the group 2 HLA-C alleles (HLA-Cw2, 4, 5 and 6). The recipient’s leukemic blasts express
HLA-Cw3, a member of the group 1 HLA-C alleles, and are therefore not recognized by the
donor’s KIR2DL1, and activation of donor NK cell occurs with leukemic cell lysis. (b) Here,
donor and recipient are haplotype-mismatched, but express HLA-C alleles of the same
supertype group 2 (HLA-Cw2, 4, 5 and 6). Therefore, donor NK cell clones expressing the
inhibitory KIR2DL1 recognize a ‘‘self-epitope’’ (HLA-Cw4) on the recipient’s cells with
inhibition of lysis of leukemic blasts. KIR epitope mismatching exerts another level of graft
alloreactivity and a potent graft-versus-leukemia effect [61]
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inhibitory ligands on the recipient’s leukemic cells and therefore will be alloreac-
tive in the GvH direction. In Fig. 3.1b, as the recipient’s target cells are hetero-
zygous for groups 1 and 2 HLA-C alleles (i.e., Cw2/Cw4), they will inhibit all
donor-derived NK cell clones that express either KIR2DL1 or KIR2DL2/3 and
noNKcell alloreactivity will be observed despite the observedHLA-Cmismatch.

Therefore, individuals who express group 2 HLA-C alleles and possess NK
cells that express the specific KIR for group 2 HLA-C alleles (KIR2DL1) are
alloreactive against cells from individuals who do not express group 2 HLA-C
alleles. Individuals who express group 1 HLA-C alleles possess NK cells with
the specific KIR for group 1 HLA-C alleles (KIR2DL2 and/or KIR2DL3) and
are alloreactive against cells from individuals who do not express group 1HLA-
C alleles. Likewise, HLA-Bw4 positive individuals expressing the Bw4-specific
KIR3DL1 receptor may possess NK cells that are alloreactive against Bw4-
negative cells (Table 3.3). In most cases, therefore, alloreactive donors may
be inferred from high-resolution Class I HLA-typing of donor and recipient.
However, it should be noted that uncommonly, expected KIR expression may
not occur. For example, in some individuals allelic variants may not allow full
receptor expression at the cell membrane [63]. In a study screening 198 indivi-
duals at the University of Perugia, while it was observed that 100% of donors
expressed KIR2DL2/3 as expected, 3% lacked KIR2DL1 and 6% lacked
KIR3DL1, indicating that in some situations, KIR genotyping of donors will
show whether the donor possesses the KIR gene, ensure NK alloreactions, and
improve the accuracy of NK alloreactive donor identification [62].

3.4 Preclinical Data Supporting the Role of NK Cell Alloreactivity

in Haploidentical Transplantation

As in the human, a fine balance between inhibitory and activating signals
regulates NK cell killing in mice [64]. The ‘‘hybrid resistance’’ transplantation
model illustrated that NK cell alloreactions in the host-versus-graft (HvG)

Table 3.3 Donor and recipient combinations for alloreactivity in the GvH direction

Recipient HLA type HLA type of NK alloreactive donora

Group 1 HLA-C, group 2 HLA-C, HLA-Bw4 No NK alloreactive donor

Group 1 HLA-C, group 2 HLA-C HLA-Bw4

Group 1 HLA-C, HLA-Bw4 Group 2 HLA-C

Group 2 HLA-C, HLA-Bw4 Group 1 HLA-C

Group 1 HLA-C Group 2 HLA-C and/or HLA-Bw4

Group 2 HLA-C Group 1 HLA-C and/or HLA-Bw4

Note: HLA-A3/A11 mismatch is rarely, if ever, found alone. In studies at the University of
Perugia, mismatch was always only in conjunction with HLA-C group mismatches [62]
a In each recipient/donor combination the donor has anNK repertoire which contains NK cells
that are specifically blocked by the allele group(s) indicated in the donor column. TheseNKcells
will be alloreactive because the corresponding recipient does not express this allele group
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direction used inhibitory Ly49 molecules which bind primarily MHC class I
ligands to mediate rejection of bone marrow grafts and to recognize allogeneic
lympho-hematopoietic cells in vivo [65]. As the hybrid recipient mouse tolerated
skin and organ allografts, NK cell alloreactivity appeared to be restricted to
lympho-hematopoietic targets [65–69]. When the hybrid resistance partners
were reversed, the in vivo effects of NK cell alloreactivity held true in the
GvH direction. In F1 H-2d/b!parent H-2b transplantations donor T cells
were tolerant of recipient MHC. Donor NK cells that did not express the H-
2b-specific Ly49C/I inhibitory receptor but bore H-2d-specific Ly49A/G2
receptors, are activated to kill recipient targets [64].

In murine haploidentical transplant models alloreactive NK cells homed to
all lympho-hematopoietic sites and ablated recipient-type lympho-hematopoie-
tic cells within 48 h [70]. Lack of NK cell-mediated attack on normal tissues
indicates that healthy organ tissues, unlike lympho-hematopoietic cells, did not
express ligands at a sufficient level to engage activatingNK cell receptors and so
alloreactive NK cells did not cause GvHD. Killing of recipient T lymphocytes
was associated with engraftment of the MHC-mismatched bone marrow. Kill-
ing of recipient dendritic cells, which initiate GvHD by presenting host alloan-
tigens to donor T cells, prevented T-cell-mediated GvHD despite the mice
receiving mismatched bone marrow grafts containing up to 30 times the lethal
dose of allogeneic T cells [70]. Finally, alloreactive NK cells hastened immune
reconstitution by promoting brisk recovery of donor B- and T-cell precursors,
which matured correctly, and of donor dendritic cells that are crucial in pro-
tecting mice from infectious challenges [69]. Furthermore, transfer of NK cells
into non-obese diabetic (NOD)-SCID mice eradicated transplanted human
AML provided that the NK cells were alloreactive.

3.5 Clinical Significance of NK Cell Activity

in Haplotype-Mismatched Hematopoietic

Stem Cell Transplantation

Although transplantation from HLA-identical siblings is the treatment of
choice, 75% of patients do not have such a brother or sister. Consequently,
other sources of hematopoietic stem cells today include HLA-matched unre-
lated volunteers, unrelated umbilical cord blood units, and full-haplotype mis-
matched (haploidentical) family members. Nearly every patient has a family
member (parent, child, sibling, cousin, aunt, uncle), who is identical for one
HLA haplotype (haploidentical) and fully mismatched for the other, and who
could immediately serve as donor. Until the early 1990s, transplantation across
the HLA barrier was unsuccessful because T-cell mediated alloreactions in
the HvG direction caused rejection and in the GvH direction caused fatal
GvHD because alloreactive donor T cells recognize HLA antigens on recipient.
Extensive ex vivo T-cell depletion of bone marrow to a maximum of 2–4� 104
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T cells/kg body weight prevents acute and chronic GvHD without any post-
transplant immunosuppressive prophylaxis in patients with severe combined
immunodeficiency (SCID) who received transplants from haploidentical family
members [71]. However, several clinical trials demonstrated that when tested in
leukemia patients, haploidentical T-cell depleted bone marrow transplantation
was associated with a high incidence of rejection because the balance between
competing recipient and donor T cells shifted in favor of the unopposed HvG
reaction [72].

In acute leukemia patients, rejection and lethal GvHD after haploidentical
transplantation were successfully overcome by means of a highly immunosup-
pressive andmyeloablative conditioning regimen and a ‘‘megadose’’ allograft of
extensively T-cell depleted, granulocyte-colony-stimulating factor (G-CSF)
mobilized peripheral blood progenitor cells. Primary sustained engraftment
was achieved in over 90% of 17 end-stage patients and acute (>grade I)
GVHD occurred in under 10% [73]. In over 175 adult patients with high-risk
acute myeloid (AML) or lymphoblastic (ALL) leukemia, haploidentical trans-
plants were associated with full donor type engraftment in over 95%of patients,
rapid hematopoietic recovery and �10% grade II–IV acute GvHD without
post-transplant immune suppression as prophylaxis [73, 74]. Event-free survival
approached 50% when patients were transplanted in any remission, but
dropped to approximately 10% when they were transplanted in chemoresistant
relapse. Besides relapse, the main cause of death was a 35% transplant-related
mortality, which was largely infectious [74–76]. Since haploidentical transplants
rely for their success on extensive T-cell depletion, T-cell alloreactivity plays a
minimal role in engraftment and the GvL effect, but NK cell alloreactivity is
triggered and has been associated with beneficial effects [61, 77, 78].

Following T-cell depleted haploidentical HSCT, NK cell recovery occurs
early, within 4 weeks after transplantation with donor-derived alloreactive NK
cell clones detectable in the recipient’s blood for up to 4 months [77]. However, in
spite of this short duration during which alloreactive NK cell clones are detect-
able, a remarkable GvL effect is observed in patients with high-risk AML. In an
early report of 57 AML patients at high risk of relapse, donor-versus-recipient
NKcell alloreactivity reduced the risk of leukemia relapse, improved engraftment
and protected against GvHD. An updated analysis of 112 haploidentical trans-
plants for high-risk AML performed at the Perugia Bone Marrow Transplant
Centre provided definitive evidence that transplantation from NK alloreactive
donors controlled AML relapse and improved event-free survival. It was asso-
ciated with a significantly lower relapse rate in patients transplanted in CR (3%
versus 47%, P< 0.003) (Fig. 3.2), better event-free survival in patients trans-
planted in relapse (34% versus 6%,P¼ 0.04) and in remission (67% versus 18%,
P¼ 0.02), and reduced risk of relapse or death (relative risk versus non-NK-
alloreactive donor, 0.48; 95% CI, 0.29–0.78; P< 0.001). For AML patients in
any remission who received transplants from non-NK-alloreactive donors the
probability of event-free survival was 18% compared with 67% when grafts
derived from NK-alloreactive donors (P¼ 0.02) (Fig. 3.2). In multivariate
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analysis, transplantation from an NK-alloreactive donor was a strong indepen-
dent factor predicting survival (transplantation from NK-alloreactive versus
non-NK alloreactive donor: hazard ratio¼ 0.44, 95% confidence interval:
0.25–0.77, P¼ 0.004) [62]. This probability of surviving event-free is particularly
striking, as it is in the range of best survival rates after transplantation from
unrelated donors and cord blood units. The lack of NK alloreactive donors may
be considered as a contraindication to transplantation for patients in chemore-
sistant relapse as very few survive.

It should be noted that alloreactive donors, as defined by KIR ligand
mismatching in the GvH direction, are likely to be found for only up to
approximately 70% of patients with haplotype-mismatched family members
as about 30% of the population are resistant to alloreactive NK killing due to
the expression by target cells of inhibitory HLA class I alleles (KIR ligands)
from all subgroups with the ability to inhibit all donor NK cell clones [79–81].
More recently, another algorithm known as the ‘‘missing ligand’’ model, has
been proposed to identify alloreactive donors. The missing ligand model
includes (1) KIR ligand-matched transplants from donors possessing an
‘‘extra’’ KIR for which neither donor nor recipient has an HLA ligand and
(2) all KIR ligand mismatched transplants. This is a frequent combination
because the majority of individuals possess a full complement of the three
inhibitory KIR for group 1 and 2 HLA-C and for HLA-Bw4 alleles, while

KIR ligand mismatched (n = 31)

KIR ligand matched (n = 30)

P = 0.003

KIR ligand matched (n = 31)

KIR ligand mismatched (n = 30)
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Fig. 3.2 Transplantation from haploidentical NK alloreactive donors controls AML relapse
and improves survival in patients transplanted in any remission. (a) Relapse in patients
transplanted in remission from NK alloreactive versus non-NK alloreactive donors.
(b) Survival in patients transplanted in any remission from NK alloreactive versus non-NK
alloreactive donors
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many possess only one or two KIR ligands in their HLA type. Such donors are

hypothesized to possess potentially autoreactive KIR-bearing NK cells in an

anergic/regulated state which, upon transfer into the recipient, become acti-

vated and exert a GvL effect. Self-tolerant NK cells that do not express

inhibitory receptors for self-MHC molecules have been described [82–87],

and no studies are available to demonstrate anergic NK cells acquire effector

function after transplant. Studies in haploidentical transplants in children with

acute leukemia, as well as in matched related sibling and in unrelated donor

transplants for AML, have reported a better outcome for KIR ligand-matched

transplants from donors possessing an ‘‘extra’’ KIR for which neither donor

nor recipient has an HLA ligand [39, 88, 89]. However, in the series of

haploidentical and matched sibling transplants performed at the Perugia

Transplant Centre, when outcomes of transplants from KIR ligand-matched

donors expressing a KIR gene for which neither donor nor recipient had an

HLA ligand (i.e., according to the missing ligand model) were analyzed, no

informative results emerged [62].

3.5.1 Donor Activating KIR in Haploidentical Transplantation

The role of activating KIR in allogeneic HSCT has been less well studied.

Activating KIR show allelic polymorphism in specific genes and show extensive

variation in gene number and content, leading to heterogeneity in the general

population and different ethnic groups [90]. As noted above, KIR genes segre-

gate in haplotypes. Group A haplotypes bear the main inhibitory KIR genes

and the KIR2DS4 activating KIR gene, which, however, encodes for a non-

functional protein in approximately 2/3 of individuals. Group B haplotypes

carry, besides inhibitory KIR genes, various combinations of activating KIR

genes (KIR2DS1-2-3-5 and KIR3DS1). Approximately one in four individuals

are homozygous for A haplotypes, while three out of four are either hetero-

zygous or homozygous for B haplotypes and, thus, carry activating KIR genes.

In retrospective analyses, transplantation from donors carrying activating KIR

genes generally adversely affects transplantation outcomes after matched sib-

ling, unrelated, and partially T-cell depleted haploidentical transplants, mainly

through an increased incidence of acute GvHD [91–95]. As NK cells do not

themselves cause GvHD, it is likely that activating KIR on T cells might

facilitate excess T-cell alloreactivity, which consequently triggers GvHD. This

would not be expected to occur following extensively T-cell depleted haploi-

dentical transplants. In fact, an analysis of haploidentical transplantations

performed at Perugia, transplantation from NK-alloreactive donors who

carry activating KIR genes (group B haplotype) did not cause GvHD, but

was associated with less infectious mortality and better survival when trans-

planted from an NK-alloreactive donor.
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3.6 Clinical Significance of NK Cell Activity in Unrelated Donor

Hematopoietic Stem Cell Transplantation

The observation of the importance of NK cell alloreactivity with KIR ligand

mismatching in haploidentical transplantation has stimulated investigation of

the clinical impact of NK cells in unrelated donor transplants with HLA class I

mismatches. The role of NK cell alloreactivity in unrelated donor transplanta-

tion, however, remains poorly defined at present with mixed and conflicting

results reported.
In some reports, KIR ligand mismatching is associated with positive effects

on different clinical endpoints following transplantation. For example, in a

study of patients with ALL, AML, chronic myelogenous leukemia (CML),

and myelodysplastic syndromes (MDS) undergoing unmanipulated bone mar-

row transplantation from unrelated donors where in vivo T-cell depletion was

effected using anti-thymocyte globulin (ATG), KIR ligand incompatibility in

the GvH direction was associated with improved outcome [96]. At 4.5 years

patients with KIR ligand incompatibility (n¼ 20) had higher probability of

overall survival (87% versus 48%, P¼ 0.006) and disease-free survival (87%

versus 39%, P¼ 0.007) compared with those without KIR ligand incompat-

ibility (n¼ 110). The improved outcome was related to a significant reduction in

transplant-related mortality and relapse in patients receiving KIR ligand mis-

matched grafts. In a larger retrospective analysis of 374 patients with myeloid

leukemias, KIR ligand incompatibility in the GvH direction was associated

with a significant reduction in 5-year risk of leukemic relapse compared to

HLA-identical and HLA class I disparate, KIR ligand matched transplants

(5% versus 22% and 18%, respectively; P< 0.04) [97]. Unlike the former study,

however, an increased incidence of graft failure was observed in patients

receiving KIR ligand mismatched transplantation. Furthermore, KIR ligand

incompatibility was not associated with any beneficial effect on the important

endpoints of transplantation-related mortality, and overall or event-free survi-

val. In a similar analysis restricted to 236 patients with CML, KIR ligand

mismatching was associated with a decreased risk of molecular relapse after

transplantation, although no improvement in overall survival was observed

[98]. Finally, KIR ligand mismatching was also associated with a reduction in

the risk of relapse of multiple myeloma, although this did not translate to a

long-term survival benefit [99].
In other studies, however, KIR-ligand mismatching was associated with

either no significant effect on important clinical endpoints [100–102]. In a

large registry analysis involving over 1500 patients with myeloid malignancies,

KIR ligand incompatibility was not associated with any beneficial effect on

leukemia relapse, incidence of GvHD, disease-free survival, or overall survival

[102]. On the other hand, adverse effects on relapse, treatment-related mortal-

ity, or survival were associated with KIR ligand incompatibility in three

reported studies [103–105]. In 118 patients with myeloid malignancies, patients
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receiving KIR ligand mismatched transplants (n¼ 15) had a higher risk of
relapse compared to those receiving fully matched or HLA-mismatched, KIR
ligand matched transplants [103]. In an additional report, an increased risk of
infection that translated to higher treatment-related mortality and worse over-
all survival was observed in patients receiving KIR ligand mismatched trans-
plants from unrelated donors [104].

Beyond KIR ligand mismatching, two studies have reported mixed effects
of NK cell alloreactivity in unrelated donor transplantation when the ‘‘missing
ligand’’ algorithm is used to define alloreactive donors (see above). In an
analysis of 1770 patients undergoing myeloablative T-cell-replete transplan-
tation from HLA-matched or mismatched unrelated donors for the treatment
of myeloid and lymphoid leukemias, absence of HLA-C group 2 or HLA-Bw4
KIR ligands in the recipient was associated with significantly lower risks of
relapse in patients only receiving HLA-mismatched unrelated donor trans-
plants [106]. In a larger analysis of 2026 transplants facilitated by the National
Marrow Donor Program, the absence of one or more KIR ligands in the
recipient versus the presence of all ligands was protective against relapse in
patients with early myeloid leukemia, which was independent of HLA match-
ing and T-cell depletion, although no effect was observed on survival [107]. On
the other hand, in patients with late chronic phase CML, missing aKIR ligand
independently predicted a greater risk of developing grade III–IV acute
GvHD [107].

While it remains to be determined which is the better model for investigating
KIR mismatching in the setting of unrelated donor transplantation, more
complex relationships have also been reported indicating that NK cell activity
in transplantation is likely significantly more complicated that previously
thought. Recently, an analysis of 108 CML patients undergoing unrelated
donor transplantation has suggested that specific group C expression of the
recipient and donor may an important determinant of transplant outcome
beyond KIR ligand mismatching [108]. Patients homozygous for group 1
HLA-C alleles (C1/C1) had significantly improved survival compared to
patients who were heterozygous (C1/C2) or homozygous for group 2 HLA C
alleles (C2/C2) [108]. In contrast, presence of C1 ligands in the donor was
associated with significantly reduced patient survival. The investigators
hypothesized that the differential roles of the two HLA-C ligands may be
explained by the observation that NK cell reconstitution and KIR expression
after transplantation appeared to be sequential, where C1-specific KIR2DL2/3
NK cells reconstituted earlier and at higher frequency than the C2-specific
KIR2DL1 NK cells [108]. Finally, the donor KIR haplotype also appears to
be important as donors with KIR haplotype A or with low numbers of activat-
ing KIR genes reduced the leukemia relapse and improved disease-free survival
in leukemia patients undergoing transplantation [105].

In summary, while it is difficult to draw definitive conclusions regarding the
specific role of NK cell activity and KIR in unrelated donor transplantation
from the mixed observations of reported studies, it may be at least concluded
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that NK cells appear to play amore complex role in determining the outcome of
transplantation than previously expected from the results of KIR ligand mis-
matching in the haploidentical setting. Differences in sample size, transplanta-
tion techniques, and methods of determining alloreactivity across reported
studies have confounded conclusions. It is likely, however, that the transplant
conditions are important factors in modulating the effect of NK cells on
transplant outcome. In this respect, none of the studies of unrelated donor
transplantation analyzing the effect of NK cell alloreactivity have included
patients transplanted using the same conditions as those haploidentical trans-
plants in which KIR ligand incompatibility was shown to have a beneficial
effect, namely extensive T-cell depletion, high stem cell dose, and absence of
post-transplant pharmacological immunosuppression. It has been demon-
strated, for example, that T-cell alloreactivity dominates over NK cell allor-
eactivity in minimally T-cell depleted HLA-nonidentical transplantations [91,
101]. Furthermore, the presence of significant numbers of T cells in the graft
may affect NK cell receptor acquisition after transplantation [109]. A compar-
ison of NK cell receptor expression of baseline recipient and donor-derived
engrafting NK cells at 100 days after unrelated donor transplantation showed
diminished reconstitution of KIR expression with increased expression of the
activating receptor NKG2D in T-replete transplantations compared with T-cell
depleted transplantations [109]. This was also associated with a higher propor-
tion of engrafted NK cells secreting interferon-� in response to interleukin (IL)-
12 and IL-18 [109]. Thus any beneficial effect of KIR ligand mismatching in
unrelated donor transplantation, analogous to that seen in haploidentical stem
cell transplantation, may be masked by effects of alloreactive T cells and post-
transplantation immune suppression. Until the role of KIR ligandmismatching
is better defined in the context of unrelated donor transplantation, there is
currently no indication to base the choice of a mismatched unrelated donor
on KIR ligand mismatching or KIR genotype profile.

3.7 Conclusions

Over the past decade, we have gained significantly improved understanding of
NK cell receptor biology and the mechanisms by which NK cells recognize and
kill leukemic target cells. It is now appreciated that NK cell responses are a result
of competing signals mediated through inhibitory and activating receptors. In
parallel with this has developed a better appreciation of the importance of NK
cell activity in HSCT. Of the numerous NK cell receptors described, KIR
receptors have been most extensively studied in the context of hematopoietic
stem cell transplantation. The recognition of the ability of NK cells to exert a
potent GvL effect against myeloid malignancies by mismatching donor and
recipient KIR ligands in the GvH direction, in the absence of T cells, has allowed
the safer application of haplotype-mismatched transplantation to patients who
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would otherwise have no curative option for their disease. While the complexity

of NK cell alloreactivity in the setting of unrelated donor transplantation is
becoming better appreciated, clinical trials investigating transplantation under

conditions similar to haploidentical transplants where the beneficial effects of
KIR ligand mismatching have been observed are required before the choice of
unrelated donor can be based on knowledge of NK cell biology.

The near future should see innovations in the application of NK cell receptor

biology to the design of clinical trials in HSCT. Pre-clinical models show that
NK cell alloreactivity can enhance engraftment following reduced-intensity
regimens. Furthermore, by killing host dendritic cells, alloreactive NK cells

used as part of the preparative regimen may permit the infusion of greater
numbers of T cells in the graft, which can protect against post-transplant
opportunistic infections. Finally, the development of monoclonal antibodies

against KIR and other inhibitory NK cells receptors to break tolerance of NK
cells to HLA-matched targets will permit the design of clinical trials that can
investigate harnessing the anti-leukemic effect of NK cells in both autologous

and HLA-matched HSCT. Over the forthcoming decade, it is expected that
translation of our improved knowledge of NK cell biology and receptors will
lead to advancements in the outcome of HSCT.
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Chapter 4

Advancement and Clinical Implications of HLA

Typing in Allogeneic Hematopoietic Stem Cell

Transplantation

Lee Ann Baxter-Lowe and Carolyn Katovich Hurley

4.1 Introduction

One of the best established risk factors for hematopoietic stem cell transplantation

(HSCT) is human leukocyte antigen (HLA) disparity between the recipient and

donor. HLA disparity has been associated with graft failure, delayed immune

reconstitution, graft-versus-host disease (GvHD), and mortality. These undesir-

able effects can be offset somewhat by reduced relapse rates in patients with

hematological malignancies. This chapter reviews current understanding of HLA

biology and its clinical implications.
Several relatively recent advances have dramatically changed this field.

Perhaps the most important of these is development of DNA-based HLA

typing, which has made it possible to define HLA disparities at an amino acid

level. Advances inHLA typing have been complemented by improvedmatching

algorithms utilized by unrelated donor registries. There have also been break-

throughs in the understanding of the molecular mechanisms of allorecognition.

For decades, research and clinical medicine have focused on allorecognition

involving interactions between T-cell receptors (TCR) and their HLA ligands.

A relatively new and major discovery is that HLA molecules are also ligands

for several other receptors, including inhibitory receptors expressed on nat-

ural killer (NK) cells and some T lymphocytes. Under certain conditions,

these receptors can mediate alloimmune responses, substantially influencing

transplantation outcomes. In addition, new transplant procedures, particu-

larly those which use alternative graft sources, alter the effects of HLA

disparity.
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4.2 HLA Structure and Function

4.2.1 HLA Structure

The established transplantation antigens are divided into two major classes:

Class I (HLA-A, -B, and -C) and Class II (HLA-DR, -DQ, and -DP). HLA

Class I and Class II molecules are heterodimers with similar three-dimensional

structures. All of these molecules contain an antigen-binding cleft which is

occupied by a peptide. The bound peptides can be derived from the degradation

of either normal cellular proteins or abnormal proteins from pathogens or other

foreign proteins encountered by the cell. The peptides bound to HLA Class I

molecules are typically 8–10 amino acids long and derived from inside the cell [1,

2], while peptides bound to HLA Class II molecules are much longer (usually

> 20 amino acids) and derived from outside the cell [3, 4]. The amino acids in the

HLAmolecule that line the binding cleft determine the characteristics of peptides

that are preferentially bound to each molecule [5]. The characteristics of the

peptides bound to various HLA molecules are catalogued by the NIH (http://

www-bimas.cit.nih.gov/molbio/hla_bind/hla_motif_search_info.html).

4.2.2 HLA Functions

The HLA Class I-peptide complexes are ligands for TCR on CD8þ T cells

while the HLA Class II complexes are ligands for TCR on CD4þ cells [6].

The recognition of HLA-peptide complexes by T lymphocytes leads to

adaptive immune responses to nonself. The HLA Class I molecules play

an additional role; they are ligands for killer immunoglobulin-like receptors

(KIR), which are inhibitory receptors expressed on NK cells and a subset of

T lymphocytes [7]. Loss of HLA on the surface of abnormal cells causes the

loss of the KIR-mediated inhibitory signal in these lymphocytes, which

shifts the balance of receptor signals from tolerance toward activation and

target cell killing.

4.2.3 HLA Expression

Another difference between HLA Class I and Class II molecules is their cell

surface expression [8]. HLA Class I molecules are expressed by all nucleated

cells with the highest levels on hematopoietic cells. HLA Class II molecules are

constitutively expressed by a subset of cells in the immune system (e.g., specia-

lized antigen presenting cells), and their expression can be induced on many

other cells. HLA expression can be increased by certain cytokines and reduced

by some pathogens and tumors.
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4.3 Allorecognition

HLA molecules are potent alloantigens, molecules that stimulate an immune
response against cells from other humans. Alloimmune responses can occur
after transplantation, pregnancy, or transfusion. T lymphocytes play a central
role in responses to alloantigens, but the actions of NK cells and B lymphocytes
can also be very important [9, 10].

4.3.1 T Lymphocytes

In healthy individuals, tolerance to self is maintained through inactivation of
autoreactive T lymphocytes in the thymus, as well as through peripheral toler-
ance mechanisms [9]. T lymphocytes that respond to self antigens are eliminated
during development in the thymus. The surviving T lymphocytes are specific for
pathogenic peptides bound to self HLA molecules. Thus, recovery of this
selection process is important for immune reconstitution following HSCT.
Lymphocytes that have been selected to recognize pathogenic peptides bound
to self HLA molecules can become activated by non-self HLA molecules [11].
Thus, these T lymphocytes can play a major role in graft rejection and GvHD.

There are three mechanisms for allorecognition by T lymphocytes: direct,
indirect and semi-direct. Direct allorecognition involves recognition of foreign
HLA molecules displayed on the surface of non-self cells (Fig. 4.1). For direct
allorecognition, the majority of T lymphocytes are sensitive to differences in the
peptides bound to the HLA molecules [12–15].

Indirect HLA allorecognition occurs when T lymphocytes recognize foreign
peptides presented by self HLA molecules. Some of these peptides can be
derived from foreign HLA molecules. Since foreign peptides are generally
derived from outside the cell, the indirect pathway is dominated by CD4þ T
lymphocytes responding to foreign peptides bound to HLA Class II molecules.

Semi-direct HLA allorecognition results from intercellular transfer of
HLA molecules. After solid organ transplantation, HLA molecules from
the donor can be transferred to immune cells of the recipient. T lymphocytes
can recognize the intact donor HLA molecules that have been transferred to
the plasma membrane of the recipient’s immune cells [16–19]. Hypotheti-
cally, the semi-direct pathway could play a role in HSCT, but this has not
yet been established.

4.3.2 Minor Histocompatibility Antigens

Minor histocompatibility antigens result from differences among individuals in
protein expression (e.g., products of the Y chromosome), genetic polymorph-
ism that changes the protein sequence, or differences in protein processing [20].
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Fig. 4.1 (a) T lymphocytes are not activated by self HLA molecules with self peptides in the
binding cleft (top) but can be activated if the peptide or the HLA molecule is foreign. (b) KIR
interactions with their HLA ligands provide inhibitory signals (top).If the HLA ligand is not
present, the balance of receptor signals is shifted from tolerance toward activation and target
cell killing
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After HSCT, HLA molecules can present peptides from nonself-derived minor

histocompatibility antigens, which can elicit clinically significant immune

responses. Responses against minor histocompatibility antigens are usually

easier to manage than those against major histocompatibility antigens (i.e.,

HLA) and in some cases can give rise to beneficial anti-tumor effects. Thus,

the minor antigens can serve as targets for immunotherapy for cancer.

4.3.3 NK Cells

Several recent investigations have established that allogeneic responses

mediated by NK cells can play an important role in clinical transplantation

through potent graft-versus-tumor (GvT) effects and perhaps involvement

in GvHD [21–24]. The role and functions of NK cells are also described in

Chap. 3. NK cells express a combination of inhibiting and activating

receptors which maintain tolerance to healthy cells and cause responses

against diseased and allogeneic cells [25]. Inhibitory receptors, which are

members of the killer cell immunoglobulin (Ig)-like receptor (KIR) family

with specificity for specific HLA ligands, play an important role in

allorecognition.
Nearly all individuals have genes encoding inhibitory KIR specific for

HLA-C molecules with Ser77, Asn80 (referred to as the C1 group), HLA-C

molecules with Asn77, Lys80 (referred to as the C2 group), and Bw4, an

epitope in many HLA-B molecules that is created by amino acids 77–83. To

ensure self-tolerance, most NK lymphocytes have undergone a tolerization

process that is influenced by self-HLA molecules and prevents reactivity to

their own cells [26]. After transplantation or adoptive transfer of NK cells,

NK cells may kill recipient cells if they do not express the requisite KIR

ligand (Fig. 4.1).

4.3.4 B Lymphocytes

B lymphocytes can play a major role in graft rejection and have recently

been implicated in GvHD. B lymphocytes can make alloantibodies against

any foreign molecule, including HLA and other alloantigens. If a transplant

recipient has preexisting antibodies against donor alloantigens, the risk for

graft rejection is substantially increased [27, 28]. Antibody responses to H-Y

minor histocompatibility antigens have recently been correlated with chronic

GvHD as well as disease remission after HSCT [29]. This discovery

has created interest in the possibility that H-Y and other alloantigens

may provide useful targets for cancer immunotherapy mediated by B

lymphocytes.
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4.4 HLA Genetics

4.4.1 Major Histocompatibility Complex

One of the hallmarks of HLA proteins is their diversity, which is generated by

multiple genes and extensive polymorphism for each gene (Fig. 4.2). HLA genes

are located in the major histocompatibility complex (MHC) on chromosome

6p21.3 (high resolution map available at http://www.nature.com/nrg/journal/

v5/n12/poster/MHCmap/index.html). The extended MHC complex spans

7.6Mb and containsmore than 400 genes [30]. TheHLAClass I cluster contains

nine expressed genes which include the classical HLAClass I genes (HLA-A, -B,

and -C) as well as non-classical Class I genes (HLA-E, -F, -G,HFE) and Class I-

like genes (MICA and MICB). The Class II HLA cluster contains the classical

Class II HLA genes (HLA-DR, -DQ, and -DP) and non-classical Class II HLA

genes (HLA-DM and -DO).
The role of the classical HLA genes in transplantation is well established, but

other MHC encoded proteins may also influence allogeneic transplants. For

example, proteins involved in loading peptides into HLA binding clefts, serving

as ligands for receptors on NK lymphocytes or mediating cellular reactivity,

may influence an individual’s risk for immunological complications after trans-

plantation [31–33].
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Fig. 4.2 The bars indicating each of the HLA genes are proportional to the number of known
HLA alleles for each locus. The number of alleles, unique proteins, and null alleles is indicated
above each locus. HLA-DRB3, -DRB4, and DRB5 loci are present on certain haplotypes as
shown in the inset
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4.4.2 HLA Diversity

HLA-A, -B, and -C loci are extremely polymorphic with hundreds of alleles
already known for each locus (Fig. 4.2) and more being discovered every year.
Comprehensive analysis of chromosome 6 has identified HLA-B as the most
polymorphic gene in the human genome [34].

HLA-DRA, -DRB1, DQA1, DQB1, DPA1, and DPB1 genes are present in
every haplotype (the set of HLA genes inherited on each chromosome), and
diversity is generated by polymorphism as well as the variable presence of addi-
tional genes (DRB3, DRB4, and DRB5, Fig. 4.2). Each haplotype contains pairs
of A and B genes for each HLA Class II locus. The products of the pairs form
Class II heterodimers. For the HLA-DR locus, the HLA-DRA gene is relatively
non-polymorphic but diversity is generated by differences in the number ofHLA-
DRB genes. One HLA-DRB1 gene is always present and some haplotypes have
one additional HLA-DRB gene (HLA-DRB3, -DRB4, or -DRB5).

For HLA-DQ and -DP, the A and B genes are both polymorphic (Fig. 4.2).
Each haplotype contains a combination of alleles that encodes compatible alpha
and beta chains to produce a functional protein. For these loci, diversity can be
generated by alternative heterodimers of alpha and beta chains that are encoded
on different copies of chromosome 6 (i.e., trans association). Thus, each genome
has the potential to generate four different HLA-DQ and -DP proteins. The
relevance of the trans heterodimers in transplantation has not been evaluated.

4.4.3 HLA Nomenclature

The WHO Nomenclature Committee for Factors of the HLA System names
each HLA allele; names consist of the locus followed by an asterisk and a
unique number consisting of four to eight digits (Table 4.1). The current list
of alleles and nomenclature is available at http://www.ebi.ac.uk/imgt/hla/
nomenclature/index.html. To aid in exchange of HLA typing data, the U.S.
unrelated donor registry, the National Marrow Donor Program (NMDP),
has established a system of allele codes that is used by registries world
wide [35].

4.4.4 HLA Allele Frequencies and Linkage Disequilibrium

HLA alleles are present in the population at different frequencies, and these
frequencies vary among racial and ethnic groups [36–38]. Some alleles are
unique to a particular race or ethnic group. Certain alleles are very rare and
have been observed only once. Each haplotype contains multiple HLA loci (at a
minimum HLA-A, -B, -C, DRA, DRB1, DQA1, DQB1, DPA1, and DPB1).
Certain combinations of HLA alleles are observed in the same haplotype much
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more frequently than expected if alleles were randomly distributed [37, 38]. The
frequency of the patient’s alleles and their haplotypes impacts the likelihood of
finding an HLA matched unrelated donor [39].

4.5 HLA Typing

4.5.1 Typing Methods

Advances in HLA typing have transformed our ability to detect HLA
disparity and enabled clinical investigation of the relevance of HLA dispar-
ity between donor and recipient. HLA types were historically determined

Table 4.1 HLA nomenclature

Designation Examples Comments

Differences in digits 1,2 A*0101, A*0201 Two digit designation describes
an allele group which often
corresponds to serologic
specificity; alleles with
differences in digits 1,2 differ in
both nucleotide and protein
sequence

Differences in digits 3,4 A*0101, A*0102 Designates order of discovery;
alleles differ in both nucleotide
and protein sequence

Differences in digits 5, 6 A*010101,
A*010102

Alleles differ in nucleotide but
not protein sequence

Differences in digits 7, 8 A*01010101,
A*01010102

Alleles differ for nucleotides
outside of protein-encoding
exons

Addition of single letter A*01010102 N Designates abnormal expression:
N indicates the allele is not
expressed; the meaning of
other suffixes can be found at
http://www.ebi.ac.uk/imgt/
hla/nomenclature/
suffixes.html

Addition of multiple letters to
2 digit assignment

A*01AB,
A*02AMAY

Letter codes assigned by the
NMDP to indicate alternative
alleles beginning with the two
digits indicated; the individual
tested carries one of these;
http://bioinformatics.nmdp.
org/HLA/Allele_Codes/
Allele_Code_Lists/index.html

Only first two digits listed A*01, A*02 Indicates that the allele family is
present but the typing has not
identified which allele in the
family is present
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using serological reagents which define groups of HLA alleles corresponding
to allele families. After the polymerase chain reaction (PCR) technique
became available, numerous DNA-based typing methods were developed,
including hybridization with sequence-specific oligonucleotide probes (SSO),
amplification with sequence-specific primers (SSP), and automated sequen-
cing-based typing (SBT).

For SSO typing, a segment of the target HLA gene is amplified by PCR and
hybridized with a panel of oligonucleotide probes that detect key polymorphic
sequences which distinguish specific HLA alleles. The pattern of positive and
negative hybridization with the probes is used to assign HLA alleles that are
potentially present in the individual (i.e., an HLA ‘‘type’’). SSP typing takes
advantage of the specificity of the PCR to amplify segments of alleles based
upon the presence of key polymorphic sequences located in one or both primers.
The presence or absence of PCR products from a panel of primer pairs is used to
assign HLA types. For SBT, automated nucleotide sequencing is used to
determine the sequence of an amplified segment of DNA. The sequence is
compared with a library of known sequences to assign an HLA type.

Routine use of DNA-based typing has improved the accuracy of HLA
typing [40], revealed HLA disparity between donors and recipients that could
not be detected by the conventional serological methods [41, 42], and led to the
discovery of an unexpectedly large number of HLA alleles [43]. Although there
have been dramatic improvements in HLA typing, limitations remain. Much of
an allele’s sequence is not typically interrogated, and presence of a relatively
small number of polymorphisms can be used to assign types.

Another limitation is that typing data are often consistent with multiple
alternative genotypes (i.e., combinations of HLA alleles), often referred to as
ambiguities (http://www.ebi.ac.uk/imgt/hla/ambig.html). This circumstance is
becoming more frequent as the number of known alleles continues to increase
[44]. Although it is feasible to resolve all alleles, this is expensive and requires
considerable expertise. One approach to address this limitation has been to
exclude putative rare alleles based upon their low likelihood [45].

4.5.2 Typing Nomenclature

Types determined using serological methods are assigned numbers correspond-
ing to specificities that have been defined by theWHONomenclature Committee
for Factors of the HLA system (e.g., A1, A2). Types determined by DNA-based
typing methods are based upon the nomenclature for HLA alleles (Table 4.1).

4.5.3 Typing Resolution

Dramatic differences between the ability of conventional serological typing and
DNA-based typing to detect HLA disparity have led to a variety of terms to
describe the level of typing resolution used to detect HLA differences. When
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DNA-based typing is used to approximate serological types or specificities, it is
referred to as typing that is low resolution or antigen level. High resolution or
allele-level typing is used to describe types that identify a single allele or one
common allele with a small number of rare alleles.

4.6 HLA Matching

There are several factors to consider in evaluation of HLA matching. One
component is the HLA loci that are being considered in the evaluation. When
allogeneic bone marrow transplantation began, the HLA-A, -B, and -DR types
were evaluated for HLA matching. Since most individuals have two different
alleles at each locus, a total of six types were compared. If all of the types were
matched, the recipient and donor were considered to be a 6/6 HLA match for
the HLA-A, -B, and -DR loci. If one of the types was mismatched, the donor-
recipient pair was described as a 5/6 HLAmatch. Today, several additional loci
may also be considered: HLA-C, -DQA1, -DQB1, -DPA1, and -DPB1. If all of
these loci are evaluated, a perfect match would be 16/16.

Another factor is the level of resolution of the match. If the types that are
compared are high resolution types, HLA matching is described as a ‘‘high
resolution’’ match or an ‘‘allele level’’ match. If one or both types are
low resolution or serological specificities, the matching is described as a ‘‘low
resolution,’’ ‘‘antigen,’’ or ‘‘serological’’ match. If high resolution level typing is
available, mismatching of the first two digits is referred to as a ‘‘low resolution,’’
‘‘antigen,’’ or ‘‘serological’’ mismatch. If the first two digits are matched, but the
second two digits are different, the mismatch is often referred to as ‘‘high
resolution’’ or ‘‘allele level’’ mismatch.

If a donor or recipient is homozygous for a type that is present in the other
member of the pair and the othermember of the pair is heterozygous (e.g., donor is
HLA-A*02,A*02 and recipient is HLA-A*02,A*24), the mismatch is described as
directional or as having a vector. In this example, alloreactivity is directed against
the recipient (i.e., host) and it is described as the graft-versus-host (GvH) direction
or GvH vector. If the situation is reversed (e.g., donor is HLA-A*02,A*24 and
recipient is HLA-A*02,A*02), the directionality is called host-versus-graft (HvG)
or rejection direction because the ‘‘foreign HLA type’’ is only present in the donor.

The minimal HLA matching requirements are influenced by multiple factors
including the graft characteristics (e.g., source and graft manipulation), trans-
plant protocol (e.g., immunosuppressive regimen) and patient factors (e.g., diag-
nosis, disease stage, and age). One of the few variables that physicians canmodify
is donor selection. When allogeneic HSCT began, all donors were living related
individuals. Since most patients lacked a well matched family donor, registries of
volunteer donors were developed to locate unrelated donors who are well
matched for HLA [39]. Although there are now more than 12 million donors
listed in world-wide registries, some patients are still unable to locate a suitably
matched donor, or transplantation urgency precludes the lengthy search process.
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These limitations have motivated development of umbilical cord blood as

an alternative graft source. In the 10 years after the first cord blood trans-

plant involving an unrelated donor [46], 47 cord blood banks have been

established [47]. Two major advantages of cord blood grafts are less strin-

gent requirements for HLA matching and rapid availability of the graft.

Availability of numerous options for allografts has led to development of

algorithms to customize donor searches to achieve optimal outcomes for

each patient [48].

4.7 Related Donors

4.7.1 Genetics

Each person inherits one haplotype from his or her mother (maternal

haplotype) and one haplotype from his or her father (paternal haplotype).

Since cross-over events within the MHC are infrequent, within a family,

individuals inheriting the same MHC haplotypes carry identical alleles at the

HLA loci as well as at all of the other genes located within the MHC [49].

Inheritance of MHC haplotypes is Mendelian, and HLA alleles are codo-

minant. The likelihood that two siblings will share two, one, or no haplo-

types is 25%, 50%, and 25%, respectively. If siblings have inherited the

same two haplotypes, they are often called a ‘‘2-haplotype match.’’ Sharing

of only one haplotype is referred to as ‘‘haplotype matched’’ or ‘‘haplo-

identical.’’ The extent of HLA matching from the non-share haplotypes is

variable.

4.7.2 Transplant Outcomes

The best outcomes have been consistently observed for HLA identical siblings

(2-haplotype match), but this donor is not available for the majority of recipi-

ents. For leukemia patients, early studies showed that transplantation from

partially HLA-matched related donors can be successful, but it is associated

with delayed engraftment, neutropenia, graft rejection, and acute GvHD [50].

A recent large retrospective study from China did not detect statistically sig-

nificant differences between outcomes of transplantation from HLA identical

siblings and HLA mismatched family members, but for every endpoint, there

was a trend for better outcomes using HLA-identical sibling donors [51]. In

another recent study of children with congenital diseases, survival was 80% if

donors were HLA-identical siblings with reductions in survival when HLA

disparity increased [52].
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Since nearly all patients who might benefit from transplantation have a

haplo-identical donor, there have been many attempts to overcome the

histocompatibility barriers posed by HLA mismatches on the non-shared

haplotype. Early experience with haplo-identical donors who had several

HLA mismatches was associated with high rates of rejection, GvHD, and

relapse [28, 50, 53–55]. Successful transplantation was reported for patients

with severe combined immunodeficiency syndrome (SCID) who received

transplants from haplo-identical donors after T lymphocytes were depleted

from the graft [56]. However, when T-cell depleted grafts from haplo-identical

donors were initially attempted for patients with malignant diseases, there

were many problems including high rates of graft failure and relapse.
The engraftment and GvHD barriers observed for haplo-identical trans-

plants were overcome by the use of grafts depleted of T lymphocytes with

megadoses of CD34þ cells [57]. Recently Ruggeri et al. reported that this

approach produced exceptional outcomes for AML patients transplanted

from haplo-identical donors [58]. It is believed that this success is attributable

to elimination of tumor cells by alloreactive NK cells [24]. This benefit has not

been observed in patients transplanted for ALL, because these tumor cells are

resistant to killing by NK cells [23].

4.7.3 Tolerance to Non-Inherited Maternal Antigens

Contact between a mother and fetus in utero can result in fetal tolerance to the

non-inherited maternal HLA antigens [59]. The importance of this mechanism

in blood and marrow transplantation remains controversial, perhaps because

the transplant procedure influences non-inherited maternal HLA antigen

effects [60, 61].

4.7.4 HLA Typing Recommendations

Typing of the candidate recipient and family members is used to identify

potential family donors, to confirm HLA assignments in the patient, and to

establish HLA haplotypes for use in an unrelated donor search. Low resolution

HLA typing is often sufficient to determine haplotypes within the family.

However, if the same low resolution HLA type is present in multiple haplotypes

or if parent samples are not available, higher resolution typing may be required

to determine HLA identity.
Among related donors, an HLA-matched sibling who has inherited the same

MHC haplotypes is the donor of choice. Related donors who are partially

HLA-mismatched can be acceptable.
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4.8 Unrelated Donors

4.8.1 HLA Typing

Unrelated individuals who are matched for low resolution HLA types often
have HLA disparity uncovered by high resolution typing. For example, a
retrospective study of transplants facilitated by the NMDP showed that 29%
of pairs who were 6/6 HLA matched (HLA-A, -B, and -DRB1) using low
resolution HLA typing had at least one allele-level mismatch at one of these loci,
and 92% had at least one allele mismatch when eight HLA loci were considered
[42]. Today, high resolution typing is generally accepted as requisite for trans-
plantation involving unrelated donors. Serologic testing may be useful to
confirm HLA expression because DNA typing may not detect mutations that
prevent expression of an allele [62]. Cellular assays such as a measure of
cytotoxic T-lymphocyte precursors (CTLp) directed toHLA-mismatched anti-
gens or the mixed lymphocyte culture (MLC) are not routinely used to assess
compatibility [63, 64].

4.8.2 Transplant Outcomes

Althoughmany studies have shown that transplantation from unrelated donors
can have acceptable outcomes using donors who are not HLA identical [52,
65–69], a single HLA mismatch can reduce survival [66, 70–74]. HLA disparity
is generally detrimental, but it is important to remember that transplantation
from an HLA-mismatched donor is often a superior option to non-transplant
alternatives.

Recent research has focused on identifying HLA mismatches that should be
avoided and determining the other factors that influence the impact of HLA
disparity. Investigating these questions is challenging because HLAmismatches
in transplanted populations are diverse in both number and characteristics. The
situation is exacerbated by a large number of confounding variables. This
chapter reviews the reports that best address these challenges by having large
sample sizes or homogeneous patient populations.

4.8.3 Comparison of HLA Loci

Several large studies have been designed to determine if the specific HLA locus
influences the effect of HLA disparity. A recent report on 3,857 patients, who
were transplanted under the auspices of the NMDP, confirmed previous studies
showing that the best outcomes were observed for donor-recipient pairs that are
matched at an allele level at HLA-A, -B, -C, and DRB1 [71]. HLA-A, -B, -C,
and DRB1 disparity reduced survival; there was a 9–10% decrement in survival
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for each allele mismatch at these loci. Mismatches at HLA-B or -C appeared to
be better tolerated than mismatches at HLA-A and -DRB1 although the
number of mismatched pairs in some of these subsets was small. In this inves-
tigation, survival was not affected by HLA-DQ or -DP disparity, suggesting
that HLA-DQ and -DP mismatches may be acceptable.

A smaller retrospective study of Japanese patients (n=1298) transplanted
from unrelated donors who were HLA-A, -B and -DR serologically matched
reported that high resolution mismatches at HLA-A and/or -B were asso-
ciated with mortality. The Japanese study did not detect adverse effects of
HLA-C or -DRB1 disparity. HLA-DP was not considered in this investigation
because a prior study did not detect any effects of HLA-DP disparity [75].

In a single center study of 948 patients who were transplanted for CML,
Petersdorf et al. concluded that HLA-Cmismatches should be avoided and that
HLA-DQ disparity may be deleterious when combined with other HLA mis-
matches [74]. In this investigation, the total number of HLA mismatches was a
significant risk factor for mortality. However, the effects of a single mismatch
were detected only in low-risk patients.

Although none of these large studies detected a relationship between HLA-
DP disparity and survival, the NMDP study and several small studies with less
heterogeneous patient populations suggest that HLA-DP may play a role in
GvHD and/or GvT effects [71, 76, 77]. Other studies have suggested that the
impact of HLA-DP disparity is affected by mismatching of particular residues
within the molecule [78–80]. The latter observation is consistent with the
hypothesis that there are deleterious and permissive HLA mismatches.

Several factors may contribute to the differences observed in studies inves-
tigating locus-specific effects including differences in the numbers of subjects,
the characteristics of the HLAmismatches, the methods used for comparing the
effects of mismatches and other transplant variables such as type of disease,
disease stage, and race. At this time, there are no well-accepted guidelines for a
preferred locus of an HLA mismatch.

4.8.4 Number of HLA Mismatches

Several investigations have observed decremental effects of multiple HLA
mismatches. The NMDP study showed 9–10% decrement in survival for each
HLA-A, -B, -C, or -DRB1 mismatch [71]. A recent retrospective study of 334
transplants performed in France reported that a single mismatch was associated
with a significant decrement in survival (HR=1.41, CI 1.1–2.0, p=0.046), and
multiple mismatches were more deleterious (HR=1.91, CI 1.26–2.91,
p=0.003) [81]. This situation makes it difficult to investigate the effects of
particular HLA disparities or loci because all of the above studies have included
patients who have received allografts from donors with HLA disparities at
multiple HLA loci.
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4.8.5 Molecular Characteristics of HLA Mismatches

Several reports have suggested that there may be differences between antigen
and allele-level mismatches [70, 82]. This is appealing because antigen dispa-
rities have more mismatched amino acids than allele-level mismatches, and
these additional differences could increase the number of targets for allorecog-
nition. However, this possibility was not confirmed by Lee et al., which is the
largest study to date that addressed this question [71].

The number of mismatched amino acids may not be as important as the
characteristics of the amino acids involved in the mismatch. Analysis of data
from the International Histocompatibility Workshop showed that the com-
binations of alleles involved in HLA-A*02 mismatches observed in Japanese
were very different from those observed in Caucasians [83]. In Japanese
patients, the most frequent mismatch was HLA-A*0201 and HLA-A*0206,
and this mismatch was deleterious. In contrast, the most common HLA-
A*02 mismatch in Caucasians was HLA-A*0201 with HLA-A*0205, and an
adverse relationship between this mismatch and transplantation outcomes
was not detected. Observations such as these, along with a large body of
data from experimental models, have stimulated efforts to develop systems
to rank HLA mismatches based upon amino acid differences rather than
HLA types. One approach proposed a matching score (dissimilarity index)
that is based on the similarity of mismatched amino acids [84]. However,
this particular model has not been supported by clinical or in vitro stu-
dies [85, 86].

Another approach has been to compare each mismatched amino acid with
transplantation outcomes [87]. Kawase et al. identified 15 allele mismatch
combinations and 6 amino acid substitution positions that were statistically
associated with severe acute GvHD. These observations require independent
confirmation or other supporting data because large numbers of comparisons
were made to detect this small number of relationships, and there are many
confounding variables [88].

4.8.6 Limitations and Non-HLA Factors to Consider

Although there is a large body of evidence showing that HLA matching is
beneficial, several patient factors including diagnosis, disease stage, cytomega-
lovirus status, and age are as predictive of patient survival as HLA matching
[71]. Physicians can influence the stage of disease by performing transplantation
earlier, but the other factors cannot be changed. Delaying transplantation in
order to search for an HLA identical donor may be deleterious to the patient.
For example, Petersdorf et al. showed that the benefit of HLA matching was
lost when CML patients had more advanced disease [74]. Another limitation is
that the majority of patients in the above studies received T-cell replete bone
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marrow after myeloablative conditioning. The conclusions from these investi-

gations may not be valid for transplantation procedures using reduced intensity

conditioning regimens or alternative graft sources [89].

4.8.7 Recommendations for Unrelated Donor Typing

Since allele-level HLA disparity can influence transplantation outcomes, a

minimum of high resolution HLA-A, -B, -C, and HLA-DQ typing of

recipients and donors is now generally recommended [90, 91] and some

groups require HLA-DQ typing [92]. In addition, there is agreement that

HLA-DRB3, -DRB4, DRB5 and -DPB1 may be useful if multiple alternative

donors well-matched at HLA-A, -B, -C, -DRB1 are available. These recom-

mendations do not imply that donors and recipients must be HLA-A, -B, -C,

and DRB1 matched at an allele level. Instead, high resolution types can be

used to select the best HLA-matched donor among several candidates and to

ensure that transplantation is not performed when there are unacceptable

levels of HLA disparity. Patients who will undergo HLA-mismatched trans-

plantation should be assessed for the presence of antibodies directed to the

mismatched HLA antigens [27, 28].
The selection of donors is facilitated by algorithms such as the NMDP’s

HapLogicSM, which uses allele and haplotype frequencies to predict high

resolution matching when complete high resolution typing is not available

for a donor. Information on the greater than 12million donors and cord blood

units around the world is provided by Bone Marrow Donors Worldwide.

Typing of several potential donors identified through a registry search is

recommended because, following further HLA typing, some donors will not

be matched at the allele level for key loci or will not be willing or available for

donation.

4.9 Umbilical Cord Blood Transplantation

Early reports on transplantation of cord blood, which focused on feasibility,

demonstrated that HLA disparity is tolerated [93]. Many of the early reports

on cord blood transplantation from unrelated donors were based upon low

resolution typing for HLA-A and -B and low or high resolution typing for

HLA-DRB1. Using this level of typing, the benefit of HLA matching became

apparent only when large numbers of transplants were examined [94–97]. Sub-

sequent reports detected an interaction between cell dose and HLA matching

[98, 99]. In these and other preliminary reports, the impact of HLA disparity is

increased when the cell dose is low.
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Since low cell dose has been associated with less favorable outcomes, most of
the cord blood recipients have been children. Nevertheless, cord blood trans-
plantation can be successful in adults [100, 101] (also refer to Chap. 10). Success
in larger patients has been increased by transplantation of two cord blood units
[102, 103]. When two cord blood units are transplanted, only one of the cord
blood units usually survives beyond 100 days. The surviving unit is not neces-
sarily the best HLA match, and controversy remains regarding the character-
istics that are associated with long-term engraftment [103, 104].

The majority of the cord blood transplantation literature uses HLA typing
that is often low resolution, usually limited to the HLA-A, -B, and DRB1 loci.
When typing of additional loci and/or higher resolution typing has been per-
formed for several relatively small studies, additional HLA disparity has been
detected [105–107]. Much larger patient populations must be studied to clarify
the clinical significance of HLA disparity in cord blood transplantation.

4.9.1 HLA Typing for Umbilical Cord Blood Transplantation

There are currently no clear guidelines for HLA typing requirements for cord
blood transplantation. The majority of the literature is based upon low resolu-
tion typing for HLA-A and B along withHLA-DRB1 typed at variable levels of
resolution. It will be challenging to establish guidelines because HLA disparity
can be well tolerated and the effects of HLA disparity are influenced by cell dose
[98, 99]. A recent editorial from the NMDP recommends high resolution HLA-
A, -B, -C, DRB1, andDQB1 assignments for confirmatory typing of cord blood
units [47]. However, the requirement for releasing a unit for transplantation is a
minimum of 5/6 matching for low resolution HLA-A and -B and high resolu-
tion HLA-DRB1 types. Typing for HLA-C and DQ was primarily recom-
mended to facilitate retrospective analysis.

4.10 Additional Factors in Donor Selection for Hematopoietic

Stem Cell Transplantation

4.10.1 Killer Cell Immunoglobulin-Like Receptors

Models of KIR recognition of missing HLA ligands in a transplant setting have
become more complex as the understanding of KIR has advanced. The ligand
incompatibility model used by Ruggeri [24] predicted KIR reactivity based on
recipient HLA types. Alloreactive NK cells were isolated from recipients lack-
ing a C1, C2, and/or Bw4 ligand. The targets for NK cell killing were thought to
be tumor cells and cellular mediators of GvHD. Later studies refined the model
to include consideration of expression of KIR on donor NK cells because many
KIR genes are absent or not expressed in certain individuals [108]. The lack of
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KIR expression would abrogate the effects described by Ruggeri. Further
refinement of the model has considered the impact of donor HLA on subse-
quent NK function in the recipient. These effects may occur in the context of
both HLA matched and mismatched donors. Finally, studies have suggested
that NK cells are dysfunctional at 100 days post-transplantation, and the NK
activity is difficult to predict [109, 110]. Although it is appealing to try to take
advantage of the potentially beneficial aspects of HLA-KIR interaction, data
from the large studies described above suggest that deliberate mismatching of
HLA to get a KIR effect may be detrimental. KIRmay be more effectively used
in adoptive transfer of NK cells to target relapse [111].

4.10.2 Other Genes

Other genetic factors that might impact transplantation outcome are being
evaluated, but there is no clear understanding yet of their importance in
donor selection or outcome [112–114].
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Chapter 5

Immunogenomics and Proteomics

in Hematopoietic Stem Cell Transplantation:

Predicting Post-Hematopoietic Stem Cell

Transplant Complications

Eva M. Weissinger and Anne M. Dickinson

5.1 Introduction

Since its early success in the 1950s, hematopoietic stem cell transplantation

(HSCT) has continued to be carried out exponentially worldwide rising to over

7,000 transplants alone across Europe in 2007. HSCT is the major curative

therapy for leukemia, lymphoma and other hematological diseases such as

aplastic anemia and congenital immunodeficiency diseases such as severe com-

bined immunodeficiency [1, 2]. In recent years it has also been used to down-

regulate autoimmune diseases with success in juvenile rheumatoid arthritis and

systemic lupus erythematosus [3, 4]. Allogeneic HSCT, however, still has a

40–50% risk of morbidity and mortality, largely due to complications that

arise post-transplant, such as infection and graft-versus-host disease (GvHD).

Matching between recipient and donor at human leukocyte antigen (HLA) loci

is imperative to reduce GvHD, and among patients receiving transplants from

matched unrelated donors (MUD), mismatches at either HLA Class I or Class

II result in increased risk of GvHD, graft failure and overall survival [5].
Over the last 20 years, therefore, in vitro methods of predicting GvHD have

been developed. Originally the mixed lymphocyte reaction (MLR) was used to

identify responder lymphocytes in HLA-mismatched patient/donor pairs.

The results, however, were too insensitive to correlate with GvHD responses

post-transplant [6, 7]. Modifications of the MLR, utilizing limiting dilution tech-

niques, diluting responder cells against a standard number of recipient lymphocytes

and measuring either cytotoxic T lymphocyte precursor (CTLp) frequencies using

tritiated thymidine uptake or helper T lymphocyte precursor (HTLp) responses

measuring interleukin-2 (IL-2) production, were used and results assessed against

post-transplant GvHD outcome [8–12]. Although CTLp frequencies correla-

ted with both degree of HLA-mismatch and GvHD in the MUD transplant
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setting, they were too insensitive to detect minor histocompatibility antigen
mismatches of HLA-matched sibling transplants and, therefore, the CTLp
results did not correlate with GvHD. Several reports suggested that HTLp
frequencies may correlate with GvHD in HLA-matched sibling transplants
but results were inconsistent [11–15]. With the advent of high resolution HLA
typing, CTLp andHTLp frequencies analysis has largely beenmade redundant.
However, sensitive CTLp functional assays are still used to detect one amino
acid differences between peptide sequences within the HLA antigen binding
groove and are useful to assess ‘‘permissible’’ mismatches. A recent review by
Claas et al. [16] summarizes the usefulness of measuring cellular and humoral
immune responses for donor selection, and recent work suggests that for cyto-
toxic immune responses HLA mismatches with few amino acid differences
appear immunogenic while HLA mismatches with many amino acid differences
may be less or non-immunogenic [17]. These findings suggest that the HLA-
Matchmaker algorithm, which takes into account differences in HLA triplet
peptides, may not be a good predictor of response in HSCT [18].

Despite this important area of research, functional assays to predict HSCT
outcome have largely been superseded by advancedDNA typing techniques based
on DNA sequence polymorphisms including polymerase chain reaction (PCR),
sequence specific primers (SSP) amplification, sequence specific oligonucleotide
probes (SSOP), and heteroduplex analyses as reviewed by Little et al. [19].

Several alternative methods for predicting transplant outcomes, especially
GvHD, have been published and utilized in a number of transplant centers.
These methods have included modification of the MLR [20, 21], measurement
of cytokines or other molecules either in the MLR supernatant, HTLp assay
supernatants, e.g., interleukin 4 (IL-4) or serum levels of cytokines in the patient
post-transplant [22–25].

One alternative method that was described by Vogelsang et al. used an in vitro
skin explant assay for predicting GvHD in HLA-matched siblings [26]. The
results from our laboratory have consistently verified the usefulness of the
assay, which involves anMLR followed by incubation of donorMLR responder
cells with patient skin pretransplant. The grade of histopathological damage in
the skin (grades I–IV) parallels that seen in patients with clinical GvHD and,
importantly, correlates with systemic and not just skin GvHD. The ability of the
assay to predict GvHDpretransplant depends on the degree of prophylaxis given
to the patient and type of transplant [27]. The assay can predict presence or
absence of GvHD in 80% of HLA-matched sibling transplant patients when
prophylaxis is cyclosporine alone [28, 29], but it is reduced to 50–60%, if patients
are given cyclosporine plus methotrexate [27], or in the case of MUD transplants
if the stem cell grafts are T-cell depleted [30]. Nevertheless, the assay has been
used extensively to investigate the immunobiology of GvHD [28, 31–33] and has
been shown to correlate with degree of HLA mismatch and minor histocompat-
ibility mismatch in the way of female-to-male transplants [34].

The fact that some of the skin explant results could not fully predict outcome
in HLA-matched sibling transplants together with the work of Holler and
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colleagues led researchers to investigate the role of non-HLA cytokine genes in
HLA-matched sibling patient and donor pairs. Holler et al. had shown that
pretransplant production by peripheral blood mononuclear cells of tumour
necrosis factor alpha (TNF�) and interleukin-10 (IL-10) by peripheral blood
mononuclear cells correlated with GvHD outcome; patients with high levels of
TNF� during the conditioning period and low levels of IL-10 developed more
severe GvHD [35]. At about the same time, Middleton et al. [36] demonstrated
that patient or donor cytokine gene polymorphisms on IL-10 and TNF� genes,
which were associated with levels of production of these cytokines, correlated
with transplant outcome. These initial results were studied in a heterogeneous
cohort of HLA-matched siblings given either cyclosporine alone [36] or cyclos-
porine plus methotrexate [37] as GvHD prophylaxis. Since these analyses, a
plethora of information has been reported on the numerous cytokine genes and
other genes of molecules associated with both the immunopathology of GvHD,
infection and innate immunity.

This chapter will therefore summarize the most recent results of these studies
and usefulness to the clinician. In addition, methods of predicting post-transplant
complications have been further developed by use of proteomics and this chapter
will provide an overview on the use of these new technologies and the most recent
results.

5.2 Cytokine Involvement in Graft-Versus-Host Disease

Graft-versus-host disease has been described as consisting of three phases
involving an initial pretransplant phase giving rise to target organ (skin, gut,
or liver) tissue damage caused by total body irradiation, cytotoxic drug therapy
and release of pro-inflammatory cytokines such as TNF� and interleukin-1 (IL-
1) with concomitant up regulation of molecules on target tissues such as HLA
and adhesion molecules. The conditioning regimens may modulate this initial
release with reduced conditioning regimens reducing this first phase of cytokine
storm, causing less damage by release of lower levels of cytokines. Studies in
animals and man [38] have shown that this initial release of cytokines can aid in
predicting the severity of GvHD post-transplant. After this first phase, the
incoming donor T cells recognizing target tissue as foreign by their over expres-
sion of HLA Class I and II molecules and adhesion molecules (e.g., ICAM)
initiate the second phase of target cell damage via further release of T-cell
cytokines such as interferon gamma (IFN�). Host antigen presenting cells are
involved in this second phase and exacerbate the effect of the T cells. The third
phase or effector phase of the ‘‘cytokine storm’’ involves cellular cytopathic
damage due to the direct action of T cells. In this regard, subsets of T cells,
including T regulatory cells, may play a role in regulating the GvHD response.
In recent years, in order to try to more fully understand the mechanisms of
GvHD and to try to predict patient and donor responses, the genetics of
cytokine and cytokine receptors and other molecules involved in the immune
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response of transplantation have been studied (See Figs. 5.1 and 5.2). Single

nucleotide polymorphisms (SNPs) or microsatellites, with the regulatory

sequences of genes encoding these molecules give rise to higher or lower in

vitro or serum levels of these proteins. The majority of SNPs or microsatellites

studied in the HSCT setting have also been investigated in disease-association

studies including solid organ transplantation [39–40] and autoimmune diseases

such as systemic lupus erythematosus (SLE) [41–45], juvenile chronic arthritis

[46], and insulin dependent diabetes mellitus [47].

Fig. 5.1 Published with permission from Expert Reviews in Molecular Medicine 2007
(published by Cambridge University Press) and modified with permission from Cullup
and Stark [48] (#2005 Taylor and Francis). The initial stage of the cytokine storm
involves the effect of the conditioning regimen on the host tissues; activating antigen
presenting cells (APCs), release of inflammatory cytokines, (e.g., IL-1, TNF�, IL-6) and
initial damage to target tissues. This is influenced by the recipient genotype, producing
levels of pro- and anti-inflammatory genotypes depending on the type of SNP or micro-
satellite polymorphism within the recipient genome. The activated APCs migrate to the
lymph node and interaction in Phase two of the cytokine storm with incoming donor T
cells. Via activation of T cells further cytokines are produced, e.g., IL-2, IFN�, which are
influenced by the donor genotype. During Phase three of the cytokine storm more
cytokines are produced and the target tissues of GvHD undergo apoptosis and cellular
damage. This phase is influenced by levels of both pro- and anti-inflammatory cytokines
and genotypes f patient and donor
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The majority of the studies in the HSCT setting have been carried out in
heterogeneous (relative to diagnosis, transplant type and condition regimens)
HLA-matched sibling HSCT cohorts, although an increasing number of MUD
transplants have started to be investigated. Results of patient and donor non-
HLA genetics (including pro- and anti-inflammatory cytokines, cytokine recep-
tors, and genes of other immune response molecules) have been correlated with
respect to transplant outcome, including acute GvHD, chronic GvHD, trans-
plant-related mortality, (TRM) overall survival, relapse, and infection. It is
important to appreciate that of course correlation of patient non-HLA geno-
type may reflect all phases of the cytokine storm, whereas donor genotype
reflects only phases two and three. In most studies both patient and donor
genotypes are examined for associations with HSCT outcome [49].
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Post-transplant complications influenced 
by non-HLA genetics  

3 Phases of the 
CYTOKINE STORM 

HSC 
Transplant 

Day 
–5 

Day 
0 

Day 
+5 

Day 
30 

acute GvHD 
TNFα
IL-10* 
IFNγ
IL-6 

IL-1Ra* 
NOD/CARD15 

chronic GvHD 
IL-6 

IL-1 Ra* 
IL10* 
IL-1 

Engraftment/immune reconstitution 

FcγRIIa
MPO 
MBL 

in vivo/in vitro 
T cell depletion 

TNFα
IL-10* 
IFNγ
IL-6 
IL-1 

IL-1Ra*

TRM 
SURVIVAL 

Patient genetics 
and cytokine 

response 
Pre-transplant 

patient 
conditioning

Donor genetics and cytokine response 

TGFβ*
IL-10* 

TNFRII* 
IL-1Ra* 

IL-1 
IL-6 

Day 
100 

PHARMACOGENOMIC PROFILE 

Patient and donor  
genetics and cytokine responses * immune modulation

NOD2/CARD15 
Vit DR 
Estrogen R

Fig. 5.2 Hematopoietic stem cell transplant schema; potential role of patient and donor,
non-HLA genotypes. Pretransplant conditioning, either myeloablative or nonmyeloabla-
tive, influences the amount of cytokine release as well as patient genotype. In vitro or in
vivo T cell depletion procedures as well as standard immunosuppression and GvHD
prophylaxis protocols may alter the effect of patient or donor genotype at the time of
transplant and during the engraftment and immune constitution phase. Ensuing post-
therapy transplant complications including neutropenia, platelet engraftment, bacterial or
viral infections have also been shown to be influenced by patient or donor genotype.
Acute and chronic GvHD has been shown to be influenced by non-HLA genetics as has
survival and transplant-related mortality (TRM). The pharmacogenomic profile of the
patient or donor which may influence response to both the pretransplant conditioning
drug regimens and well as post-transplant immunosuppression and GvHD prophylaxis
drugs may also influence outcome and survival
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5.2.1 Cytokine Genes

5.2.1.1 Tumour Necrosis Factor Alpha

Polymorphic genes located within the major histocompatibility complex (MHC)
on chromosome 6 such as tumour necrosis factor alpha (TNFA), lymphotoxin
and the heat-shock proteins (e.g., Hsp), within the Class III region of the MHC
complex, will be identical between patient and donor HLA-matched siblings.
However in both the HLA-matched sibling and MUD transplant setting, geno-
types of other genes, including those of cytokines not situated on chromosome 6,
such as IL-1 and IL-6 genes, will differ between patient and donor.

TNFA polymorphisms are in linkage disequilibrium with HLA class I and
class II genotypes, and since certain HLA genotypes are known to influence
GvHD development, association with TNFA genotype may be secondary to or
interact with the HLA associations [49, 50]. TNF� plays a central role in the
pathogenesis of GvHD. It is a pro-inflammatory cytokine induced and pro-
duced by monocytes and macrophages during the initial phase of the cytokine
storm, and it up regulates adhesion and MHC molecule expression on target
organs as well as directly induce cell death [51].

The role of TNFA polymorphisms (SNPs and microsatellites), has been
investigated in a number of studies with respect to HSCT outcome. TNF-308
within the promoter region of the gene, reported to give rise to higher levels of
TNF� in vitro and in vivo [52, 53], has been associated with GvHD, but results
have been inconsistent. Some reports have demonstrated a positive association
with acute GvHD [54, 55], but the majority of the larger studies found no
association [36, 52, 56–59]. TNFA –308, along with the TNFB +1069 poly-
morphism, has been linked to toxic complications post-transplant [60].

Patients carrying the A allele of TNFA +488 have been shown to develop
significantly higher grades of acute GvHD than +488A-negative patients, and
the A allele was also associated with chronic GvHD and early death [56].

Of the microsatellite polymorphisms within TNFA (TNFa, TNFb, TNFc,
TNFd, and TNFe) [61–63], TNFd3 and TNFa2 alleles are associated with high
TNF� production, and the TNFa6 allele with lower production [39, 64]. The
TNFd3 homozygous genotype has been associated with increased incidence of
acute GvHD and early death [36, 37], and the TNFd4 allele with development of
moderate to severe acute GvHD [52]. In MUD transplantation, TNF� serum
levels and patients homozygous for the TNFd3 or TNFd4 alleles have correlated
withGvHD. Patients with these genotypes have significantly higher TNF� levels
during conditioning and more frequently develop acute GvHD [65]. In addition
to TNFd, the presence of the d4 allele in conjunction with the TNFA 1031C allele
in either recipients or donors significantly increased the incidence of TRM [66].
TNFa5, an allele associated with theTNFd4/1031C haplotype, has been linked to
increasedTRM, and theTNFdmicrosatellite has been associatedwith survival. A
decrease in survival rates however, has been reported for patients carrying TNF
d3/d3, d4, and d5, compared to TNFd1/d2d3 genotypes [67].
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In the MUD HSCT setting, possession of the TNFA*2 allele SNP in the
donor has been associated with severe (grade III–IV) acute GvHD. Strong
linkage disequilibrium between the TNFA –308, –238 SNPs and extended
HLA haplotypes exists and the TNFA –308/238 AG haplotype is also asso-
ciated with significantly delayed neutrophil engraftment [50, 54].

TNFA –863 (C/A) and –857 (C/T) polymorphisms in donors and/or recipi-
ents correlate with a higher incidence of GvHD and a lower rate of relapse.
When the analysis was carried out with HLA A-, HLA B-, and DRB1-matched
pairs, the association with relapse, due to linkage disequilibrium, was not
observed [68].

5.2.1.2 Tumour Necrosis Factor Receptor II

The mechanism of action of TNF� is mediated by the TNF superfamily
receptors (TNFRSF) 1 and receptor 2. Tumor necrosis factor receptor II
(TNFRII) gene mediates many of the functions of TNF� such as induction of
nuclear factor �B (NF �B), cytokine production, cytotoxic responses, and
proliferation of T and B cells [69–71]. TNFRSF2 is present on endothelial
and hematopoietic cells, and via TNF� binding, induces apoptosis of CD8+

cells [70]. The TNFRSF1B gene is located on chromosome 1 at position 1p36
and an SNP(M/R) occurs within exon 6 at codon 196. The 196R TNFRII allele
has been shown to upregulate IL-6 production, potentially aiding in the devel-
opment of autoimmune B cells in some disease states [72]. It is therefore of
relevance that patients undergoing HLA-matched sibling transplants homozy-
gous for the R allele, have shown to have an increased incidence of extensive
chronic GvHD [72, 73]. The R allele also associates with lower soluble
TNFRSF2 levels in the serum and, therefore, comparatively higher TNF levels
compared with the M allele [74]. MUD transplants patients receiving a trans-
plant fromTNFRSF1B –196R-positive donors have a higher incidence of severe
GvHD and a lower rate of relapse than patients transplanted from 196 M
homozygous donors [68].

5.2.1.3 Interleukin-10

Interleukin-10 (IL-10) inhibits T-cell proliferative responses and suppresses
production of pro-inflammatory cytokines including TNF�, IL-1, IL-6, IL-12
and IFN�. Several studies have suggested a role of IL-10 in inducing tolerance
post-transplant. In a mouse model of GvHD, high levels of IL-10 were asso-
ciated with exacerbation of GvHD, and low levels were protective. Holler et al.
have shown that high pretransplant levels of IL-10 in patients’ serum were
protective of GvHD. Similar contrasting results have been reported on the
role of IL-10 SNPs and microsatellites in controlling IL-10 production. The
IL-10 gene lies on chromosome 1 (1q31-32) and contains several microsatellites
and five SNPs that resolve into three haplotypes representing high l(GCC),
intermediate (ATA), and low (ACC) producers of IL-10 [73]. Other reports,
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however, have shown that the GCC or –1082 G allele is associated with
decreased production of IL-10 [75], and the –592A allele linked with the TC-
ATA haplotype is associated with higher levels of IL-10 [76]. This latter haplo-
type has been associated with protection of GvHD in two large HLA-matched
sibling cohorts [59].

Initial studies, in small but relatively homogeneous HLA-matched sibling
transplants treated with cyclosporine alone or cyclosporine plus methotrexate,
showed that ACC haplotype and the longer IL10 –1064 (CA)n microsatellite
(>12) alleles associated with the development of severe (grade III–IV) acute
GvHD [36, 37]. The increasing number of CA short tandem repeats, which
control IL-10 production, equating to decreased levels of IL-10 possession of
ATA/ATA in the recipient genotype, has been shown to decrease the risk of
acute GvHD in a large cohort of HLA-matched sibling transplants [59], and a
study of peripheral blood stem cell transplants has demonstrated that the
presence of IL10 haplotypes (ACC/ACC vs ATA/ATC vs ATA/ATA)
increased the incidence of chronic GvHD. Individuals possessing the ATA
haplotype required longer immunosuppression and were more susceptible to
invasive pulmonary aspergillosis [77, 78].

5.2.1.4 Interferon Gamma

Interferon gamma (IFN�) is a pleiotropic regulatory cytokine with potent
pro-inflammatory actions that are important in cellular anti-tumor and
immune surveillance [79]. The first intron of the IFNG gene on chromosome
12q14-15 possesses a (CA)n microsatellite polymorphism with short tandem
repeats. Pravica et al. showed that 12 CA repeats (allele 2) was associated
with T (thymine) at position +874 and a greater level of in vitro IFN�
production by peripheral blood mononuclear cells than allele 3 [or 13 CA
repeats; or A (adenine) at position +874] [80, 81]. The difference in this
nucleotide sequence appears to affect the binding of nuclear factor-kappa B
(NF-�B) and cytokine production [82]. In HLA-matched sibling transplants
an association between recipient 3/3 homozygosity and an increased risk of
acute GvHD has been reported [83]. Other studies have also shown an
association between the possession in the patient, of the 3/3 genotype, i.e.,
lower IFN� production, or lack of the 2/2 genotype, and acute or chronic
GvHD [84, 85]. One explanation why lower IFN� genotypes may be asso-
ciated with GvHD incidence and severity may be due to IFN� having a
negative feedback regulatory role, as seen in some murine models, where
weekly injections of IFN� in a murine model of subacute GvHD prevented
the condition and increased survival. In contrast, mice receiving stem cells
from IFN�-knockout donors developed accelerated lethal GvHD [86].
Another explanation may be the role of IFN� in anti-viral surveillance
since the presence of the IFN� 3/3 genotype in the recipient has been
associated with increased risk of Epstein-Barr virus reactions post-sibling or
MUD HSCT [87].
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5.2.1.5 Interleukin-1 Family

During conditioning, leakage of bacterial lipopolysaccharide (LPS) after
damage to the gut endothelial cells initiates release of interleukin-1 (IL-1) and

TNF� by monocytes and macroaphges. The IL-1 family consists of 10 struc-
tural members. The IL-1� and IL-1� genes (IL1A and IL1B) are agonists, and

the IL-1 receptor (IL-1 Ra; gene IL-1RN) is a specific receptor antagonist,
down regulating the production of IL-1, which is reviewed by Cullup and Stark

[48]. Binding of IL-1 to its receptor leads to induction of a wide range of genes
and other molecules that play a role in the inflammatory response such as

cytokines (i.e., IL-6), chemokines, nitric oxide synthase, and type 2
cyclooxygenase.

The associations of polymorphisms in IL1A, IL1B, and IL1RN with HSCT
outcomes have been investigated in HLA-matched sibling transplants and one

small study of paediatric MUD transplants [48]. Possession of allele 2 in the
donor genotype of the IL1RN variable number tandem repeat (VNTR), which

down regulates IL-1 production, has correlated with less-severe acute GvHD.
Possession of the same allele in the recipient genotype associated with acute

GvHD [57, 88], and possession of allele 2 of the IL1A gene in the donor (either
the VNTR or –889 polymorphism) has been associated with chronic

GvHD [89].

5.2.1.6 Interleukin-6

Interleukin-6 (IL-6) is a pro-inflammatory cytokine produced by many cell
types, including keratinocytes, monocytes, macrophages, and dendritic cells.

In the presence of IL-2, IL-6 induces cytotoxic T cells and synergies with IL-13
to promote cell differentiation including B cell maturation.

The IL6 gene is located on chromosome 7p21 and contains both microsa-
tellites and SNPs [90, 91]. A G/C (guanine/cytosine) SNP is in the promoter

region at position –174, and the G allele of this SNP correlates with higher
serum IL-6 levels [46]. Several studies have also found the G allele associated

with both acute GvHD and chronic GvHD following HLA-matched sibling
transplants [49, 58, 83, 92].

5.2.1.7 Transforming Growth Factor Beta

Transforming Growth Factor � (TGF�) is a pleiotropic cytokine with immu-

noregulatory properties. The two SNPs that exist within its gene on chromo-
some 19, at positions –800 (G/A) and –509 (C/T), associate with variations in

plasma TGF� concentration. The TT genotype at position –509 is associated
with higher TGF� production [93, 94]. A significant association between this

high expression phenotype and severe GvHD has been reported, but no asso-
ciation was found with other HSCT outcomes [94, 95].
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Polymorphisms at codons 10 and 25 of TGFB, result in amino acid substitu-
tions (Leu/Pro and Arg/Pro respectively) and a link between possession of
donor TGFB codon 10 polymorphism and the development of acute GvHD
has been reported in a pediatric HSCT cohort [96]. The high-producer G/G
genotype is also linked with the development of severe acute GvHD following
both sibling and MUD transplants [95].

5.2.1.8 Other Cytokine Genes

Other cytokine genes and polymorphisms associated with HSCT outcome
include IL-2, IL-7 and IL-18. They have to date only been studied in MUD
transplant cohorts. The high producer IL-2 polymorphism, the G allele of a T/
G SNP within the IL2 gene promoter region at position �330, associates with
an increased risk for acute GvHD [97], whereas polymorphisms within the IL-7
receptor genes and IL-18 genes have been associated with TRM and survival
[98, 99].

5.2.2 Chemokines and Chemokine Receptors

The relationship between chemokines, their receptors, chemotaxis, and the
inflammatory responses may also be influenced by genetic polymorphisms.
One report has demonstrated that a CCR5 gene deletion mutation (�32)
resulted in loss of chemokine receptor function and protection from acute
GvHD [100]. Another CCR5 gene polymorphism (�2554 G/T in the pro-
moter) has been linked to cytomegalovirus (CMV) infection, the virus [101]
evading immune attack by T cells since homing to the site of inflammation
is impaired.

5.2.3 Innate Immunity

Pathogen recognition receptors (PRRs) are molecules that recognize pathogens
and activate the immune response. These include the transmembrane receptors,
the toll-like receptors (TLR), and intracellular receptors such as the nucleotide-
binding oligomerization domain (NOD) proteins. Antigen presenting cells
(APCs) have ligands for different TLRs [102–104]. A few studies have investi-
gated TLR genotype (TLR1, TLR4, and TLR6) and infection including inva-
sive aspergillosis or bacteraemia [105, 106].

The NOD-like receptors are associated with inflammatory bowel disease,
and there are three SNPs in NOD2/CARD15 (nucleotide-binding oligomer-
ization domains containing 2/caspase recruitment domain family number
15), SNP8, SNP12, and SNP13, which are involved in defective NF-�B
responses. Several studies have now shown an association with these SNPs
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and sibling and MUD HSCT outcome. Presence of two or more NOD2/

CARD15 variants in either both the patient and donor genotype or either

genotype has been shown to be associated with more severe GvHD and

increased TRM [107]. In an HLA-matched sibling cohort [108] gastrointest-

inal decontamination before transplantation alleviated the genetic risk of the

NOD mutation. Possession of NOD2/CARD15 SNPs in T-cell depleted

transplants was associated with lower disease-free survival [109]. In addi-

tional studies the NOD mutations have been associated with a severe

complication of HSCT, bronchiolitis obliterans. These results illustrate the

importance of the altered immune response associated with NOD gene

variants and demonstrate how the type of immunomodulation (e.g., bacter-

ial decontamination) or type of immunosuppression (e.g., T-cell depletion)

may modulate the genetic risk.
A number of molecules responsible for interacting with pathogens such as

mannose-binding lectin (MBL), which binds a range of pathogens, and myelo-

peroxidase (MPO), which opsonizes them, have a number of SNPs within their

regulatory genes. The incidence of severe bacterial infections has been asso-

ciated post-transplant with the myeloperoxidase gene (MPO) SNPs, while

SNPs in the promoter region of MBL affect serum MBL levels with low MBL

levels being associated with an elevated risk of infection in immunocompro-

mised individuals. Although results have not been confirmed [57], MBL2

mutations in the recipient and/or donor genotype have been associated with

risk of major infection following HSCT [110]. Other genotypes that have been

studied with respect to infectious episodes include the Fc�RIIa-R 131 genotype

and FcRIIIbHNA-1a/HNA-1b [57, 111], which are present in the genes encod-

ing Fc� receptor present on Langerhan cells, dendritic cells, endothelial cells,

and leukemic cells.

5.2.4 Other Polymorphisms Studied for Association
with HSCT Outcome

The restriction fragment length polymorphisms (RFLPs) within intron 8 of the

vitamin D receptor (VDR) and intron 1 of the estrogen receptor (ESR) genes

were found to correlate with acute GvHD and lower overall survival [112, 113].

The FAS –670 G allele has been correlated with infection and chronic GvHD

[56], and the HSPA1L SNP has been linked to toxic complications in two

independent transplant cohorts [114, 115]. An increasing interest is also being

developed in the potential use of pharmacogenomics in HSCTwith polymorph-

isms within genes encoding for some of the enzymes associated with some of the

more commonly used drugs in HSCT, such as methotrexate, being more inten-

sively studied. In this regard, an SNP (C677T) within the gene encoding methy-

lenetetrahydrofolate reductase (MTHFR), an enzyme involved in methotrexate
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metabolism, has recently been associated with HSCT outcome in a number of
studies, but results have been inconsistent [116–121].

5.3 Predicting Outcome Using Proteomics and Non-HLA Genetics

and Application to the Clinic

Owing to the heterogeneity of the patient cohorts across HSCT centers, studies
using either non-HLA genetics or proteomics to determine outcomes are
fraught with potential difficulties that may only be overcome by stratification
of HSCT protocols across transplant centers and studies of more homogeneous
patient populations. It has, for example, been shown in a number of studies that
the same SNP has been associated with acute rather than chronic GvHD and
survival depending on the transplant cohort under study. In addition there have
been a number of negative associations in one cohort and not in another.
Negative associations for example, have included the TNFd microsatellite,
with many studies demonstrating no association at all with either GvHD or
outcome [36, 49, 52, 57–59, 66]. Other negative associations include those for
IL1B –511, IL1RN –9261, IL6 –174, IL10 –592A/C and �1082 A/G, TNFA
�308, IL4R �1902 and �3223, IL1RN VNTR86 intron 2, and IL2 genotypes
[59, 67]. All HSCT genotypic analysis must take into account clinical risk
factors, such as age, female-to-male transplants, CMV status of patient and
donor, stage of disease at transplant, and time of diagnosis to transplant. The
type of conditioning and GvHD prophylaxis protocols all may influence the
immunobiology of the transplant and the impact of non-HLA genetics. In
addition other biomarkers such as those identified from proteomics assays
may also be influenced by the type of transplant protocol. Several clinical risk
factors have been included in risk models for assessment of the outcome of
HSCT [58, 122–125].

Algorithms for survival and GvHD outcome are being developed. One
clinical model for predicting mortality of patients with GvHD uses parameters
such as bilirubin levels, treatment with steroids, and performance score [126]. A
clinical model for overall survival for chronic myelogenous leukemia uses
clinical factors to devise a risk score that can be applied to the clinic [123].

These clinical risk assessments may potentially be improved by the addition
of non-HLA genotypes. For example if HLA typing for patient and donor
reveals after multivariate statistics two or three non-HLA genotypes which
influence outcome, these could be added to a known clinical assessment to
develop an individualized scoring system for patients, allowing the clinician to
assess, pretransplant, the best therapy and clinical protocol. In addition this
type of risk analysis could also include biomarkers, which may include cell
surface marker characteristics, e.g., those of dendritic cells and/or serum factors
or proteins identified by proteomic screening of tissue culture supernatant or
body fluids.
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5.4 Overview of Proteome Research

Proteome analysis is a newly evolving field gaining rapidly in importance for
application in clinical research as well as in the diagnosis of a variety of diseases.
About 35,000 genes code for more than a million different proteins, thus under-
lining the possibilities for diagnosis based on proteomic research, but also
highlighting the potential problems associated with using proteins for diagnos-
tic purposes. The vast number of proteins and peptides that are expressed in
cells, cellular compartments, or excreted in body fluids (e.g., plasma, serum,
urine) makes the detection, separation and identification of particular peptides
or proteins (important for particular diseases or changes within the body)
particularly challenging. Historically, the analysis of body fluids has a long-
standing reputation for detecting changes in the health status of individuals.
The introduction of electrophoresis in the early 1950s allowed separation and
detection of potentially distinct proteins [127] in urine. In 1975, O’Farrell
described the separation of proteins of Escherichia coli by two-dimensional
gel electrophoresis, [128] performing proteomics for the first time. Nowadays,
with modern mass spectrometers for the analysis of proteins and peptides as
well as the development of sophisticated bioinformatics to evaluate and com-
pare the vast amount of information generated, the era of proteomics has
started with profound hope for the future of diagnostics, following in the
footsteps of ‘‘genomics.’’

5.4.1 Basic Considerations

Several key aspects have to be taken into account when performing clinical
proteomic analysis. These have recently been reviewed in detail [129]. Among
these, a well defined clinical question is essential, together with assessment of
reproducibility/comparability of the analysis (including pre-analytical para-
meters), application of appropriate statistics, and validation of the results in a
blinded cohort, are the most important factors for consideration.

The proteins in a complex sample cannot be analyzed without prior prepara-
tion in mass spectrometry (MS). Different modes of separation can be applied
to complex samples, and are summarized together with MS approaches below.
All modern MS techniques currently require appropriate sample preparation,
as well as fractionation/separation steps prior to the MS analysis (Fig. 5.3).
Separation of the proteins and peptides within one sample is most commonly
performed by gel electrophoresis (two dimensional, 2DE) or by liquid chroma-
tography (LC) or capillary electrophoresis (CE). Mass spectrometry has been
vigorously developed over the past decades, and a vast number of instruments
and technology platforms are currently available. A mass spectrometer consists
of an ion source (ionization), a mass analyzer that measures the mass-to-charge
ratio (m/z) of the ionized analytes, and a detector that registers the number of
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Sample Preparation • removal of salts and confounding materials 
• enrichment for protein and peptides 

Separation 
• (2D)-gel electrophoresis
• HPLC-fractionation 
• (capillary) electrophoresis 

Mass Spectrometry 

Data evaluation 
• Statistics 
• Bioinformatics 

Ionization 
• Matrix Assisted Laser Desorption Ionization (MALDI) 
• Electrospray Ionization (ESI) 

• Iontrap  
• time of flight (Q-TOF, TOF/TOF) 
• quadrupole mass spectrometer  
• Fourier transform ion cyclotron resonance 

Fig. 5.3 Summary of steps common in all proteomic techniques: Sample preparation: Once
the proper sample is chosen (blood, urine, other) the sample has to be prepared for the
analysis. Ideally, a crude unprocessed sample should be analyzed, in order to avoid artifacts,
such as loss of analytes (peptides) or biases arising from sample preparation. The presence of
large molecules, e.g., albumin, immunoglobulin and others, hamper this direct approach and
will interfere with the detection of smaller, less abundant proteins and peptides. Thus pre-
paration of the samples is necessary, but should be limited to a few steps, such as removal of
large molecules and enrichment for proteins and peptides. Separation: the high complexity of
biological samples also calls for a separation step, prior to MS-analysis. Gel electrophoreses
(one or two dimensions), fractionation using High Performance Liquid Chromatography
(HPLC) and capillary electrophoresis are most commonly used to separate analytes according
to their size, isoelectric point and charge, respectively prior to analysis in the MS. A mass
spectrometer consists of an ion source (ionization) in combination with mass analyzers, which
measure the m/z ratio and detectors registering the number of ions at each m/z value (mass
spectrometry) yielding to the signal intensity. Ionization: Electrospray ionization (ESI) and
matrix-assisted laser desorption/ ionization (MALDI) are the two techniques most commonly
used to volatize and ionize the proteins or peptides for mass spectrometry. ESI ionizes the
analytes out of a solution and is therefore readily coupled to liquid-based (for example,
chromatographic like high performance liquid chromatography; HPLC) or electrophoretic,
like capillary electrophoresis (CE) separation tools. MALDI sublimates and ionizes the
samples out of a dry, crystalline matrix via laser pulses. MALDI-MS is normally used to
analyze relatively simple peptide mixtures, whereas integrated liquid-chromatography ESI-
MS systems (LC-MS) are preferred for the analysis of complex samples. Mass spectrometry:
Essentially four different types of mass analyzers are used in proteomics; these are the ion
trap, time-of-flight (TOF), quadrupole (Q) and Fourier transform ion cyclotron resonance
(FT-ICR) analyzers, which can either stand alone or are combined in tandem in order to
combine different benefits of instruments. Data evaluation: most proteomic studies in a
clinical setting showed that not a single marker, but rather a pattern of different biomarkers
may be more useful for differential diagnosis of diseases. Thus, statistic analysis and applica-
tions of tools like support vector machines (SVM [130]) become increasingly important for
clinically oriented proteomic analysis
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ions at each m/z value (mass spectrometry). The ion sources most frequently

used are electrospray ionization (ESI) based ionizers and matrix assisted laser

desorption/ionization (MALDI). ESI is capable of ionizing in liquid phase and

readily combined with LC or CE for separation. This technology platform is

used for highly complex samples. MALDI ionizes the sample on a dry, crystal-

line surface and is most commonly used for less complex samples. Both ionizers

can be combined with the mass analyzers described in the following part. The

mass analyzer is central to the technology, and its key parameters are sensitiv-

ity, resolution, and mass accuracy. Although there are several mass analyzers

available, here we focus on those essentially used in proteomic screening

approaches. In general four mass analyzers are currently in use for proteomic

screening: ion-trap, time-of-flight (TOF), quadrupole (Q), and Fourier trans-

form-ion cyclotron resonance (FT-ICR) instruments or their combinations

(e.g., hybrid instruments such as Q-TOF, combining quadrupole and time-of-

flight). Ion trap analyzers capture ions for a certain time interval, and these are

then subjected to MS. In time of flight (mainly reflector TOF) analyzers, the

ions are accelerated to high kinetic energy and are separated along a flight tube

as a result of their different velocities. The reflector compensates for slight

differences in kinetic energy. TOF are most commonly used today in preclinical

and clinical proteomics approaches. Quadrupole analyzers select by time-vary-

ing electric fields between four rods, which permit a stable trajectory only for

ions of a particular desiredm/z. The Fourier transform ion cyclotron resonance

(FT-ICR) analyzers are ion traps, but they do so with the help of strong

magnetic fields in a high vacuum. FT-ICR have particularly high sensitivity,

mass accuracy, resolution and wide dynamic ranges, but the expense and the

operational complexity currently limit the application in proteomic research.

To obtain sequence information as well as information on post-translational

modifications (PTMs), sequential use of these techniques, termed tandem mass

spectrometry (MS/MS), is employed. In general, the first MS instrument serves

as a mass filter, permitting only ions with the mass of interest (‘‘parent ions’’),

and the secondMS instrument analyzes the fragmentation products (‘‘daughter

ions’’), which may be generated by collision with other molecules (collision-

induced dissociation) or transfer of electrons (electron transfer dissociation).

Frequently, individual advantages of the different mass spectrometers are

combined (e.g., the precision of quadrupoles and the high accuracy of the

measurements of mass with TOF in a Q-TOF instrument). The choice of the

technology platform used will strongly depend on the choice of sample and vice

versa. Clinical proteomics can be seen as a comparative analysis of multidimen-

sional datasets, which is further complicated by biological variability. It cannot

be overemphasized that any experiment must include assessment of all variable

parameters in order to accurately evaluate the data. Furthermore, appropriate

use of the correct statistical methods (e.g., adjustment for multiple variables) is

of the outmost importance. Common steps required for proteomic screening

are shown in Fig. 5.3.
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Four different MS based technology platforms are currently predominantly
used for proteomic analysis associated with clinical application and are briefly
described below. The first two approaches, two dimensional gel electrophoresis
followed by MS (2DE-MS) and liquid chromatography fractionation followed
by MS (LC-MS), appear less well suited for routine clinical application mostly
due to their running time. However these techniques play an important role in
the further processing of information obtained via high throughput proteomic
techniques, especially when used with tandem-MS for sequencing defined bio-
markers. Consequently, biomarkers identified with these technologies have to
be subsequently transferred to another platform to validate them for clinical
use. The latter two, Surface enhance laser desorption ionization (SELDI)-MS,
and capillary electrophoresis coupled on line to an ESI-TOF (CE-MS) are in
principal applicable to clinical use.

5.4.1.1 Two-Dimensional Gel Electrophoresis Followed by Mass

Spectrometry (2DE-MS)

The two-dimensional gel electrophoresis (2DE) method reported by O’Farrell
in 1975 [128], laid the foundation for what we understand today as proteo-
mics. Proteins are first separated by electrofocusing (proteins migrate to their
isoelectric point in a pH gradient) and then in a perpendicular dimension by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), pro-
teins migrate based on their molecular mass. This procedure enables the
separation of >1,000 unidentified proteins, which can be visualised using
different staining or labeling procedures. However, proteins are not identified
yet. A major advancement in the identification of proteins was achieved with
the implementation of MS. The first step in the process of identifying proteins
in the 2DE spots by MS is a proteolytic in-gel digestion (e.g., by exposing the
excised spot to trypsin) [131, 132] followed by extraction of the proteolytic
fragments from the gel. Masses of at least three proteolytic fragments are
needed for identification of a protein from a database of proteins. The
identity of a match can be subsequently verified by tandem MS (MS/MS)
sequencing or by other techniques, such as western blotting (if a specific
antibody is available). Limitations of the 2DE approach include low reprodu-
cibility, the considerable time for the analysis, and the difficulty of automat-
ing the process. Recently, the concept of two-dimensional differential in-gel
electrophoresis (2D-DIGE) has been introduced to reduce gel-to-gel variabil-
ity. Briefly, two samples are differentially labeled with fluorescent dyes (Cy3
and Cy5), and the two samples are then resolved simultaneously within the
same 2DE gel (Fig. 5.4). While the comparison of two samples with 2D-DIGE
has been satisfactory [133], the comparison of several different experiments
remains challenging. In addition post-translational modifications cannot be
identified by use of this technique, since the excised spots are subjected to
tryptic digestion prior to MS/MS analyses for sequence information. Further-
more, the technique is generally limited to proteins >10 kDa. Nevertheless,
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2DE-MS still appears to be the method of choice for the comparative analysis
of unmodified medium size or large proteins in the discovery phase of bio-
marker definition.

5.4.1.2 Liquid Chromatography Coupled to Mass Spectrometry

Liquid chromatography (LC) provides a powerful fractionation method compa-
tible with virtually any mass spectrometer [134, 135]. LC-columns can separate
large amounts of analytes with high resolution [135]. Therefore, if the sensitivity of
detection is a consideration, LC is an excellent choice. Sequential separation using
different principles (e.g., ion-exchange followed by reversed phase chromatogra-
phy) in two independent steps provides a multidimensional fractionation that can
generate vast amounts of information. Multidimensional protein identification
technology (MudPIT, Fig. 5.5) [136–138] or a 2D liquid-phase fractionation

Fig. 5.4 Two-dimensional gel electrophoresis coupled mass spectrometry (2-DE-MS).
(a) Proteins in samples from different individuals are separated in two dimensions according
to the isoelectric point andmolecular weight. The resulting 2D-gels are stained and compared.
(b) Protein spots that appear to differ between the two gels are excised, digested with trypsin,
and the resulting peptides analyzed usingmass spectrometry. (c) Derivatization of the samples
before analysis using different fluorescent dyes allows the analysis of two different samples in
the same gel
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approach [139] are well suited for in-depth analysis of body fluids such as urine.
Limitations include difficulties with comparative analysis in part due to the varia-
bility in multidimensional separations, and the substantial time required for ana-
lysis of a single sample (generally days). Furthermore, the method suffers from its
sensitivity to interfering compounds (e.g., lipids or detergents, large molecules that
may precipitate and/or adsorb to the column) [140].

5.4.1.3 Surface-Enhanced Laser Desorption Ionization Mass Spectrometry

Surface-enhanced laser desorption ionization mass spectrometry (SELDI-MS)
is an MS-based approach for the proteomic analysis of body fluids that has
frequently been used in multiple clinically relevant investigations since it pro-
vides a simple and user-friendly solution to several obstacles of proteome
analysis [141–143]. SELDI reduces the complexity of samples by fractionation
based on selective interactions of polypeptides with different immobilized
matrices, like reverse-phase or ion-exchange materials, ligands, etc. Due to
the selectivity and the limited capacity of the active surface, only a small
fraction of the polypeptides in a sample binds to the surface of the SELDI
chip, facilitating the subsequent MS analysis of the originally highly complex
samples (Fig. 5.6). Numerous reports on biomarkers for a variety of diseases
have been published using this strategy [144–147]. However, the utility of the
SELDI-MS approach has subsequently been heavily debated [148–150].

Fig. 5.5 Multidimensional liquid chromatography coupled mass spectrometry (LC-MS).
Proteins are digested and fractionated in first dimension, utilizing cation- or anion-exchange
chromatography. Each of these individual fractions is subsequently analyzed in depth, e.g., by
reversed phase LC coupled to MS/MS instruments
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Problems include low resolution of the spectrometer, which have been

addressed by the use of more appropriate units, such as MALDI-TOF instru-

ments, as recently described [151].

5.4.1.4 Capillary Electrophoresis Coupled with Mass Spectrometry

Capillary electrophoresis coupled with mass spectrometry (CE-MS) is based on

capillary electrophoresis (CE), instead of LC, as a fractionation device coupled

to a mass spectrometer. CE separates proteins based on migration in the

electrical field (300–500V/cm) with high resolution. CE-MS has the advantage

of providing fast and robust separation at high resolution (Fig. 5.7a, b) [153], is

compatible with most buffers and analytes [154], and it provides a stable

constant flow, thereby avoiding gradients in the buffer that may otherwise

hamper detection by MS [155]. As LC, CE can be interfaced with most mass

spectrometers, and technical considerations that must be taken into account for

such coupling have been reviewed [140, 154, 156]. Limitations include that it is

difficult to apply CE for the analysis of high-molecular-weight proteins. This is

Fig. 5.6 Surface-enhanced laser desorption ionization mass spectrometry (SELDI-MS). The
sample is deposited on the active chip surface (upper left). After several washing steps, only a
few proteins stay bound to the surface; these are subsequently analyzed using low-resolution
mass spectrometry. The lower panel shows a typical SELDI-MS spectrum from urine (rep-
rinted with permission from Neuhoff et al. [152])
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Fig. 5.7 (a) Schematic drawing of the on-line coupling of capillary electrophoresis to the mass
spectrometer (CE-MS). Capillary electrophoresis separates polypeptides according to their
charge and size. After the electrophoretic separation, the polypeptides are ionized on-line by
the application of high voltage and analyzed in the mass spectrometer (ESI-TOF). The
combination of the two instruments yields a mass spectrogram of mass per charge plotted
against migration time. Subsequently, specialized software solutions allow automated data
interpretation. (b) Urine samples of different individuals are analyzed by CE-MS (a). The
small panels on the left in (b) are data sets obtained from samples from healthy volunteers.
Proteins are displayed as peaks defined by migration time, molecular weight, and signal
amplitude (colour coded). (Right) Data can be compiled to generate a typical pattern. The
migration time (in min) and the mass (in kD, on a logarithmic scale) are indicated
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due to the acidity of the buffer generally used for CE-MS analysis, which results

in precipitation of larger proteins. Another limitation of CE is the relatively

small sample volume that can be loaded onto the capillary (less than 1 ml),
leading to a lower sensitivity of detection in comparison to LC. Improved

methods of ionization by micro- or nano-ion spray and improvements in the

detection limits of mass spectrometers enabling detection in the low- or sub-

femtomol range [157–159] eliminated this problem to a large degree. For MS/

MS sequencing, the limited amount of sample that can be loaded represents a

significant obstacle. However, CE-MS data can be matched to LC-MS/MS

data, using migration time as a second identifying parameter [160]. A combina-

tion of CE-MS analysis enabling higher throughput and consequently data of

higher statistical quality with LC-MS/MS for subsequent sequencing of the

potential biomarkers may be a promising approach for biomarker discovery.
Success is dependent on the choice of sample for any research or diagnostic

study. Two basic sources of material are available for proteomic studies: body

fluids (e.g., urine and blood) and tissue. While examination of tissue may

theoretically be advantageous, several issues like ease of accessibility and high

variability due to different cell types have greatly hindered progress in this field.

As outlined recently, investigation of tissue may lead to the discovery of

biomarkers that can subsequently be detected in body fluids [161]. Since such

approaches currently are in their infancy, we will not further elaborate on them.
In contrast to polypeptides in tissues andmost types of cells, the polypeptides

in body fluids are relatively easily accessible and changes within the circulating

peptides/proteins can theoretically be readily detected. Comprehensive profil-

ing of peptides and proteins in body fluids such as plasma or urine has advan-

tages over the analysis of proteins and peptides expressed in particular cells or

tissues. Among various body fluids, urine and blood derived fluids (plasma,

serum) are the most extensively investigated. While blood-derived samples

appear certainly as the first choice, more in depth investigation has revealed

several, yet unresolved problems. Activation of proteases and consequently

generation of an array of proteolytic breakdown products is often associated

already with the collection [162]. Standardization of collection protocols and

storage is therefore necessary, since different pre-analytical handling and acti-

vation of proteases appear to be major causes for a lack of comparability

between different centers. Further, the enormous dynamic range of proteins

of 1012 appears to be yet another major obstacle [161, 163].
On the other hand, urine appears to be an especially attractive source of

information [164]. One of the first attempts to define the urinary proteome was

published by Spahr, Davis et al. [165, 166] Using liquid chromatography mass

spectrometry (LC-MS) tryptic peptides of pooled urine samples were analyzed

and 124 proteins were identified. While this study did not attempt to define any

urinary biomarkers for a disease, it clearly highlighted the amount of informa-

tion in the urinary proteome and also indicated a possible approach toward its

mining. More recently, Adachi et al. identified more than 1,500 proteins (or
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their fragments) in the urine of healthy individuals, further underlining the
complexity of the human urinary proteome [167].

There are several advantages of urine testing compared to blood (serum or
plasma):

(1) Urine can be obtained in large quantities by non-invasive procedures.
Consequently, ample material is available for analysis, assessment of repro-
ducibility, and for optimization of analytical protocols. In addition,
repeated sampling from the same individual is simple, facilitating long-
itudinal studies.

(2) Urine generally contains proteins and peptides of lower molecular mass
(<30 kDa) that are highly soluble. Higher molecular weight proteins are
removed by the physiological function of the kidney. Higher molecular-
weight compounds can be removed by ultrafiltration without substantial
loss of information, easing the analysis. If the ultrafiltration step is per-
formed in the presence of a detergent and a chaotropic agent (e.g., urea and
SDS), protein-protein interactions (and consequently irreproducible loss of
analyte) are avoided [168]. These features facilitate analysis of such poly-
peptides in their natural state, without any need for additional manipula-
tion (e.g., tryptic digests).

(3) Urinary polypeptides are stable and generally do not undergo significant
proteolysis within several hours after the collection. Urine stored for up to 3
days at 48C or up to 6 h at room temperature by two independent groups
was shown to be stable in its composition [147, 169]. In contrast, blood
collection is associated with free activation of proteases and consequently
generation of an array of proteolytic breakdown products [162]. None-
theless, standardization of the collection protocol and storage of the sam-
ples is of utmost importance if the information is to be used/ validated as a
diagnostic test.

5.4.2 Proteomics in Hematopoietic Stem Cell Transplantation

The outcome of HSCT is influenced by the occurrence of opportunistic infec-
tions and GvHD, both adding to morbidity and mortality after HSCT together
with recurrence of themalignant disease [122, 170]. Screening for the occurrence
of complications after HSCT in an unbiased manner is a desirable goal, and
proteomic analyses may help toward the identification of biomarkers asso-
ciated with particular complications, such as acute GvHD or concomitant
infectious episodes. GvHD is still a major cause of morbidity and mortality
after HSCT, developing in about 35–70% of the patients and requiring immu-
nosuppressive therapy in more than 35% [171]. To date, the diagnosis of acute
GvHD is mainly based on clinical features, such as skin rash, gastrointestinal
complications, or elevation of liver enzymes, and is verified with tissue biopsies
and histopathological examination. Several single markers have been described
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to be elevated during infection or inflammation after allogeneic HSCT or
specific for acute GvHD [32, 172, 173]. Although these studies are interesting
and show promising results, it is unlikely that one single marker will be
increased or decreased on more than one occasion, thus making differential
diagnosis of similar diseases difficult. Proteomic screening allows the analysis of
an enormous number of proteins and peptides and thus enables a profiling and
pattern generation for specific diseases and recognition of yet unknown pro-
teins and potential key players in the development of post-transplant complica-
tions. The simultaneous monitoring of more than one protein or peptide within
a sample holds greater promise for the differential diagnosis of diseases, includ-
ing acute GvHD.

Recently, the application of proteomic tools allowing screening for differen-
tially expressed or excreted proteins in body fluids is gaining importance in the
field of haematology [174, 175]. While the data on proteomic screening after
HSCT are still limited, some results have been published and will be briefly be
described below. CE-MS has been applied over the past 4–5 years to a number
of clinical samples in order to establish proteomic screening as an additional
diagnostic tool for a variety of diseases, but also for early detection of the
development of acute GvHD. CE-MS allows the simultaneous analysis of more
than a thousand different proteins and peptides in one sample within a short
time period [164, 176]. In CE-MS, proteins and peptides are identified via their
specific m/z ratio, the migration time in the capillary electrophoresis, as well as
the signal intensity, which gives a measure of the relative abundance of the
peptides [177]. The method allows compilation of data generated from different
samples as well as patients and thus allows the generation of proteomic patterns
specific for different pathological conditions (Fig. 5.6, lower panel). The specific
patterns may also be modulated during disease progression or response to
therapy and thus may add to current diagnostic and follow up criteria [178].
Support vector machine (SVM) based model prediction [130] allows the best
possible separation of disease groups and controls.

CE-MS has recently been applied to generate proteomic patterns for the
early diagnosis of acute GvHD [179, 180]. Screening of urine samples collected
and analyzed at the time of GvHD development yielded 170 polypeptides
differentially excreted in samples from patients with or without acute GvHD.
From these peptides 31 were chosen to form a tentative acute GvHD-specific
pattern. Application of this pattern to 599 blinded samples from 141 patients
enabled diagnosis of acute GvHD grade II or more, even prior to clinical
diagnosis with a sensitivity of 83.1% [95% CI 731–879] and a specificity of
75.6% [95% CI 716–794]. To date, this study is the first to correlate proteomic
data with the clinical diagnosis of acute GvHD using a blinded, prospectively
collected, multicenter approach. Other groups have investigated the changes
induced by GvHD by application of different proteomic approaches and tech-
nology platforms. Wang and colleagues applied an intact-protein based quan-
titative analysis on plasma samples derived prior to any signs of acute GvHD
(between engraftment and day+21 after HSCT) or collected within 24 h of
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acute GvHD diagnosis [181]. After removal of the most abundant proteins by
immunodepletion, samples were labeled with fluorescence dye (Cy5 or Cy3)
prior to liquid isoelectric focusing and subsequent fractionation with reversed
phase HPLC. The third dimension was SDS-PAGE. In this paper 75 differen-
tially expressed candidate peptides and proteins were described that could be
indicative for acute GvHD development. Tryptic digestions of differentially
expressed bands and subsequent MS/MS analysis and database search yielded
the identification of 48 proteins, including HLA-Class I, T cell receptor beta,
integrin-alpha and vitronectin, all increased in expression in samples collected
at diagnosis of acute GvHD. It will be interesting to see whether the proteins
and peptides described in this study can be correlated to the onset of GvHD in a
prospective manner. Two other papers describe the application of SELDI-MS
to either serum collected from patients with and without GvHD after allogeneic
HSCT [182] or saliva collected from patients at different time points after
HSCT [183].

Srinivasan and colleagues [182] collected serum from 34 patients prior to
HSCT and at different time points after HSCT, with 22 samples obtained at the
onset of acute GvHD symptoms. They described differentially expressed mole-
cules which could be identified according to their mass/charge ratio, allowing
correct classification of GvHD samples from non-GvHD samples. Prospective
evaluation of the SELDI-data has yet to be shown. Although the data appear
encouraging both the technology used, as well as the stability of the body fluid
chosen, are currently under debate [149, 184–186]. Imanguli and colleagues
collected saliva from 41 patients undergoing HSCT, comparing samples col-
lected pretransplant to those collected 1, 2 or 6month after HSCT. Thirty peaks
(m/z values) were identified in the SELDI-spectra, which were generated using
two different SELDI-chips. Further analysis was performed by pooling samples
of 24 patients collected prior to HSCT or 1 month after HSCT respectively and
separating the proteins using 2DE-DIGE and subsequent MS/MS for sequence
analysis. In the 2DE-DIGE, 13 differentially analyzed spots were detected
between months 1 and 4 post-transplant. Four of these were identified by
MALDI-MS/MS sequencing, as lactoferrin, cystatin, albumin and salivary
amylase. To date, results using the techniques hold promise in aiding early
diagnosis of complications developing post-HSCT. Further comparative stu-
dies will be necessary to evaluate the impact of the current results and published
data. Ongoing research includes the generation of data for early diagnosis,
prediction of the development or severity of chronic GvHD. The first results
of potential biomarkers were recently published by Imanguli and colleagues.
The predictive value of the proteomics patterns specific for acute GvHD is
currently under investigation using the results to pre-emptively treat acute
GvHD.

In summary, we can conclude that proteomic screening of patient samples
for the development of complications after HSCT may add current forms of
diagnosis, especially in combination with clinical data and information on
donor and recipient genetic disparities. The analysis of genetic differences
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between donor and recipient pairs, either for predicting GvHD, infectious

complications and or survival and the subsequent potential prognostic risk

models, will also be very useful methods of applying results from proteomic

screening to particular high risk patient groups.
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Chapter 6

Clinical Implications of Immune Reconstitution

Following Hematopoietic Stem Cell

Transplantation

Karl S. Peggs, Aviva C. Krauss and Crystal L. Mackall

6.1 Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT) seeks to transfer a

fully functional lymphohematopoietic system from donor to recipient. Hema-

topoietic function typically normalizes within weeks of the transplant, whereas

immune function remains abnormal for months to years, resulting in substan-

tial infection-related morbidity and mortality [1]. Furthermore, the success of

HSCT often depends upon the reconstituting immune system’s ability to era-

dicate minimal residual neoplastic disease. Thus, improving the effectiveness of

allogeneic HSCT is intimately linked to the development of new approaches to

enhance immune reconstitution. Substantial progress has been made in under-

standing the biology of immune reconstitution, and new therapies designed

to improve immune reconstitution are now emerging. Recent scientific prog-

ress has provided a clearer understanding of lymphopenia-induced changes in

immune physiology, which in turn provides new therapeutic approaches for

inducing antitumor immunity following HSCT. A more precise understanding

of the progenitor populations required for efficient thymic reconstitution has

now been gleaned, raising the possibility that thymic progenitor cell based

therapies could be used to hasten immune recovery. Potent new immunorestora-

tives have also been identified, providing new pharmacologic agents that could

enhance immune reconstitution. This chapter will review fundamental concepts

of immune reconstitution following HSCT, emphasizing recent scientific and

clinical observations, and then discuss opportunities for clinical progress in this

arena, both for enhancing global immune reconstitution and for directing

immune responses following HSCT to diminish infectious risk and enhance

graft-versus-tumor (GvT) effects. The discussion focuses primarily on allogeneic
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HSCT, but studies in lymphopenic hosts following intensive chemotherapy or
autologous transplant that have enlightened the field will also be reviewed.

6.2 Immune Reconstitution Following HSCT

6.2.1 Principles of T and B Cell Regeneration

Reconstitution of lymphocytes (NK cells, T cells and B cells) depends firstly on
successful engraftment of lymphoid stem cells, from which they all derive. The
consistent, early and complete recovery of NK cells following dose-intensive
chemotherapy, autologous HSCT, and allogeneic HSCT [2, 3] provides clear
evidence of the vitality of the lymphoid stem cell in these settings. Indeed, rapid
reconstitution of NK cells, as compared to T and B-cell populations is one factor
fueling enthusiasm for selecting donors based upon NK KIR mismatch, an area
reviewed in Chap. 3. Unlike NK cells however, regeneration of lymphoid stem cell
derived T and B cells requires expansion and selection within intricate microenvir-
onments, in the thymus and bone marrow respectively. These microenvironments
are highly susceptible to damage by drugs, irradiation, graft-versus-host disease
(GvHD), and age (thymus only), which fundamentally limits regeneration of T
and B cells from lymphoid stem cells followingHSCT.Moreover, since generation
of memory B cells requires CD4þ T cell help, reconstitution of humoral immunity
is highly dependent upon effective CD4þ regeneration. Thus, damage to the
thymic and marrow microenvironments is one fundamental factor limiting the
pace of immune reconstitution in most patients undergoing HSCT.

6.2.2 Immunobiology of Homeostatic Peripheral Expansion

T cells can also regenerate via homeostatic peripheral expansion (HPE), an
alternate, thymic-independent pathway of reconstitution, which is theoretically
inferior but can provide a remarkably effective layer of immunity for many
years following HSCT. HPE represents mitotic expansion of residual mature
T cells, usually contained within the stem cell graft. It results from quantitative
and qualitative changes in T-cell physiology induced by lymphopenia, and is
characterized by augmented T-cell reactivity to cognate antigens (quantitative
effect) and the development of proliferative responses to low affinity self anti-
gens (qualitative effect). Interleukin-7 (IL-7) is necessary for HPE of naı̈ve
T cells, and MHC Class I and Class II are necessary for HPE of naı̈ve CD4þ

and CD8þT cells respectively. Supraphysiologic levels of IL-7 are present in the
serum and tissues of lymphopenic hosts, and the increased availability of IL-7
provides a primary stimulus for drivingHPE of naı̈ve T cells andmemory CD4þ

T cells during lymphopenia. HPE of CD8þmemory T cells during lymphopenia
may be driven by IL-15 and/or IL-7.
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For reasons that remain unclear, HPE of CD8þT cells is muchmore efficient
than HPE of CD4þ T cells, resulting in chronically reduced CD4þ T-cell
numbers and inverted CD4/CD8 ratios for months to years following HSCT
in hosts with limited thymic function. CD4þ T-cell number and function is
highly dependent upon thymic-dependent T-cell regeneration, which occurs in
only a fraction of adults undergoing HSCT, even with prolonged follow-up [4],
and the T-cell repertoire generated via HPE is limited in diversity and prone to
skewing [5], whereas thymic-dependent immune reconstitution generates a
diverse T-cell repertoire [6]. Recent clinical studies have confirmed that these
differences are clinically significant, since patients who experience thymic-
dependent immune reconstitution have amore effective response to vaccination
[7] and CD4þ T-cell counts post-transplant are predictive of infectious compli-
cations [1]. Thus, it is tempting to minimize the importance of HPE; CD4þ

T-cell numbers remain suboptimal, inverted CD4/CD8 ratios are the rule, and
HPE generated T cell receptor (TCR) repertoires are prone to skewing. How-
ever, despite its limitations, HPE provides substantial immunocompetence,
illustrated by the fact that patients who receive transplants with profoundly
T-cell depleted allografts experience more infectious complications and a
greater likelihood of tumor recurrence than those receiving T-cell replete grafts
[8]. Recent basic and clinical studies have also demonstrated that lymphopenia
induced alterations in immune physiology that give rise to HPE are exploitable
for therapeutic gain, especially when targeting tumor antigens (see below).
Thus, HPE represents an important and potentially exploitable pathway of
immune reconstitution following HSCT.

6.2.2.1 Homeostatic Peripheral Expansion of Regulatory T Cells

The ‘‘rediscovery’’ of suppressor T-cell populations by Sakaguchi and colleagues
in the mid 1990s augured the rebirth of an entire field. CD4þCD25þFoxp3þ

regulatoryT cells (Tregs) are essentialmediators of self-tolerance [9–11]. Although
their mechanism(s) of action is not yet fully understood, they regulate CD4þ and
CD8þ T-cell activity in a cell extrinsic manner, and their depletion can enhance
T-cell responses to pathogens [12, 13], self-antigens [11], and tumors [14]. In
the context of allogeneic HSCT, the suppressive activity of Foxp3þTregs may be
either desirable (inhibition of GvHD) or detrimental (fostering immune privilege
in tumors), fueling interest in developing approaches to interfere with Foxp3þ

Treg number or function for therapeutic benefit. Recent studies have investigated
the relative contribution of thymic-dependent versus thymic-independent path-
ways of Treg generation during primary T-cell development and following lym-
phopenia inducing insults. While primary Treg development is thymic-dependent
and the repertoire of the thymic-derived CD4þCD25þFoxp3þ subset is heavily
skewed toward self-antigens, Tregs can also be generated peripherally following
antigenic stimulation, where they undergo more rapid turnover compared to
CD4þFoxp3þ cells in unperturbed hosts, and they undergo substantial HPE in
lymphopenic hosts, resulting in proportional increases in Treg frequency in
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humans and mice during lymphopenia [15]. Recent evidence has suggested that
both CD25þ and CD25� subsets can give rise to CD4þFoxp3þ cells since this
subset can be rapidly regenerated in lymphopenic humans and mice following
administration of T-cell inocula depleted of CD25þ cells [16]. Thus,
CD4þFoxp3þ cells are ably supported by HPE.

The importance of Treg depletion in supporting or enhancing homeostatic
peripheral expansion of non-regulatory populations has been a matter of some
discussion, especially since self antigens are primary drivers of T-cell expansion
during lymphopenia. While hosts treated with adoptive transfer of cytolytic
T cells (CTL) in the context of transplant or chemotherapy induced lymphope-
nia have a diminished Treg/Teffector ratios which can enhance expansion of the
adoptively transferred CTL [17], it is important to realize that lymphopenic
hosts who do not receive large numbers of adoptively transferred CTL tend
to have increased rather than decreased frequencies of Treg populations [15]
(reviewed in [18]). In the setting of allogeneic HSCT, brisk Treg regeneration
may have functional significance since donor CD4þFoxp3þ T-cell counts are
inversely associated with risk of GvHD following HLA-identical sibling HSCT
[19]), and adoptive transfer of Treg populations can prevent GvHD in murine
models [20, 21]. Clinical studies have begun using Treg as GvHD prophylactics
with the hope that GvT activity will be preserved [22], but the risk of suppres-
sion of anti-tumor responses remains an unknown variable. Other points of
relevance regarding Tregs and immune reconstitution following allogeneic
HSCT relate to differential effects of immunosuppressants on this subset.
Whereas calcineurin inhibitors profoundly inhibit Treg expansion [23], likely
via inhibition of IL-2 signaling, rapamycin and its analogs spare Tregs allowing
unfettered expansion of this subset following allogeneic HSCT. Whether the
beneficial effects of an expanded Treg subset on limiting GvHD outweigh a
potential negative impact on tumor recurrence will require more study and will
likely vary with the individual setting.

6.2.2.2 Homeostatic Peripheral Expansion of B Cells

B-cell reconstitution requires a microenvironment in the bonemarrow capable of
sustaining expansion and selection of early B-cell progenitors (comprehensively
reviewed in [24]). In addition, recent evidence has shown that like T cells, mature
B cells undergo HPE in response to open B-cell niches in the periphery of hosts
with B-cell lymphopenia. Studies using CFSE (carboxyfluorescein succinimidyl
ester)-labeled B220þ splenocytes were the first to demonstrate that mature B cells
can proliferate in untreated recipient mice [25], and subsequent work demon-
strated that B-cell proliferation increases in the setting of B-cell deficiency
[26–28]. Recently, van Zelm et al. [29] developed an elegant method using
kappa-deleting recombination excision circles (KRECs) to measure the prolif-
erative history of B-cells, an approach similar to the sjTREC (T cell receptor
excision circles)/cjTREC analysis that has been used to assess T-cell replication
history [30–32]. In both human and mouse B cells, V(D)J recombination is
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followed by rearrangement of the Jk-Ck intron recombination sequence to the
kappa-deleting element. Comparing the ratio of the coding joint, housed perma-
nently in the B-cell genome after this excision and thus stable with cell division, to
that of the signal joint that has been removed from the genome, sits on the
KREC, and is thus diluted out with each subsequent round of mitosis, can give
an estimate of the degree of peripheral B-cell proliferation (Fig. 6.1). SuchKREC
based studies confirmed that mature B-cell proliferation occurs in vivo and
contributes to B-cell reconstitution. Questions remain regarding the role of B-
cell receptor (BCR) signaling in this process. If B-cell HPE is antigen-indepen-
dent, as has been proposed [28, 29], or if it represents augmented proliferation to
low affinity B-cell antigens, as has been observed for T-cell HPE, then this
pathway would play an important role in maintaining B-cell repertoire diversity
in response to B-cell depletion. However, if BCR signaling plays a central role in
this process, then the B-cell repertoire generated would be predicted to be highly
skewed. Future studies are needed to more carefully measure the repertoire
diversity generated as a result of B-cell HPE in vivo.

6.2.3 Clinical Studies of T and B Cell Immune Reconstitution
Following HSCT

Regimen-specific and host-specific factors impact immune recovery in the
individual case: the intensity of the conditioning regimen, stem cell source,
recipient age, dose of mature T cells contained in the graft, and the presence
or absence of GvHD. The autologous setting, being most consistent in terms of
donor cell source (PBSC), absence of T-cell depletion and absence of GvHD,
has provided an opportunity to explore the critical role of age in immune
reconstitution. Whereas thymic-dependent immune reconstitution occurs reli-
ably within 6–12 months after intensive chemotherapy in individuals less than
15 years of age, thymic dependent recovery does not occur during this time
period in older patients [35]. Recent long-term follow-up of a similar cohort
(median age at treatment¼ 15 years; range, 7–34) treated with dose-intensive,
lymphodepleting chemotherapy demonstrated full immune recovery in all
patients evaluated at a median of 17.3 years (range 2.9–32.6) following comple-
tion of therapy [36]. Another recent study evaluating women 31–64 years of age
treated with autologous HSCT following an alkylator-based preparative regi-
men for breast cancer demonstrated limited and inconsistent immune recovery
during 2 years of follow-up [4]. Interestingly, with each advancing decade of
patient age between 30 and 60, a decreasing percentage of patients (60% of
patients in their 30s, 23% in their 40s and 0% >50 years of age) showed
evidence for thymic-dependent CD4þ immune reconstitution as measured by
recovery of naı̈ve CD4þ subsets, TREC levels, and thymic regrowth by CT
scanning. Thus, age is a fundamental factor limiting the capacity for the thymic
microenvironment to support T-cell regeneration. For individuals that experi-
ence T-cell depletion within the first three decades of life, one can reasonably
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conclude that thymic-dependent T-cell regeneration and full immune reconsti-
tution will eventually occur if further thymotoxic insults are avoided. However,
it remains unclear whether full immune reconstitution can be assured in all
patients who sustain profound T-cell depletion at later ages.

In the allogeneic transplant arena, the ‘‘spectrum’’ of transplant with regard
to pattern and extent of immune reconstitution spans two extremes. At one
extreme would be an infant diagnosed ‘‘early’’ with severe combined immuno-
deficiency (SCID), who receives HSCT with no conditioning regimen. In this
setting, thymus-dependent immune reconstitution is the dominant pathway and
robust immune reconstitution is typically observed within 6 months [37]. At the
opposite end of the spectrum is a patient >50 years of age, who receives a fully
ablative, irradiation-containing conditioning regimen and who develops
GvHD. The combined effects of an irradiation based conditioning regimen
[38], advanced age and GvHD [39, 40] all contribute to a damaged thymic
microenvironment, rendering the patient essentially entirely dependent upon
HPE for immune reconstitution. This pattern is associated with chronically
inverted CD4/CD8 ratios, suboptimal CD4þ T-cell number and function,
limited TCR repertoire diversity, and impaired humoral immunity for years
following HSCT.While most clinical settings of HSCT fall somewhere between
these two extremes, most HSCT recipients show impaired immune function for
at least 2 years following HSCT [3, 41].

Because multiple factors collude in the clinical setting of HSCT to diminish
thymopoiesis, immune reconstitution in this setting depends heavily on HPE of
mature T cells infused with the graft [42]. Importantly, however, multiple
factors influence the capacity for HPE to provide immune competence follow-
ing HSCT. The T-cell dose administered is critically important, as evidenced by

Fig. 6.1 KRECs as a measure of mature B-cell homeostasis: Schematic comparison and
contrast to TRECs. A. After D�2-J�1, followed by V�2-D�2, rearrangement of the TCR
locus, � Rec -�J� rearrangement, as outlined in this schematic, results in the creation of a
signal joint T-cell Receptor Excision Circle (sjTREC), which persists stably in the mature
T-cell, and is diluted out during mitosis, allowing for quantification of recent thymic
emigrants based on the concentration of TRECs in peripheral blood. The � Rec -�J�
coding joint that is created as a result of the excision of the sjTREC does not remain on the
genome in themajority of T cells, as it undergoes further rearrangement with fusion of the V�-
J� loci. As such, the ratio of sjTRECs to coding joints on the genome can not be used to
quantify T-cell proliferation. B. Generation of B-cell KRECs (Kappa-deleting recombination
excision circles) during B-cell receptor gene rearrangement, after V�-J� rearrangement. In
contrast to TRECs as outlined above, no further rearrangement occurs after KREC
generation; the coding joint remains on the genome and is present in all progeny. As the
KREC is analogous to the TREC in its stability and thus dilutional nature, the ratio of the
coding joint to the signal joint (present on the KREC) increases with each cell division,
allowing for quantification of B-cell replication. RSS- recombination signal sequence.
Adapted from van Zelm et al.[29], Ribeiro et al. [33], Geenen et al. [34], Poulin et al. [31],
Douek et al. [30]
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the inefficient immune reconstitution observed following the use of T-cell
depleted allografts [43]. Some studies have also shownmore rapid early immune
reconstitution following PBSC in comparison to bone marrow (BM) grafts
[44–47], raising the possibility that this reflects enhanced HPE due to higher
numbers of mature T cells in PBSC vs. BM grafts. GvHD also profoundly
inhibits HPE, at least in part via a cell extrinsic process, since cells transferred
frommice with GvHD into normal hosts regain their proliferative capacity and
conversely, T cells from normal hosts lose their proliferative capacity when
adoptively transferred into a mouse with GVHD. These results suggest that
GvHD may damage an as yet poorly defined ‘‘HPE microenvironemental
niche’’ that results in diminished HPE in the setting of GvHD [48, 49].

With regard to B-cell regeneration, naı̈ve B-cell numbers can potentially be
restored within several months of completion of HSCT [50, 51]; however, B-cell
lymphopoiesis is exquisitely susceptible to GvHD. In both mouse and human
studies, diminished or absent naı̈ve B-cell recovery is a highly sensitive indicator
of GvHD [52, 53]. Moreover, naı̈ve B-cell recovery does not necessarily mean
that full humoral immune competence will follow, since the generation of
memory B cells requires CD4þ T-cell help via IL-2 and CD40L for class switch-
ing. Thus, while there is no evidence for an age-dependent decline in the
function of the ‘‘bursal equivalent,’’ age-dependent declines in thymic function
indirectly impair B-cell recovery by limiting CD4þ T-cell regeneration.

6.2.3.1 Immune Reconstitution Following ‘‘Alternative Transplants’’

Changes in transplantation practices over recent years have led to a dramatic
rise in the number of ‘‘nonmyeloablative’’ and reduced-intensity conditioning
(RIC) allogeneic HSCT (reviewed in Chap. 9), as well as an increase in the use of
cord blood as an alternative graft source. In both cases there may be clinically
relevant differences in immune reconstitution. Considering the clear evidence
for radiation-induced thymic damage [38], some have postulated that radiation-
free and/or reduced-intensity approaches may cause less toxicity to the thymus,
potentially leading to better immune reconstitution. Attempts have been made
to compare immune reconstitution following RIC vs. that following conven-
tional full intensity (‘‘myeloablative’’) allogeneic HSCT; however, these have
been limited to non-randomized studies. Contradictory findings have been
reported to date, likely related to confounding effects of many factors already
known to influence immune reconstitution, which cannot be matched in such
studies (e.g., agents used for GvHD prophylaxis, GvHD incidence, patient and
donor age, etc). In addition, individual RIC regimens vary considerably in their
myelo- and lympho-ablative potential, and studies have generally failed to
include sufficient patient numbers to power the statistically meaningful multi-
variate analyses that might help to definitively unravel these issues. Despite
these caveats, early data suggest that RIC regimens may in fact allow more
robust thymic-dependent immune reconstitution, and this issue should be more
carefully addressed in future studies.
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Reduction in conditioning intensity can also allow persistence of valuable
elements of host immunity in the early post-transplant period, complementing
the reconstituting donor immune system. This appears particularly pertinent to
plasma cells, which are now known to be long lived [54]. Recipient plasma cells
can persist for months following HSCT, especially following RIC, and provide
a major source of neutralizing antibody for containing infection. Thus, recipi-
ent plasma cell derived IgG provides an important level of defense for infections
for which immunememory is already established within the recipient at the time
of transplant. It is important to note, however, that ‘‘normal’’ levels of circulat-
ing IgG in the early post-transplant period, derived from recipient plasma cells,
cannot be equated with humoral ‘‘immunocompetence’’ as it relates to respond-
ing to new infection. For T-cell dependent antigens, such protection requires
reconstitution of both new naive B cells and a broad CD4þ T-cell repertoire to
mediate effective memory B-cell generation, both of which are limited in aging
hosts and/or hosts with GvHD [55]. Moreover, persistence of recipient plasma
cells and their resultant IgG may be disadvantageous in some settings. For
example, anti-donor isohemagglutinins can cause prolonged red cell transfu-
sion dependence and even pure red cell aplasia following major-ABO mis-
matched reduced intensity transplants [56], and similar considerations may
apply for transplants performed for autoimmune disorders. Persistence of
recipient T-cell immunity may also provide some level of protection against
infections, and this is likely to be more evident with regimens that result in early
mixed chimerism. Indeed, recipient cytomegalovirus (CMV)-specific T-cell
responses, either alone or in combination with donor responses, appeared
protective in mixed chimeras following T-cell depleted transplantation [57].

Cord blood offers a number of potential advantages over other graft sources,
including less stringent requirements for HLA-matching, but may also result in
impaired immune reconstitution, especially in adult recipients. Indeed, cord
blood recipients typically experience prolonged CD4þ and CD8þ T-cell deple-
tion [58], with the effect on CD8 T cells being more pronounced than that
observed using other graft sources [59, 60]. The reasons for impaired immune
reconstitution following cord blood transplant have not been entirely deli-
neated, but potentially relate to three factors. First, cord blood grafts typically
contain approximately 50-fold fewer T cells than PBSC grafts, and about one-
fifth of the number of T cells as marrow grafts [61], raising the possibility that
the number (and as a result, the TCR repertoire) of T cells transferred may be
insufficient to sustain effective HPE. Animal models have demonstrated a clear
threshold below which T-cell inocula are simply quantitatively insufficient to
restore immune competence [42]. Secondly, T cells contained in cord grafts
contain mainly naı̈ve T cells, lacking antigen-specific memory, as compared to
mixed populations in other graft sources. The extent to which this qualitative
change in T-cell content affects immune reconstitution remains unclear. Animal
models demonstrate that naı̈ve T cells contribute to HPE [5, 62], and in fact are
central to this process since expansion of the broad repertoire contained within
the naı̈ve cell population in response to self antigens is critical for maintaining
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repertoire diversity. Recent clinical studies also demonstrated that naı̈ve T cells
contribute to antigen-specific anti-herpes virus responses early post-transplant
(detectable from day 29 for herpes simplex virus, day 44 for cytomegalovirus,
and day 94 for Varicella zoster virus in one study), although such responses
develop in less than half of evaluated patients [63]. Thus, whilst there is clear
evidence that naı̈ve T cells can contribute to immune reconstitution via HPE, it
remains possible that the pace and extent of immune reconstitution from a graft
composed essentially entirely of naı̈ve elements is less efficient than that gener-
ated from a mixed population.

Finally, a third potential cause for the diminished rate of immune reconstitu-
tion following cord blood transplantation could relate to the limited number of
hematopoietic stem cells provided, raising the possibility that pre-thymic lymph-
poid progenitor numbers may be limiting. Although cord blood CD34þ cells
appear more potent on a cell-per-cell basis for generating T cells ex vivo as
compared to CD34þ cells derived from adult bone marrow [64], the numbers of
CD34þ cells provided in cord blood grafts are typically 1–2 logs less than those
contained in marrow or blood grafts [65]. Recipients of cord blood grafts show
substantial differences between children and adults with regard to the degree of
thymic-dependent immune reconstitution observed with children showing robust
thymic-dependent recovery [66, 67] and adults showing largely absent thymic-
dependent recovery [58]. Whether this reflects the already described age depen-
dent differences in the resiliency of the thymic microenvironment or whether the
limiting effect of age on thymopoiesis is magnified in the cord graft setting as a
result of limiting numbers of prethymic progenitors cannot be determined by the
clinical results currently available, but warrants further investigation.

6.3 Augmenting and Directing Immune Reconstitution

6.3.1 Thymopoiesis

6.3.1.1 Common Progenitors Re-Defined

Substantial recent progress has been made in identifying cellular subsets respon-
sible for thymic seeding and ultimately, thymic-dependent T-cell regeneration.
Classic models evoked segregation of hematopoietic stem cell (HSC) differentia-
tion along two mutually exclusive pathways, the myelo-erythroid and lymphoid
lineages respectively, and emphasized a common lymphoid progenitor (CLP) in
murine bone marrow that expressed IL7R� [68]. Based upon this model, studies
sought to enhance immune reconstitution via cotransplantation of purified CLPs
with purified HSCs. While the addition of CLPs to HSCs augmented early
immune reconstitution (including T, B andNK lineages) and enhanced resistance
in a murine model of cytomegalovirus (CMV) without increasing GvHD [69],
beyond day 14 post-transplant the beneficial effects were mainly limited to the
B-cell lineage, raising the possibility that CLPs may not efficiently give rise to
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T cells in the long term. Subsequently, Allman et al. demonstrated directly that
thymopoiesis derived from CLPs is inefficient when compared to that derived
from an alternative IL7R�– progenitor, termed the early T-lineage progenitor
(ETP) [70]. ETPs reside in the thymus but derive from a multipotent marrow
population termedMPPs that efficiently seed the thymus, and ultimately give rise
to ETPs. MPPs retain the capacity to generate both NK and T cells, but early
upon settling in the thymic microenvironment, Notch1 signaling via the Delta-
like 1 (DL1) ligand induces T cell lineage commitment, differentiation to ETPs
and commitment to the T-cell program [71] (Fig. 6.2).

Recent studies have defined the phenotype and growth requirements of
MPPs and ETPs (reviewed in [72]), and as a result, several groups are develop-
ing approaches to expandMPPs and ETPs ex vivo and/or in vivo, in an attempt
to enhance thymic-dependent T-cell regeneration. Notch1-based culture sys-
tems have enabled ex vivo expansion of committed T and NK cell progenitors
by coculturing HSCs with immobilized DL1-hIgG fusion protein (DL1ext-IgG

[73]) or OP9 bone marrow stromal cells expressing DL1 [74, 75]. In a murine
model of allogeneic HSCT, cotransplantation of HSC and precursors expanded
with the OP9-DL1 system enhanced thymic engraftment and cellularity,
increased circulating donor T-cell numbers, and resulted in more rapid conver-
sion to full donor chimerism [76]. NK cell reconstitution was also enhanced,
resistance to Listeria monocytogenes was improved, and there was a suggestion
that GvT activity might also be enhanced without an increase in GvHD. Thus,
advances in our understanding of prethymic and early thymic subsets have
provided possibilities for new approaches to expand these subsets in vivo and
ex vivo. Importantly however, while CLPs, MPPs and ETPs have been clearly
defined in the mouse, much less is known regarding the biology of similar
subsets in humans. A CD34þCD38�CD7þ human progenitor population lack-
ing IL-7R� expression has been identified in cord blood, but the phenotype of
the critical marrow and thymic T-cell progenitors remain to be clearly defined in
the human system [77]. It is imperative that the human counterpart of murine
subsets be defined, both in the marrow and the thymus, in order for clinical
applications to derive from these impressive fundamental insights.

6.3.1.2 Cytokines

Flt3 ligand is an important growth factor for early hematopoietic progenitors
and the lymphoid progenitors described above includingMPPs, ETPs and early
thymic subsets [71]. Not surprisingly therefore, treatment of animals with phar-
macologic doses of flt3 ligand enhances immune reconstitution with evidence for
more robust thymopoiesis and improved immune competence as measured by
skin graft rejection [78]. Interestingly, however, flt3 ligand therapy also aug-
ments HPE, perhaps as a result of dendritic cell expansion, which provides a
greater availability of Class II to support HPE of CD4þ T cells. Thus, flt3 ligand
therapy increases both thymic-dependent and thymic-independent immune
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Fig. 6.2 Classical model of T-cell development described the common lymphoid progenitor
(CLP) as the universal intermediary between bone marrow hematopoietic stem cell (HSC)
precursors and early thymocytes, but new models describe an alternate route of T-cell
development, with the multipotential progenitor (MPP) as a more efficient T-cell precursor
with an enhanced capacity to seed the thymus, differentiate into ETPs and undergo robust
T cell differentiation
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reconstitution in mice, and future studies are warranted to investigate whether
these effects can be translated into the clinical setting.

IL-7 is another cytokine with impressive immunorestorative effects when
administered in pharmacologic doses. Despite the absence of IL7R� on MPPs
and ETPs, IL-7 remains an essential growth factor for expansion and survival
of early triple negative thymocytes, and an essential role for IL-7 in thymopoi-
esis is illustrated by the profound lymphopenia observed in IL-7�/� mice [79]
and humans with severe combined immunodeficiency, in whom T-cell defi-
ciency is attributed to a loss of IL-7 signaling [80]. These studies, combined
with evidence that radiation induced damage to the thymic epithelium is asso-
ciated with diminished IL-7 production [38], lend credence to the notion that
pharmacologic dosing of IL-7 could enhance thymopoiesis. In animal studies
conducted thus far, IL-7 potently augments immune restoration following
HSCT [81–84], but it remains unclear whether IL-7 therapy augments thymic
output. IL-7 potently augments HPE of mature T cells, with a predilection for
augmenting HPE of naı̈ve T cells, which results in enhanced thymic-dependent
progeny in both mice and primates [84, 85]; however, this is not typically
associated with thymic enlargement and has generally been associated with
diminished TREC numbers [86]. Thus, current models hold that IL-7 potently
enhances immune reconstitution following stem cell transplantation in both
mice and primates, but most, if not all of this effect, occurs as a result of
enhanced homeostatic peripheral expansion.

The issues regarding the relative roles for enhanced thymopoiesis versus
enhanced peripheral expansion in response to both cytokines that could be
used to enhance immune reconstitution is of more than academic interest. In the
setting of allogeneic HSCT, agents which augment homeostatic peripheral
expansion are also prone to augment GvHD, and mouse studies have clearly
shown that pharmacologic dosing of both IL-7 [87] and flt3 ligand [88] aggra-
vate GvHD. Such results do not rule out the possibility that these agents could
be useful in the context of allogeneic HSCT, but they emphasize that early
clinical studies should focus upon the T-cell depleted or cord blood settings
where immune incompetence is a significant problem and where GvHD is less
likely to occur [89]. The same considerations apply to IL-15, which in preclinical
models specifically enhances peripheral expansion of CD8þ T cells but has the
potential to aggravate GvHD [90, 91].

6.3.1.3 Targeting the Thymic Microenvironment

Successful thymic-dependent immune reconstitution requires that cells con-
tained in the marrow graft efficiently initiate the elaborate thymic differentia-
tion process by seeding available thymic niches [92, 93]. Reciprocal interactions
between thymic epithelium and developing thymocytes are critical throughout
this process [94, 95]. However, conditioning therapies and GvHD damage
thymic epithelium cells (TECs) in HSCT recipients and diminish the ability
of the thymus to sustain de novo generation of T cells following HSCT [96].
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Keratinocyte growth factor (KGF), a member of the acidic fibroblast growth
factor family, is an epithelial cell specific growth factor [97] that exerts protec-
tive effects on and can enhance thympoiesis post transplant in murine models
[98]. In an acute GvHD model, KGF treated mice showed normal thymic
architecture, in contrast to the disorganized, disrupted thymic epithelium pre-
sent in untreated mice with GVHD [99]. KGF can also protect from steroid,
radiation-induced, and age associated thymic damage in mouse models [100],
raising the possibility that KGF’s thymopoietic effects could be effective in
several clinical settings associated with thymic insufficiency. Subsequent work
has demonstrated that KGF induces TEC proliferation through expression of
Wnt and BMP family members [101] and that KGF’s thymopoietic effects are
mediated primarily via IL-7 [102]. Thus, KGF represents a new class of immu-
norestorative, which mediates its effect primarily on stromal and epithelial
populations within lymphoid tissues rather than on the lymphocytes them-
selves. One potential advantage to the use of KGF in the setting of allogeneic
HSCT over the cytokine approaches discussed above, is that KGF does not
augment homeostatic peripheral expansion and thus it does not appear to
augment GvHD.

6.3.2 Homeostatic Peripheral Expansion

6.3.2.1 Virus-Specific T Cells Revisited: the Path to Tumor-Specific

Immunotherapies?

It has long been known that HPE occurring in lymphopenic hosts enhances
expansion and survival of adoptively transferred T cells. Following myeloabla-
tive and lympho-ablative regimens, the specific physiologic changes that drive
HPE include removal of cytokine sinks resulting in elevated levels of IL-7 and
potentially other homeostatic cytokines, diminished absolute numbers of sup-
pressors (Treg, myeloid suppressor cells), and potentially activation of antigen
presenting cells as a result of lipopolysaccharide (LPS) leakage across a gut that
is damaged by a cytotoxic conditioning regimen [17, 103–105]. Thus, the post-
transplant setting provides and optimal milieu for the development of adoptive
cell therapy. In this regard, significant progress has have been made in targeting
viral infections. Advances in culture techniques have allowed rapid generation
of polyclonal products including both CD4þ and CD8þ virus-specific elements,
which when transferred into lymphopenic hosts induce impressive in vivo
expansion and persistence and an apparent reduction in viral reactivation
[106, 107]. While CMV has been the major focus, the rise of adenovirus as an
important pathogen has provided a further target for adoptive cellular therapy
[108]. To obviate the need for preparation of specific T-cell lines for each virus
in every eligible individual, some groups have pursued genetic modification of
antigen-presenting cell lines using viral vectors to allow presentation of epitopes
of multiple viruses. Resulting bi- or tri-specific T-cell lines expand multiple
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discrete virus-specific populations and provide clinically measurable antiviral
activity following transfer [109]. Selection of virus specific T-cells directly from
donors has become feasible with the development of cytokine-capture and
HLA-multimer technologies [110, 111], and when precursor frequencies are
high enough, ex vivo expansion can sometimes be avoided altogether, which
may be advantageous for more widespread application [108, 112]. The relative
merits of each approach have yet to be carefully compared and the field is now
ready for randomized studies to more formally assess the true benefits of
adoptive cellular therapies to prevent or treat viral infections. Furthermore,
many challenges remain. Generation of primary immune responses ex vivo
remains technically demanding, limiting these approaches to those with sero-
positive donors and posing significant challenges for generating such products
from cord blood. In addition, the bias of cord blood T cells toward Th2/Tc2
function forms a further barrier to generation of virus-specific T cells. Despite
these considerations, progress has been made in producing CMV-specific
IFNg- and TNF�-producing CD4þ (Th1) and CD8þ (Tc1) T cells from cord
blood products [113].

The immunogenicity of exogenous viral antigens and the relatively restricted
and reproducible range of immunodominant antigens targeted by antiviral
immune responses have aided the development of cellular therapies to target
viral infection. Unfortunately, targeting human cancers presents a more diffi-
cult challenge. Unmanipulated donor lymphocyte infusions (DLI) are highly
effective in preventing recurrence and in inducing remission of chronic myelo-
genous leukemia following HSCT. However, augmenting the effectiveness of
DLI and expanding this success to other leukemias and solid tumors has
remained a challenge. Recently, several groups have attempted to exploit the
physiologic changes which drive HPE to improve the effectiveness of immu-
notherapies directed toward solid tumors [114]. This is appealing since a cardi-
nal feature of HPE is enhanced T-cell proliferation in response to low-affinity
self antigens, which when combined with the heightened susceptibility to skew-
ing, can permit the generation of T-cell repertoires capable of mediating potent
immune responses toward tumor antigens, which are known to represent weak,
self antigens. In melanoma, combining adoptive cellular therapy with lympho-
depletion and IL-2 has resulted in significant response rates providing proof-of-
principle for this approach [115]. The lack of well-defined tumor-specific targets
and the limitations of attempting to target multiple HLA alleles, however, have
hampered wider application tumor-specific adoptive cellular therapies in
HSCT. As a result, many groups have worked to generate ex vivo culture
techniques that do not require specific knowledge of antigenic targets [116]
and to optimize TCR gene transfer techniques to re-direct T-cell specificities
[117, 118] or engineer T cells with antibody binding receptors that are not
subject to HLA restriction. The use of therapeutic vaccines in vivo, either in
isolation or in combination with adoptive cellular therapies [119, 120], is
another important component to emerging T-cell-based immunotherapies tar-
geting minimal residual neoplastic disease post-transplant. Finally, approaches
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that aim to interfere with T cell intrinsic immune regulatory checkpoints
(monoclonal antibodies to CTLA-4 for CD4þ and PD1 for CD8þ T cells)
could potentially enhance the effectiveness of tumor-specific vaccination during
lymphopenia, and may not enhance GvHD, since costimulatory pathways are
thought not to be important in HPE [121].

6.3.2.2 Enhancing ‘‘Global’’ Immune Reconstitution with Allo-Depleted T Cells

Rebuilding global immunity following allogeneic HSCT by piecemeal applica-
tion of antigen-specific therapies becomes increasingly impractical as the number
of desirable specificities increases. Given that increasing the dose of unselected
DLI eventually results in an unacceptable rate of GvHD due to the presence of
alloreactive T cells, selective depletion of alloreactive specificities is another
attractive approach for providing optimal doses of T cells without initiating
GvHD. A number of small phase 1/2 studies [122–124] have demonstrated
clinical feasibility of ex vivo selective allodepletion using an anti-CD25 immu-
notoxin following allo-stimulation. This approach generates products which
retain anti-pathogen and even anti-tumor T-cell specificities but are depleted of
alloreactive T cells [125, 126], and proof-of-principle for the ability to separate
GvT fromGvH-specific CD4þT cells was elegantly demonstrated by sequencing
the TCR of selectively depleted T cell clones and comparing these to those of
clones subsequently elicited by leukemia of the same stimulator [127]. One
important issue for the use of CD25 targeting to deplete alloreactive T cells
also is that the approach is predicted to deplete the infused graft of
CD4þCD25þFoxp3þ regulatory T cells. Theoretically, GvT activity could be
enhanced but could also increase the risk of exacerbating GvHD. Interestingly,
preliminary results thus far have not observed excessive rates of GvHD, even
in early clinical studies of allodepletion in the haploidentical transplant setting
[122, 123]. This may reflect the rapid regeneration of CD4þFoxp3þ T cells
from a CD4þCD25lo/- subset [128], or of expansion of inducible Treg from
CD4þFoxp3þ T cells. Future studies are needed tomore fully assess the capacity
for allodepleted grafts to mediate substantial GvT in the absence of GvHD.

6.4 Summary

The evolution of understanding regarding key issues involved in immune
reconstitution should allow movement from indirect supportive care of
immuno-incompetence following HSCT to proactive measures designed to
enhance reconstitution in this setting. Future clinical studies using lymphoid
progenitors, thymoprotective agents and immunostimulatory cytokines are
needed to test the clinical utility of these approaches and agents which have
had promising results in preclinical models. Importantly, while solid pre-clinical
supporting data exist for many agents and approaches, clinical applicationmust
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proceed carefully, with particular attention to issues that may depend critically
on timing and dose. Allogeneic HSCT presents a challenging arena for the
application of immune based therapies because of the need to respect the
delicate balance between GvHD, GvT responses, rejection and reconstitution
of specific immunity against pathogens. Armed with our current and rapidly
evolving knowledge, it is hopes that the coming years will witness the evolu-
tionary development of clinical practice in this arena.
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Chapter 7

Functionally Defined T Cell Subsets

in Transplantation Biology and Therapy:

Regulatory T Cells and Th2 Cells

Daniel Fowler, Petra Hoffmann, and Matthias Edinger

7.1 Regulatory T Cells

7.1.1 Biology of CD4+CD25+ Regulatory T Cells (Treg Cells)

Peripheral tolerance mechanisms include deletion by activation induced cell

death, anergy and dominant suppression. Although the important contribution

of suppression for the maintenance of peripheral T-cell tolerance was repeat-

edly proven in experimental systems, it was discredited for many years as no

defined suppressor cell population could be identified. In 1995, Sakaguchi and

coworkers rejuvenated interest in T-cell-mediated immunosuppression when

they showed that thymectomy in neonatal mice caused autoimmunity that

could be prevented by adoptive transfer of CD25-coexpressing CD4+ T cells

isolated from adult animals [1]. These findings advanced the field in several

aspects: (1) For the first time, phenotypic markers (CD4+CD25+) identified a

cell population endowed with potent suppressive activity; (2) the suppressive

cell population seemed to be thymus-derived; (3) its export from the thymus

seemed to be delayed for up to 8 days after birth compared to conventional T

cells; (4) the suppressive function of this cell population is nonredundant, as no

other tolerance mechanism compensated for their absence in the periphery; and

(5) once exported, the suppressor population seemed to be long-lived, as thy-

mectomy after day 8 no longer induced autoimmunity.
In subsequent years, other investigators confirmed Sakaguchi’s main findings

and the respective cell population was named ‘‘natural regulatory T cells’’ [2].

‘‘Natural’’ indicates that these cells develop in the thymus as a separate lineage,

which distinguishes them from ‘‘induced’’ or ‘‘adaptive’’ suppressor cells gener-

ated in the periphery from conventional T cells (Tconv) under physiological or

experimental conditions, e.g., in the presence of IL-10 or TGF-� [3]. The term
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‘‘regulatory’’ was introduced to segregate the cells from the discredited suppressor
T cell field, although CD4+CD25+ Treg cells do not ‘‘regulate’’ in a sense that
they boost weak and inhibit overwhelming immune responses, but they solely
dampen or block immune reactions and are thus bona fide suppressor cells. Final
proof for the relevance of Treg cells in self-tolerance came with the discovery that
they constitutively express the forkhead family transcription factor Foxp3 (fork-
head box protein 3) [4]. Foxp3 is encoded on the X chromosome and loss of
function mutations found in ‘‘scurfy’’ (sf ) mice cause a lymphoproliferative
disorder and rapidly lethal autoimmunity in male animals [5]. Similar Foxp3
mutations in humans cause the immunodysregulation, polyendocrinopathy and
enteropathy, X-linked syndrome (IPEX) [6]. In both mouse and man, Foxp3
mutants lack a functional Treg cell compartment. The crucial contribution of
Foxp3 for Treg cell generation and function has been confirmed experimentally
in genetically modified mouse strains. Foxp3 reporter mice revealed the almost
exclusive expression of Foxp3 in CD4+CD25+ T cells [7], whereas Foxp3-
deficient animals lack CD4+CD25+ Treg cells and develop lethal autoimmunity
similar to sf mice [4]. Likewise, experimental shut-down of Foxp3 expression in
adult conditional knock-out animals induces autoimmunity [8], demonstrating
that continuous Foxp3 expression [9] at sufficiently high levels [10] is required for
Treg cell-mediated suppression. Thus, Foxp3 is a lineage specification factor for
Treg cells and required for their thymic development and peripheral function.
The yet unidentified suppressive mechanism of Treg cells seems to be conserved
across species and is pivotal for immune homeostasis and the maintenance of
peripheral self-tolerance.

Natural CD4+CD25+ Treg cells represent only 5–10% of the peripheral
CD4+ T cell pool. Despite intensive investigations, no exclusive surface marker
has been identified to date and thus Treg cell isolation still relies on the use of
surrogate markers such as CD25 (IL-2R �-chain). In normal mice, almost all
CD4+CD25+ T cells represent Treg cells (as verified by Foxp3 expression) and
in peripheral blood of healthy human individuals Treg cells reside predomi-
nantly within the CD4+CD25high subpopulation [11]. However, CD25 is also
expressed on activated conventional T cells (Tconv; up to 50% of human
peripheral blood CD4+ T cells express intermediate levels of CD25), which
limits the use of CD25 alone as a Treg cell marker. Similar limitations exist for
other markers preferentially or constitutively expressed by Treg cells, including
glucocorticoid-induced TNF receptor (GITR), cytotoxic T lymphocyte-associated
antigen 4 (CTLA-4), and certain chemokine (CCR4, CCR6, CCR7) or homing
receptors (CD103, CD62L) [12]. Recently, the groups of Fazekas de St. Groth
and Bluestone demonstrated that the combination of CD25 and CD127 (IL-7R
�-chain) permits the discrimination of Treg cells from activated Tconv cells:
Whereas activated—and thus CD25+-Tconv cells—express high CD127 levels,
CD25+ Treg cells express only low or no CD127 [13, 14] (see Fig. 7.1).

An alternative Treg cell isolation strategy is based on the fact that activated
Tconv cells no longer display a naı̈ve phenotype after their encounter with
antigen. Although early studies concluded that Treg cells continuously respond
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to self-antigens and therefore exclusively belong to thememory T cell pool, later

reports illustrated that the T cell receptor (TCR) repertoire of Treg cells is

diverse and largely overlapping with that of Tconv cells [15, 16]. Importantly,

the Treg population in adult human peripheral blood also contains recent

thymic emigrants that display a naı̈ve phenotype characterized by low

CD45RO expression and high expression of CD45RA, CCR7, and CD62L

[17]. By isolating CD4+ T cells that coexpress CD25 and CD45RA, we found

that this naı̈ve subset yields a pure Treg cell product that maintains a stable

phenotype and suppressive function even after repetitive stimulation and exten-

sive proliferation in vitro [18] (and Fig. 7.1). Thus, human Treg cells can be

isolated to high purity despite the lack of exclusive Treg cell surface markers.
Originally, murine and human Treg cells were described as being anergic due

to their hypoproliferative response in vitro as compared to Tconv cells [19]. For

their survival in vitro and in vivo, Treg cells depend on exogenous IL-2 because

they inadequately remodel their chromatin in the IL-2 promoter region upon

stimulation and therefore do not produce IL-2 themselves [20]. Upon IL-2- or

TCR-mediated stimulation in vitro, Treg cells hardly proliferate as signaling

pathways supporting cell proliferation are blocked, while the survival-promoting

JAK/STAT5 pathway is intact [21, 22]. As a result, Treg cells are virtually

5.32

95.3 0.62

1.232.81

0 102 103 104 105 0 102 103 104 105

0
102

103

104

105

0
102

103

104

105

6.03

90.9 0

09.14

CD127

0 102 103 104 105

CD4
0 102 103 104 105

CD45RA
0 102 103 104 105

CD127

F
O

X
P

3

C
D

25

0
102

103

104

105

C
D

25

0
102

103

104

105

C
D

25

0
102

103

104

105

F
O

X
P

3

29.8

A

B

Fig. 7.1 Human Treg cell isolation strategies. Human peripheral blood mononuclear cells
(PBMC) were isolated by FICOLL gradient centrifugation, stained for CD4, CD25,
CD45RA and CD127 on the cell surface, fixed/permeabilized and intracellularly stained
for FoxP3 (clone PCH101). (a) Gating strategy for isolation of CD4+CD25+CD127– T cells
and FOXP3 expression of gated target cells. (b) Gating strategy for isolation of
CD4+CD25highCD45RA+ T cells and FoxP3 expression of gated target cells. Left plots
in A and B are gated on CD4+ cells among PBMC
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absent in the periphery of IL-2- and IL-2R-deficient mice even though IL-2 is not
absolutely required for their development in the thymus [23]. In contrast, natural
Treg cells proliferate vigorously in vivo upon interaction with their cognate
antigen and in parts even under steady state conditions [24, 25]. Meanwhile,
several research groups, including our own, showed that Treg cells also prolifer-
ate in vitro provided strong costimulation via CD28 and high concentrations of
IL-2 compliment TCR stimulation [26–28].

Once activated through their TCR, Treg cells acquire suppressive activity
and inhibit the proliferation and cytokine production of cocultured CD4+ and
CD8+ Tconv cells [29]. Other targets of Treg cell-mediated suppression include
B cells [30] and natural killer (NK) cells [31] as well as monocytes and dendritic
cells (DC) [32]. The mode of suppression by Treg cells has not yet been
identified unequivocally on a molecular level, but in vitro it seems to be cell
contact dependent and cytokine independent [33]. Potential mechanisms that
have been proposed include membrane-bound TGF-� [34], CTLA-4 [35],
transfer of cAMP from Treg to Tconv cells via gap junctions [36], generation
of adenosine by CD39 and CD73 expressed on the Treg cell surface [37], contact
dependent induction of ICER/CREM in target T cells [38], competitive IL-2
consumption [39], induction of cytokine deprivation-mediated apoptosis [40],
and even cytolysis via granzyme B and perforin [41]. Considering the diversity
of the proposed cellular and molecular mechanisms, it seems likely that Treg
cells suppress by different pathways depending on the target cell and the
respective microenvironment. Treg cell-mediated suppression in vivo has been
shown to occur in lymphoid as well as in non-lymphoid tissues [42]. In lymph
nodes, Treg cells suppress the activation, proliferation and export of Tconv cells
and thereby inhibit the initiation of an immune response [43]. Apart from direct
Treg–Tconv cell interactions, indirect Treg cell effects contribute to suppression
at those sites, such as themodulation ofDC function [44, 45]. At extralymphatic
sites of inflammation, suppression seems to depend predominantly on the
secretion of suppressive cytokines, e.g., IL-10 and TGF-�, which inhibit effec-
tor cell function, block the recruitment of additional effector cells, or even
convert Tconv cells into suppressor cells [46–49].

7.1.2 Peripheral Induction of Treg and Th17 Cells

In addition to ‘‘natural’’ CD4+CD25+Foxp3+ Treg cells that develop in the
thymus, T cells with suppressive capacity can also be generated by peripheral
induction. Stimulation of CD4+CD25– Tconv cells in vitro or in vivo in the
presence of IL-10 induces their differentiation to so-called Tr1 cells. In contrast
to natural CD4+CD25+ Treg cells, Tr1 cells do not express Foxp3 and mediate
their effects via secretion of immunosuppressive cytokines,mainly IL-10; they have
been reviewed in detail elsewhere [50]. In addition, the groups of Wahl and Ziegler
in 2003 both described the conversion of naı̈veCD4+Tconv cells toFoxp3-expressing
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cells with suppressive activity if stimulated in vitro in the presence of TGF-� [3, 51].

Since then a number of reports confirmed the generation of ‘‘induced’’ or ‘‘converted’’

Treg cells in vitro (especiallywith cells of humanorigin), but also in vivo under defined

experimental conditions in mice. However, there is still considerable debate about the

stability of such an induced regulatory phenotype [52, 53], the suppressive activity of

those cells [54, 55], and most importantly, the relevance and frequency of this devel-

opmental pathway in vivo [56]. Yet, recent work from the groups of Powrie and

Belkaid convincingly showed that in the gastrointestinal tract and its associated

lymphoid tissue, extrathymic Treg cell development is a frequent process that depends

on the presence of TGF-� and the vitamin A metabolite retinoic acid (RA) and is

supported by a subpopulation ofmucosalDC that expresses high levels of CD103 [57,

58]. Likewise, Benson et al. demonstrated that the addition of RA to T cell cultures

stabilized the TGF-� induced Treg phenotype and made the cells refractory to

reversion in vivo [59]. These findings suggest thatTGF-� is necessary but not sufficient

for a stable Tconv to Treg cell conversion and that additional factors such as the

presence of specialized DC populations or the particular microenvironment also

influence the final developmental fate of Tconv cells.
The finding that addition of IL-6 to T cell conversion cultures completely

abrogates Treg induction but supports the differentiation of T cells towards a

Th17 phenotype further supports these conclusions [60–64]. Th17 cells produce

two of the six members of the IL-17 cytokine family (IL-17A and IL-17F) [65]

and in analogy to T-bet for Th1, GATA-3 for Th2 and Foxp3 for Treg cells,

their development depends on the presence of a master transcription factor,

ROR-gt [66] (Fig. 7.2). Whereas IL-1 and TNF further support Th17 cell

development but do not induce them on their own [62], the combination of
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Fig. 7.2 Differential development of Treg cells and Th17 cells. TGF-� is present during the
differentiation of naı̈ve T cells to both the Th17 pathway and the inducible Treg cell pathway
(iTreg cells). The presence or absence of IL-6 appears to represent the key factor in the
differentiation of Th17 and Treg cells, respectively. iTreg cells express the master
transcription factor Foxp3, whereas Th17 cells express the ROR-gt transcription factor. Th17
cells are also characterized by their dependence upon the STAT3 and SMAD signalling
pathways and their relatively unique secretion of IL-17A/F, IL-21 and IL-22; in contrast,
iTreg cells can be further characterized by their preferential secretion of TGF-� and IL-10
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TGF-� and IL-21 suffices for this task, as shown in IL-6–/– mice [67]. In contrast
IL-23, which was originally also regarded a Th17 differentiation cytokine, is
now known to be required mainly for Th17 cell survival and function, but not
for their de novo induction from naı̈ve T cells [68]. Physiologically, Th17 cells
protect from Gram-negative bacteria and fungi, but they also contribute to
autoimmune diseases under pathological conditions [65]. Th17 cells have potent
proinflammatory activity and activate and recruit other effector cells, especially
neutrophils and Th1 cells, by inducing an array of cytokines and chemokines,
such as IL-6, IL8, G-CSF, GM-CSF, CXCL1 and CXCL10 in various target
cell populations, including endothelial and epithelial cells, neutrophils, macro-
phages and DC [65, 68].

In summary, TGF-� seems pivotal for the induction of presumably opposing
cell types such as Treg and Th17 cells and it is intriguing to speculate that a pro-
inflammatory immune response simultaneously triggers its own termination
under physiological conditions. The contribution of induced Treg and Th17
cells to the pathophysiology of graft-versus-host disease (GvHD) has not yet
been fully examined in appropriate animal models.

7.1.3 Evaluation of Natural Treg Cells in Experimental Models
of Bone Marrow Transplantation

CD4+CD25+ Treg cells do not mediate pro-inflammatory effects but actively
suppress the proliferation of CD4+ and CD8+ Tconv cells in mixed lympho-
cyte reactions. These functional characteristics prompted several groups to
explore their suppressive activity in murine models of allogeneic hematopoietic
stem cell transplantation (HSCT). When cotransplanted with T-cell depleted
bone marrow, donor-type Treg cells did not induce GvHD even when trans-
planted in large numbers and across complete MHC barriers. Yet, their
cotransplantation in high ratios (1:1 or 1:2) with either CD4+ or CD4+ and
CD8+ Tconv cells protected mice from lethal GvHD that was otherwise
observed in Tconv cell recipients [43, 69, 70]. Both freshly isolated polyclonal
Treg cells as well as pre-activated and in vitro expanded donor Treg cells
protected from GvHD, while Treg cell depletion from a conventional stem
cell graft aggravated GvHD [70–73]. Inhibition of GvHD by Treg cells was
observed after minor mismatched, selectively MHC class II mismatched, and
even after completely MHC mismatched transplantation. Furthermore, Treg
cells prevented GvHD induction in CD4- and CD8-dependent disease models
and clinical effects ranged from reduced body weight loss and prolonged mean
survival time to full protection from GvHD lethality. Only donor, but not host
Treg cells were protective [69] and Treg cell-derived IL-10 partially contributed
to this effect, as Treg cells from IL-10-deficient donor mice showed diminished
capacity to inhibit GvHD lethality [69]. The target cell populations for this IL-10
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effect are thus far unknown, but the modulation of antigen presenting cell
function probably plays a role, as previously also shown for models of autoim-
munity [74]. As Treg cells are only suppressive after their own activation, Nguyen
and coworkers hypothesized that the protective effect might be enhanced if Treg
cells were pre-stimulated in vivo before their encounter with GvHD-inducing
Tconv cells.WhenTreg cells were infused 48h prior toTconv cells, full protection
from GvHD was in fact achieved even at physiological ratios of Treg cells to
Tconv cells (1:10) [75]. Thus, the composition of a stem cell graft as well as the
temporal activation of suppressor and effector T cell populations seems to
determine the outcome after allogeneic HSCT. Importantly, the suppressive
activity of cotransplanted Treg cells did not impair but rather facilitated stem
cell engraftment in models of allograft rejection [76, 77]. Furthermore, addition
of Treg cells to the bonemarrow graft did not impair but rather fostered immune
reconstitution after transplantation [78, 79]. Improved immune reconstitution in
Treg cell recipients was probably a consequence of diminished lymphoid tissue
destruction in GvHD-free animals. The relevant site for suppression of Tconv
cells by Treg cells in the induction phase ofGvHDseemed to be lymphoid organs,
as only Treg cells with lymph node homing capacity efficiently protected from
GvHD. This was shown in experiments where Treg cells were separated with
respect to their CD62L expression that, in combination with other homing
receptors, ensures their efficient entry into secondary lymphoid organs. Although
the suppressive activity in vitro did not differ between CD62L– and CD62L+

Treg cells, the latter showed enhanced lymph node migration and superior
protection in GvHD models [80, 81]. Thus, cotransplanted Treg cells seem to
become primed and activated at the same sites as GvHD-inducing Tconv cells
and probably respond to the same residual host antigen-presenting cells (APC)
[82]. In later stages, Treg cells leave these lymphoid priming sites and home to
GvHD target tissues where they contribute to long lasting protection [83]. The
similar migration pattern of donor Treg and Tconv cells has recently been
confirmed in elegant in vivo imaging studies [75].

When the protective effect of donor Treg cells in GvHD was first examined,
it was shown that the rapid proliferative response of alloreactive Tconv cells
was inhibited, thereby impairing the massive donor T cell infiltration of the gut
that is a hallmark of GvHD induction and mainly responsible for GvHD
lethality in these models. Of note, donor Tconv cells re-isolated from transplant
recipients that did or did not receive additional Treg cells expressed similar
patterns of activation markers, secreted the same pro-inflammatory cytokines,
and responded similarly to alloantigens after in vitro re-stimulation [43]. Thus,
Treg cells protect from GvHD primarily by confining the clonal size of the
alloaggressive T cell pool rather than by deletional mechanisms or the induction
of anergy in Tconv cells. Whether alloreactive Tconv cells, restricted in their
clonal expansion by cotransplanted Treg cells, were still able to mediate graft-
versus-leukemia/lymphoma effects (GvL) was examined in several tumor mod-
els. Not unexpectedly, low numbers of cotransplanted Tconv cells were unable
to eradicate residual disease. However, Treg cell therapy permitted the
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administration of sufficiently high Tconv cell numbers for the eradication of
residual leukemia even in the absence of GvHD [43, 73]. Thus, Treg cell
transplantation does not induce complete immune paralysis. Rather, Treg
cells restrict the alloresponse to its most sensitive target, namely residual host
hematopoiesis, while inhibiting excessive Tconv cell proliferation, GvHD target
organ infiltration and destruction.

Most of the studies cited above explored the adoptive transfer of donor Treg
cells for GvHD prophylaxis, but not their therapeutic application. Yet, Jones
et al. observed protection from GvHD even after delayed transfer of Treg cells
in a slowly progressive GvHDmodel [73]. Although not yet confirmed by other
groups, these observations suggest that Treg cells not only prevent alloaggres-
sion after HSCT, but might even ameliorate ongoing GvHD, as previously also
shown for the treatment of autoimmunity [84].

Important findings regarding the immune modulating influence of Treg cells
reconstituting from the transplanted bone marrow came from the groups of
Johnson and Truitt. Initially, these investigators described an increased host
tolerance towards donor T cell infusions after hematopoietic reconstitution
(3–4 weeks after HSCT) as compared to T cell administration on the day of
HSCT [85]. In follow up studies, they discovered that the reduced susceptibility
for the induction of GvHDwas not only the result of diminished tissue inflamma-
tion late after conditioning, but in large parts mediated by bone marrow-derived
CD4+CD25+ Treg cells [86, 87]. Thus, the successful thymic maturation of Treg
cells seems to contribute to long-term tolerance not only in ontogeny (as seen in
scurfy mice), but also after allogeneic HSCT.

7.1.4 Evaluation of Treg Cells in Human Hematopoietic Stem Cell
Transplantation

Encouraged by the findings in murine HSCT models, several groups examined
the influence of Treg cells on the outcome of hematopoietic stem cell transplants
in humans. For this purpose, absolute numbers and relative proportions of
Treg cells in stem cell grafts and/or the quantitative reconstitution of the Treg
cell compartment after transplantation have been correlated with the incidence
and severity of acute and chronic GvHD. Initially, Stanzani et al. described that
high numbers of CD25+ T cells in the graft actually increased the risk for
GvHD [88]. However, these initial studies were hampered by technical pro-
blems caused by the use of previously frozen stem cell samples and the lack of
antibodies for the determination of Foxp3. Indeed, subsequent studies by
several other groups found an inverse correlation between the number of
transplanted Treg cells and incidence of acute GvHD [89–91]. Interestingly,
two clinical trials exploring CD25-targeted antibodies for the elimination of
allo-activated T cells were halted due to an unexpected high incidence of GvHD
in a prophylaxis study [92] and adverse outcome after the combined
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administration with steroids as first line treatment for acute GvHD [93]. In
these reports, the authors speculated that the unintended depletion of Treg cells
might have contributed to the unexpected outcome. Of course, none of these
correlative studies ultimately proves that Treg cells ameliorate acute GvHD in
human HSCT, but they do support the hypothesis that cotransplanted Treg
cells may contribute to mutual tolerance induction.

Studies that examined the reconstitution of the Treg cell compartment after
SCT came to controversial conclusions. Miura et al. found decreased Foxp3
message by quantitative PCR in peripheral blood of acute and chronic GvHD
patients as compared to transplant recipients without GvHD. Furthermore,
diminished Foxp3 expression correlated with reduced T cell receptor excision
circles (TREC), indicating that impaired thymic function was associated with a
lack of Treg cell generation [94]. This observation is consistent with the notion
that GvHD-induced thymic damage might further perpetuate GvHD by inhi-
biting recovery of the Treg cell compartment. While several other groups also
observed an inverse correlation of Treg cell numbers in host peripheral blood
and the incidence of acute GvHD [95, 96], others did not find such an associa-
tion [97, 98]. Yet, an imbalance between Treg and effector T cells in patients
with GvHD has been described by some investigators [97], and Rieger et al.
found a deficiency of Treg cells in the gut of affected GvHD patients, but not in
patients with other types of colitis [99]. Association of Treg cell numbers with
chronic GvHD has been highly variable, with different studies describing
increased Treg cell numbers [100], decreased Treg cell numbers [101], or no
apparent association of Treg cell numbers [102] with chronic GvHD. Although
these studies are not directly comparable due to different patient selection
criteria and experimental methods, they illustrate that larger monitoring trials
using standardized techniques and identification criteria are required to eluci-
date the influence of Treg cell reconstitution on acute and chronic GvHD and
vice versa.

In our (biased) view, the data from mouse models and published clinical
trials suggest that the contribution of natural Treg cells to the modulation of an
alloresponse after allogeneic HSCT has to be evaluated separately for trans-
ferred versus regenerating Treg cells. Adoptively transferred Treg cells (and
thus maturated in the healthy donor) do not induce GvHD (as proven in mouse
models), but presumably recognize the same or a similar repertoire of host
antigens as GvHD-inducing Tconv cells. Since Treg cells are only suppressive
after their own activation, a high precursor frequency of alloreactive Treg cells
seems favorable for the suppression of GvHD. These assumptions predict that
donor Treg cells will be most efficient in transplant settings where they are most
desperately needed, that is, after HLA-mismatched or haplo-identical HSCT.
As most clinical studies concluded that HSC grafts containing high Treg cell
numbers are protective against GvHD, it seems reasonable to further explore
this strategy by transplanting Treg cell-enriched grafts either without pharma-
cological immunosuppression or under the cover of tolerance permissive drugs
such as sirolimus.
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The role of regenerating Treg cells after allogeneic HSCT seems more com-
plex. Evidently, the severe autoimmune syndrome seen in scurfymice and IPEX
patients reveals the pivotal role of Treg cells for the development and main-
tenance of self-tolerance in ontogeny, and there is no reason to believe that their
regeneration is dispensable for lymphoid reconstitution and tolerance induction
after HSCT. In mouse models, Treg cells regenerated from transplanted bone
marrow and matured in the host thymus ameliorated alloresponses after
delayed DLI [86, 87]. However, one limitation of such models is the absence
of prior acute GvHD, which is known to affect the thymus [103]. Thus, Treg
cell-mediated suppression inGvHDpatients could be disturbed due to impaired
Treg regeneration after thymic damage caused either by the conditioning regi-
men or by GvHD. Alternatively, thymic damage might perpetuate immune
dysfunction (manifesting itself as chronic GvHD) due to altered positive and
negative selection of both Tconv and Treg cells. In such a case, Treg cells might
not necessarily be protective in chronic GvHD, but may even contribute to
disease manifestation through the dysregulated secretion of cytokines such as
TGF-� or IL-10. If true, this might partially explain the controversial results
obtained in chronic GvHD patients, as functional characteristics of Treg cells,
dictated by their skewed TCR repertoire, might be more relevant than their
mere numbers in peripheral blood or GvHD target organs. Furthermore, it
should be kept in mind that chronic GvHD is not a single disease but has a
plethora of manifestations that might be differentially affected by Treg cells.
These issues remain to be examined in appropriate animal models.

7.1.5 Strategies and Challenges in Regulatory T Cell Research
and Therapy

Since human Treg cells show similar phenotypic, functional and molecular
characteristics as murine Treg cells, their adoptive transfer seems a promising
strategy for the prevention of GvHD after allogeneic HSCT. In fact, first
clinical trials are currently performed at our institution inRegensburg, Germany,
and at other institutions (University of Minnesota, Department of Pediatrics,
B. Blazar, personal communication) and in preparation at other sites (Stanford
School ofMedicine,Division of BMT,R.S.Negrin, personal communication). In
our clinical trial unmanipulated donor Treg cells isolated by magnetic bead
selection are administered in a setting of pre-emptive donor lymphocyte infu-
sions. Blazar and colleagues study in vitro expanded third party cord blood Treg
cells at the time of HSCT with concomitant pharmacologic immunosuppression.
Negrin and colleagues plan to use highly FACS-purified Treg cells in haploiden-
tical donor/recipient pairs. All these phase I clinical trials focus on safety
and feasibility issues and will not instantly reveal an efficacy of Treg cell
transfers for the prevention of GvHD. The different approaches, however,
illustrate some of the challenges associated with the translation of those
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concepts into clinical trials. Technical issues primarily relate to the isolation and

expansion of Treg cells. With GMP-compatible bead separation technologies,

Treg cells can be enriched to more than 50% purity. This seems sufficient for

their prophylactic use because it results in the administration of Treg cells and

Tconv cells at a 1:1 ratio [28] (PH & GE, unpublished results). However, 50%

purity is insufficient for potential therapeutic applications in GvHD patients or

for the in vitro expansion of Treg cells, as contaminating Tconv cells might

outgrow Treg cells after combined stimulation with anti-CD3 and anti-CD28

antibodies and high-dose IL-2. Godfrey and coworkers attempt to circumvent

this problem by using cord blood cells that presumably contain less activated

Tconv cells within the CD25+ T cell fraction [104]. Other investigators proposed

to expand Treg cells in the presence of rapamycin, which has been shown to

preferentially kill Tconv cells but spare Treg cells [105]. Alternative FACS-based

isolation strategies such as the exclusion of CD25+CD127+ T cells or sorting for

CD45RA+CD4+CD25high T cells significantly improve Treg cell purity, but are

in part limited by costs, as only few facilities are in possession of GMP-compa-

tible FACS-sorting equipment. Broader accessibility to such sorting technologies

can only be expected if pioneering trials undoubtedly prove a benefit and

industrial partners are willing to invest in this approach. The generation of

sufficient Treg cell numbers for clinical trials seems currently feasible, as GMP-

compatible expansion protocols have been developed [27, 106]. For this purpose,

we deliberately promote the use of polyclonal Treg cell products in allogeneic

HSCT trials even though others favor the use of alloantigen-specific Treg cells

[78, 107, 108]. In mouse models, in vivo selection of alloreactive donor Treg cells

from a polyclonal Treg cell pool was sufficient for prevention of GvHD. In

contrast, we would expect that donor Treg cells primed in vitro with host

peripheral blood mononuclear cells recognize predominantly hematopoietic

alloantigens, but not necessarily non-hematopoietic antigens that induce

GvHD in target tissues but are not permanently presented by recipient blood

cells. Thus, alloantigen-primed Treg cells might potently suppress the desired

graft-versus-hematopoiesis effect but lose TCR-specificities required for tissue-

specific GvHD inhibition; by comparison, polyclonally expanded Treg cells

should maintain all specificities. Yet, it remains to be seen whether polyclonal

cell products contain a sufficient frequency of alloreactive Treg cells for GvHD

inhibition, as most transplants in humans are performed between HLA-identical

donor/recipient pairs where the frequency of responding Treg cells is expected to

be lower than in the MHC-disparate mouse models used for proof of concept

studies. The administration of Treg cell products early after transplantation

might be advantageous in this setting, as lymphopenia of the conditioned reci-

pients might boost the in vivo expansion of reactive Treg clones [109]. The

peculiar ability of Treg cells to maintain expression of lymph node homing

receptors such as CD62L and CCR7 in culture suggests that their initial migra-

tion to and survival in lymphoid organs might not be affected by their prior in

vitro expansion [28, 106].
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More challenging than technical aspects concerning Treg cell isolation and
expansion is the identification of clinical situations that permit a stepwise
examination of the safety and efficacy of Treg cell therapies. Thus far, many
of the drugs used for conditioning and immunosuppression of transplant
recipients interfere with Treg cell function and survival. Because peripheral
tolerance is not only a passive process but an active accomplishment of the
immune system, protocols that do not interfere but favour Treg cell function
would be preferable. The observation that mTOR inhibitors affect Treg cells
less than calcineurin inhibitors is encouraging in this respect, as it suggests that
tolerance-promoting regimens could be developed. The ongoing efforts to
identify the differing signalling pathways in Treg and Tconv cells might ulti-
mately lead to the development of reagents that more specifically target either
alloaggressive or suppressive T cell populations. Such strategies could comple-
ment or even replace adoptive Treg cell therapies for the prevention of GvHD
after allogeneic HSCT.

7.2 Th2 Cells

7.2.1 Th1/Th2 Cell Biology

In 1986, Mosmann discovered dichotomous murine CD4+ T cell clones that
were antigen specific yet differentially secreted either IL-2 or IL-4 [110]. Eva-
luation of Th2 cell biology was facilitated by discovery of the key cytokines
promoting their development, IL-2 and IL-4 [111]; NK cells may link innate
immunity to adaptive T cell immunity via type I NK cell secretion of IL-4 that
subsequently promotes Th2 cell development [112]. Th2 cell polarization typi-
cally occurs in the context of clonal expansion via antigen-presenting-cell
(APC) interaction; APC costimulation through CD28 can certainly promote
Th2 polarization through induction of the Th2-specific transcription factor
GATA-3 [113], although Th1 responses are also typically promoted [114]. In
addition to IL-4 exposure in the antigenic microenvironment, it has been found
that a ‘‘DC2’’ subset of dendritic cells exist that promote Th2 responses through
a poorly understood, non-IL-4mechanism [115]; it is possible thatDC relatively
deficient in IL-12 secretion constitute a functional DC2 cell that promotes Th2
polarity through a ‘‘default’’ mechanism [116]. Th2 cell differentiation consists
of an initial ‘‘central memory’’ stage (TCM cells [117]) characterized by a favor-
able pattern of lymph node homing receptors, including L-selection (CD62L)
and the chemokine receptor CCR7, and limited effector function characterized
low level secretion of the primordial Th2 cytokine, IL-4. With further Th2
effector differentiation towards an effector memory (TEM) phenotype, down-
stream type II cytokines including IL-5, IL-10, and IL-13 are coordinately
upregulated [118]. The paradigm of cytokine-secreting subsets extends as well
to CD8+ T cells, which can exist as T cytotoxic type I cells (Tc1 cells) that
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secrete the type I cytokines IL-2 and IFN-g and mediate target cell lysis
primarily through fas ligand or Tc2 cells that secrete type II cytokines and
lyse targets primarily via a perforin-dependent mechanism [119, 120].

By comparison, Th1 cell differentiation occurs in an antigenic microenvir-
onment rich in IL-12, which is either provided by a DC1-type dendritic cell or
through IL-12 secreting NK type I cells [121]. Undifferentiated T cells express
the IL-12 receptor, which when triggered by IL-12, activates the STAT-1
signaling pathway that dictates expression of the Th1 hallmark transcription
factor, T-bet [122]. It should be noted that Th1 and Th2 cells differ not only with
respect to cytokine secretion and cytolytic effector mechanism, but also in terms
of chemokine receptor expression [123]; indeed, microarray experiments have
identified extensive differential gene expression in Th1 vs. Th2 cells [124].

Importantly, early in the period of Th1/Th2 research, it was found that these
subsets were cross-regulatory in murine models of infectious disease [125],
thereby providing a rationale for adoptive T cell therapy attempts using cyto-
kine polarized T cells. Of equal importance to translational research efforts was
the early description that human T cells also could exist in Th1 vs. Th2 polarized
states [126]. Cytokine polarization in humansmaymanifest differently or be less
robust relative to murine systems; for example, early studies identified the
existence of human Th1-type cells that also secreted high levels of the Th2
cytokine IL-10 [127]. Nonetheless, the basic tenets of Th2 cell biology hold
true for human CD4+ T cell development, with IL-4 priming and GATA-3
transcription factor expression dictating the coordinate secretion of multiple
Th2 cytokines [128]. Fig. 7.3 summarizes the basic aspects of Th1 vs. Th2
differentiation.

7.2.2 Th1/Th2 Balance in Transplantation Biology

7.2.2.1 Th2 Cells for GvHD Prevention

In murine models, the biology of acute GvHD has in general been characterized
as primarily a Th1-type process. That is, CD4+ T cell production of IL-2 [129]
and expression of CD40 ligand [130] play a key role in GvHD natural history;
importantly, CD40 ligand primes APC for IL-12 production, which then pro-
pagates Th1-driven acute GvHD [131]. Th1 cells also preferentially lyse targets
via fas ligand, which contributes to skin, gut, and liver GvHD [132, 133]. CD8+

T cells, which differentiate along a Tc1 pathway during acute GvHD, operate
through fas ligand cytolysis and high level IFN-g secretion, which primes
monocytes and macrophages for pro-inflammatory cytokine secretion [134]
that is a hallmark of the more distal, ‘‘cytokine storm’’ phase of acute GvHD
[135]. It should be noted that several results caution against strict interpretation
of acute GvHD as a Th1-driven process: Specifically, it has been shown that (1)
STAT-4 deficient T cells that are restricted in Th1 differentiation maintain
some GvHD potential [136]; (2) specific deletion of IL-2 or IL-4 secreting
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donor T cells can reduce GvHD [137]; and (3) IFN-g or IL-4 deficient donor T
cells can reduce or increase GvHD, respectively [138]. In contrast to these
results using cytokine- or signaling-molecule deficient donor T cells, adoptive
transfer experiments using wild-type, polarized donor T cells have found that
Th1 and Tc1 cells mediate increased GvHD relative to Th2 and Tc2 cells and
determined that Th2-type cells can actively down-regulate GvHD inducing
donor T cell inocula [139–142].

In summary, these data provide a rationale for using the adoptive transfer of
Th2 polarized donor T cells as a novel strategy to prevent GvHD. One addi-
tional important consideration is the potential influence of such an approach on
chronic GvHD; this is a relatively complex issue because of the inter-relationship

Fig. 7.3 Complexity of Th1 vs. Th2 polarization in vivo. (Point #1)Naı̈ve CD4+T cells (Th0)
interact with dendritic cells (D.C.) and receive positive signals via CD28 and down-regulatory
signals via CTLA-4; the D.C. receives positive signals via T cell expression of CD40 ligand
(CD154). D.C. maturation in environments rich in IFN-g vs. IFN-� promotes either aDC1 or
DC2 dendritic cell phenotype that promote Th1 or Th2 differentiation, respectively. (Point
#2) DC1 cell or type I NK cell secretion of IL-12 is required for Th1 polarization; in contrast,
DC2 cells (through an as yet to be described, non-IL-4 mechanism) or type II NK cell
secretion of IL-4 is required for Th2 polarization. (Point #3) IL-12 dictates Th1 cell acquisi-
tion of the T-bet transcription factor, whereas IL-4 dictates Th2 cell GATA-3 transcription
factor expression. Early in polarization, Th1 or Th2 cells express a T central memory
phenotype characterized in part by a limited repertoire of effector cytokine secretion. (Point
#4) With continued T cell expansion and differentiation, Th1 or Th2 cells express a T effector
memory phenotype typified by a high level secretion of diverse Th1 or Th2 cytokines
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between acute and chronic GvHD and the less understood biology of chronic
GvHD. In light of the known association of chronicGvHD toB cell-driven auto-
immunity [131], it is possible that Th2 strategies may exacerbate chronic GvHD.
On the other hand, if a Th2 strategy were to prevent acute GvHD damage to the
thymus, it is possible that an absence of forbidden clones and improved immune
reconstitution may limit chronic GvHD [143].

7.2.2.2 Th2 Cells to Balance GvHD and GvT Effects

In the setting of transplantation for therapy of malignant disease, it is essential
to also determine the effect of any given anti-GvHD strategy on graft-versus-
tumor (GvT) effects. Using the adoptive transfer of ex vivo generated, cytokine
polarized murine T cells, we found that dissection of GvT effects fromGvHD is
problematic using Th1 vs. Th2 cells. That is, in a murine model of leukemia, we
found that the anti-GvHD effect of Th2 and Tc2 cells was associated with
significant blunting of the post-transplant anti-tumor effect [141, 144]; in con-
trast, Th1 and Tc1 cells mediated potent anti-tumor effects at the expense of
lethal GvHD. Similarly, in a murine model of metastatic breast carcinoma, we
determined that Th1/Tc1 cells mediated potent GvT effects and lethal GvHD;
by comparison, Th2/Tc2 cells mediated greatly reduced GvHD but also limited
GvT effects. Such difficult dissection of GvHD and GvT effects points towards
their shared biology [145]. Additional lines of investigation have demonstrated
the importance of Th1-type effector molecules such as IFN-g and fas ligand in
anti-tumor responses that occur after allogeneic [146] or syngeneic transplanta-
tion [147].

In light of this biology, we have developed murine models of allograft
engineering that seek to provide a post-transplant balance of both Th1- and
Th2-type effector mechanisms such that some component of GvT effects can
occur through a Th1 mechanism with concomitant GvHD regulation via a Th2
mechanism. Because unmanipulated donor T cells primarily differentiate along
a Th1 pathway in vivo, such a balance may be induced through the augmenta-
tion of a T cell replete allograft with donor Th2 cells. We have also evaluated
whether it is possible to further dissect GvT effects from GvHD by a sequential
Th1!Th2 strategy that first incorporates unmanipulated donor T cell infusion
with subsequent administration of Th2 polarized donor T cells. Along these
lines, using ex vivo generated donor Th2 cells expanded in high-dose rapamy-
cin, we have recently found that Th2 cell allograft augmentation or the strategy
of delayed Th2 cell infusion can yield a GvT effect with concomitant or
sequential regulation of GvHD [148].

Two important principles derived from these experiments are of relevance to
current translational research efforts using adoptive T cell transfer. First, with
respect to Th2 cell expansion methods, we observed an inverse correlation
between the magnitude of Th2 cell cytokine production from the T cell product
just prior to infusion (Fig. 7.4a) and the resultant post-transplant capacity to
promote Th2 cytokines (Fig. 7.4b). Of note, in other studies, we have
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characterized rapamycin-generated Th2 cells as possessing a TCM effector

phenotype, including increased CD62 ligand expression [149], which is asso-

ciated with increased efficacy of adoptive T cell therapy [150], including Treg

cell prevention of GvHD [80, 81]. Second, the capacity of the Th2 cell product

to polarize towards Th2 cytokines post-transplant, and also to prevent GvHD,

was IL-4 dependent. This result indicates that IL-4 secretion capacity, perhaps

in the relative absence of a more diverse pattern of Th2 cytokine expression,

may represent the most important bio-marker for Th2 cell therapy products.

Such IL-4 dependency, in addition to our additional finding that rapamycin-

generated Th2 cells have nominal Foxp3 transcription factor expression, also

argues against a significant contribution from a Treg cell mechanism that may

be induced in some models by ex vivo rapamycin [151]. In fact, we have found

no evidence that rapamycin specifically induces the generation of Treg cells, as

we have been able to generate Th1, Th2, Tc1, and Tc2 cells in high dose

rapamycin that each mediates increased in vivo effects [149].
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Fig. 7.4 Inverse correlation between Th2 cell product cytokine production and in vivo
cytokine production. Murine Th2 cells were generated without ex vivo rapamycin (‘‘Th2’’)
or with ex vivo rapamycin (‘‘Th2 Rapa’’). CD4 cells were obtained from wild-type donors
(‘‘WT’’) or IL-4 knock-out donors (‘‘KO’’). Fig. 7.2a shows cytokine production from four
different Th2 cell products prior to in vivo administration, including the Th1 cytokines IL-2
and IFN-g and the Th2 cytokines IL-4, IL-5, IL-10, and IL-13. The rapamycin-generated Th2
cell product actually had reduced magnitude of Th2 cell cytokine secretion relative to control
Th2 cells. Fig. 7.2b shows in vivo cytokine production in murine recipients of semi-allogeneic
bone marrow (‘‘BM’’), and unmanipulated T cells (‘‘T’’) either alone or with one of four
generated Th2 cell products. Adoptive transfer of rapamycin-generated Th2 cells induced a
more potent shift towards the Th2 cytokines post-transplant; this in vivo effect was dependent
upon Th2 cell IL-4 secretion (Data from Foley et al. [148])
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7.2.2.3 Th2 Cells to Promote Engraftment with Reduced GvHD

Although clinical graft rejection is relatively uncommon, the host-versus-graft

reactivity (HVGR) that forms the biologic basis of rejection represents a major

barrier to the broader and safer clinical application of allogeneic HSCT, parti-

cularly in settings such as the aging cancer population, the use of reduced-

intensity conditioning regimens, and transplantation across increased donor/

host genetic disparity [152]. In practice, such HVG reactivity is mitigated by the

inclusion of unmanipulated donor T cells in the allograft and by utilization of

intensive preparative regimens that initiate GvHD and contribute to trans-

plant-related morbidity and mortality. As such, investigators have attempted

to define donor T cell subsets that abrogate HVGR with reduced GvHD;

such investigations have focused primarily on donor CD8+ T cells, including
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Fig. 7.5 Th2 cells for prevention of fully MHC-dependent graft rejection with reduced
GvHD. Results from a B6-into-BALB/c graft rejection model are shown (left panels); cohort
A is an engraftment control cohort, whereas cohorts B, C, and D received post-irradiation
host T cells to initiate graft rejection. Cohorts A, B, C, andD receiving hematopoietic stem cell
transplantation with: A (no further donor inocula); B (+ ‘‘control’’ donor Th2/Tc2 cells); C
(+ donor Th2/Tc2.R cells) and D (+ donor CD4+ Th2.R cells). At day 14 (a time point
where rejection controls had died), only the rapamycin-generated T cells were present in
significant numbers in the spleen, lymph node, and bone marrow; recipients of control Th2/
Tc2 cells rejected the graft, whereas recipients of Th2/Tc2.R or Th2.R cells achieved alloen-
graftment without lethal GvHD. As modeled in the right frame, Th2.R cells had inhibition of
targets down-stream to mTOR (4EBP-1 and S6), were resistant to fas- and granzyme-based
apoptotic stimuli, and expressed an anti-apoptotic pattern of bcl-2 family genes
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non-alloreactive or Tc2-type cells [153–155].More recently, the role of functional
subsets of donor CD4+ T cells in rejection abrogation has emerged in studies
involving Treg cells [76, 80] or most recently from our laboratory, rapamycin-
expanded Th2 cells [156]. Several important points can be derived from this latter
work, which are illustrated below in Fig. 7.5. First, in this model of fully MHC-
disparate graft rejection, the capacity of the ex vivo generated donor T cells to
prevent graft rejection was associated with the donor T cell capacity to persist
in vivo: polarized T cells generated ex vivo in rapamycin, in particular, the CD4+

Th2 cell subset, had a marked degree of expansion and persistence in vivo and
were highly efficacious in the prevention of rejection [156]. Second, as modeled in
Fig. 7.5 (right panel), we found that Th2 cells generated in rapamycin were
resistant to subsequent rapamycin exposure and also manifested a multi-faceted
resistance to apoptosis that was associated with marked alteration of the bcl-2
family gene expression, including up-regulation of anti-apoptotic bcl-xl and
down-regulation of pro-apoptotic BIM and BID. In sum, these data indicate
that Th2 cells demonstrate great potential for the promotion of engraftment with
reduced GvHD, and indicate that Th2 adoptive cell therapy efforts should focus
on the manufacture of T cell products with an enhanced capacity to persist in
vivo, such as T cells exposed to high-dose rapamycin.

7.2.2.4 Recent Advances in Th2 Cell Therapy

In 1999, we initiated the first clinical trial of allogeneic Th2 cell therapy at the
Experimental Transplantation and Immunology Branch, Center for Cancer
Research, National Institutes of Health. The results from this trial have recently
been published [157]. This protocol represented a clinical translation of our
murine experiments using the technique of Th2 cell allograft augmentation:
That is, subjects received both the full complement of donor T cells contained
within the G-CSF mobilized, HLA-matched sibling, hematopoietic stem cell
product and the ex vivo generated donor Th2 cells. Transplantation was per-
formed after host immune ablation with fludarabine-containing outpatient
induction and inpatient preparative chemotherapy. In this first-generation clin-
ical trial, Th2 cells were manufactured by the following method: (a) CD4+ cells
were isolated by steady-state lymphopheresis and subsequent elutriation and
negative selection; (b) CD4+ cells were costimulated both at day 0 of culture
and also for a second time at approximately day 12 of culture; and (c) T cells were
expanded in the presence of IL-4 and IL-2 (no rapamycin). The resultant T cell
product was partially shifted towards a Th2 phenotype relative to culture input
donor CD4+ T cells; however, such polarization was relatively incomplete
relative to the extreme polarity that can be achieved in murine models. Donor
Th2 cells were transfused in a phase I dose escalation manner at 5, 25, or
125� 106 Th2 cells per kg recipient body weight with n=3, n=19, and n=6
subjects in each cohort, respectively; there were no apparent clinical toxicities
attributable to the Th2 cell infusion. Post-transplant immune monitoring deter-
mined that Th2 cell recipients expressed a mixed pattern of both Th1 and Th2
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cytokine production post-transplant. However, relative to a protocol control

cohort that did not receive Th2 cells, monocyte inflammatory cytokines IL-1-�
and TNF-�were not reduced in Th2 cell recipients; in addition, acuteGvHDwas

not significantly reduced inTh2 cell recipients. In sum, these results demonstrated

the feasibility, safety, and apparent biologic activity of Th2 cell allograft aug-

mentation, yet also identified the need for further improvements in this strategy if

the goal of improving transplant outcomes might be realized.
In parallel with this first-generation clinical trial implementation, we deter-

mined that murine Th2 cells generated in high-dose rapamycin were more

effective than control Th2 cells relative to in vivo cytokine-polarization capacity

and with respect to prevention of acute GvHD [148]. In light of these murine

results, we developed a clinical-scale manufacturing method for the generation

of human Th2 cells in rapamycin (see Fig. 7.6). This method has several

potential advantages relative to our initial method. First, Th2 cells are gener-

ated after a single-round of costimulation, which greatly increases the feasibility

of the culture method; after only 12 days in culture, contamination with the

Th1-type cytokine IFN-g is relatively nominal. In addition, because of the

+ Rapamycin

CD4

CTLA-4

Donor
CD4

+ IL-4

+ IL-2

CD3
CD28

FDA IND Application 

1

10

100

1000

10000

100000

0 5 10 15 20

* *
*

*
* * *

Th2 

Th2.rapa

Days In Culture

T
h2

 C
el

l Y
ie

ld
 (

x 
10

6 )

0

10000

20000

30000
IFN-γ

- +- +
**

0

500

1000

1500

2000

2500

3000
IL-4

(p
g/

m
l)

- Th2 Culture

+ Th2.rapa Culture

Fig. 7.6 Ex vivo generation of donor Th2 cells in high-dose rapamycin. [Top panel] In the
current clinical trial evaluating Th2 cell allograft augmentation, Th2 cells are generated by: (a)
CD4+ T cell positive selection by Miltenyi1 device; (b) costimulation by tosyl-activated
magnetic beads conjugated with anti-CD3 and anti-CD28 antibodies; and (c) expansion in
the presence of IL-4, IL-2, and rapamycin (1mM). The T cellmanufacturingmethod and clinical
protocol are submitted to an Investigational New Drug (IND) application file with the U.S.
Food and Drug Administration (FDA). [Lower left panel] Expansion of Th2 cells in rapamycin
yields one- to two-log reduced yield relative to Th2 cells not expanded in rapamycin; however,
CD4 isolation froma 5–10 l steady state apheresis product is typically sufficient to allowTh2 cell
therapy at a dose of 2.5� 107 Th2 cells per kg recipient body weight. [Lower right panel] At the
end of culture, rapamycin-generated donor Th2 cells have reduced cytokine secretion relative to
control Th2 cells, particularly with respect to the Th1-type cytokine IFN-g
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reduced time in culture, the Th2 cells express a more ‘‘central memory’’ differ-
entiation status including up-regulation of molecules such as CD62L and
CCR7. The method has the potential disadvantage of greatly reduced T cell
expansion in rapamycin; however, CD4+ cell harvest from a 5–10 l apheresis
product typically will allow Th2 cell therapy at the intermediate dose estab-
lished in our initial Th2 cell clinical trial, 2.5� 107 Th2 cells/kg. This second
generation Th2 cell clinical trial, in addition to evaluating a new method of Th2
cell manufacture, is also evaluating a new post-transplant GvHD chemopro-
phylaxis regimen consisting of cyclosporine plus a short-course of sirolimus
(through day 14 post-transplant). This regimen was chosen because our murine
experiments determined that Th2 cells generated in rapamycin were relatively
resistant to inhibition by post-transplant rapamycin therapy.

Because rapamycin has been associated with the preferential expansion of
Treg cells [151], one important issue is to evaluate the potential contribution of
Treg cells to any observed effect of Th2 cells generated in rapamycin. On this
point, we have evaluated Th2 cells generated with or without rapamycin for
their expression of the Foxp3 transcription factor. As Fig. 7.7 shows, we have
found a nominal level of expression of this Treg cell marker in both popula-
tions, with only a modest increase in Th2 cell Foxp3 expression with high-dose
rapamycin exposure.

Because both Th2 cells and Treg cells represent candidate populations capable
of improving the therapeutic index of allogeneic T cell therapy, understanding the
mechanism(s) of action of each population and determining the potential inter-
action of these two cell populations is an important research goal. Toward this
end, we have initiated murine experiments in the setting of Th2 cell therapy of
established GvHD (see Fig. 7.8). In the murine system, the rapamycin-generated
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Fig. 7.7 Th2 cells have nominal expression of the Treg cell transcription factor, Foxp3. Donor
Th2 cells were generated by costimulation in the presence of IL-4 and IL-2 either with
rapamycin (1mM) or without rapamycin. At day 12 of culture, cells were evaluated by flow
cytometry for surface CD4 expression and intra-cellular expression of Foxp3
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Th2 cell product is nominally ‘‘contaminated’’ by Treg cells (typically< 1%of the
population expresses Foxp3). Therefore, we determined the effect of adding Treg
cells to the Th2 cell product, with a Treg to Th2 cell ratio of 1:10. Remarkably,
addition of this relatively low-level of natural Treg cells nearly completely abro-
gated the capacity of Th2 cells to yield a post-transplant Th2 cytokine phenotype,
and also abrogated the ability of Th2 cells to improve survival in this model of
established GvHD. This result suggests that Treg cell contamination does not
contribute greatly to the Th2 cell effect, and that depletion of Treg cells fromTh2
cell products may represent a strategy for further improving the potency of Th2
cell therapy; importantly, it has been previously observed that Treg cells can
potently suppress Th2 responses [158].

7.3 Strategies and Challenges in Th2 Cell Research and Therapy

7.3.1 Biology

Over 20 years ago, Dr. William Paul described a soluble T cell factor (IL-4) that
promoted B cell antibody responses and subsequently became known as the
primordial Th2 cytokine that, along with IL-2, primed for the full spectrum of

Transplant Components

Host Donor
Post-BMT Cytokine Production

Cohort # Tumor BM T Cells Th2 Cells IL-2 IFN- IL-4 IL-10

1 - + - - 2 + 0.4 2 + 0.4 4 + 1 2 + 1

2 + + - - 1 + .1 1 + .1 9 + 0.4 3 + 0.5

3 + + + - 11 + 4 388 + 55 67 + 10 26 + 7

4 + + + Th2.R 12 + 4 83 + 5** 497 + 47** 160 + 33**

5 + + + Th2.R
(10% Treg)

7 + 2 230 + 40 100 + 15 27 + 8

Fig. 7.8 Exploring the inter-relationship between Th2 cell and Treg cell therapy of GHVD. A
murine model of established GvHD was utilized (B6 donor-into-lethally irradiated BALB/c
hosts). Cohorts 1 to 5 received donor bone marrow either alone or in combination with
GvHD-inducing donor splenic T cells; at day 14 post-transplant, at a time of severe acute
GvHD, cohorts 4 and 5 received additional donor Th2 cells generated ex vivo in rapamycin
(Th2.R cells). Cohort 4 received 10� 106 Th2 cells, whereas cohort 5 received 9� 106 Th2 cells
and 1� 106 donor splenic Treg cells (non-expanded Treg cells). At day 19 post-transplant
(5 days after Th2 cell infusion), splenic T cells were harvested (n=5 per cohort) and a 24-h-
supernatant was generated by T cell activation with host dendritic cells. As this figure shows,
GvHD controls (cohort #3) had primarily T cell IFN-g secretion; day 14 Th2 cell therapy
(cohort #4) greatly reduced post-transplant IFN- g, and greatly increased production of the
Th2 cytokines IL-4 and IL-10. Remarkably, addition of only 10% natural Treg cells greatly
reduced the capacity of Th2 cells to polarize the post-transplant cytokine phenotype. (Data
presented by Foley et al. [159])
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Th2 cytokine secretion, including IL-5, IL-10, and IL-13. Remarkably, these
observations regarding the central role of IL-4 still represent the most impor-
tant tenet of Th2 cell biology. Of course, a great deal of information has been
garnered since these origins of the field. One of the more important advances
relates to the association of the GATA-3 transcription factor with the Th2 cell
program, in contradistinction to t-bet for Th1 cells, Foxp3 for Treg cells, and
ROR-g for the newly described Th17 cells. Interestingly, it has recently been
shown that T cell notch signaling can promote GATA-3 expression in an IL-4
independent manner, thereby providing a potential pathway for an initial burst
of IL-4 production that subsequently sustains the Th2 pathway [160]. Ongoing
research in CD4 cell fate decisions based on differential transcription factor
expression will certainly help elucidate the role of CD4 cell subsets in transplant
biology.

A second important issue with instant clinical implication relates to the
in vivo immune modulation effects of rapamycin (sirolimus) in terms of the
balance of Th1, Th2, and Treg cells. It has long been known that Th1/Tc1
cells are preferentially inhibited during rapamycin post-transplant therapy,
thereby leading to a Th2 bias [161]. On this point, we have recently found
that even Th1/Tc1 cells rendered resistant to rapamycin in vitro are highly
susceptible to rapamycin in vivo; this observation is consistent with the
possibility that rapamycin inhibition of Th1/Tc1 cells may be indirect
through modulation of APC, such as reduction in IL-12 production [162].
Of note, rapamycin, but not cyclosporine, is permissive for Treg cell
inhibition of experimental GvHD [163]. Finally, a third area of recent
research relates to the biology of adoptive T cell therapy, with the realiza-
tion that there exists an inverse correlation between the magnitude T cell
product effector function relative to subsequent in vivo efficacy because
T central memory effectors appear to represent an advantageous subset
relative to T effector memory cells [80, 81, 149, 150].

7.3.2 Therapeutic Issues

The current climate seems promising for investigators to bring Th2 or Treg cell
therapies to clinical fruition: There exists a detailed understanding of the
biology of Th1, Th2, and Treg cells; feasible methods have been developed to
activate and expand T cells ex vivo; and there is an improved understanding of
the T cell differentiation characteristics that translate into improved in vivo
efficacy after adoptive transfer. Having said this, numerous challenges still
await this burgeoning field of research. First, from a practical standpoint, it is
imperative that a full repertoire of reagents such as monoclonal antibodies for
cell selection, and cytokines and costimulatory molecules for cell activation and
propagation be available in clinically relevant grade and scale. Second, further
knowledge from murine pre-clinical models will provide rationales for clinical
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trial design. Specifically, such studies should further delineate optimal combi-
nations of pharmacologic immune modulation agents with T cell products;
hopefully, advances in cell therapy will facilitate reduced reliance upon conven-
tional immune suppressive therapies. It will be crucial to further identify the
differential mechanism(s) of candidate populations such as Treg cells and Th2
cells, with an eye towards evaluating whether such subsets may operate in a
synergistic or antagonistic manner. Advances in the understanding and model-
ing of acute vs. chronic GvHD will be essential to improve the odds that a
particular T cell therapy may prove efficacious for a given GvHD biology.

7.3.3 Feasibility Issues

Adoptive T cell therapy using functionally defined T cell subsets must be both
efficacious and feasible. The efficacy issue in the allogeneic HSCT context has
been outlined: Such a T cell therapy must associate with a favorable balance of
GvT effect to GvHD or pro-engraftment effect to GvHD. Feasibility has
already been demonstrated in numerous pilot clinical trials of adoptive T cell
therapy. It is estimated that the cost of a patient-specific T cell collection,
isolation, and expansion is in the range of $10,000 (U.S.); if the product is
truly efficacious, it is quite likely that such an expenditure would be cost
effective relative to pharmacologic or other biologic interventions. Ongoing
research should seek to limit the donor-to-donor variability that can exist with
donor-specific therapies; it seems that the use of robust T cell expansion
methods such as antibody-based costimulation in preference to antigen-presenting-
cell methods represents one significant step in this direction. Alternatively, novel
transplantation strategies may be developed that utilize ‘‘off-the-shelf’’ T cell thera-
pies using universal donors.
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Chapter 8

Understanding and Enhancing the Graft-Versus-

Leukemia Effect After Hematopoietic Stem Cell

Transplantation

Jeffrey Molldrem and Stanley Riddell

8.1 Introduction

The graft-versus-leukemia (GvL) effect of allogeneic hematopoietic stem cell

transplantation (HSCT) was first identified by studies in mice showing that

transplanted leukemia could be cured by a lethal dose of total body irradiation

(TBI) and the infusion of allogeneic bone marrow to restore hematopoiesis.

Mice given TBI treatment but infused with syngeneic marrow almost always

succumbed to recurrent leukemia [1]. Initial efforts to use allogeneic HSCT to

treat human leukemia also gave intensive conditioning to kill malignant cells

and prevent rejection of the stem cell graft, but leukemia relapse has remained a

major cause of failure, particularly for patients transplanted for advanced

disease [2, 3]. It soon became apparent that the development of acute and/or

chronic GvHD was associated with a lower probability of leukemia relapse

[4, 5], confirming the prediction of murine studies that immunologic non-

identity between the donor and recipient would provide a GvL effect. The

development of registries enabled analysis of outcomes for large cohorts of

HSCT recipients with chronic myeloid leukemia (CML), acute myeloid leukemia

(AML), and acute lymphoblastic leukemia (ALL). These studies concluded the

GvL effect was associated with acute and/or chronic GvHD and that the risk of

leukemia relapse was higher for patients that received allogeneic T cell depleted

(TCD) or syngeneic HSCT than for patients that received unmodified allogeneic

HSCT [6–9]. A reduction in relapse in CML and AML patients that did not

develop GvHDwas also observed, suggesting it might be possible to enhance the

GvL effect without GvHD [9]. While this goal has yet to be realized in clinical

HSCT, it has been possible to exploit the GvL effect, and laboratory studies have

begun to elucidate mechanisms and identify targets that may augment GvL

activity.
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8.2 Donor Lymphocyte Infusions to Promote a GvL Effect

A role for donor class I MHC-restricted CD8þ and class II MHC-restricted
CD4þ T cells in allogeneic GvHD and GvL responses was demonstrated in
animal models and inferred from human studies in which T cells were depleted
from the graft to prevent GvHD [10]. TCDwas effective for GvHD prevention,
but the risk of relapse was higher compared with non-T cell depleted transplant,
particularly for leukemias that were most susceptible to the GvL effect [9, 11].
These findings led to efforts to augment the GvL effect in patients with
advanced leukemia by giving only a short course of post transplant immuno-
suppression, or administering a donor lymphocyte infusion (DLI) early after
HSCT. Unfortunately, these approaches resulted in a high incidence of grade
II–IV GvHD and an increase in non-relapse mortality [12].

Although DLI given early after HSCT caused severe GvHD, pioneering
studies by Kolb demonstrated that administering DLI later after HSCT could
induce durable remission in patients with relapsed CML with manageable
GvHD in most patients [13]. Subsequent studies in canine and murine allo-
geneic HSCTmodels confirmed that the DLI given late after HSCT caused less
GvHD [14, 15]. DLI is now a standard approach to treat relapse after allogeneic
HSCT, and several multicenter surveys have confirmed its efficacy for a variety
of hematologic malignancies [16–21]. DLI results in a durable compete remis-
sion in 75–80% of patients with relapse of chronic phase CML, and in 12–30%
of patients with advanced phase CML [16–20]. The response rate is 25–40% for
patients with relapse of AML or myelodysplastic syndrome, with the highest
response rates observed when DLI is given after cytoreductive chemotherapy
[22]. B-cell lymphoma, chronic lymphocytic leukemia (CLL), and Hodgkin
disease are susceptible to the GvL effect, and patients with relapse of these
malignancies can also respond toDLI. Themost disappointing results are in the
treatment of relapsed ALL where the 3-year-disease free survival is less than
15%, even if DLI is given after chemotherapy, providing further evidence that
ALL is particularly resistant to eradication by immune mechanisms [16].

8.2.1 Strategies for Reducing GvHD After DLI

The major complications of DLI are myelosuppression and GvHD.Myelosup-
pression is usually transient if there is persistent donor hematopoiesis prior to
therapy, and can be managed with transfusion support and hematopoietic
growth factors [23]. The infusion of additional donor hematopoietic stem cells
with DLI did not reduce the frequency of myelosuppression [24]. Grade II–IV
GvHD occurs in approximately 60% of patients treated with DLI, and con-
tributes significantly to morbidity and mortality [17–22]. In patients with
relapse of chronic phase CML where disease progression is slow and tumor
burden can be monitored, the infusion of escalating doses of DLI and then
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allowing 8–12 weeks to assess disease response before infusing a higher cell
dose, has reduced the mortality related to GvHD [25]. This strategy is difficult
to use in blast phase CML or acute leukemia because of the rapid tempo of
disease progression.

The introduction of a conditional suicide gene into donor T cells has been
employed to abrogateGvHDafter DLI. Conceptually, this strategy could allow
for the ablation of T cells that cause GvHD and retain the GvL effect if the
tumor was completely eradicated at the time the suicide gene was activated. The
herpes virus thymidine kinase gene (TK) confers sensitivity to ganciclovir and
was the first suicide gene used for this purpose. A phase I study in which DLI
modified to express TK was given to treat post transplant relapse or EBV
lymphoproliferative disease showed that ganciclovir was effective in reversing
GvHD [26]. The efficacy of TK gene therapy for reversing GvHD has been
confirmed in phase II studies [27]. A major limitation of the viral TK is that it
is immunogenic in humans, and immune competent patients develop a TK-
specific cytotoxic T cell response that prematurely eliminates TK-modified cells
and interferes with the GvL effect [28, 29].

Alternative suicide genes that encode modified human proteins such as
inducible Fas or caspase 9 that naturally signal programmed cell death have
been developed. The Fas or caspase 9 proteins are inactive until induced to
dimerize using a nontoxic synthetic drug [30, 31]. The Fas construct (termed
LV’VFas) was designed to contain a truncated cell surface human nerve growth
factor receptor (LNGFR) to facilitate selection of transduced cells, two copies
of FKBP modified at a single amino acid to provide a pocket for high affinity
binding of the dimerizer drug, and the intracellular domain of Fas. T cells
modified with either LV’VFas or with a caspase 9 vector undergo apoptosis
after exposure to the dimerizer drug in vitro and LV’VFas modified cells were
eliminated without toxicity in non-human primates [30]. Because the protein
components of these constructs are human, only fusion sites and the point
mutation in FKBP could potentially be immunogenic. The further evaluation
of suicide genes for controlling severe GvHD after HSCT is in progress in
haploidentical HSCT recipients [32].

8.3 Effector Mechanisms and Molecular Targets of the GvL Effect

The GvL effect can provide potent antitumor activity as demonstrated by the
success of DLI and reduced intensity conditioning (Chap. 9), but HSCT reci-
pients continue to have an unacceptably high rate of relapse, and current
approaches to HSCT remain incapable of enhancing the GvL effect and segre-
gating it from GvHD. A focus of laboratory research has been to elucidate the
mechanisms involved in the GvL effect and identify targets that might be used
to augment antileukemic activity without GvHD. A variety of immune cells
have been implicated in the GvL effect including NK and NKT cells [33–36],
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T cells that recognize recipient minor histocompatibility (H) antigens [37, 38],
and T cells that recognize nonpolymorphic leukemia associated antigens (LAA)
[39, 40].

8.3.1 NK and NKT Cells

NK cells are large granular lymphocytes that make up 3–15% of peripheral
blood lymphocytes, 5% of splenocytes, and approximately 25% of liver lym-
phocytes [41]. NK cells express IgG Fc-receptor IIIA (CD16) and the neural cell
adhesionmolecule (NCAM,CD56), but lack CD3 [42]. A distinguishing feature
of NK cells is the ability to lyse target cells without prior sensitization, and to
recognize cells that lack HLA or are HLA-mismatched [43]. The spontaneous
cytotoxicity of NK cells is critical for their role in the innate immune response to
pathogens. In contrast, T-cells must be exposed to antigens to be activated, and
expand and differentiate over a period of days [44]. The function of NK cells is
determined by the integration of signals from both inhibitory and activating
receptors including killer immunoglobulin receptors (KIRs) [45], which are
members of the immunoglobulin superfamily and bind to HLA-A, B, or C
molecules; natural killer group 2 NKG2/CD94 receptors that bind the non-
classical HLA-E, F, or Gmolecules [46–48]; and several activating receptors for
which ligands are still being elucidated [49].

A role for NK cells in a GvL effect in the absence of GvHD has been
established in the setting of haploidentical HSCT. The lack of appropriate
class I HLA molecules in the recipient to engage KIR receptors on donor NK
cells proved to be a highly independent predictor of survival in AML [36].
A similar effect was not observed in ALL suggesting that ALL cells must lack
a necessary activating ligand or adhesion molecule. The adoptive transfer of
NK cells to enhance antitumor effects has also been evaluated after haploiden-
tical HSCT. Transferred NK cells were able to expand in vivo when subcuta-
neous IL-2 was administered and 5 of 19 poor-prognosis AML patients treated
with haploidentical HSCT, IL-2 and NK cell infusion achieved a complete
remission [50]. Transferring autologous NK cells has not shown significant
antitumor activity [51], but the rapid recovery of NK cells after T cell depleted
HLAmatched HSCT correlated with improved outcome in AML, suggesting a
potential role for NK infusions in this setting [52].

NKT cells are a unique subset of CD3þ T cells that express the V�24 T cell
receptor (TCR) and recognize glycolipid antigens presented by CD1d, a non-
classical MHC molecule. CD1d is expressed on hematopoietic cells, including
circulating T and B cells, and professional APC [53–55], and is highly expressed
on myeloid and lymphoid leukemia cells [56, 57]. NKT cells can be activated by
stimulation with the glycolipid antigen �-galactosylceramide (�-GalCer),
which binds CD1d [58] and treatment with �-GalCer pulsed DC has shown
anti-tumor activity against a spectrum of solid tumors in murine models and
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humans [59, 60]. Imatinib-treated CML patients in complete cytogenetic
response were shown to have NKT cells capable of producing IFN-g, in con-
trast to patients in partial remission [61]. These data, in addition to prior reports
demonstrating CD1d expression by AML cells [57] provide a rationale for
pursuing �-GalCer pulsed DC for therapy of AML, including in the HSCT
setting.

8.3.2 T Cells Specific for Minor Histocompatibility Antigens

In the setting of allogeneic HLA matched HSCT, endogenous proteins in
recipient cells that differ from those of the donor can provide distinct HLA
binding peptides that serve as minor H antigens recognized by donor T cells,
and have been presumed to be primarily responsible for the GvL effect. Minor
H antigens may be ubiquitously expressed on cells and tissues, including those
involved in GvHD. However, some minor H antigens are preferentially or
selectively expressed by hematopoietic cells and have limited or absent expres-
sion in tissues that are targets of GvHD. In murine models of HSCT, the
adoptive transfer of donor T cells specific for a single minor H antigen that is
abundantly expressed on hematopoietic cells eradicated leukemia without caus-
ing GvHD [62]. This data has raised speculation that the tissue expression of
minor H antigens will enable the selection of targets for T cell therapy to
provide a GvL effect without GvHD.

Several characteristics of minor H antigens make them attractive targets for
immunotherapy to enhance the GvL effect. Because minor H antigens are
foreign to the donor, they elicit high avidity CD8þ and CD4þ T-cells and can
recognize tumor cells that might have reduced levels ofMHC. Human leukemic
stem cells (LSC), which are resistant to chemotherapy due to enhanced drug
efflux mechanisms, express minor H antigens and can be lysed in vitro and
eradicated in NOD/SCIDmice by CD8þ T cells that recognize a single minor H
antigen [63]. Leukemic cells express multiple minor H antigens, including those
that may be derived from proteins that are essential for cell function, which
should reduce the probability that leukemic cells could escape elimination by
loss of a single antigen or MHC allele. Finally, unlike targeting nonpoly-
morphic LAA where toxicity to normal tissues is a potential concern, targeting
hematopoietic restricted minor H antigens should not cause toxicity since the
goal of allogeneic HSCT is to replace recipient hematopoiesis with that of the
donor.

Several groups have derived minor H antigen-specific T cells from post
transplant blood of HSCT recipients, determined the recognition of cells
from various tissues, and identified the genes encoding minor H antigens
using a variety of methods [37, 64–69]. Most minor H antigens result from non-
synonymous single nucleotide polymorphisms (SNPs) in the coding sequence of
donor and recipient genes that alter the HLA binding or TCR contact of HLA
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bound peptides [64–67, 70–74]. There are approximately 7 million SNPs with an
allele frequency of >5% in the human genome, including approximately 50,000
SNPs that lead to amino acid changes in proteins [75]. Thus, it is likely only a
small fraction of the minor H antigens involved in immune interactions after
allogeneic HSCT in humans have so far been discovered.

8.3.2.1 HY Encoded Minor H Antigens

HSCT from a female donor into a male recipient is a special situation where
minor H antigens may be derived from genes encoded by the Y chromosome
that are polymorphic with their X-homologues. SuchH-Y antigens were among
the first minor H antigens to be identified in mouse and man, and exert a
surprisingly strong effect in human HSCT [76–78]. Compared with HSCT
between other donor/recipient gender combinations, HSCT from a female
donor into a male recipient is associated with increased GvHD and a reduced
risk of leukemic relapse even after controlling for GvHD [78]. In humans, there
are at least 15 Y chromosome genes that could encode minor H antigens and
epitopes recognized by T cells isolated from transplant recipients have already
been identified in six of these genes includingRPS4Y1,USP9Y,DDX3Y,UTY,
TMSB4Y, and SMCY [67, 73, 74, 76, 79–81]. The molecular identification of
individual epitopes has facilitated studies to examine the contribution of HY-
specific T cells to GvL and GvHD. CD8þ T cells specific for an HLA A2-
restricted epitope derived from the ubiquitously expressed SMCY protein cause
histologic changes of GvHD in a skin explant model, and expansion of these T
cells in vivo correlated with the onset of GvHD [77, 82]. CD8þ T cells specific
for an epitope presented by HLA B8 and derived fromUTYwere isolated from
a male recipient who did not develop GvHD after HSCT, and recognize male
hematopoietic cells including LSC but not nonhematopoietic cells [63]. UTY
transcripts are not entirely restricted to hematopoietic cells, but the absence of
GvHD suggests the level of gene expression in nonhematopoietic tissues may be
below the threshold necessary for T cell recognition of this antigen, or that the
frequency of UTY-specific T cells in this patient remained below the threshold
required to cause GvHD.

8.3.2.2 Autosomal Encoded Minor H Antigens

Autosomal genes that are selectively or preferentially expressed on hemato-
poietic cells and encode minor H antigens recognized by T cells have also been
discovered and could participate in GvL reactions in all donor recipient gender
combinations [64–66, 70, 71, 83]. There is persuasive evidence that several of
these hematopoietic lineage-restricted minor H antigens can be effective targets
for a GvL response. T cells specific for SP110 eliminate LSC in NOD/SCID
mice, and the expansion of HA-1, HA-2, and P2X5-specific T-cells has been
observed in the blood of patients that achieved a complete remission after DLI
[63, 71, 84].

192 J. Molldrem and S. Riddell



Despite the attributes of minor H antigens, several issues have impeded
efforts to target these antigens to enhance the GvL effect. It is essential the
recipient express the correct HLA molecule and be disparate for minor
H antigen expression with the donor, and the proportion of individuals that
meet these criteria is relatively small for the minor H antigens that are defined
currently [85]. The identification of additional hematopoietic lineage restricted
minor H antigens and determining how best to enhance T cell responses to
minor H antigens remain areas where additional investigation is necessary.
Most minor H antigen discovery has focused on CD8þ T cells but CD4þ

T cells are likely to play a key role either as direct effector cells in the GvL
response, or to support the function and persistence of CD8þT cells, and efforts
to define class II MHC-restricted minor H antigens are in progress.

8.3.3 T Cells Specific for Nonpolymorphic Leukemia
Associated Antigens

Nonpolymorphic proteins that are highly expressed in leukemic cells have been
shown to provide peptides that can be presented by class I and class II MHC
molecules to CD8þ and CD4þ T cells. There is increasing evidence that some of
these proteins can be immunogenic and that specific T cell responses can be
elicited by vaccination and have antileukemic activity, providing a potential
path for enhancing the GvL effect in HSCT recipients without GvHD.

8.3.4 BCR-ABL

Awidely studied leukemic antigen is the BCR-ABL protein in CML. The fusion
region encoded by the b3a2 or b2a2 translocation is unique in leukemia cells
containing the Philadelphia chromosome t(9;22)(q34;q11), and expression of
BCR-ABL is essential and sufficient for the development of CML. Peptides
derived from the fusion region were shown to bind toHLAmolecules, including
HLA-A2, A3, A11, and B8, and to elicit T cells in-vitro that recognize peptide-
pulsed target cells [86–90]. BCR-ABL-specific T cells were detected in the blood
of CML patients and in some healthy donors by tetramer staining [91–94]. The
presence of these tetramer positive cells was associated with a lower tumor
burden, suggesting that BCR-ABL-specific T cells may participate in disease
control. Immunity to b3a2 fusion peptides was elicited in 16 CML patients
treated with imatinib or interferon-alpha after vaccination in incomplete
Freund’s adjuvant. Cytogenetic responses, including two patients with com-
plete cytogenetic responses were observed in patients with demonstrable immu-
nity [95]. The use of additional treatments confounded analysis of a correlation
between the induced T-cell responses and the antitumor effect, but ongoing
trials should answer this important question.
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8.3.5 WT-1

The Wilms tumor gene (WT-1) encodes a zinc finger transcription factor
involved in apoptosis, cell proliferation, and organ development [96]. WT-1 is
overexpressed in many tumors including lymphoid and myeloid leukemias, and
is linked to leukemogenesis [97]. A number of putative HLA-binding peptides
have been documented within the WT-1 protein, some of which elicit a peptide
specific CTL response [98]. T cells engineered to express a WT-1 specific TCR
have antileukemic activity in vitro, and in NOD/SCID mice inoculated with
human leukemia [99, 100]. Recent work has also suggested that the emergence
of WT-1-specific T cells after HLA identical sibling HSCT for ALL correlates
with a GvL effect [40]. It remains to be determined if the responses that are
detected are responsible for the GvL effect or result from epitope spreading as a
consequence of destruction of leukemic cells by other mechanisms.

Efforts to elicit WT-1 specific T cells by vaccination in non-transplant
patients with advanced disease are providing increasing support for a direct
role of WT-1-specific T cells. WT-1-specific T cells were elicited in AML and
MDS patients following vaccination with an HLA A24-restricted WT-1 pep-
tide, and antitumor effects were correlated with the induction of these CTL
[101]. A CR was achieved in a single patient with relapsed AML who received
multiple vaccinations with an HLA A2-restricted WT-1 peptide plus the T
helper protein keyhole limpet hemocyanin (KLH) and GM-CSF [102]. More
recently, the results of a phase II trial of 16 HLA-A2-positive patients with
AML and one patient with MDS who received multiple vaccinations of WT-1
peptide with KLH and GM-CSF were reported. Twelve patients had elevated
blast counts at study entry and five patients were in CR with a high relapse
risk. In patients with elevated blast counts, six demonstrated evidence of anti-
leukemia activity; one patient achievedCR for 12months. Furthermore, tetramer
and intracellular cytokine staining demonstrated WT-1-specific T cell responses
in peripheral blood and bone marrow [103].

8.3.6 PR1

PR1 is an HLA-A201 restricted nonomer peptide (VLQELNVTV) that is
derived from the differentiation stage-specific neutral serine proteases protei-
nase 3 (P3) and neutrophil elastase (NE), which share 54% amino acid sequence
homology and are normally stored in primary azurophil granules of myeloid
progenitor cells [39]. The pre-pro-forms of both proteins contain a leader
peptide which traffics them to the endoplasmic reticulum (ER) for processing
[104, 105]. P3 andNE are aberrantly expressed inmyeloid leukemia (2- to 5-fold
higher versus normal cells) and rheumatologic disorders such as Wegener’s
granulomatosis and small vessel vasculitis [106–109]. The leukemogenic and
immunogenic properties of these proteins makes them ideal targets for the
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development of anti-leukemia immunotherapy. Indeed, there is now substantial
evidence that T cell immunity to PR-1 has antileukemic activity. PR1-specific
CTL that recognize and kill PR1 expressing HLA-A2 CML cells were detected
in 11 of 12 CML patients that responded to IFN-�2b therapy but were absent in
all seven non-responders [39, 110]. Similarly, PR1 specific CTL were detected in
six of eight patients with CML that responded to allogeneic HSCT, but were
absent in allogeneic HSCT patients who failed to respond.

Direct evidence for a role for PR-1 specific T cell immunity also comes from
vaccine trials. A Phase I/II vaccine study in patients with refractory or relapsed
myeloid leukemia combined PR1 peptide and GM-CSF in 15 CML and AML
patients with progressive disease. PR1-specific CTL, measured using PR1/
HLA-A2 tetramers, were detected in eight patients, five of whom obtained a
clinical response [111]. In a follow-up to this initial trial, a total of 66 patients
(AML, CML, and MDS) were treated with the PR1 peptide vaccine and
immune responses were noted in 58%, which correlated with clinical responses
including complete molecular remissions of t(15;17) AML, inv(16) AML, and
t(9;22) CML assessed by RT-PCR that persisted for up to 7 years [112]. The
effectiveness of peptide vaccination for inducing T-cell immunity and clinical
responses has been confirmed in a separate trial in which combined vaccination
withWT-1 and PR1 resulted in immune responses in eight of eight patients with
myeloid malignancies and a reduction of WT-1 RNA in some patients as a
marker of minimal residual disease [113].

8.3.7 RHAMM/CD168

The receptor for hyaluronic acid (HA) mediated motility (RHAMM/CD168)
has also been used as a target for vaccine therapy for AML. RHAMM is a
glycophosphatidylinositol (GPI)-anchored receptor that is involved in cell
motility [114]. In addition, it is oncogenic when overexpressed, is critical for
ras-mediated transformation [115], and has been reported in blasts of more than
80% of patients with AML, MDS, and multiple myeloma (MM) [116]. In a
phase I/II vaccine study, clinical and immunological responses were noted
following administration of RHAMM R3 peptide emulsified with incomplete
Freund’s adjuvant and GM-CSF to patients with AML, MDS, and MM over-
expressing RHAMM/CD168 [116].

8.4 Strategies for Augmenting GvL Responses Without GvHD

Progress in discovering polymorphic minor H antigens that are restricted to
hematopoietic lineage cells and nonpolymorphic LAA are providing new
opportunities to enhance the GvL effect after HSCT to reduce relapse. How-
ever, allogeneic HSCT using peripheral blood stem cells (PBSC) that contain
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T cells represents a challenging setting in which to execute specific immunother-
apy due to the confounding effects of immunosuppressive drugs that must be
administered to prevent or treat GvHD. Dissociating the GvL effect from
GvHD will only be accomplished if HSCT regimens are first developed that
reduce GvHD. Complete T cell depletion of the graft eliminates GvHD and the
need for immunosuppression [11, 117, 118], and would provide a superior
platform for adoptive T cell immunotherapy compared with unmodified
PBSC grafts. The initial problems of graft rejection and relapse with TCD
have been overcome by modifying the conditioning regimen [118], but poor
reconstitution of T cell immunity to pathogens and opportunistic infections
are likely to remain critical issues for patients that receive T cell depleted
grafts [119].

8.4.1 Depletion of Alloreactive T Cells from Hematopoietic Stem
Cell Grafts

A conceptually attractive approach to reduce GvHD without compromising
immune reconstitution is the selective removal of alloreactive T cells. This
would provide an environment in which T cells specific for LAA or hemato-
poietic restricted minor H antigens could then be introduced or elicited to
promote a selective GvL effect.

8.4.1.1 Immunotoxins and Monoclonal Antibodies

One approach to specifically remove alloreactive donor T cells involves cocul-
turing donor T cells with irradiated recipient mononuclear cells in vitro to
induce activation markers such as CD25, CD69, and CD137 that can be used
for depletion of the alloreactive subset using immunomagnetic beads or an
immunotoxin [120–122]. This approachmay be best suited to HLAmismatched
HSCT where the frequency of alloreactive T cells in highest. The elimination of
CD25þ cells with an immunotoxin has been used in a clinical trial of HLA
mismatched HSCT in children. GvHD was lower than expected in this study
and there was evidence of T cell immune reconstitution to viruses [120]. The
majority of patients in this trial with amalignancy relapsed, illustrating the need
to incorporate tumor-reactive T cells to augment the GvL effect.

8.4.1.2 Depletion of Naı̈ve T cells

The identification of functional subsets of T lineage cells including regulatory
cells (TREG), antigen inexperienced naı̈ve T cells (TN), and antigen experienced
memory T cells, which can be divided into central memory (TCM) and effector
memory (TEM) subsets, has provided opportunities for manipulation of allo-
geneic grafts that might reduce GvHD after HLA matched HSCT. Depletion of
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donor TN cells abrogated GvHD in a MHC-matched, minor H antigen-mis-
matched mouse model and allowed the efficient transfer of T cell memory to a
model antigen [123]. This result was confirmed in additional murine minor H
antigen-mismatchedmodels ofGvHD, and in rats [124–126]. Although the intent
was to deplete TN, the depletion procedure targeted CD62L and also eliminated
the TCM subset of TM. The potential for TCM from unprimed donors to induce
GvHD in these models remains to be clearly established, but the available data
suggests that TN cause significantly greater GvHD than TCM [127].

Human TN and TM can also be distinguished based on phenotype [128–130],
and inferential data suggests the frequency of minor H antigen specific T cells in
donors who have not been primed to these antigens by pregnancy or blood
transfusion is different between these subsets. Sequencing of TCR genes from
purified human TN and TM to estimate the diversity of �� TCRs showed the TN

repertoire contains>2.5� 107 different TCR combinations or>99% of overall
TCR diversity, while the TM subset contains only 1� 105 to 2� 105 TCR
combinations and <1% of diversity [131]. A major component of the CD4þ

and CD8þ TM repertoire is specific for persistent viruses such as CMV, EBV,
HSV, and VZV [132–136]. There are reports that virus-specific T-cells cross
react with allogeneic HLA molecules, but cross reactivity with minor H anti-
gens has not been reported [137, 138]. Allogeneic HSCT grafts engineered to
lack TN but containing virus-specific TM will soon be evaluated for their ability
to engraft and provide immune reconstitution to pathogens in HLA matched
transplant recipients. This approachmay reduceGvHD and provide a setting in
which targeted therapy with T cells specific for LAA orminor H antigens can be
applied in the absence of GvHD or immunosuppression.

8.4.2 Vaccination to Augment a GvL Effect

The discovery of antigens on leukemic cells has provided a foundation for
immunotherapy trials using component antigens for vaccination to elicit leu-
kemia-reactive T cells. Efforts to exploit vaccination with LAA such as PR-1
and WT-1 to treat leukemia are well underway. The results of phase I and II
trials have shown little toxicity and promising antitumor activity with these
vaccines. Because most patients with AML relapse despite achieving CR,
efforts to employ vaccination for AML have been extended to patients in CR
and if effective, might reduce the need for allogeneic HSCT. For those patients
that undergo allogeneic HSCT, these antigens may be ideal targets for inducing
a GvL effect without GvHD.

Barriers to successful vaccination remain, particularly if they are to be
employed after allogeneic HSCT. It is unclear whether component vaccines,
dendritic cell-based vaccines, or alternative strategies might be most effective,
and analysis of the quality and function of T cell responses that are elicited have
been limited. Dose, scheduling, and adjuvants have not yet been rigorously

8 Graft-Versus-Leukemia Effect After HSCT 197



addressed, and strategies such as vaccinating before and after lymphodepletion
chemotherapy might improve results [139]. From the perspective of allogeneic
HSCT, it is unclear whether the current vaccines would be immunogenic if given
early after transplant when immunosuppressive drugs must be administered to
prevent GvHD. The consequences of removing alloreactive T cells to reduce
GvHD and the need for immunosuppression may also compromise the T cell
repertoire and the ability to respond to vaccination. Eventually, vaccination of
healthy donors with LAA or minor H antigens could be used to boost T-cell
immunity in the donor prior to allogeneic HSCT. Toxicity would not be
expected from minor H antigens since these are foreign and priming to minor
H antigens as a consequence of pregnancy or blood transfusion has not been
associated with toxicity. PR-1 and other leukemia-specific antigens are self-
proteins, but no autoimmunity has been reported so far after PR1 or WT1
vaccination.

8.4.3 Adoptive T Cell Therapy Targeting Leukemia
Associated Antigens

The adoptive transfer of donor virus-specific T cells is effective for preventing
CMV and EBV disease after allogeneic HSCT without causing GvHD
[140–142]. Thus, a direct approach for enhancing the GvL effect would be to
adoptively transfer donor T cells that are specific for LAA or minor H antigens
expressed by leukemic cells. The clinical application of T cell therapy targeting
minor H antigens has been impeded by the lack of a sufficient number of
antigens that are selectively expressed on hematopoietic lineage cells. This is
less of an issue for non-polymorphic LAA such as proteinase-3 and WT-1,
although the identification of epitopes presented by additional HLA alleles will
be important to broaden the potential utility of these antigens. An area of
progress has been the development of methods to selectively isolate antigen-
specific T cells for therapy. Stimulation of T cells with autologous or artificial
APC pulsed with antigenic peptides or transfected with genes that encode the
target antigen has been used to enrich polyclonal T cells for a desired specificity.
Peptide-MHC tetramers, bispecific antibodies, and antibodies that bind to
T cell molecules that are upregulated after antigen stimulation have been used
to select T cells of a defined specificity [143–145]. Culture techniques for
expanding these cells have been developed and pilot clinical trials of T cell
therapy to promote GvL effects have been initiated at several centers.

Even if T cells that recognize leukemia can be reliably isolated and expanded,
sustained antitumor efficacy will depend on the ability of the transferred T cells
to persist in vivo long enough to eradicate all of the malignant cells. Unfortu-
nately, the persistence of cultured effector T cells (TE) in trials of adoptive
therapy for human cancer is often short [146]. T cell persistence can
be improved by depletion of host lymphocytes before cell transfer to eliminate
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regulatory cells and competition for cytokines, and by the administration of
IL-2 after cell transfer [147, 148], but these interventions have not resulted in
persistence of transferred T cells in all patients, and lack of persistence has
predicted lack of efficacy. A recent study in nonhuman primates found that
antigen-specific CD8þ TE derived from the TEM subset of memory T cells
survived in the blood for only a short duration after adoptive transfer and
failed to home to lymph nodes. By contrast, TE derived from TCM persisted
long-term after adoptive transfer, migrated to memory T cell niches, and
reacquired phenotypic properties of TM [149]. These results suggest that intrin-
sic qualities of the T cells that enable their persistence in vivomust be considered
when selecting cells for immunotherapy. The potential for TE derived from TN

cells to persist in vivo has not been determined in humans, but studies in murine
models suggest that TN differentiated toward amemory phenotype by culture in
IL-15 or IL-21 are more effective in tumor therapy than T cells cultured in IL-2
[150, 151].

8.4.4 Adoptive T Cell Therapy Using Gene-Modified T Cells

For leukemias that express TAA or minor H antigens that are shared among
many patients, the requirement to isolate T cells from each donor could be
overcome if T cells were engineered to have the desired antigen specificity. This
can be accomplished by transferring the TCR � and � genes that confer antigen
recognition into donor T lymphocytes. TCR gene transfer has been successful
for engineering T cells to be specific for melanoma, viruses, minor H antigens,
and oncoproteins [152, 153], although sustained expression of the transferred
TCR chains is not always achieved with currently available vectors. The intro-
duced TCRs can also cross-pair with the endogenous TCR chains resulting in
formation of hybrid receptors with a potentially deleterious specificity. This
problem may be resolved using murine rather than human constant regions
in the introduced TCR chains, or by incorporating cysteine residues in the
human constant regions of both the � and � chains to allow disulphide bonds
to form and preferentially pair the introduced TCRs [154, 155].

T cells can also be genetically modified to confer tumor recognition through
the introduction of a chimeric antigen receptor (CAR) specific for a tumor cell
surface molecule, which overcomes the requirement for MHC restriction.
Typically, CARs contain an extracellular domain comprised of a single chain
antibody (scFv) that incorporates the heavy and light variable chains of a
monoclonal antibody specific for a tumor cell molecule fused to an intracellular
signaling domain such as the � chain of the TCR to trigger T cell activation
[156, 157]. This strategy seems ideal for targeting B cell malignancies since
CD20 has been validated as a target in follicular, diffuse large cell, and mantle
cell lymphoma, and monoclonal antibodies specific for CD19 could be used to
engineer T cells to target B-cell ALL. Preclinical studies in murine models have
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demonstrated that T cells modified to express CARs can efficiently eliminate
tumors in vivo and phase I clinical trials of adoptively transferred CAR-
modified T cells are in progress in patients with lymphoma and leukemia.

The use of genes encoding CARs to target T cells to tumors resolves the need
to isolate or engineer MHC-restricted T cells and may be useful to enhance the
GvL effect after allogeneic HSCT, particularly for ALL, which is especially
resistant to the GvL effect that develops naturally after HSCT. One strategy
would be to introduce the CARs into donor T cells of a known antigen-specificity
such as EBV or CMV, to avoid a risk of GvHDand take advantage of additional
signaling that could be provided through the endogenous TCR [158]. T cell
activation normally involves signaling through both TCR and costimulatory
molecules, and CARs that only encode the CD3-� signaling domain would fail
to provide a costimulatory signal. CARs that encode domains to provide costi-
mulatory signals have been developed and have superior antitumor activity in
animal models [158]. CAR antibody domains may need to be humanized to
reduce immunogenicity, since many CARs are derived from murine antibodies.
Finally, several of themolecules that are being targeted byCARs including CD19
and CD20 are expressed by normal cells in addition to tumor cells, and the
adoptive transfer of CAR-modified T cells may cause a prolonged B-cell defi-
ciency. This might eventually be overcome using inducible suicide genes.

8.5 Conclusion

The existence of the GvL effect is one of the most compelling demonstrations
that the human immune system is capable of eradicating malignancy and has
already fostered new approaches to allogeneic HSCT that exploit the GvL
effect rather than cytotoxic chemoradiotherapy to promote antitumor effects.
These efforts have substantiated the importance of the GvL effect for curing
patients after allogeneic HSCT but have not enabled the separation of the GvL
effect from GvHD or completely solved the problem of recurrent disease. The
identification of antigens expressed on leukemic cells but not tissues involved in
GvHD, combined with advances in vaccination, genetic modification of T cells,
and adoptive T cell transfer have set the stage for the development of targeted
therapy to promote a selective GvL effect. These efforts are not only relevant
for improving the outcome of patients undergoing allogeneic HSCT, but should
provide insights for therapy of leukemia in the non-transplant setting.

References

1. Barnes DW, CorpMJ, Loutit JF, Neal FE. Treatment of murine leukemia with X-rays and
homologous bone marrow. Br Med J. 1956;2:626–27.

2. Thomas E, Storb R, Clift RA, et al. Bone-marrow transplantation (first of two parts).
N Engl J Med. 1975;292:832–43.

200 J. Molldrem and S. Riddell



3. Thomas ED, Storb R, Clift RA, et al. Bone-marrow transplantation (second of two
parts). N Engl J Med. 1975;292:895–902.

4. Weiden PL, Flournoy N, Thomas ED, et al. Antileukemic effect of graft-versus-host disease
in human recipients of allogeneic-marrow grafts. N Engl J Med. 1979;300:1068–73.

5. Weiden PL, Sullivan KM, Flournoy N, et al. Antileukemic effect of chronic graft-versus-
host disease: contribution to improved survival after allogeneic marrow transplantation.
N Engl J Med. 1981;304:1529–33.

6. Butterini A, Bortin MM, Gale RP. Graft-versus-leukemia following bone marrow trans-
plantation. Bone Marrow Transplantation. 1987;2:233–42.

7. Fefer A, Sullivan KM, Weiden P, et al. Graft versus leukemia effect in man: the relapse
rate of acute leukemia is lower after allogeneic than after syngeneic marrow transplanta-
tion. Prog Clin Biol Res. 1987;244:401–8.

8. Gale RP, Horowitz MM. Graft-versus-leukemia in bone marrow transplantation. The
Advisory Committee of the International Bone Marrow Transplant Registry. Bone
Marrow Transplant. 1990;6 Suppl 1:94–7.

9. Horowitz MM, Gale RP, Sondel PM, et al. Graft-versus-leukemia reactions after bone
marrow transplantation. Blood 1990;75:555–62.

10. Korngold R, Leighton C, Manser T. Graft-versus-myeloid leukemia responses following
syngeneic and allogeneic bone marrow transplantation. Transplantation 1994;58(3):
278–87.

11. Marmont AM, Horowitz MM, Gale RP, et al. T-cell depletion of HLA-identical trans-
plants in leukemia. Blood 1991;78(8):2120–30.

12. Sullivan KM, Storb R, Buckner CD, et al. Graft-versus-host disease as adoptive immunother-
apy in patients with advanced hematologic neoplasms. N Engl J Med. 1989;320(13):828–34.

13. Kolb HJ, Mittermuller J, Clemm C, et al. Donor leukocyte transfusions for treatment of
recurrent chronic myelogenous leukemia in marrow transplant patients. Blood
1990;76(12):2462–5.

14. Johnson BD, Drobyski WR, Truitt RL. Delayed infusion of normal donor cells after
MHC-matched bone marrow transplantation provides an antileukemia reaction without
graft-versus-host disease. Bone Marrow Transplant. 1993;11(4):329–36.

15. Kolb HJ, Gunther W, Schumm M, Holler E, Wilmanns W, Thierfelder S. Adoptive
immunotherapy in canine chimeras. Transplantation 1997;63(3):430–6.

16. Collins RH Jr, Goldstein S, Giralt S, et al. Donor leukocyte infusions in acute lympho-
cytic leukemia. Bone Marrow Transplant. 2000;26:511–6.

17. Collins RH Jr, Shpilberg O, Drobyski WR, et al. Donor leukocyte infusions in 140
patients with relapsed malignancy after allogeneic bone marrow transplantation. J Clin
Oncol. 1997;15:433–44.

18. Kolb HJ, Schattenberg A, Goldman JM, et al. Graft-versus-leukemia effect of donor
lymphocyte transfusions in marrow grafted patients. Blood 1995;86:2041–50.

19. Peggs KS, Mackinnon S. Cellular therapy: donor lymphocyte infusion. Curr Opin
Hematol. 2001;8:349–54.

20. Porter DL, Collins RH Jr, Shpilberg O, et al. Long-term follow-up of patients who
achieved complete remission after donor leukocyte infusions. Biol Blood Marrow Trans-
plant. 1999;5:253–61.

21. Lokhorst HM, Schattenberg A, Cornelissen JJ, et al. Donor lymphocyte infusions for
relapsed multiple myeloma after allogeneic stem-cell transplantation: predictive factors
for response and long-term outcome. J Clin Oncol. 2000;18:3031–7.

22. Levine JE, Braun T, Penza SL, et al. Prospective trial of chemotherapy and donor
leukocyte infusions for relapse of advanced myeloid malignancies after allogeneic stem-
cell transplantation. J Clin Oncol. 2002;20:405–12.

23. Keil F, Haas OA, Fritsch G, et al. Donor leukocyte infusion for leukemic relapse after
allogeneic marrow transplantation: lack of residual donor hematopoiesis predicts aplasia.
Blood 1997;89:3113–7.

8 Graft-Versus-Leukemia Effect After HSCT 201



24. Flowers ME, Leisenring W, Beach K, et al. Granulocyte colony-stimulating factor given
to donors before apheresis does not prevent aplasia in patients treated with donor
leukocyte infusion for recurrent chronic myeloid leukemia after bone marrow transplan-
tation. Biol Blood Marrow Transplant. 2000;6:321–6.

25. Mackinnon S, Papadopoulos EB, Carabasi MH, et al. Adoptive immunotherapy evalu-
ating escalating doses of donor leukocytes for relapse of chronic myeloid leukemia after
bone marrow transplantation: separation of graft-versus-leukemia responses from graft-
versus-host disease. Blood 1995;86:1261–8.

26. Bonini C, Ferrari G, Verzeletti S, et al. HSV-TK gene transfer into donor lymphocytes for
control of allogeneic graft-versus-leukemia. Science 1997;276:1719–24.

27. Bonini C, Bondanza A, Perna SK, et al. The suicide gene therapy challenge: how to
improve a successful gene therapy approach. Mol Ther. 2007;15:1248–52.

28. Berger C, Flowers ME, Warren EH, Riddell SR. Analysis of transgene-specific immune
responses that limit the in vivo persistence of adoptively transferred HSV-TK-modified
donor T cells after allogeneic hematopoietic cell transplantation. Blood 2006;107:
2294–302.

29. Riddell SR, Elliott M, Lewinsohn DA, et al. T-cell mediated rejection of gene-modified
HIV-specific cytotoxic T lymphocytes in HIV-infected patients. NatMed. 1996;2:216–23.

30. Berger C, Blau CA,HuangML, et al. Pharmacologically regulated Fas-mediated death of
adoptively transferred T cells in a nonhuman primate model. Blood 2004;103:1261–9.

31. Straathof KC, Pule MA, Yotnda P, et al. An inducible caspase 9 safety switch for T-cell
therapy. Blood 2005;105:4247–54.

32. Tey SK,Dotti G, Rooney CM,HeslopHE, BrennerMK. Inducible caspase 9 suicide gene
to improve the safety of allodepleted T cells after haploidentical stem cell transplantation.
Biol Blood Marrow Transplant. 2007;13:913–24.

33. HsuKC,Gooley T,MalkkiM, et al. KIR ligands and prediction of relapse after unrelated
donor hematopoietic cell transplantation for hematologic malignancy. Biol Blood Mar-
row Transplant. 2006;12:828–36.

34. HsuKC,Keever-Taylor CA,Wilton A, et al. Improved outcome inHLA-identical sibling
hematopoietic stem-cell transplantation for acute myelogenous leukemia predicted by
KIR and HLA genotypes. Blood 2005;105:4878–84.

35. Miller JS, Cooley S, Parham P, et al. Missing KIR ligands are associated with less relapse
and increased graft-versus-host disease (GVHD) following unrelated donor allogeneic
HCT. Blood 2007;109:5058–61.

36. Ruggeri L, Capanni M, Urbani E, et al. Effectiveness of donor natural killer cell allor-
eactivity in mismatched hematopoietic transplants. Science 2002;295:2097–100.

37. Bleakley M, Riddell SR. Molecules and mechanisms of the graft-versus-leukaemia effect.
Nat Rev Cancer. 2004;4:371–80.

38. Falkenburg JH, van de Corput L, Marijt EW, Willemze R. Minor histocompatibility
antigens in human stem cell transplantation. Exp Hematol. 2003;31:743–51.

39. Molldrem JJ, Lee PP, Wang C, et al. Evidence that specific T lymphocytes may partici-
pate in the elimination of chronic myelogenous leukemia. Nat Med. 2000;6:1018–23.

40. Rezvani K, Yong AS, Savani BN, et al. Graft-versus-leukemia effects associated with
detectable Wilms tumor-1 specific T lymphocytes after allogeneic stem-cell transplanta-
tion for acute lymphoblastic leukemia. Blood 2007;110:1924–32.

41. Timonen T, Ortaldo JR, Herberman RB. Characteristics of human large granular lym-
phocytes and relationship to natural killer and K cells. J Exp Med. 1981;153:569–82.

42. Miller JS. The biology of natural killer cells in cancer, infection, and pregnancy. Exp
Hematol. 2001;29:1157–68.

43. Robertson MJ, Ritz J. Biology and clinical relevance of human natural killer cells. Blood
1990;76:2421–38.

44. Herberman RB, Ortaldo JR. Natural killer cells: their roles in defenses against disease.
Science 1981;214:24–30.

202 J. Molldrem and S. Riddell



45. Uhrberg M, Valiante NM, Shum BP, et al. Human diversity in killer cell inhibitory
receptor genes. Immunity 1997;7:753–63.

46. Lazetic S, Chang C, Houchins JP, Lanier LL, Phillips JH. Human natural killer cell
receptors involved inMHC class I recognition are disulfide-linked heterodimers of CD94
and NKG2 subunits. J Immunol. 1996;157:4741–5.

47. Braud VM, AllanDS, O’Callaghan CA, et al. HLA-E binds to natural killer cell receptors
CD94/NKG2A, B and C. Nature 1998;391:795–9.

48. Borrego F,MasilamaniM,MarusinaAI, TangX, Coligan JE. The CD94/NKG2 family of
receptors: from molecules and cells to clinical relevance. Immunol Res. 2006;35:263–78.

49. Kirwan SE, Burshtyn DN. Regulation of natural killer cell activity. Curr Opin Immunol.
2007;19:46–54.

50. Miller JS, Soignier Y, Panoskaltsis-Mortari A, et al. Successful adoptive transfer and in
vivo expansion of human haploidentical NK cells in patients with cancer. Blood
2005;105:3051–7.

51. Miller JS, Tessmer-Tuck J, Pierson BA, et al. Low dose subcutaneous interleukin-2 after
autologous transplantation generates sustained in vivo natural killer cell activity. Biol
Blood Marrow Transplant. 1997;3:34–44.

52. Savani BN, Mielke S, Adams S, et al. Rapid natural killer cell recovery determines
outcome after T-cell-depleted HLA-identical stem cell transplantation in patients with
myeloid leukemias but not with acute lymphoblastic leukemia. Leukemia 2007;21:
2145–52.

53. Exley M, Garcia J, Wilson SB, et al. CD1d structure and regulation on human thymo-
cytes, peripheral blood T cells, B cells and monocytes. Immunology 2000;100:37–47.

54. Pulendran B, Lingappa J, KennedyMK, et al. Developmental pathways of dendritic cells
in vivo: distinct function, phenotype, and localization of dendritic cell subsets in FLT3
ligand-treated mice. J Immunol. 1997;159:2222–31.

55. Spada FM, Borriello F, Sugita M, Watts GF, Koezuka Y, Porcelli SA. Low expression
level but potent antigen presenting function of CD1d on monocyte lineage cells. Eur J
Immunol. 2000;30:3468–77.

56. Fais F, Tenca C, Cimino G, et al. CD1d expression on B-precursor acute lymphoblastic
leukemia subsets with poor prognosis. Leukemia 2005;19:551–6.

57. Metelitsa LS, Weinberg KI, Emanuel PD, Seeger RC. Expression of CD1d by myelomo-
nocytic leukemias provides a target for cytotoxic NKT cells. Leukemia 2003;17:1068–77.

58. Hayakawa Y, Godfrey DI, Smyth MJ. Alpha-galactosylceramide: potential immunomo-
dulatory activity and future application. Curr Med Chem. 2004;11:241–52.

59. Giaccone G, Punt CJ, Ando Y, et al. A phase I study of the natural killer T-cell ligand
alpha-galactosylceramide (KRN7000) in patients with solid tumors. Clin Cancer Res.
2002;8:3702–9.

60. Toura I, Kawano T, Akutsu Y, Nakayama T, Ochiai T, Taniguchi M. Cutting edge:
inhibition of experimental tumor metastasis by dendritic cells pulsed with alpha-galacto-
sylceramide. J Immunol. 1999;163:2387–91.

61. Shimizu K, HidakaM, Kadowaki N, et al. Evaluation of the function of human invariant
NKT cells from cancer patients using alpha-galactosylceramide-loaded murine dendritic
cells. J Immunol. 2006;177:3484–92.

62. Fontaine P, Roy-Proulx G, Knafo L, Baron C, Roy DC, Perreault C. Adoptive transfer
of minor histocompatibility antigen-specific T lymphocytes eradicates leukemia cells
without causing graft-versus-host disease. Nat Med. 2001;7:789–94.

63. Bonnet D, Warren EH, Greenberg PD, Dick JE, Riddell SR. CD8(þ) minor histocom-
patibility antigen-specific cytotoxic T lymphocyte clones eliminate human acute myeloid
leukemia stem cells. Proc Natl Acad Sci USA. 1999;96:8639–44.

64. Akatsuka Y, Nishida T, Kondo E, et al. Identification of a polymorphic gene, BCL2A1,
encoding two novel hematopoietic lineage-specific minor histocompatibility antigens.
J Exp Med. 2003;197:1489–500.

8 Graft-Versus-Leukemia Effect After HSCT 203



65. den Haan JM, Meadows LM, Wang W, et al. The minor histocompatibility antigen HA-
1: a diallelic gene with a single amino acid polymorphism. Science 1998;279:1054–7.

66. Dolstra H, Fredrix H, Maas F, et al. A human minor histocompatibility antigen specific
for B cell acute lymphoblastic leukemia. J Exp Med. 1999;189:301–8.

67. Meadows L, Wang W, den Haan JM, et al. The HLA-A*0201-restricted H-Y antigen
contains a posttranslationally modified cysteine that significantly affects T cell recogni-
tion. Immunity 1997;6:273–81.

68. Murata M, Warren EH, Riddell SR. A human minor histocompatibility antigen
resulting from differential expression due to a gene deletion. J Exp Med. 2003;
197:1279–89.

69. Kawase T, Nannya Y, Torikai H, et al. Identification of human minor histocompatibility
antigens based on genetic association with highly parallel genotyping of pooled DNA.
Blood 2008;111:3286–94.

70. Brickner AG, Evans AM,Mito JK, et al. The PANE1 gene encodes a novel humanminor
histocompatibility antigen that is selectively expressed in B-lymphoid cells and B-CLL.
Blood 2006;107:3779–86.

71. de Rijke B, vanHorssen-Zoetbrood A, Beekman JM, et al. A frameshift polymorphism in
P2X5 elicits an allogeneic cytotoxic T lymphocyte response associated with remission of
chronic myeloid leukemia. J Clin Invest. 2005;115:3506–16.

72. Pierce RA, Field ED, Mutis T, et al. The HA-2 minor histocompatibility antigen is
derived from a diallelic gene encoding a novel human class I myosin protein. J Immunol.
2001;167:3223–30.

73. Torikai H, Akatsuka Y, Miyazaki M, et al. A novel HLA-A*3303-restricted minor
histocompatibility antigen encoded by an unconventional open reading frame of
human TMSB4Y gene. J Immunol. 2004;173:7046–54.

74. Warren EH, Gavin MA, Simpson E, et al. The human UTY gene encodes a novel HLA-
B8-restricted H-Y antigen. J Immunol. 2000;164:2807–14.

75. Carlson CS, Eberle MA, Rieder MJ, Smith JD, Kruglyak L, Nickerson DA. Additional
SNPs and linkage-disequilibrium analyses are necessary for whole-genome association
studies in humans. Nat Genet. 2003;33:518–21.

76. Wang W, Meadows LR, den Haan JM, et al. Human H-Y: a male-specific histocompat-
ibility antigen derived from the SMCY protein. Science 1995;269:1588–90.

77. Mutis T, Gillespie G, Schrama E, Falkenburg JH, Moss P, Goulmy E. Tetrameric HLA
class I-minor histocompatibility antigen peptide complexes demonstrate minor histocom-
patibility antigen-specific cytotoxic T lymphocytes in patients with graft-versus-host
disease. Nat Med. 1999;5:839–42.

78. Randolph SS, Gooley TA, Warren EH, Appelbaum FR, Riddell SR. Female donors
contribute to a selective graft-versus-leukemia effect in male recipients of HLA-matched,
related hematopoietic stem cell transplants. Blood 2004;103:347–52.

79. Ivanov R, Aarts T, Hol S, et al. Identification of a 40S ribosomal protein S4-derived H-Y
epitope able to elicit a lymphoblast-specific cytotoxic T lymphocyte response. Clin Cancer
Res. 2005;11:1694–703.

80. Pierce RA, Field ED, den Haan JM, et al. Cutting edge: the HLA-A*0101-restricted HY
minor histocompatibility antigen originates from DFFRY and contains a cysteinylated
cysteine residue as identified by a novel mass spectrometric technique. J Immunol.
1999;163:6360–4.

81. Rosinski KV, Fujii N, Mito JK, et al. DDX3Y encodes a class I MHC-restricted H-Y
antigen that is expressed in leukemic stem cells. Blood 2008;111:4817–26.

82. Dickinson AM, Wang XN, Sviland L, et al. In situ dissection of the graft-versus-host
activities of cytotoxic T cells specific for minor histocompatibility antigens. Nat Med.
2002;8:410–4.

83. Warren EH, Vigneron NJ, Gavin MA, et al. An antigen produced by splicing of non-
contiguous peptides in the reverse order. Science 2006;313:1444–7.

204 J. Molldrem and S. Riddell



84. Marijt WA, Heemskerk MH, Kloosterboer FM, et al. Hematopoiesis-restricted minor
histocompatibility antigens HA-1- or HA-2-specific T cells can induce complete remis-
sions of relapsed leukemia. Proc Natl Acad Sci USA. 2003;100:2742–7.

85. Spierings E, Hendriks M, Absi L, et al. Phenotype frequencies of autosomal minor
histocompatibility antigens display significant differences among populations. PLoS
Genet. 2007;3:e103.

86. Bocchia M, Wentworth PA, Southwood S, et al. Specific binding of leukemia oncogene
fusion protein peptides to HLA class I molecules. Blood 1995;85:2680–4.

87. Bocchia M, Korontsvit T, Xu Q, et al. Specific human cellular immunity to bcr-abl
oncogene-derived peptides. Blood 1996;87:3587–92.

88. Buzyn A, Ostankovitch M, Zerbib A, et al. Peptides derived from the whole sequence of
BCR-ABL bind to several class I molecules allowing specific induction of human
cytotoxic T lymphocytes. Eur J Immunol. 1997;27:2066–72.

89. Yotnda P, Firat H, Garcia-Pons F, et al. Cytotoxic T cell response against the chimeric
p210 BCR-ABL protein in patients with chronic myelogenous leukemia. J Clin Invest.
1998;101:2290–6.

90. Osman Y, Takahashi M, Zheng Z, et al. Generation of bcr-abl specific cytotoxic
T-lymphocytes by using dendritic cells pulsed with bcr-abl (b3a2) peptide: its applic-
ability for donor leukocyte transfusions in marrow grafted CML patients. Leukemia
1999;13:166–74.

91. Clark RE, Dodi IA, Hill SC, et al. Direct evidence that leukemic cells present HLA-
associated immunogenic peptides derived from the BCR-ABL b3a2 fusion protein.
Blood 2001;98:2887–93.

92. Butt NM,Wang L, Abu-EishaHM, Christmas SE, Clark RE. BCR-ABL-specific T cells
can be detected in healthy donors and in chronic myeloid leukemia patients following
allogeneic stem cell transplantation. Blood 2004;103:3245.

93. Westermann J, Schlimper C, Richter G, Mohm J, Dorken B, Pezzutto A. T cell
recognition of bcr/abl in healthy donors and in patients with chronic myeloid leukaemia.
Br J Haematol. 2004;125:213–6.

94. Butt NM, Rojas JM, Wang L, Christmas SE, Abu-Eisha HM, Clark RE. Circulating
bcr-abl-specific CD8þT cells in chronic myeloid leukemia patients and healthy subjects.
Haematologica 2005;90:1315–23.

95. Bocchia M, Gentili S, Abruzzese E, et al. Effect of a p210 multipeptide vaccine asso-
ciated with imatinib or interferon in patients with chronic myeloid leukaemia and
persistent residual disease: a multicentre observational trial. Lancet 2005;365:657–62.

96. Hewitt SM, Hamada S, McDonnell TJ, Rauscher FJ 3rd, Saunders GF. Regulation of
the proto-oncogenes bcl-2 and c-myc by theWilms’ tumor suppressor geneWT1. Cancer
Res. 1995;55:5386–9.

97. Tsuboi A, Oka Y, Ogawa H, et al. Constitutive expression of the Wilms’ tumor gene
WT1 inhibits the differentiation of myeloid progenitor cells but promotes their prolif-
eration in response to granulocyte-colony stimulating factor (G-CSF). Leuk Res.
1999;23:499–505.

98. Bellantuono I, Gao L, Parry S, et al. Two distinct HLA-A0201-presented epitopes of the
Wilms tumor antigen 1 can function as targets for leukemia-reactive CTL. Blood
2002;100:3835–7.

99. Xue SA, Gao L, Hart D, et al. Elimination of human leukemia cells in NOD/SCIDmice
by WT1-TCR gene-transduced human T cells. Blood 2005;106:3062–7.

100. Tsuji T, Yasukawa M, Matsuzaki J, et al. Generation of tumor-specific, HLA class I-
restricted human Th1 and Tc1 cells by cell engineering with tumor peptide-specific T-cell
receptor genes. Blood 2005;106:470–6.

101. Oka Y, Tsuboi A, Taguchi T, et al. Induction of WT1 (Wilms’ tumor gene)-specific
cytotoxic T lymphocytes by WT1 peptide vaccine and the resultant cancer regression.
Proc Natl Acad Sci USA. 2004;101:13885–90.

8 Graft-Versus-Leukemia Effect After HSCT 205



102. Mailander V, Scheibenbogen C, Thiel E, Letsch A, Blau IW, Keilholz U. Complete
remission in a patient with recurrent acute myeloid leukemia induced by vaccination
with WT1 peptide in the absence of hematological or renal toxicity. Leukemia
2004;18:165–6.

103. Keilholz U, Letsch A, Asemissen A, et al. Clinical and immune responses of WT-1
peptide vaccination in patients with acute myeloid leukemia. American Society of
Clinical Oncology Annual Meeting Proceedings. J Clin Oncol. 2006;24:2511a.

104. RaoNV, RaoGV,Marshall BC, Hoidal JR. Biosynthesis and processing of proteinase 3
in U937 cells. Processing pathways are distinct from those of cathepsin G. J Biol Chem.
1996;271:2972–8.

105. Lindmark A, Gullberg U, Olsson I. Processing and intracellular transport of cathepsin
G and neutrophil elastase in the leukemic myeloid cell line U-937-modulation by
brefeldin A, ammonium chloride, and monensin. J Leukoc Biol. 1994;55:50–7.

106. Franssen CF, Stegeman CA, Kallenberg CG, et al. Antiproteinase 3- and antimyeloper-
oxidase-associated vasculitis. Kidney Int. 2000;57:2195–206.

107. Borregaard N, Cowland JB. Granules of the human neutrophilic polymorphonuclear
leukocyte. Blood 1997;89:3503–21.

108. Brouwer E, Stegeman CA, HuitemaMG, Limburg PC, Kallenberg CG. T cell reactivity
to proteinase 3 and myeloperoxidase in patients with Wegener’s granulomatosis (WG).
Clin Exp Immunol. 1994;98:448–53.

109. Dengler R, Munstermann U, al-Batran S, et al. Immunocytochemical and flow cyto-
metric detection of proteinase 3 (myeloblastin) in normal and leukaemic myeloid cells.
Br J Haematol. 1995;89:250–7.

110. Molldrem JJ Lee PP, Wang C, Champlin RE, Davis MM. A PR1-human leukocyte
antigen-A2 tetramer can be used to isolate low-frequency cytotoxic T lymphocytes from
healthy donors that selectively lyse chronic myelogenous leukemia. Cancer Res.
1999;59:2675–81.

111. Heslop HE, Stevenson FK, Molldrem JJ. Immunotherapy of hematologic malignancy.
Hematology Am Soc Hematol Educ Program. 2003;331–49.

112. Qazilbash MH, Wieder E, Rios R, Lu S, Kant S, Giralt S, Estey E, Thall P, de Lima M,
Couriel D, Champlin RE, Komanduri K, Molldrem JJ. Vaccination with the PR1
leukemia-associated antigen can induce complete remission in patients with myeloid
leukemia. Blood 2004;104:259a.

113. Rezvani K, Yong AS, Mielke S, et al. Leukemia-associated antigen-specific T-cell
responses following combined PR1 and WT1 peptide vaccination in patients with
myeloid malignancies. Blood 2008;111:236–42.

114. Entwistle J, Zhang S, Yang B, et al. Characterization of the murine gene encoding the
hyaluronan receptor RHAMM. Gene 1995;163:233–8.

115. Hall CL, Yang B, Yang X, et al. Overexpression of the hyaluronan receptor RHAMM is
transforming and is also required for H-ras transformation. Cell 1995;8:19–26.

116. Greiner J, Li L, Ringhoffer M, et al. Identification and characterization of epitopes of
the receptor for hyaluronic acid-mediated motility (RHAMM/CD168) recognized by
CD8þ T cells of HLA-A2-positive patients with acute myeloid leukemia. Blood
2005;106:938–45.

117. HoVT, Soiffer RJ. The history and future of T-cell depletion as graft-versus-host disease
prophylaxis for allogeneic hematopoietic stem cell transplantation. Blood
2001;98:3192–204.

118. Jakubowski AA, Small TN, Young JW, et al. T cell depleted stem-cell transplantation
for adults with hematologic malignancies: sustained engraftment of HLA-matched
related donor grafts without the use of antithymocyte globulin. Blood 2007;110:4552–9.

119. Almyroudis NG, Jakubowski A, Jaffe D, et al. Predictors for persistent cytomegalovirus
reactivation after T-cell-depleted allogeneic hematopoietic stem cell transplantation.
Transpl Infect Dis. 2007;9:286–94.

206 J. Molldrem and S. Riddell



120. Andre-Schmutz I, Le Deist F, Hacein-Bey-Abina S, et al. Immune reconstitution with-
out graft-versus-host disease after haemopoietic stem-cell transplantation: a phase 1/2
study. Lancet 2002;360:130–7.

121. Hartwig UF, NonnM, Khan S, Meyer RG, Huber C, Herr W. Depletion of alloreactive
T cells via CD69: implications on antiviral, antileukemic and immunoregulatory T
lymphocytes. Bone Marrow Transplant. 2006;37:297–305.

122. Wehler TC, Nonn M, Brandt B, et al. Targeting the activation-induced antigen CD137
can selectively deplete alloreactive T cells from antileukemic and antitumor donor T-cell
lines. Blood 2007;109:365–73.

123. Anderson BE,McNiff J, Yan J, et al. Memory CD4þ T cells do not induce graft-versus-
host disease. J Clin Invest. 2003;112:101–8.

124. Chen BJ, Cui X, Sempowski GD, Liu C, Chao NJ. Transfer of allogeneic CD62L-
memory T cells without graft-versus-host disease. Blood 2004;103:1534–41.

125. Xystrakis E, Bernard I, Dejean AS, Alsaati T, Druet P, Saoudi A. Alloreactive CD4 T
lymphocytes responsible for acute and chronic graft-versus-host disease are contained
within the CD45RChigh but not the CD45RClow subset. Eur J Immunol. 2004;34:408–17.

126. Zheng H, Matte-Martone C, Li H, et al. Effector memory CD4þ T cells mediate graft-
versus-leukemia without inducing graft-versus-host disease. Blood 2008;111:2476–84.

127. Shlomchik WD. Graft-versus-host disease. Nat Rev Immunol. 2007;7:340–52.
128. Sallusto F, Geginat J, Lanzavecchia A. Central memory and effector memory T cell

subsets: function, generation, and maintenance. Annu Rev Immunol. 2004;22:745–63.
129. Sallusto F, Langenkamp A, Geginat J, Lanzavecchia A. Functional subsets of memory

T cells identified by CCR7 expression. Curr Top Microbiol Immunol. 2000;251:167–71.
130. Willinger T, Freeman T,HasegawaH,McMichael AJ, CallanMF.Molecular signatures

distinguish human central memory from effector memory CD8 T cell subsets. J Immu-
nol. 2005;175:5895–903.

131. Arstila TP, Casrouge A, Baron V, Even J, Kanellopoulos J, Kourilsky P. A direct
estimate of the human alphabeta T cell receptor diversity. Science 1999;286:958–61.

132. Bitmansour AD, Waldrop SL, Pitcher CJ, et al. Clonotypic structure of the human
CD4þ memory T cell response to cytomegalovirus. J Immunol. 2001;167:1151–63.

133. Koelle DM, Liu Z, McClurkan CL, et al. Immunodominance among herpes simplex
virus-specific CD8 T cells expressing a tissue-specific homing receptor. Proc Natl Acad
Sci USA. 2003;100:12899–904.

134. Manley TJ, Luy L, Jones T, Boeckh M, Mutimer H, Riddell SR. Immune evasion
proteins of human cytomegalovirus do not prevent a diverse CD8þ cytotoxic T-cell
response in natural infection. Blood 2004;104:1075–82.

135. Frey CR, Sharp MA, Min AS, Schmid DS, Loparev V, Arvin AM. Identification of
CD8þ T cell epitopes in the immediate early 62 protein (IE62) of varicella-zoster virus,
and evaluation of frequency of CD8þ T cell response to IE62, by use of IE62 peptides
after varicella vaccination. J Infect Dis. 2003;188:40–52.

136. Hislop AD, Gudgeon NH, Callan MF, et al. EBV-specific CD8þ T cell memory:
relationships between epitope specificity, cell phenotype, and immediate effector func-
tion. J Immunol. 2001;167:2019–29.

137. Burrows SR, Silins SL, Khanna R, et al. Cross-reactive memory T cells for Epstein-Barr
virus augment the alloresponse to common human leukocyte antigens: degenerate
recognition of major histocompatibility complex-bound peptide by T cells and its role
in alloreactivity. Eur J Immunol. 1997;27:1726–36.

138. Elkington R, Khanna R. Cross-recognition of human alloantigen by cytomegalovirus
glycoprotein-specific CD4þ cytotoxic T lymphocytes: implications for graft-versus-host
disease. Blood 2005;105:1362–4.

139. Rapoport AP, Stadtmauer EA, Aqui N, et al. Restoration of immunity in lymphopenic
individuals with cancer by vaccination and adoptive T-cell transfer. Nat Med.
2005;11:1230–7.

8 Graft-Versus-Leukemia Effect After HSCT 207



140. Leen AM, Myers GD, Sili U, et al. Monoculture-derived T lymphocytes specific for
multiple viruses expand and produce clinically relevant effects in immunocompromised
individuals. Nat Med. 2006;12:1160–6.

141. Rooney CM, Smith CA, Ng CY, et al. Infusion of cytotoxic T cells for the prevention
and treatment of Epstein-Barr virus-induced lymphoma in allogeneic transplant recipi-
ents. Blood 1998;92:1549–55.

142. Walter EA, Greenberg PD, Gilbert MJ, et al. Reconstitution of cellular immunity
against cytomegalovirus in recipients of allogeneic bone marrow by transfer of T-cell
clones from the donor. N Engl J Med. 1995;333:1038–44.

143. Dunbar PR, OggGS, Chen J, Rust N, van der Bruggen P, Cerundolo V.Direct isolation,
phenotyping and cloning of low-frequency antigen-specific cytotoxic T lymphocytes
from peripheral blood. Curr Biol. 1998;8:413–6.

144. Ho WY, Nguyen HN, Wolfl M, Kuball J, Greenberg PD. In vitro methods for generat-
ing CD8þ T-cell clones for immunotherapy from the naive repertoire. J Immunol
Methods. 2006;310:40–52.

145. Wolfl M, Kuball J, Ho WY, et al. Activation-induced expression of CD137 permits
detection, isolation, and expansion of the full repertoire of CD8þ T cells responding to
antigen without requiring knowledge of epitope specificities. Blood 2007;110:201–10.

146. Yee C, Thompson JA, Byrd D, et al. Adoptive T cell therapy using antigen-specific
CD8þ T cell clones for the treatment of patients with metastatic melanoma: in vivo
persistence, migration, and antitumor effect of transferred T cells. Proc Natl Acad Sci
USA. 2002;99:16168–73.

147. DudleyME,Wunderlich JR, Robbins PF, et al. Cancer regression and autoimmunity in
patients after clonal repopulation with antitumor lymphocytes. Science 2002;298:850–4.

148. Gattinoni L, Powell DJ Jr, Rosenberg SA, Restifo NP. Adoptive immunotherapy for
cancer: building on success. Nat Rev Immunol. 2006;6:383–93.

149. Berger C, JensenMC, Lansdorp PM,GoughM, Elliott C, Riddell SR. Adoptive transfer
of effector CD8þ T cells derived from central memory cells establishes persistent T cell
memory in primates. J Clin Invest. 2008;118:294–305.

150. Hinrichs CS, Spolski R, Paulos CM, et al. IL-2 and IL-21 confer opposing differentia-
tion programs to CD8þ T cells for adoptive immunotherapy. Blood 2008;111:5326–33.

151. Klebanoff CA, Gattinoni L, Torabi-Parizi P, et al. Central memory self/tumor-reactive
CD8þ T cells confer superior antitumor immunity compared with effector memory
T cells. Proc Natl Acad Sci USA. 2005;102:9571–6.

152. Clay TM, Custer MC, Sachs J, Hwu P, Rosenberg SA, NishimuraMI. Efficient transfer
of a tumor antigen-reactive TCR to human peripheral blood lymphocytes confers anti-
tumor reactivity. J Immunol. 1999;163:507–13.

153. Stanislawski T, Voss RH, Lotz C, et al. Circumventing tolerance to a human MDM2-
derived tumor antigen by TCR gene transfer. Nat Immunol. 2001;2:962–70.

154. Cohen CJ, Zhao Y, Zheng Z, Rosenberg SA,Morgan RA. Enhanced antitumor activity
of murine-human hybrid T-cell receptor (TCR) in human lymphocytes is associated with
improved pairing and TCR/CD3 stability. Cancer Res. 2006;66:8878–86.

155. Kuball J, Dossett ML, Wolfl M, et al. Facilitating matched pairing and expression of
TCR chains introduced into human T cells. Blood 2007;109:2331–8.

156. Eshhar Z, Waks T, Gross G, Schindler DG. Specific activation and targeting of cyto-
toxic lymphocytes through chimeric single chains consisting of antibody-binding
domains and the gamma or zeta subunits of the immunoglobulin and T-cell receptors.
Proc Natl Acad Sci USA. 1993;90:720–4.

157. Sadelain M, Riviere I, Brentjens R. Targeting tumours with genetically enhanced T
lymphocytes. Nat Rev Cancer. 2003;3:35–45.

158. Stephan MT, Ponomarev V, Brentjens RJ, et al. T cell-encoded CD80 and 4-1BBL
induce auto- and transcostimulation, resulting in potent tumor rejection. Nat Med.
2007;13:1440–9.

208 J. Molldrem and S. Riddell



Chapter 9

Reduced-Intensity and Nonmyeloablative

Conditioning Regimens

Francine Foss and Koen van Besien

9.1 Alternative Conditioning Regimens for Allogeneic

Hematopoietic Stem Cell Transplantation

Preparative regimens for allogeneic hematopoietic stem cell transplantation
(HSCT) must address two immunologic barriers to establish successful hemato-
poietic engraftment: the host-versus-graft effect (HvG) and the graft-versus-host
(GvH) effect. High-dose chemotherapy combined with sublethal doses of radia-
tion therapy has been used to immune suppress the host sufficiently to prevent
rejection of donor cells. Although effective in most patients, the original myeloa-
blative regimens based on high dose TBI or busulfan are toxic to non-hemato-
poietic tissues and are associated with high transplant-associated morbidity and
mortality, limiting the potential of this curative treatment to younger patients
without underlying end organ dysfunction. Further, conventional ablative regi-
mens require long-term immunosuppression to control GvHD, with resulting
immune compromise and toxicity related to these agents.

With the recognition that the graft-versus-tumor (GvT) effect is responsible
for many of the observed cures following allogeneic transplantation, less inten-
sive and nonmyeloablative preparative regimens have been developed that rely
on the graft-versus-disease effect while lessening the myeloablative effect of the
transplant. Compared to conventional marrow toxic conditioning regimens
in which host hematopoiesis is, in principle fully ablated, ‘‘mini-transplant,’’
or nonmyeloablative regimens utilize immunosuppressive strategies, including
low-dose total body irradiation (TBI) and T-cell depleting agents to allow
engraftment of allogeneic stem cells, in many instances establishing mixed
donor/host lymphohematopoietic chimerism. The goals in the development of
these strategies have been 2-fold: to facilitate engraftment of allogeneic stem
cells with minimal end organ toxicity, and to modulate graft-versus-host allo-
reactivity in the direction of GvT while minimizing GvHD.
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Alternative conditioning regimens have been characterized as ‘‘reduced-
intensity’’ or ‘‘nonmyeloablative’’ based on their immunosuppressive and mye-
losuppressive properties. Nonmyeloablative conditioning, as defined by Storb
et al., is characterized by persistence of host hematopoiesis and the presence of
early mixed chimerism (coexistence of host and donor hematopoiesis) [1]. The
goals of nonmyeloablative regimens are to establish donor hematopoiesis with-
out introducing potentially toxic doses of radiation or chemotherapy and thus,
nonmyeloablative strategies do not produce major anti-tumor effects. These
regimens rely on immunosuppression to minimize host-versus-graft effects and
facilitate donor engraftment. In the absence of immunosuppression or donor
cell infusion, host hematopoiesis is restored. Reduced-intensity regimens, on
the other hand, contain immunosuppressive agents to create marrow space for
donor cells as well as lower doses of radiation or cytotoxic chemotherapeutic
agents that have anti-tumor effects. Engraftment is facilitated due to the lym-
phohematopoietic depletion resulting from radiation and cytotoxic agents.

9.1.1 Nonmyeloablative Conditioning Regimens

The basis for the development of nonmyeloablative regimens was the demonstra-
tion in preclinical studies that donor engraftment and sustainedmixed chimerism
can be established in mice following low dose TBI (300 cGy) or cyclophospha-
mide (200mg/kg), monoclonal anti-T-cell antibody therapy, thymic irradiation,
and cyclosporine [2]. Canine studies have demonstrated that mixed lymphohe-
matopoietic chimerism could be established using as little as 200 cGy of TBI
followed by post-transplant immunosuppression with mycophenolate mofetil
and cyclosporine A [3–8]. In these studies, it was demonstrated that a dose of
9.0Gy was necessary to reliably permit engraftment of donor cells, whereas at
4.5Gy, only 41% of the animals had sustained engraftment. But with the addi-
tion of immunosuppression (cyclosporine A), full engraftment was sustained in
all of the animals. Further studies demonstrated that mixed chimerism could be
sustained with as little as 2Gy of radiation along with both cyclosporine A and
mycophenolate mofetil (MMF) [9].

Based on the preclinical data indicating that stable mixed chimerism could be
established with nonmyeloablative doses of TBI along with immunosuppression,
a number of nonmyeloablative conditioning regimens have been developed,
primarily for patients who were ineligible for more aggressive regimens due to
age, extensive prior therapies, including prior autologous or allogeneic stem cell
transplantation, or comorbid medical conditions. The initial Seattle trials used
2Gy of TBI followed by MMF at 15mg/kg b.i.d. for 28 days and cyclosporine
at full dose until dayþ 35 or +56 post-transplant [10]. While the majority of
patients sustained full donor granulocyte chimerism (defined as >95% donor
cells), they weremixed chimeric in the lymphocyte compartment up to dayþ 180.
Unfortunately, 9 of 44 patients undergoing this regimen eventually experienced
graft failure.
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In the next trials, low dose fludarabine, a potent immunosuppressant, and
extended administration of MMF was introduced in the conditioning regimen
to further immunosuppress the patient and thereby decrease the frequency of
graft rejection. In the setting of HLA-identical donors, sustained engraftment
occurred in 97% of patients conditioned with fludarabine 30mg/m2 daily
for 3 days, followed by 2Gy TBI (Fig. 9.1a). In addition to fludarabine,

Seattle Non Myeloablative Transplant protocol

MMF 15 mg/kg po bid

CSP 6.25 mg/kg po bid

2 Gy TBI

(a)

HSCT
Chimerism Analyses

–3 56280 35 84–4 –2

FLU
30 mg/m2/d

–1 180

Maris et al, Blood 104, 3535, 2004

Fig. 9.1 Commonly used reduced-intensity and nonmyeloablative conditioning regimens: (a)
Schema of non myeloablative conditioning regimen developed at Fred Hutchinson Cancer
Center. Patients receive 2Gy TBI, often combined with fludarabine. GHVD prophylaxis
consists of a combination of cyclosporine A and mycophenolate mofetil, both of which are
tapered by day 100. Flu fludarabine, TBI total body irradiation, CSA cyclosporine A, MMF
mycophenolate mofetil. (b) Schema of reduced intensity conditioning regimen developed by
Giralt et al. Patients receive fludarabine combined with high dose melphalan. GvHD pro-
phylaxis consists of tacrolimus and methotrexate 5mg/m2 on days 1, 3 and 6. ATG is given to
recipients of unrelated donor transplantation. (c) Schema of reduced intensity conditioning
regimen developed byMackinnon et al. The conditioning regimen is virtually identical to that
studied at MD Anderson. GvHD prophylaxis consists of pre-transplant alemtuzumab and
post transplant tacrolimus. Methotrexate is not used. (d) Schema of reduced intensity con-
ditioning regimen developed by Slavin et al. Patients receive fludarabine combined with
intermediate dose busulfan 2mg/kg/day for four consecutive days. GvHD prophylaxis con-
sists of cyclosporine and methotrexate 5mg/m2 on days 1, 3 and 6. ATG is given to recipients
of unrelated donor transplantation. (e) Schema of reduced intensity conditioning regimen
developed byMiller et al. This is an intermediate intensity conditioning regimen. Pentostatin,
a nucleoside analog is combined with intermediate dose TBI. The conditioning regimen is
preceded by 2 days of extracorporeal photopheresis (ECP) (see text). GvHD prophylaxis
consists of cyclosporine and methotrexate
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HLA-matched unrelated donor recipients received MMF up to dayþ 40 with a

taper to day 96, along with a longer administration of cyclosporine to dayþ 100

with taper through dayþ 180. Durable engraftment occurred in 85% of

patients who received peripheral blood stem cells and 56% of those who

Melphalan (100-140-180 mg/m2)

Tacrolimus

Fludarabine* (30 mg/m2/day)

MD Anderson: Fludarabine-Melphalan

(b)

–6    –5    –4    –3    –2    –1    0  Day

d –2-d 180

Methotrexate

ATG (in MUD)

Giralt et al, Blood, 89,:4531, 1997

Fludarabine (25 mg/m2/day)

Melphalan (140mg/m2)

Campath (20 mgday)

Fludarabine –Melphalan -Alemtuzumab)

(c)

d –2-d 100Tacrolimus

Chakraverty et al, Blood, 99, 1071, 2002

–6    –5    –4    –3    –2    –1    0  Day

Fig. 9.1 (continued)
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received bone marrow grafts. Further studies of MMF pharmacokinetics

revealed that the t1/2 was 3 h, and increasing administration to 15mg/kg TID

enhanced durable engraftment to 95%.

Busulfan 2mg/kg/day

Cyclosporin

Fludarabine (30 mg/m2/day)

Fludarabine - low dose Busulfan

(d)

d –2-d 180

Methotrexate

ATG (in MUD)

Slavin et al, Blood, 91, 756, 1998

–6    –5    –4    –3    –2    –1    0  Day

ECP Based Conditioning
(e)

Miller et al, BMT 33. 881, 2004

Fig. 9.1 (continued)
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Baron et al. reported outcomes of 157 patients who underwent TBI (2Gy)
based nonmyeloablative regimen with MMF and cyclosporine A as GvHD
prophylaxis [11]. The predominant predictors of graft rejection were donor
T-cell and NK cell chimerism less than 50% at dayþ 14. High levels of donor
natural killer (NK) cell chimerism early after transplant predicted for improved
GvT effect and progression-free survival. High T-cell chimerism on dayþ 14
was associated with an increased probability of grade II–IV acute GvHD. The
incidence and severity of acute and chronic GvHD in nonmyeloablative trans-
plants was compared to standard ablative regimens by Mielcarek et al., who
evaluated age matched recipients of related and unrelated grafts and demon-
strated that the cumulative incidence of grades II–IV acute GvHD was signifi-
cantly lower (64% vs. 85%, P¼ 0.001) favoring the nonmyeloablative group,
whereas the incidence of chronic GvHD was similar (73% vs. 71%, P¼ 0.96)
[12]. Transplant-related mortality and 1-year survival were better in the non-
myeloablative group (24% vs. 35%, P¼ 0.27; 68% vs. 50%, P¼ 0.04). With
respect to transplant related toxicities, transfusion requirements and end organ
damage to liver, kidney, and lung were significantly less in the nonmyeloabla-
tive group, despite the fact that the patients were older, had more advanced
disease and more comorbidities [2, 3, 13, 14].

A recent retrospective study has compared outcomes for nonmyeloablative
transplants based on donor status with related (n¼ 221) and unrelated (n¼ 184)
donors [4]. After adjusting for comorbidity index, relapse risk, age, stem cell
source, and cytomegalovirus (CMV) status in multivariate analysis, there was
no statistically significant difference in nonrelapse mortality (hazard ratio
[HR]¼ 0.98; 95% confidence interval [CI]¼ 0.6–1.6; P¼ 0.94), relapse
(HR¼ 1.04; 95% CI¼ 0.7–1.5; P¼ 0.82), or overall mortality (HR¼ 0.99; 95%
CI¼ 0.7–1.4; P¼ 0.94). Overall rates of severe acute GvHD and extensive
chronic GvHD also were not significantly different between the two groups.

9.1.2 Reduced-Intensity Regimens

While nonmyeloablative regimens were designed to primarily induce immuno-
suppression sufficient to permit engraftment of donor cells, reduced-intensity
conditioning regimens utilize drugs active against the underlying disease. Many
of these regimens have combined purine analogs to induce immunosuppression
along with other cytotoxic agents or low doses of TBI. These regimens can be
categorized based on their degree of intensity, with those which contain busul-
fan at doses up to 10mg/kg, melphalan at doses up to 180mg/kg, or TBI at
doses up to 8Gy as themost intensive, and those containing cyclophosphamide,
thymic irradiation, and antibodies as the least intensive. The use of fludarabine
as an immunosuppressive agent in these regimens has been well characterized
and a threshold dose of 125–150mg/m2 has been established to establish donor
engraftment.
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In one of the first of these trials, Khouri et al. reported results in 15
lymphoma and chronic lymphocytic leukemia patients treated with fludarabine
30mg/m2 for 3 days and either cyclophosphamide 300mg/m2/day for 3 days, or
cisplatin 25mg/m2/day for 4 days and cytosine arabinoside 500mg/m2/day for
2 days5. Eleven of 15 patients had at least 50% donor engraftment, four had no
engraftment, and five developed acute GvHD. Eight had a complete response.
Giralt et al. treated 15 patients with leukemia or myelodysplastic syndrome
with either fludarabine 30mg/m2/day for 4 days and idarubicin 12mg/m2/day
for 3 days or high-dose melphalan 140mg/m2/day, or 2-CDA 12mg/m2/day for
5 days and cytosine arabinoside 1000mg/m2/day for 5 days [6] (Fig. 9.1b).
Thirteen patients demonstrated engraftment, seven had 90%donor hematopoi-
esis by dayþ 30, and three had acute GvHD. Childs et al. treated 15 patients
including three with renal cell carcinoma and four with melanoma with a
regimen of cyclophosphamide 60mg/kg/day for 4 days and fludarabine
25mg/kg/day for 5 days in the setting of HLA-matched or single mismatched
donor peripheral blood stem cells and reported stable engraftment in 14 of 15
patients and acute GvHD in all seven patients who had established 100%donor
T-cell chimerism by dayþ 30 [15]. Busulfan was introduced by Slavin et al. who
treated 22 patients with busulfan 8mg/kg and fludarabine 180mg/m2, along
with anti-thymocyte globulin (ATG) and granulocyte-colony-stimulating fac-
tor (G-CSF)-mobilized peripheral stem cells. Donor engraftment occurred in all
patients, and acute GvHD was observed in 12 of 26 [7] (Fig. 9.1d).

The most commonly used reduced-intensity regimens are fludarabine plus
melphalan and fludarabine plus busulfan, both of which have similar immuno-
suppressive intensity. Selection of one regimen over the other may be dictated to
some degree by disease type. In a historical comparison of outcomes with these
two regimens in 151 patients treated at a single institution, fludarabine/mel-
phalan was associated with more grade III/IV organ toxicity (P¼ 0.005) and
grade II–IV acuteGvHD (P¼ 0.01) compared to fludarabine/busulfan, but was
also more cytoreductive against underlying hematologic malignancies. Patients
receiving fludarabine/melphalan experienced more significant myelosuppres-
sion, while several who received busulfan did not experience significant pancy-
topenia. Melphalan has been shown to have broad stem cell toxicity to both
primitive and committed stem cells, whereas busulfan spares committed stem
cells. In multivariate analysis, fludarabine plus melphalan was associated with a
higher incidence of transplant-related mortality but a reduced incidence of
disease relapse.

Another approach in reduced-intensity transplantation is to establish stable
mixed chimerism using low dose cyclophosphamide, thymic irradiation, and
ATG. This platform is based on the establishment of graft tolerance, with later
use of donor lymphocyte infusions (DLI) to augment GvT effects. Using this
strategy, Sykes et al. reported establishment of stable mixed chimerism in 20 of
23 HLA-matched and 7 of 10 mismatched recipients [8]. Many of the patients
were converted to full donor chimerism by DLI without significant GvHD and
had complete remission of their disease, suggesting that significant GVL effect
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could be achieved without significant GvHD.Daly et al. reported similar results
in 13 patients with a regimen of cyclophosphamide 150–200mg/kg, ATG, and
thymic irradiation along with a short course of cyclosporine for GvHD pro-
phylaxis [9]. Seven patients with no acute GvHD had DLI beginning 5–6 weeks
after transplant to convert mixed to full donor chimerism and augment GVL. In
this study, seven patients had a complete disease response with a median
disease-free survival probability at 2 years of 37.5%, but disappointingly,
grade II–IV acute GvHD occurred in most of the patients related to DLI.

9.1.3 Reducing GvHD in Reduced-Intensity Regimens

Despite the reduction in transplant related mortality from regimen-related
toxicity with reduced-intensity transplants, acute and chronic GvHD remain
a major problem. The incidence of grade II–IV acute GvHD with fludarbine
based regimens has ranged from 30–50% and chronic GvHD from 40–60%
(Table 9.1). The onset of GvHD after 100 days has been a characteristic of many

Table 9.1 Incidence of GvHD with reduced-intensity regimens

References Regimen
Acute GvHD
(%) grade II–IV

Chronic GvHD
(%)

[10, 90, 99, 108,
125, 126]

TBI 2Gy, Flu 90mg/m2 19–63 40–63

[127] TBI 8Gy, Flu 120mg/
m2�ATG

17 46

[76] TBI 5.5Gy, Cy 120mg/m2 45 59

[60] TBI 8Gy, Cy 120mg/m2 48 64

[88, 92, 98] Flu 90mg/m2, Cy
2000–2250mg/m2

5–12 36–64

[15, 58] Flu 125mg/m2, Cy
120mg/kg

50–55 26–53

[70, 128] Flu 100–150mg/m2, Mel
100–140mg/m2

20–40 26–33

[20, 21, 93] Flu 150mg/m2, Mel
140mg/m2, Campath

15–41 7–33

[71, 72] Flu 120–180mg/m2, Bu
8mg/kg po, 6.4mg/kg
IV

37–48 48

[79, 129] Flu 150mg/m2, Bu 8mg/
kg

27 62

[56, 129] Flu 150mg/m2, Bu 8mg/
kg, Campath

27 62

[130] Cy 150–200mg/kg, ATG,
thymic radiation

29 NA

[49] ECP/Pentostatin, 6Gy 9 43

Flu fludarabine, Cy cyclophosphamide, Bu busulfan, TBI total body irradiation, ATG anti-
thymocyte globulin, ECP extracorporeal photopheresis
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reduced-intensity regimens. Patients may manifest features of both acute and

chronic GvHD. A number of strategies have been employed to reduce the

incidence of acute GvHD. The in vitro depletion of T cells occurs with the

addition of ATG to the conditioning regimen. The impact of ATG in this

setting has been mostly in patients with unrelated donor transplants. A recent

review of 83 patients, who received peripheral blood stem cells from HLA-

identical siblings after conditioning with either busulfan (8mg/kg) and fludar-

abine (150mg/m2) (n¼ 45) or busulfan (8mg/kg) fludarabine (180mg/m2) and

ATG (40mg/kg) (n¼ 38) reported no difference in incidence of acute GvHD or

chronic GvHD in the ATG patients, and no overall survival difference [16]. In

studies with unrelated donors, however, the addition of ATG has reduced the

incidence of graft failure and acute GvHD [17].
Alemtuzumab (anti-CD52 antibody, CAMPATH-1H) has also been exten-

sively studied as a T-cell depleting agent. The CD52 antigen is expressed on all

T and B cells, and the majority of monocytes, macrophages, eosinophils, NK cells,

and dendritic cells. Alemtuzumab is capable of inducing antibody-dependent cell-

mediated cytotoxicity, thus eliminating bothT cells andCD52-expressing dendritic

cells in vitro and in vivo. When alemtuzumab was added to a fludarabine plus

melphalan regimen (alemtuzumab 20mg on days�8 to�4, fludarabine 30mg/m2

days �7 to �3, melphalan 140mg/m2 day �2, the incidence of acute and chronic

GvHD decreased significantly [18–20] (Fig. 9.1c). Of the 34 patients who were

evaluated for chimerism at 1 month, 29 (85%) had achieved full donor chimerism;

at 5 months, five of these patients had converted to mixed chimerism. A review of

88 lymphoma patients treated with this regimen reported graft failure in only

three and grades II–IV acute GvHD in 15% [21]. A high frequency of mixed

hematopoietic chimerism (19 of 69 evaluable patients) was noted 1–3 months

post-transplant due to the in vivo T-cell depleting effects of alemtuzumab on

the stem cell graft; conversion to full donor chimerism was achieved with DLI

in 8 of 15 patients. Similarly, the effects of T-cell depletion on the GvT effect

required DLI for persistent disease in a number of patients. In other studies

alemtuzumab has been used ‘‘in the bag’’ to purge stem cell products and thus

reduce the incidence of acute GvHD after ablative conditioning regimens

[22–24].
While alemtuzumab containing regimens have been well-tolerated and asso-

ciated with a low incidence of life-threatening acute GvHD and a low incidence

of chronic GvHD, the incidence of serious infections has been high related to

immunosuppression. In one study, CMV reactivation was observed in 63% of

at-risk patients [21]. Pre-emptive monitoring and treatment of CMV has now

become a standard for patients receiving alemtuzumab [25]. Other infectious

complications seen with these regimens included invasive aspergillosis, toxo-

plasmosis, and disseminated adenovirus [26, 27]. On the other hand, the low

incidence of extensive chronic GvHD with these regimens mitigates the risk for

late infections, and the overall risk for treatment related mortality may be

reduced [28].
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9.1.4 Dendritic Cells and Reduced-Intensity Regimens

The importance of host dendritic cells (DC) in establishment of GvHD was

defined by Shlomchik et al. in a murine HLA-matched allogeneic transplant

model, in which it was demonstrated that CD8+ T-cell mediated GvHD and

GvT required donor T-cell recognition of host antigens in the context of host

antigen-presenting cells, suggesting that acute GvHD may be driven by persis-

tence of functional host antigen presenting cells after allogeneic stem cell infu-

sion [29]. These results suggested that incidence and severity of GvHD may

be influenced by the quality of host/donor DC chimerism achieved after

engraftment. In this model, host DC capable of presenting minor histocompat-

ibility antigens to infused donor T cells would initiate T-cell activation and a

Th-1 cytokine cascade implicated in the pathogenesis of acute GvHD.
While conventional immunosuppressive regimens containing cyclosporine,

tacrolimus, and sirolimus may effectively reduce the activation of donor T cells,

they have little effect on residual host antigen-presenting cells. The clinical effec-

tiveness of the addition of alemtuzumab in reducing the incidence of acuteGvHD

may be due, in part, to its direct effects on DC populations [30–42]. Other

monoclonal antibodies are being developed to target and eradicate DC [30].
Another novel strategy to modify host DC populations involves the use of

extracorporeal photopheresis (ECP), a therapy that involves the ex vivo expo-

sure of leukapheresed peripheral blood mononuclear cells to 8-methoxypsor-

alen, a DNA-damaging agent, in the presence of ultraviolet light in a plastic

chamber. ECP has been demonstrated to be an effective therapy for acute and

chronic GvHD by a mechanism which involved the induction of tolerogenic

dendritic cells [43–48]. ECP induces induction of apoptosis in T cells, which are

ingested by monocytoid DC and induce the expression of tolerizing cytokines,

such as IL-10 [43, 45]. Functional studies have shown decresased capacity of

these ECP treated DC to induce T-cell proliferation [43].
A Phase I/II study using a reduced-intensity conditioning regimen was

conducted to explore the role of ECP as a strategy to modulate host DC prior

to the infusion of allogeneic stem cells. The regimen consisted of 2 days of ECP

followed by infusional pentostatin at a dose of 8mg/m2 over 48 h and 6Gy of

TBI [49] (Fig. 9.1e). Of 92 patients enrolled, 22 had a prior transplant and 53

had refractory disease at the time of transplant. Engraftment was seen in all but

one patient; four patients with active, refractory acute myelogenous leukemia

(AML) at the time of transplant had progressive disease before engraftment.

The median time to engraftment of leukocytes and platelets was 14 and 17 days,

respectively. The regimen was well-tolerated even in this high risk group of

patients. The most significant outcome of this trial was the low incidence of

acute and chronic GvHD with a 13% incidence of grade III–IV acute GvHD

and a 12% incidence of extensive chronic GvHD. A randomized trial of this

regimen with and without ECP is underway to explore whether the reduced

incidence of GvHD was associated with the use of ECP.
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9.2 Outcomes of Reduced-Intensity Conditioning

and Nonmyeloablative Transplantation in Specific Diseases

The reduced-intensity and nonmyeloablative regimens have been widely adopted
because of their relative lack of early toxicity and the reliable engraftment observed
with a variety of donor types. In certain instances and institutions, they have
replaced myeloablative conditioning [50, 51]. Yet, despite prolonged and intensive
investigation, the definitive role of nonmyeloablative transplantation has not been
established in any particular disease. Randomized studies comparing with conven-
tional conditioning regimens are non-existent. Encouraging phase II data are not
routinely confirmed in multi-institutional or registry analysis, and some analyses
suggest worse outcomes for subsets of patients.

These conflicting results are explained to a large extent by differences in
patient selection, the profusion of conditioning regimens, and the important
role of other treatment components such as donor type, andGvHDprophylaxis
for the outcome of transplantation. Despite these limitations, there continues to
be major interest in the further development of reduced-intensity conditioning.

9.2.1 Chronic Myelogenous Leukemia and Other
Myeloproliferative Disorders

Allogeneic transplantation was until recently the standard of care for patients
with chronic myelogenous leukemia (CML).Myeloablative transplantation with
related or unrelated donors resulted in very high cure rates for young patients
[52]. In the middle-aged and older, cure rates of 50–60%were routinely reported,
but treatment-related mortality was considerable [53]. Given the susceptibility of
CML to GvT effects, the exploration of nonmyeloablative conditioning repre-
sented an attractive option. Kebriaei et al. recently reported long-term outcomes
in 64 patients treated at the M.D. Anderson Cancer Center with nonmyeloabla-
tive conditioning [54]. Only 20% of patients were in first chronic phase, the rest
were in second chronic phase, accelerated phase, or blast crisis. Among chronic-
phase patients, progression-free survival at 2 and 5 years was 47% and 31%,
respectively, compared with 15% and 11%, respectively, for patients with accel-
erated- or blast-phase disease (P¼ 0.03). Several years earlier, the Seattle group
had reported on a similar group of 24 older patients with CML who received
conditioning with low-dose TBI or fludarabine and TBI [55]. Four of the 8
receiving low-dose TBI alone experienced graft rejection, which might indicate
that low-dose TBI is not sufficiently immunosuppressive for allogeneic HSCT in
patients with previously untreated CML. After the addition of fludarabine to the
conditioning regimen, no further instances of graft rejection were observed.With
a median follow up of 36 months, 13 of 24 patients remained alive and in
complete remission. A study by Or and colleagues in Jerusalem found excellent
results in younger patients using a low dose busulfan conditioning regimen [56].
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By contrast Das and colleagues in India reported very poor results with only 6 of
17 patients surviving [57]. Sloand et al. also reported high rates of recurrence after
reduced-intensity conditioning in patients in first or second chronic phase CML
[58]. Such contradictory results are best brought in perspective by a registry
analysis on 186 patients reported by the EuropeanGroup for Blood andMarrow
Transplantaiton. They found a cumulative treatment-related mortality of 21%,
despite limited early treatment-related mortality. Progression-free survival at
3 years was 37% and was worse in patients with advanced disease [59]. Weisser
et al. reported encouraging results with a reduced-intensity regimen consisting
of TBI (8Gy), fludarabine, and cyclophosphamide (80mg/kg) combined with
ATG. They treated 35 elderly CML and reported a low rate of recurrence and
68% survival at 2.5 years [60].

The tyrosine kinase inhibitors have revolutionized management of CML
and currently the majority of CML patients referred for transplant are either
refractory or intolerant to imatinib. Cohort analysis indicates that prior expo-
sure to imatinib by itself does not affect tolerance to transplant conditioning,
engraftment and complication rates [61]. However, those referred after failing
imatinib may be predisposed to higher complication and failure rates. Data
with nonmyeloablative transplant in this setting are virtually absent, but it is to
be expected that recurrence rates will be high. Consideration should be given to
maintaining such patients on imatinib post-transplant [62, 63].

Among the other myeloproliferative disorders, myelofibrosis has been the
topic of considerable interest. After an initial report of successful allogeneic
transplantation in a group of four patients [64], results have been updated in a
survey by Rondelli et al. [65]. They identified 21 patients—most with advanced
disease. Eigtheen patients had durable engraftment and prolonged responses.
This compared favorably to the high treatment-related mortality observed in
advanced myelofibrosis with myeloablative conditioning [66].

9.2.2 Acute Leukemias and Myelodysplastic Syndromes

Nonmyeloablative allogeneic HSCT has been widely utilized in the management
of acute leukemia, in particular AML. The Seattle consortium using mostly
fludarabine and low-dose TBI recently reported long term outcomes in patients
with myeloid malignancies [67]. Long-term survival rates were in the 30% range
and ranged from approximately 20% for those with myelodysplastic syndromes
(MDS) and therapy-related AML (t-AML) to approximately 40% for those with
myeloproliferative disorders. Of interest, graft rejection occurred in 23 (16%) of
the patients regardless of donor type. Occurrence of chronic GvHD was asso-
ciated with a reduced risk of recurrence, but not with improved survival. Similar
results were reported by Koh et al. using the Seattle fludarabine-TBI regimen
[68]. In their series, GvHD accounted for most of the treatment-related mortality
(TRM) and could be reduced by intensifying GvHD prophylaxis.
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The M.D. Anderson Cancer Center group investigated the use of allogeneic

HSCT following a reduced-intensity regimen of fludarabine plus melphalan

regimen, as well as a less-intensive regimen of fludarabine, idarubicin, and

cytosine arabinoside, for high-risk AML and MDS. The fludarabine-melphalan

regimen resulted in approximately 60% disease-free survival at 2 years for

patients transplanted in complete remission [69]. For those patients trans-

planted with active disease, disease-free survival was much lower. The

less-intensive regimen of fludarabine-idarubicin-cytosine arabinoside was asso-

ciated with an increased rate of recurrence, underscoring the importance of

chemotherapy intensity to overall outcome [70]. Kroger et al. used a reduced-

intensity regimen consisting of busulfan (8mg/kg) and fludarabine in the treat-

ment of MDS or t-AML and reported an estimated 38% 3-year disease-free

survival [71]. But Shimoni et al., reported that a reduced dose busulfan con-

ditioning regimen was less effective than myeloablative doses of busulfan for

transplant of patients with active AML [72]. Campath based T-cell depletion

has been studied in AML and MDS by our group as well as by the UK

consortium [73, 74]. While relapse rate is increased, GvHD related complica-

tions and transplant related mortality are lower and overall results are compar-

able to those obtained with fludarabine-melphalan conditioning [28]. Other

regimens have been investigated as well. For exampleMaruyama et al. reported

a large retrospective analysis of patients, mostly with acute leukemias and

MDS, who were not in remission at the time of transplant. The conditioning

regimen consisted of fludarabine or cladribine combined with low-dose busul-

fan and sometimes with low dose TBI. They found no striking differences in

toxicity or overall efficacy of these reduced-intensity regimens compared with

conventional conditioning [75]. Girgis et al. and Hallemeier et al. developed a

conditioning regimen of low-dose cyclophosphamide and TBI, with excellent

long-term outcomes in patients with good-risk disease [76, 77]. A recurrent

observation in each of these studies is the high rate of recurrence in patients with

advanced disease, an issue that is being addressed by more intensive pre-

transplant induction or by post-transplant maintenance therapy. The use of

pre-transplant induction was studied as part of a multicenter trial from Ger-

many and Austria in which patients with refractory AML underwent allogeneic

HSCT with a reduced-intensity conditioning regimen 4 days after cytarabine

and amsacrine induction [78]. Those without GvHD received prophylactic

DLIs as of day 120. One hundred and three patients were studied; two-thirds

had unrelated donors. One-year survival in this group of patients was an

encouraging 54%. Similar, but more preliminary, data were reported by Blaise

and colleagues in Marseille [79]. Others have evaluated the use of post-trans-

plant prophylactic DLI or other forms of adoptive immunotherapy [78, 80],

vaccinations [81], or more recently, maintenance chemotherapeutic treatment

[82]. Intensification of the conditioning regimen is achieved by the addition of

agents such as gemtuzumab ozogamycin that are highly leukemia specific [83],

or the incorporation of new chemotherapeutic agents such as treosulfan [84].
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9.2.3 Lymphoma and Chronic Lymphocytic Leukemia

Myeloablative transplantation can be curative for chronic lymphocytic leuke-

mia (CLL) and low-grade non-Hodgkin’s lymphoma (NHL), but very high

rates of TRM were reported in early series [85–87]. Both the M.D. Anderson

and the Seattle groups report encouraging outcomes with nonmyeloablative

transplantation in low-grade NHL and CLL [5, 88–92]. In a multi-institutional

trial from the United Kingdom UK group, the use of an alemtuzumab

(Campath)-based conditioning regimen resulted in slightly higher rates of dis-

ease recurrence, but overall similar outcomes in patients with follicular NHL

[21]. In patients with CLL, a surprisingly high incidence of opportunistic infec-

tions was encountered after Campath-based conditioning, perhaps because of

excessive immunosuppression [93].
The encouraging phase II and single institution results contrast with an

analysis by the International Bone Marrow Transplant Registry (IBMTR) that

found no advantage for nonmyeloablative transplantation [51]. Performance

status and disease status, not the type of conditioning regimen, were predictors

for outcome. There was even a trend for higher recurrence rates after nonmye-

loablative or reduced-intensity conditioning. No effect of GvHD on relapse rates

could be detected in this or in earlier IBMTR analyses. The Seattle group also

compared the outcomes after allogeneic HSCT with nonmyeloablative or mye-

loablative conditioning regimens in lymphoid malignancies [94]. Patients with

comorbidities, two-thirds of their entire patient group, benefited from reduced-

intensity conditioning because of decreased treatment related mortality. The

results of nonmyeloablative and myeloablative conditioning were similar in the

one-third of patients without comorbidities. The Seattle study suggested that

GvT effects rather than conditioning intensity was the major determinant for

outcome of allogeneic HSCT in lymphoma. Neither of these studies can be

considered definitive because they are based on retrospective comparisons

between groups with major imbalances in patient and disease characteristics. In

both studies, patients undergoing nonmyeloablative transplantation tended to be

older but also were more often transplanted in remission. Adjustment for such

covariates can only partially address these issues, and it cannot at all account for

the omission of important covariates such as comorbidities in the IBMTR study

and performance score in the Seattle study.
Nonmyeloablative allogeneic HSCT has also been studied in other subtypes

of lymphoma including mantle cell lymphoma, transformed lymphoma, diffuse

large B-cell lymphoma, and peripheral T-cell lymphoma. The results are widely

variable, but there is a consensus that transplantation of patients with aggres-

sive NHL and active disease does not result in high cure rates [21, 95–99].
In Hodgkin’s lymphoma, the historical results with myeloablative allogeneic

HSCT are dismal, perhaps because it has mainly been utilized in patients with

very advanced disease including those who relapse after autologous transplan-

tation [100]. Single institution studies or consortium studies show excellent
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results with nonmyeloablative conditioning for recurrent Hodgkin’s lymphoma
[101, 102]. Nonmyeloablative allogeneic HSCT may be particularly useful in
those who have failed autologous transplantation. Although only a minority of
patients is cured, the survival after allogeneic transplantation is clearly superior
to that obtained with further conventional chemotherapy [103]. An analysis
from the European Group for Blood and Marrow Transplantation (EBMT)
registry confirmed the advantage of nonmyeloablative over myeloablative sib-
ling transplantation in Hodgkin’s lymphoma [104]. This was not confirmed in
an IBMTR analysis of unrelated donor transplantation [105].

9.2.4 Multiple Myeloma

Despite its curative potential, myeloablative allogeneic transplantation has
never found wide application in multiple myeloma because of the serious
toxicity and excessive treatment-related mortality in this frail patient popula-
tion [106]. Nonmyeloablative transplantation has therefore rapidly found wide-
spread interest. Reduced intensity comes, however, with increased recurrence
[107]. An EBMT analysis of 320 patients confirmed the low TRM rate, but also
a much higher recurrence rate than after myeloablative conditioning and over-
all no benefit [50]. There is, however, an increasing interest in the use of
sequential autologous followed by nonmyeloablative transplant consolidation
[108, 109]. It is hoped that the separation of the toxicity of high dose condition-
ing from the immunosuppression associated with nonmyeloablative transplan-
tation will result in less overall toxicity. A randomized study from Italy showed
a benefit of sequential autologous followed by allogeneic transplantation over
double autologous transplantation in patients with myeloma in first response
[110]. A similar study restricted to patients with high-risk disease failed to show
a benefit for allogeneic transplantation [111]. Several randomized studies are
currently ongoing to address this issue.

9.2.5 Benign Hematologic Disorders

Nonmyeloablative allogeneic HSCT holds particular appeal for patients with
so-called benign hematological disorders, where the conditioning regimen is
required only to assure engraftment and not to assure disease control. Allogeneic
HSCT can be curative for sickle cell disease and thalassemia, but it is only rarely
performed in patients with advanced disease because of excessive toxicity. Using
a fludarabine-melphalan conditioning regimen, we reported engraftment in two
patients with advanced sickle cell disease [112]. Unfortunately both died of
complications related to GvHD. More recently using a Campath-based GvHD
prophylaxis durable engraftment after reduced-intensity conditioning was
reported in two patients, including one who was in renal failure and on dialysis
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[113]. But graft failure has also been frequently observed after nonmyeloablative
transplantation for sickle cell disease, and the lack of related or matched unre-
lated donors in many patients with sickle cell disease poses considerable chal-
lenges for implementing this strategy [114]. Nonmyeloablative allogeneic HSCT
has also been tested in thalassemia, particularly in those with advanced disease
who are poor candidates for conventional myeloablative conditioning, but it has
been associated with an excessive incidence of graft rejection [115].

9.3 Predicting Toxicity

Originally developed as a method to extend allogeneic HSCT to the frail and
elderly, nonmyeloablative and reduced-intensity conditioning regimens have
only partially fulfilled that promise. The contradictory results of various studies
in nonmyeloablative transplantation stem in large part from differences in
patient selection. Initial studies often selected patients on the basis of age
alone, and age has even constituted the basis for randomization between
myeloablative and reduced-intensity conditioning [116]. But age is a poor
predictor of transplant tolerance [117]. In an effort to better define the risk
for transplant-related morbidity and mortality, tools for measuring comorbid-
ities developed in geriatric medicine have been utilized and adapted for trans-
plant [118]. Sorror et al. developed the transplant specific comorbidity index,
which was shown to be an independent predictor of transplant outcome across
studies and institutions [119]. Artz et al. found that combining a measure of
comorbidity (the Kaplan Feinstein index) with the commonly used WHO
performance status adds additional power to predict treatment related mortal-
ity, an observation that was recently confirmed by the Seattle group who also
found a correlation with survival [120, 121]. Measurement of comorbidity
scores and performance scores lack accuracy and reproducibility. There is an
interest in creating simpler and more reliable measures of fitness. Investigators
from the Dana-Farber Cancer Institue reported that serum ferritin, an acute
phase reactant, but also a measure of iron overload, predicts for transplant-
related toxicity [122]. Our group at the University of Chicago, as well as the
M.D. Anderson group, has presented preliminary evidence on the correlation
between C-reactive protein levels and toxicity [123, 124]. The further refinement
of prognostic tools and scores is essential for improvement in treatment strate-
gies in allogeneic transplantation.
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Chapter 10

Umbilical Cord Blood Transplantation

John E. Wagner, Claudio Brunstein, William Tse, and Mary Laughlin

10.1 Introduction

Use of umbilical cord blood (UCB) as a clinical source of hematopoietic stem
cells (HSC) was first considered in the late 1960s. In the first known published
report of its use, Ende et al. [1] infused freshly procured UCB samples from
eight donors to a 16-year-old male with acute lymphocytic leukemia. While
long-term hematopoietic reconstitution was not demonstrated, Ende et al.
documented transient alteration in red cell antigens in the peripheral blood,
suggesting a transient mixed chimerism from at least one UCB unit. Studies
subsequently performed by Koike et al. [2] and Vidal et al. [3] in the late 1970s
and early 1980s, however, provided for the first real evidence that UCB may
contain sufficient numbers of hematopoietic progenitor cells for transplanta-
tion. However, it was not until experiments performed by Broxmeyer et al. [4]
that ultimately led to the first UCB transplantation, which took place on
October 6, 1988 at the Hôpital St. Louis in Paris for a child with Fanconi
anemia [5]. Over the succeeding two decades, UCB was found to have several
unique biological properties that established it as a major source of HSC for
pediatric and adult transplantation [4, 6]. We summarize the current state of
knowledge that supports its routine use, provide a rationale for an UCB selec-
tion algorithm, and suggest a list of research priorities for optimizing survival in
recipients of UCB HSCs.

10.2 Attributes of UCB as a Graft Source for Transplantation

Broxmeyer et al. postulated that the number of hematopoietic progenitors in
UCB had a greater capacity for expansion than those in bone marrow (BM),
suggesting that UCB might be a suitable HSC source [4, 6]. Cardoso et al. also
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showed that the total CFU-GM production of UCB CD34þ CD38– cells was

7.6-fold greater than that in a corresponding population in adult BM [7].

Consistent with these in vitro findings, UCB was also found to have a higher

engrafting capability in a murine model than adult BM cells [8]. Through

limiting dilution analysis, the frequency of SRC in UCB appeared to be 1

in 9.3� 105 cells as compared to 1 in 3� 106 in adult BM, and 1 in 6� 106 in

mobilized adult peripheral blood; overall UCB appeared to have about three to

six times higher SRC content than adult BM and mobilized peripheral blood,

respectively. On the basis of these and other observations, UCB was noted to

contain higher concentrations of primitive hematopoietic progenitors with

greater proliferative capacity as compared to adult HSC. These unique biolo-

gical features suggested that UCB could be a useful clinical source of hemato-

poietic stem and progenitor cells for both children and adults.
Allogeneic BM transplantation (BMT) is associated with a high risk of

acute and chronic graft-versus-host disease (GvHD), particularly in recipi-

ents who receive unmanipulated HLA-mismatched BM. Stringent HLA

matching between donor-recipient significantly limits the wide use of BM

from unrelated donors. While preclinical data strongly suggest that UCB

may be a reliable source of HSC for hematopoietic reconstitution in mye-

loablated recipients, clinical investigators have argued that alloreactivity

would be less pronounced due to the unique qualities of the neonatal immune

system [9]. As UCB recipients in initial studies have been noted to tolerate

one to two HLA antigens mismatched grafts UCB has emerge as an

attractive alternative source of HSC for patients without HLA matched

sibling donors.
Rainaut et al. and Hannet et al. found that, as compared to adult peripheral

blood, UCB had a significantly lower percentage of CD8þ T cells, and UCB

lymphocytes had phenotypic characteristics of T cell ‘‘immaturity’’ [10, 11].

Hannet et al. observed co-expression of CD45RA on the majority of CD4þ

UCB lymphocytes (91% as compared to 40% of adult CD4þ lymphocytes),

fewer CD3þ T cells with IL-2 receptors (8% vs. 18%), and fewer CD3þ T cells

with the activation markers (2% vs. 10%). Clement et al. demonstrated that

CD4þCD45RAþ UCB T cells had no detectable helper function and their

dominant immunoregulatory activity was suppression [12]. These observations

suggested the ‘‘naı̈ve’’ features of T-cells in UCB grafts might contribute to

immune tolerance and have better transplant outcomes despite donor-recipient

HLA disparity.
Later, Godfrey et al. [13] demonstrated a high frequency of regulatory T cells

in UCB. These cells, characterized by the co-expression of CD4, CD25 and

FoxP3, had been shown to be critically important in self-tolerance and the

prevention of autoimmunity [14–18]. Several investigators showed that regula-

tory T cells markedly impaired the activation and expansion of alloreactive

CD4þ and CD8þ T cells and GvHD decreased lethality in animal models

[14–17].
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Today, it is known that a single UCB unit usually contains a sufficient
number of HSC for reliable engraftment in children but often insufficient for
adults due to recipient’s body size. The exact cell dose threshold is arguably at
least 2.5� 107 nucleated cells/kg recipient weight in order to attain a >90%
likelihood of donor engraftment. It is also known that full HLA match is
not required. While the maximally allowable HLA mismatch is not known,
UCB units with one to two out of six mismatched antigens for HLA-A, -B and
-DRB1 are acceptable.

10.3 Sibling Donor UCB Transplantation: Outcomes in Children

The first registry data reported the UCB transplantation outcomes from HLA
matched and mismatched sibling donors in 1995 [19] and was updated in 1998
[20]. Seventy-four patients were transplanted with sibling UCB with the median
age of 4.9 years (range 0.5–16.3). Among them, 56 patients received HLA zero
to one antigen mismatched grafts and 18 received HLA two to three antigen
mismatched grafts. For recipients of HLA zero to one antigen mismatched
sibling UCB grafts, the probability of neutrophil recovery (defined as an
absolute neutrophil count of �5� 108/L) was 91% (�2) at 60 days after
transplantation at a median of 22 days (range, 9–46). Despite overall high
engraftment rates, there was a trend toward a greater risk of graft failure in
recipients with nonmalignant hematologic disorders including marrow failure
syndromes, hemoglobinopathies, or inherited metabolic disorders.

Gluckman et al. subsequently reported transplant outcomes in 74 recipients
of related UCB [21]. The median age of the population was 5 years (range
0.2–20) with 46 patients having malignancies, 17 with BM failure syndromes,
eight with hemoglobinopathy, and seven with inborn errors of metabolism.
Sixty of the 74 patients received HLA-identical grafts. In contrast to the prior
report [20], the probability of neutrophil engraftment was only 79%. Myeloid
recovery and engraftment was favorably influenced by younger recipient age
(p¼ 0.02), lower recipient body weight (p¼ 0.02), and HLA-identity (p¼ 0.04)
with a trend toward better outcome in those with a higher nucleated cell dose
(p¼ 0.06). This was the first report that suggested a possible relationship
between nucleated cell dose of the UCB graft and myeloid engraftment. This
finding suggested that a UCB graft with lower nucleated cell dose might have a
higher risk of graft failure or markedly delayed myeloid recovery.

Importantly, in each of these initial reports, the incidence and severity of
acute and chronic GvHD were surprisingly lower than expected among UCB
recipients who received zero to one HLA mismatched sibling grafts. In the
report by Wagner et al. [19], the probability of grade II–IV and grade III–IV
GvHD was only 3% (�2) and 2% (�2), respectively. Limited chronic GvHD
was only reported in three patients and no extensive chronic GvHD was
observed. In the report by Gluckman et al. [21], the probability of grade II–IV
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GvHD was 9% in recipients of HLA-matched UCB, with chronic GvHD
observed only in eight of 56 patients who survived beyond day+100 after
transplantation.

Wagner et al. [20] reported a survival of 61% (�12) in recipients of zero to
one HLA-antigen mismatched UCB grafts at a median follow-up of 2 years and
similarly, Gluckman et al. [21] reported a survival of 63% at 1 year. Factors that
favorably influenced survival were younger age (p< 0.001), lower recipient
body weight (p< 0.001), HLA-identity (p< 0.006), and negativity of recipient
pretransplant cytomegalovirus (CMV) serology (p¼ 0.002). While lower body
weight was associated with improved outcome, cell dose was not identified as a
key factor in these two studies, perhaps due to the limited number of patients
and narrow range in the cell doses infused.

In the absence of a prospective randomized trial, a retrospective analysis of
registry data was performed in order to assess the relative risks of delayed
myeloid recovery or graft failure, GvHD, and mortality between UCB and
adult donor HSC sources. In a joint study of the International Bone Marrow
Transplant Registry and Eurocord, Rocha et al. compared the clinical out-
comes in 113 HLA matched UCB recipients with 2052 HLA matched BM
recipients [22]. It was the first report that documented a delayed myeloid
recovery in UCB recipients (incidence 89% at a median of 26 days as compared
to 98%at amedian of 18 days, p< 0.001). Perhapsmost importantly, it was also
the first time showing that UCB recipients had lower incidence and severity of
GvHD.Risk of grade II–IV acuteGvHDwas 14% inUCB recipients compared
to 24% in BM recipients (p¼ 0.02). Survival rates after UCB and BM trans-
plantation were similar at 3 years (64% vs. 66%, p¼ 0.93). Because of lower
incidence of GvHD, concern was raised whether the UCB recipients might be at
higher risk of disease relapse. In this analysis, however, relapse as a cause of
death was no different in recipients of UCB compared to recipients of BM,
suggesting that graft-versus-leukemia (GvL) was intact.

10.4 Unrelated Donor UCB Transplantation: Outcomes

in Children

As a result of the early successes with sibling donor UCB transplantation, cord
blood banking programs were rapidly initiated and expanded throughout U.S.
and Europe. These efforts ultimately led to the first two reports on use of
unrelated UCB transplantation in children in 1996 [23, 24]. These two studies
clearly demonstrated that hematopoietic recovery and sustained engraftment
could be achieved at least in children and possibly in smaller adults. Further-
more, incidence and severity of acute GvHD were surprisingly lower than
expected, particularly given the fact that vast majority of patients received
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one to two HLA mismatched UCB units. Gluckman et al. subsequently

reported the outcomes in 65 patients (median age¼ 9 years) transplanted with

unrelated UCB [21]. Similar to the observations in the sibling UCB recipients,

the probability of myeloid recovery was 87%. Notably, the UCB recipients who

received median cell dose more than 3.7� 107NC/kg were more likely to have

faster myeloid engraftment (25 days vs. 35 days) and higher probability of

myeloid recovery (94% vs. 76%), clearly confirming the importance of UCB

nucleated cell dose.
Rubinstein et al., next published a landmark study on unrelated UCB

transplantation [25]. In this study patients either had a hematological malig-

nancy (n¼ 581, 67%), genetic disease (n¼ 209, 24%), or acquired BM failure

(n¼ 79, 9%) in the majority of pediatric patients (79%). In this report, the

overall probability of myeloid recovery was 93%. This report again showed the

importance of UCB cell dose on engraftment, risk of adverse events and

survival. While a stepwise increase in graft nucleated cell dose was associated

with a progressively shortened time to myeloid recovery, the incidence of

myeloid recovery didn’t significantly change once the nucleated cell dose

exceeded 2.5� 107/kg. In addition, HLA match level (HLA 0 vs.�1 mismatch)

was also associated with myeloid engraftment. The median time to myeloid

recovery in recipients of a 6/6 HLA matched UCB unit was 23 days as com-

pared to 28 days in those transplanted with HLA mismatched units

(p¼ 0.0027). However, engraftment was similar in recipients of 1 vs. 2 vs. 3

antigen mismatched UCB grafts.
Risk of acute GvHD varied between reports. In the study reported by

Gluckman et al. and others, although a smaller series failed to detect any

difference in risk of GvHD in recipients of HLA 1 vs. 2 antigens mismatched

UCB grafts, Rubinstein et al. [25] found that risk of grade III–IV GvHD

increased with increasing of mismatch level, i.e., 8% in 6/6 HLA-matched

UCB, 19% in 5/6 HLA-matched UCB, and 28% in 4/6 HLA-matched UCB

(p¼ 0.006). Even today, there are still conflicting results on the impact of HLA

mismatch related to GvHD. Nonetheless, it is general consensus that the risk of

GvHD is considerably lower than anticipated at the level of HLA mismatch in

most UCB recipients compared with recipients of unrelated adult donor grafts.
In terms of survival, Gluckman et al. reported survival of 34% at 1 year and

it was adversely affected by recipients with older age, female sex, and advanced

stage of disease [26]. Notably, neither degree of HLA-mismatching nor cell dose

was shown to influence survival. Rubinstein et al. reported 3-year survival of

48% in patients with genetic disease and 27% in patients with hematological

malignancy. Risk factors for adverse transplant-related events were UCB graft

low cell dose andHLA-mismatch [27]. This was the first time that survival of the

UCB recipients was noted to be influenced by cell dose and HLA disparity. The

literature on the use of unrelated donor UCB transplantation in children is

summarized in Table 10.1.
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10.5 Unrelated Donor UCB Transplantation: Outcomes in Adults

After the initial successes in children, UCB transplantation was extensively

investigated in adults for whom a volunteer unrelated adult BM donor was

not available. The first series of reports of unrelated UCB transplantation

experience in adults were published together with pediatric population in

1996 [23, 24, 30]. In 2000 and 2001, the first three series specifically focused

on the outcomes of UCB transplantation in adults were reported [31–33].

Laughlin et al. [31] reported the results in 68 adults (median age 31, range

17–58) with high-risk hematologic diseases who received 3–6/6 HLA matched

UCB grafts. The probability of myeloid recovery was 90% at a median of 27

days. However, it is important to note that the Kaplan-Meyer estimate was as

high as those reported in children, in part due to the high incidence of early

death during the first 28 days, and these patients were censored in the analysis.

In addition, the report does not indicate the number of potential adult recipients

excluded on the basis of cell dose. Moreover, the incidence of grades II–IV and

III–IV acute GvHDwas higher than those previously reported in children (60%

and 16%, respectively). Similar to observations in children, the incidence of

severe acute GvHDwas also not associated withUCB graft HLA disparity. The

incidence of chronic GvHDwas 33% for those survivors beyond day 100. Event

free survival was only 26%, reflective in part of patient selection to include

those with advanced disease and extensive pretreatment. Importantly, higher

survival was observed in recipients who received cell doses �1.2� 105/CD34/

kg. Similarly, Rocha et al. [32] reported results in 108 adults (median age 26,

range 15–53), with hematological malignancies who underwentUCB transplan-

tation. The median time to myeloid recovery was 32 days. Grades II–IV acute

GvHD was observed in 41% and chronic GvHD in 26% of the patients. Over-

all, 1-year survival was 27%.
Since the first successful UCB transplant in an adult with chronic myelogen-

ous leukemia and emerging acute myeloid leukemia in 1996, and further pub-

lications focused on adults transplanted with UCB [34], to date nearly 3000

UCB transplants have been performed in adults >18 years of age. For patients
with acute leukemia, the EFS has ranged from 15% to 50% [31, 33, 35–40] with

some small series reporting up to 70% [41, 42]. Younger patients [33, 38]

receiving higher UCB cell doses (nucleated cells, CD34, CFU-GM) with pre-

transplant CMV serum negativity [37] and pretransplant complete remission

status [35, 41] generally have better outcomes. Over the past 5 years, there has

been a growing interest in using UCB as an HSC source for adults. Despite the

UCB cell dose barrier limiting its wide use in adult patients, UCB has received

increasing attention in adult transplantation since UCB is readily available for

transplantation without requirement for prolonged unrelated adult donor

searching; this being beneficial for those patients requiring urgent treatment.

The literature on the use of unrelated donor UCB transplantation in adults is

summarized in Table 10.2.
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10.5.1 UCB: A New ‘‘Standard of Care’’ for Children and Adults

Until 2000, BM from HLA matched related and unrelated donors were con-
sidered to be the ‘‘gold standard’’ and the first choice of HSC source for
hematologic malignancies and metabolic disorders. UCB has emerged as an
alternative HSC source over the past decade. The increasing use of UCB is
mainly attributed to the following: (1) evidence of favorable results in children,
(2) growing availability of UCB units with larger cell doses, (3) emerging
acceptance of ‘‘double’’ UCB platform (i.e., use of two UCB units from two
partially HLA matched donors in rapid series), (4) rapid donor identification
and cell acquisition, and (5) better tolerance of HLA disparity. Due to the fact
that for the majority of ethnic minority patients in the USA today identification
of HLA matched donors either within the family or in adult marrow donor
registries is difficult, there is a continued need to investigate UCB as alternative
stem cell sources for these patients.

Based on the data available today, we describe the views of two transplant
teams experienced in both marrow and UCB transplantation, with focus on
(1) the place ofUCB as a source ofHSC for specific circumstances, (2) approach
to selecting the best UCB unit(s) for potential patients, and (3) research prio-
rities in the field of UCB transplantation.

10.5.2 For Pediatric Patients with Acute Leukemia,
What is the Best HSC Source?

Minnesota Position: A 4–6/6 HLAmatched UCB is the first choice even if an 8/8 allele
HLA matched BM donor is available. When the transplant is urgent or a 6/6 HLA
matched UCB unit is available, UCB has the advantage.

Several studies have been reported comparing outcomes in pediatric recipi-
ents of UCB and unrelated BM. One of the first reports was a matched-pair
analysis (matching: age, diagnosis and disease stage) at the University of
Minnesota, comparing the outcomes principally in pediatric patients trans-
planted either with zero to three HLA-A, -B, -DRB1 mismatched UCB or
HLA-A, -B, -DRB1-matched BM [46]. While myeloid recovery was signifi-
cantly slower after UCB transplantation, incidence of engraftment by day 45
was similar. Likewise, incidences of acute and chronic GvHD were similar.
Overall, the probability of survival after UCB transplantation was 53% vs.
41% in BM recipients (p¼ 0.40). This study suggested that despite increased
HLA disparity in recipients of UCB, survival rates were similar to recipients of
HLA-matched unrelated donor BM.

More recently a collaboration of the NewYork Blood Center and the Center
for International Blood and Marrow Transplant Research (CIBMTR) com-
pared the outcomes of children receiving HLA-matched and mismatched UCB
(n¼ 503) or 8/8 allele HLA matched unrelated donor BM (n¼ 116) [47]. All

242 J.E. Wagner et al.



patients had acute leukemia and were younger than 16 years undergoing

myeloablative transplantation. In comparison with allele-matched BM trans-
plants, 5-year leukemia-free survival (LFS) was similar to that after transplants
with UCB mismatched at one to two loci with potentially superior results in
recipients of HLA matched UCB. For recipients of 8/8 allele HLA matched
marrow, 6/6 antigen HLAmatched UCB, 5/6 antigen HLAmatched UCB (cell
dose> 3.0� 107NC/kg) and 4/6 antigen HLA matched UCB (any cell dose),
the adjusted LFS rates were 38%, 60%, 45%, and 33%.

In summary, these data establish the role of UCB in transplant medicine and
support its use as front line therapy for pediatric patients with malignancy
(especially when transplant is urgent) even when marrow donors are potentially
available. This position is further supported by a recent report by the Institute
of Medicine of the U.S. National Academy of Sciences, which demonstrates
that UCB use matches that of BM as a source of HSCs for unrelated donor
transplantation in children [48].

CaseWestern Position: An 8/8 or 10/10matched BM is still the first choice. However, if
there is 6/6 HLAmatched UCB unit with cell count> 3.0� 107/kg available, it may be
the preferable choice. When the transplant is urgent and a 4–6/6 HLA matched UCB
unit is available, UCB has the advantage.

With the concern of low cell dose, its effect on prolonged neutrophil recovery,
and treatment-relatedmortality (TRM), the Case group still chooses 8/8 or 10/10
matched BMas the first choice at the present time. However, emerging data from
the CIBMTR suggest an advantage of using 6/6 matched UCB [47], especially
when BM is not immediately available. In 35 pediatric leukemia patients who
received 6/6 matched UCB, the risk of transplanted-related mortality was very
low compared to recipients who received 8/8 matched BM [47]. Despite having
increased TRM in 4–5/6 mismatched UCB recipients of any cell dose, treatment
failure in these patients was mostly due to low cell dose. However, mismatched

UCB seemed to provide lower risk of relapse. The CIBMTR data provided
encouraging results that one to two mismatched single units of UCB have
comparable 5-year LFS [47]. With increasing data on the use of two UCB units
double UCB transplantation may be an alternative strategy to overcome the
limitations of cell dose.

For patients with high risk features and for whom transplants are urgently
needed, such as those with acute leukemia beyond CR1, 4–6/6 HLA matched
UCB has clear advantages over HLA-matched BM from unrelated adult
donors. When multiple UCB units are available, priority is given to those
units with allele level matching at HLA-DRB1 (New York Blood Center,
MD, C. Stevens, personal communication).

In summary, retrospective data from large data registries support the use
of HLA matched and mismatched UCB as an alternative HSC source for
pediatric leukemia patients. Recently published CIBMTR data also provided
evidence for the use of HLA 6/6 matched UCB over HLA-matched BM when
available.
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10.5.3 For Pediatric Patients with Nonmalignant Disease, What is
the Best HSC Source?

Minnesota Position: An 8/8 allele HLA matched BM is the optimal graft in most
circumstances. If transplant is urgent or a 6/6 HLA matched UCB unit what is
adequate cell dose is available, UCB has the advantage.

In recent years, there have been more reports on the use of UCB for the
treatment of nonmalignant diseases. Based on the types of diseases (e.g., meta-
bolic diseases, hemoglobinopathies, and immune deficiencies), most such trans-
plants are performed in children. Reports of UCB transplantation for the
treatment of children in patients with sickle cell disease and b-thalassemia
have shown high rates of engraftment and encouraging survival [49–53].
More recently, Walters et al. [54] have shown that engraftment and survival
rates are similar in those transplanted with UCB and BM from HLA matched
donors. In addition, unrelated donor UCB has been shown to be useful in the
treatment of patients with specific inborn errors of metabolism. As hemato-
poietic elements circulate throughout the body, including the central nervous
system, partial or complete chimerism is often associated with stabilization (and
in some cases improvement) in the central and peripheral manifestations of
these disorders. In the COBLT study that included patients with lysosomal and
peroxisomal storage diseases, the 1-year survival was 72% [55]. However,
results vary with stage of disease and age of the recipient [56, 57].

Certainly, larger numbers of patients and longer follow-up are needed to
understand the true benefit of UCB in the setting of nonmalignant disease.
Furthermore, comparative studies are required to determine how the outcomes
of UCB transplant compare to BM. Whether UCB offers advantages over BM
remains to be proven. However, it is unequivocally clear that UCB is (1)
associated with less GvHD, which has no beneficial effect in this setting (in
contrast to the setting of malignant disease); and (2) more rapidly available
(which is particularly critical for rapidly progressive neurological diseases).
However, if graft rejection occurs after UCB transplantation, the donor is not
available for reharvesting or donor lymphocyte collection. Overall, the avail-
able clinical data support the use of UCB as a source of HSC for the transplan-
tation of children with nonmalignant diseases—perhaps as a secondary choice if
an 8/8 allele HLA-matched donor is unavailable.

Case Western Position: A 6/6 matched UCB with cell dose >3.0� 107/kg is the
preferred first choice even when a 6/6 or 8/8 matched BM/PBSC unit is available.
When the transplant is urgent or a�4/6 HLAmatched UCB unit is available, UCB has
the advantage.

The experience of using UCB as an HSC source for pediatric nonhematolo-
gic diseases is less comprehensive as compared to that for pediatric leukemia.
Two recent reports by the Duke Pediatric Program support the use of UCB for
infants with inherited metabolic disorders. First, Infantile Krabbe’s disease
produces progressive neurologic deterioration and death in early childhood.
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Eleven asymptomatic newborns (age range, 12–44 days) and 14 symptomatic
infants (age range, 142–352 days) with infantile Krabbe’s disease underwent
transplantation of UCB from unrelated donors after myeloablative chemother-
apy. The rates of engraftment and survival were 100% and 100%, respectively,
among the asymptomatic newborns (median follow-up, 3.0 years) and 100% and
43%, respectively, among the symptomatic infants (median follow-up, 3.4 years).
Infants who underwent transplantation before the development of symptoms
showed progressive central myelination and continued gains in developmental
skills, and most had age-appropriate cognitive function and receptive language
skills, but a few had mild-to-moderate delays in expressive language and mild-to-
severe delays in gross motor function. Children who underwent transplantation
after the onset of symptoms had minimal neurologic improvement [56].

Hurler syndrome (the most severe form of mucopolysaccharidosis type I)
causes progressive deterioration of the central nervous system and death in
childhood. Twenty consecutive children with Hurler syndrome received busul-
fan, cyclophosphamide, and antithymocyte globulin before receiving UCB
transplants from unrelated donors. UCB donors had normal alpha-L-iduroni-
dase activity (mean number of cells¼ 10.53� 107/kg of body weight) and were
discordant for up to three of six HLA markers. Neutrophil engraftment
occurred at a median of 24 days after transplantation. Five patients had grade
II or grade III acute GvHD; none had extensive chronic GvHD. Seventeen of
the 20 children were alive at a median of 905 days after transplantation, with
complete donor chimerism and normal peripheral-blood alpha-L-iduronidase
activity noted (event-free survival rate¼ 85%). Transplantation improved neu-
rocognitive performance and decreased somatic features of Hurler’s syndrome
[57]. Taken together, transplantation of UCB from unrelated donors in inherited
metabolic disorders favorably alters the natural history of the disease.

10.5.4 For Adult Patients with Acute Leukemia, What is the Best
HSC Source?

Minnesota Position: A 4–6/6HLAmatchedUCB and graft cell dose exceeding 3� 107

nucleated cells/kg should be considered at least as a reasonable alternative if an 8/8
allele HLAmatched BM is not available or if transplant is urgent. However, practice at
Minnesota is to use 1–2 units of partially HLA matched UCB in preference to 8/8
matched marrow.

Studies comparing outcomes in adult recipients of UCB have demonstrated
similar or inferior results in recipients of HLA matched BM. Rocha et al.
reported a matched-pair analysis comparing outcomes in adult recipients of
UCB (n¼ 81) and BM (n¼ 162) with acute leukemia [58]. They reported that
myeloid recovery, as in children, was significantly delayed (median 28 days vs.
19 days), and acute GvHD was less (31% vs. 41%, p¼ 0.05). Incidences of
chronic GvHD, TRM and relapse were comparable between groups as was
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disease-free survival (26% in recipients of UCB and 33% in recipients of BM,
p¼ 0.28). In contrast, Laughlin et al. [59] found that recipients of UCB had
inferior leukemia free-survival as compared to recipients of HLA matched BM,
while Takahashi et al. [60] found that recipients of UCB had superior survival. In
a meta-analysis performed by Hwang et al. [61], the authors suggested that the
differences between these three studies in terms of survival could not be entirely
explained by differences in recipient HLA match, body weight, and cell doses.
The reasons for the different outcomes between studies remain to be determined.

In summary, these reports support the use of UCB in adults at least for those
who cannot identify a suitably HLA matched unrelated volunteer donor in the
time interval mandated by the individual patient’s disease status. Because of
the unavailability of randomized, controlled trials comparing UCB and BM or
peripheral blood from unrelated donors, we must rely on retrospective analyses. It
is unlikely that a randomized trial will be performed until most adults can find a
‘‘suitable’’ UCB graft. While cord blood banks are now focused on the storage of
larger units, still only 30% of adults are able to identify an appropriately HLA
matched single unit of sufficient cell dose. New strategies are being developed that
may reduce or eliminate the cell dose limitation (see Research Priorities, below).

Case Western Position: An 8/8 or 10/10 matched BM remains the first choice. How-
ever, if there is 6/6 HLA matched UCB unit with cell count> 2.5� 107/kg available, it
may be an equally preferable choice because of its desirable early post-transplant
survival. When the transplant is urgent or a 4–6/6 HLAmatchedUCB unit is available,
UCB has the advantage.

However, local studies support the use of partially HLAmatched single unit
UCB if the cell dose is >3 � 107/kg. Otherwise, the use of two partially HLA
matched units that together provide a cell dose >3.0 � 107/kg with results
similar to those observed with sibling donors discuss further in section 10.6.

Laughlin and Rocha reported the UCB transplant experiences in adult hema-
tologic malignancies from North America and Europe and further confirmed
that UCB is a valuable alternative source of HSC for adult patients when HLA
matched HSC is not readily available [59, 58, 62]. However, the incidence of
chronic GvHD was higher among recipients of mismatched UCB in the North
American study, which might partly explain the inferior outcomes in recipients
of mismatched UCB compared with recipients of matched HSC.With increasing
experience of using UCB and improving peritransplantation supportive care for
adult leukemia patients, it is important to examine the clinical outcome in adult
leukemia patients who receive HLA matched UCB containing higher cell doses.

10.5.5 For Adult Patients with Nonmalignant Disease, What is
the Best HSC Source?

Minnesota Position: Use of UCB should be considered only in the absence of an 8/8
allele HLA matched BM.
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At this time, there are too few reports available to make an informed
statement regarding the use of UCB. At a minimum, only 4–6/6 HLA matched
units with cell doses greater than 2.5� 107 nucleated cells/kg should be routi-
nely offered to adult patients with nonmalignant diseases if an 8/8 HLA
matched marrow donor is not available.

Case Western Position: When a 6/6 matched UCB unit or 4–5/6 mismatched UCB unit
with cell dose> 2.5� 107cells/kg is available, UCB as an alternative HSC source
should be considered for adult patients with nonmalignant disease. However, using
8/8 or 10/10 HLA matched BM remains the first choice.

Allogeneic HSCT for nonmalignant diseases is less frequently used com-
pared to adults. However, there is no need for a graft-versus-tumor effect.
Therefore, UCB grafts are especially attractive because of lower incidence of
severe GvHD even in recipients receiving mismatched UCB units. However,
there is scarce clinical data in this area, and multi-institutional clinical trials to
address this area are warranted.

10.6 Identification of the Optimal UCB Graft

As of 2008, it remains unclear as to what ‘‘makes’’ the best UCB unit for a
specific patient. However, it is clear that there are at least three factors, namely,
donor–recipient HLA match, graft cell dose, and recipient diagnosis disease
status, all of which play important roles in survival outcome. The debate today
relates to the relative weight assignment for each of the two graft factors.

Minnesota Position: For patients with malignant disease, UCB grafts most often are
composed of 2 units from partially HLA matched donors because of possible augmen-
tation in GvL effect. For patients with nonmalignant disease, UCB grafts are most
often are composed of a single unit with high cell dose, if available. Because of
increased risk of grade II acute GvHD in recipients of two units, which is not advanta-
geous in patients with nonmalignant disease.

At the University of Minnesota, the initial search is limited to all UCB units
with at least a 4–6/6 HLA match (with antigen level typing at HLA-A and -B,
and allele level typing at HLA-DRB1 with no recognition of HLA-C, -DQ or -
DP at the time of donor selection) and cell dose greater than 1.5� 107 nucleated
cells/kg actual recipient body weight. If a unit exists that has a cell dose greater
than 3.0� 107 nucleated cells/kg and 6/6 HLA match, dose greater than
4.0� 107 nucleated cells/kg and 5/6 HLA match or dose greater than
5.0� 107 nucleated cells/kg and 4/6 HLA match, a single unit may be selected
with highest priority given to the best matched unit. While the optimal cell dose
for each degree of HLA match or mismatch is unknown, the principal is clear
that higher cell doses minimize the adverse effect of HLA mismatch.

In patients with malignant disease, GvL appears to be enhanced in recipients
of two units. For this reason, it could be argued that such patients should be
offered two units even if a single unit exists with the cell doses described above.
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In patients with nonmalignant disease, better HLA match as well as higher cell

dose unit are associated with less transplant related mortality. As risk of GvHD

is higher in recipients of two units, it could be argued that such patients should

preferentially be offered a large single unit if it is available.
The complexity of choosing two UCB units is problematic because there

is no way to predict which unit will predominate. It is clear that in >95% of

recipients of two UCB units, only one unit will contribute to hematopoiesis

by day 100 regardless of type of preparative therapy (myeloablative versus non

myeloablative therapy). Despite unproven assumptions, the following is the

current method for selecting the two UCB units.

Step (1) Unit 1 is the ‘‘best’’ single unit that is available—having the best HLA
match followed by the best cell dose

Step (2) Unit 2 is the second ‘‘best’’ unit that is available that not only has the
best HLAmatch and best cell dose for the recipient but one that is also
partially HLA matched with unit 1.

The best unit is defined in order of priority (1–15 below, see Table 10.3)
It is important to point out that unit 2 is often not the next best unit because

of the intra-unit HLA matching requirement. In addition, there are other

factors that may influence the final selection of units 1 and 2; these include (a)

attributes of the cord blood bank (i.e., some cord blood banks do not meet all

the criteria of the Minnesota Program; some banks have a track record of slow

response time and poor service), (b) lack of infectious disease serology, (c) lack

of attached segments for quality control testing (i.e., proof of unit identity and

HLA type), (d) high cost (i.e., poor exchange rates, payment requirement prior

to unit confirmation), (e) high numbers of nucleated red cells, (f) positive

cultures. Selection of the two units, however, has become easier with the advent

of the National Marrow Donor Program cord blood search tools.

Case Western Position:

Recent data in UCB allogeneic transplantation in adult hematologic malig-

nancy patients supports a strong rationale for use of two UCB grafts, HLA

matched at four of six loci or better to the patient, in the circumstance where a

single UCB unit of sufficient cell dose exceeding 2.5� 107/kg is not available.
Therefore, current institutional protocols at Case Western stipulate that

final selection of the optimal UCB graft is based on consideration of the

nucleated cell content of the unit and type and degree of HLA disparity. With

Table 10.3 UCB Graft Selection Prioritization

Cell dose levels

HLA match 1.5–2.0 2.1–2.5 2.6–3.0 3.1–3.5 3.6–4.0 4.1–4.5 4.6–5.0

HLA 6/6 3 2 1

HLA 5/6 8 7 6 5 4

HLA 4/6 15 14 13 12 11 10 9

The best unit is defined in order of priority (1–15)
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low resolution typing, six loci are considered while in high resolution typing, 12
loci are considered. When more than one similarly matching unit is available,
cell dose� 2.5� 107 cells/kg and genetic identity at the DR>B>A loci are
preferred. For those patients lacking an identified single UCB graft containing
a minimum nucleated cell dose exceeding 2.5� 107/kg actual patient body
weight, two UCB units are selected using the following criteria:

� Each unit must be at least a 4/6 HLA-A/B/DRB1 match to the recipient. A
6/6 matched unit is selected before a 5/6, which will be selected before a 4/6
antigen matched unit.

� The two units selected must be at least a 4/6 match with each other.
� Each unitmust have a combined cryopreserved dose of at least 1.5� 107TNC/

kg. based on actual body weight for calculating the graft cell dose.

The doses of graft-nucleated cells and CD34þ hematopoietic progenitor cells
are predictors of allogeneic engraftment and survival in UCB recipients. In a
recent single institution prospective phase II trial published by the Case Wes-
tern group, flow cytometric analyses of CD34þ progenitor and lymphocyte
populations in unmodified single units of HLA-disparate UCB grafts that
were infused into 31 consecutive adults (median age¼ 41 years; range, 20–64)
receiving myeloablative conditioning were compared with transplant outcomes
including engraftment, GvHD, and survival. Median infused UCB graft-
nucleated cells and CD34þ cell dose was 2.2� 107/kg and 1.2� 105/kg, respec-
tively. Days to absolute neutrophil count equal to or greater than 0.5� 109/L in
recipients reached full donor chimerism averaged 27 day (range 12–41). Uni-
variate analyses demonstrated that UCB graft-infused cell doses of CD34þ

(p¼ 0.015), CD3þ (p¼ 0.024), and CD34þHLADRþCD38þ progenitors
(p¼ 0.043) correlated with neutrophil engraftment. This analysis did not
demonstrate a correlation between CD34þ (p¼ 0.11), CD3þ (p¼ 0.28), or
CD34þHLADRþCD38þ (p¼ 0.108) cell dose and event-free survival (EFS).
High-resolution matching for HLA-class II (DRB1) resulted in improved EFS
(p¼ 0.02) and decreased risk for acute GvHD (p¼ 0.004). Early mortality
(prior to post-transplant day+28) occurred in three patients, while 26 patients
achieved myeloid engraftment. These results suggest that UCB graft matching
at DRB1 is an important risk factor for acute GvHD and survival, while higher
UCB graft cell doses of CD34þ, committed CD34þ progenitors, and CD3þ

T cells favorably influence UCB allogeneic engraftment [63].

10.7 Research Priorities

10.7.1 Augmentation of Cell Dose

Clearly, cell dose is themost critical factor that prevents increasing utilization of
UCB. Low cell dose UCB magnifies the deleterious effect of HLA mismatch
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and is responsible for delayed hematopoietic recovery, poor engraftment, high
TRM, and poor survival. Therefore, novel strategies are urgently needed to
augment the ‘‘effective’’ cell dose of the UCB graft. There are several possible
approaches that can be considered, the most obvious being ex vivo expansion
culture, strategies to reduce nonspecific losses of UCB HSC and enhance
homing to the marrow microenvironment, and co-infusion of a ‘‘carrier’’ popu-
lation to provide a more rapid early wave of hematopoietic recovery. In addi-
tion, novel strategies are needed for reducing TRM and speeding immune
recovery, which is particularly important for adults.

Among many strategies currently being explored to enhance engraftment,
utilization of two partially HLA matched UCB units as a graft source needs to
be considered a high priority [64–66]. In the myeloablative and nonmyeloabla-
tive setting, the use of the ‘‘double UCB platform’’ has met with considerable
success. Results thus far in more than 350 double UCB transplants have
demonstrated a high probability of hematopoietic recovery, low TRM, and
low risk of relapse. Due to the absence of life-threatening toxicity, this approach
has substantially increased the availability of UCB transplantation to most
adults, with 93% having successful searches at the U of M. Still, there is room
for improvement. Based on the Minnesota experience in nearly 100 patients
transplanted after myeloablation, the median time to myeloid recovery is 21
days with sustained engraftment observed in 87%of recipients.While markedly
improved from historical experiences in adults, more rapid recovery and 100%
engraftment are goals yet to be achieved. At this time, a phase II trial of ‘‘double
UCB transplantation’’ in adults is in the final stages of development, and a
prospective, randomized phase III clinical trial in children has 1-year leukemia
free survival as the primary end point, comparing single versus double UCB
transplantation as part of the NIH-sponsored Blood and Marrow Transplant
Clinical Trials Network (BMT-CTN). The goal is to establish greater experi-
ence with the double UCB platform and prove its safety and efficacy,
respectively.

10.7.2 Reduction in Risk of TRM

At the University of Minnesota, more than 170 UCB transplants have been
performed after a non myeloablative conditioning, primarily in older adults.
Analysis of the outcomes in the first 110 patients [64] receiving fludarabine
40mg/m2/day for 5 days, cyclophosphamide 50mg/kg/day for 1 day and low-
dose TBI (200 cGy) in a single fraction without shielding has demonstrated
myeloid recovery in 92% at amedian of 12 days (range: 0–32). Incidences at day
100 of grades II–IV and grades III–IV acute GvHD were 59% (95%CI:
49–69%) and 22% (95%CI: 14–30%), respectively. Incidence of TRM, how-
ever, was 19% (95%CI: 12–26%) at day 180. The only risk factor for TRM
in Cox regression analysis was the presence of pretransplant comorbidities. For
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this heterogeneous group of older adults or patients with comorbidities or
extensive prior therapy, the probability of survival was 45% and progressive
free survival was 38% (95% CI: 28–48%). In multivariate analysis, presence of
comorbidities adversely influenced PFS, and use of two UCB units was asso-
ciated with a trend toward improved PFS (p¼ 0.06).

Based on the report by Rocha et al. [67], the combination of cyclopho-
sphamide, fludarabine, and TBI (200 cGy) may be the most effective to date
in terms of engraftment and survival after UCB transplantation for adults with
lymphoidmalignancy.While this approach hasmarkedly extended the age limit
and donor availability for many patients potentially cured by hematopoietic
stem cell transplantation clearly additional strategies are needed to reduce
TRM for those with comorbidities.

10.7.3 Reduction in the Interval of Immunodeficiency

The transplant program at CaseWestern has conducted a retrospective study of
rates and kinetics of bacterial, fungal, and viral infections in 51 adult patients
with hematologic disorders treated concurrently and consecutively at this insti-
tution with myeloablation and transplantation with either unrelated HLA
partially matched UCB (28 patients) or HLA-matched adult URD grafts (23
patients) [68]. These transplant recipients were evaluated for life-threatening
infections, hematologic reconstitution, GvHD, relapse, and event-free (EFS)
survival. UCB recipients received grafts containing a lower nucleated cell dose
(mean 2.1� 107/kg� 0.93) compared with recipients of HSC from unrelated
adult donors (78.6� 107/kg� 73.8), and the median duration of neutropenia
after transplantation was longer (29 days vs. 14 days) in the UCB group
(p¼ 0.0001). Probability of neutrophil engraftment by day 42 was 0.86 (95%
CI: 0.71, 1.0) in UCB recipients versus 0.96 (95% CI: 0.87, 1.0) in adult URD
recipients surviving >28 days. Overall infection rates and rates of bacterial
infections, especially gram-positive organisms after transplant, were higher in
UCB recipients, particularly at early time points (prior to day+50). Bacterial
infection rate prior to day+50 in UCB recipients was 3.1 compared with 1.25
inURD recipients (p¼ 0.003). Graft failure occurred in fiveUCB recipients and
two URD recipients and was noted to be associated with the occurrence of
bacteremia during neutropenia (p¼ 0.04) [68]. Taken together, UCB transplan-
tation in adults is marked by delayed neutrophil recovery compared to adult
URD grafting, and is associated with higher rates of bacteremia at early time
points after transplantation.

It is clear that delayed engraftment associated infection is a major cause
of morbidity and mortality after UCB transplantation. Whether the risks of
infection are greater with UCB, additional studies are needed with systema-
tic collection of all infectious disease complications with subsequent correla-
tions with assays of immune reconstitution and identification of pre and
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post-transplant risk factors. Regardless of stem cell source, new strategies
are needed to speed immune recovery.

10.8 Conclusion

Since the first UCB transplant nearly two decades ago, multiple investigators
have since proven the place of UCB as a clinically useful source of HSC. While
it turned out that a single unmanipulated UCB unit was not sufficient for the
majority of adults, new strategies are underway that will not only improve the
efficacy of UCB transplantation in general but will also increase the engraft-
ment potential of a single or double UCB graft. Clearly, UCB has increased the
option of HSCT. The next step is to reduce the associated risks and costs.
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Chapter 11

Biology and Management of Acute

Graft-Versus-Host Disease

Robert Korngold and Joseph H. Antin

11.1 Introduction

Extensive investigations over the last 25 years of the basic biology of acute graft-
versus-host disease (GvHD) in murine models of allogeneic blood and marrow
transplantation (BMT), particularly in major histocompatibility complex
(MHC)-matched, minor histocompatibility antigen (miHA) different strain com-
binations, has brought us to an understanding of much of the etiology and
pathogenesis of this disease. The relative contributions of mature donor CD4+

and CD8+ T cells in causing the development of GvHD across different histo-
compatibility barriers has been clarified and the involvement of host conditioning
factors and the requirements for inflammatory cytokines at early stages after
transplant are now appreciated.We also now have a reasonable understanding of
whatmiHAare and howT cells recognize them, althoughwhich particularminor
H antigens elicit severeGvHD responses inmice is still far from clear.Overall, the
elucidation of the complex aspects of GvHD immunobiology has led to many
novel approaches to intervene in the process and to attempt to block GvHD
development. For clinical application, the primary goal is to obtain GvHD
minimization without compromising the subsequent ability of donor T cells to
mount responses against opportunistic infections or to mediate a graft-versus-
tumor (GvT) effect. Since there may be both overlapping and specific popula-
tions of T cells that can be involved in all of these responses, achieving this goal,
which would clearly improve patient outcomes, has proven difficult.

11.2 T-Cell Responses in GvHD

T cells can be divided into twomajor subsets that have different phenotypes and
functions. Those cells expressing the CD4 coreceptor are capable of recognizing
small peptide antigens derived from the cellular environment and presented in
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the context of MHC class II molecules on antigen presenting cells (APC). Once
stimulated, CD4+ T cells can respond by rapid proliferation and production of
cytokines, such as interleukin-2 (IL-2), that can provide the milieu for responses
of other antigen-specific CD4+ T cells, as well as several other immune cells. A
large proportion of CD4+ T cells contributes to inflammatory responses,
whereas, others are regulatory in nature or help to generate B-cell production
of certain classes of antibodies. In contrast, CD8+ T cells recognize small
peptide antigens derived from degradation of proteins within cells and pre-
sented in the context of MHC class I molecules. CD8+ T cells often have
cytotoxic functionality, although they too are a source of inflammatory cyto-
kines, such as interferon-gamma (IFNg). Often, CD8+ T cells require the
presence of IL-2 from reacting CD4+ T cells in order for them to proliferate
and to develop their effector functions. However, in some circumstances, CD8+

T cells can develop a response independent of CD4+ cells, producing enough of
their own IL-2 [1]. In addition, CD8+ T cells can mediate direct cytotoxic
effects against target cells expressing specific antigen by induction of apoptosis,
primarily via the perforin/granzyme pathway, but also through tumor necrosis
factor (TNF) and TNF-like family members (TRAIL), or by Fas ligand (FasL)/
fas interactions [2]. It should be noted that some CD4+ T cells also have these
cytotoxic capabilities [3] and together with CD8+ T cells account for much of
the immunopathological tissue injury in the target organs of GvHD [4].

11.2.1 GvHD to miHA

In experimental GvHD models and in the clinical situation, it was observed
early on that transfer of bone marrow populations containing T cells intoMHC
different irradiated recipients was regularly associated with severe GvHD and
usually fatality [5, 6]. By the late 1970s, similar severe results were also recog-
nized in BMT across multiple miHA barriers in mice [7, 8], and the extent of
GvHD was directly proportional to the number of T cells present in the donor
inoculum [7]. On the other hand, the depletion of mature T cells from donor
marrow inoculum resulted in survival of the irradiated recipients, firmly estab-
lishing the etiology of GvHD in miHA mismatches [7] MiHA were also recog-
nized as a major cause of GvHD in the clinical setting [9, 10].

MiHA are derived from the degradation of normal cellular proteins.
Depending upon their specific residue sequence, those small peptides that are
cytosolic and are processed through proteosomes find their way to be presented
on MHC class I molecules on the cell surface, whereas those peptides derived
from the extracellular environment and processed by lysosomal enzymatic
activity become presented on MHC class II molecules [11]. In MHC-matched
individuals, miHA are these presented peptides that may be derived from genes
active in the recipient but not the donor, or from mostly single nucleotide
polymorhisms (SNPs) that can be recognized by donor T cells. In mice, there
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can be a wide range of the number of miHA that can be present between two
MHC-matched strains. This is also true in humans, with for example, H-Y,
originating from the SMCY gene of the Y chromosome, serving as a miHA that
is recognized by female donor cells [12], and HA-1, which is an example of a
miHA derived from an SNP, present in recipients [13].

Translation of the findings in murine models that T cells were responsible for
miHA-directed GvHD and similar observations of this association in the
clinical setting led to a number of T cell depletion trials, which did succeed in
reducing GvHD development, but did not effectively change patient survival
outcomes because of increased risks of leukemic relapse and infections [14]. As
it turns out, immune reconstitution in BMT patients is slow to recover [15] and
without any donor T cells provided in the inocula, there is very little to counter
opportunistic infections and the regrowth of residual malignant cells.

11.2.2 T Cell Subsets in GvHD

The role of T-cell subsets in the pathogenesis of GvHD directed to multiple
miHA has been established for a number of murine allogeneic model systems.
In most situations, CD8+ T cells, alone, can mediate a varying degree of severe
GvHD, as exemplified in the H2k-compatible B10.BR ! CBA model [16]. In
some cases, CD8+ T cells can only mediate GvHD in the presence of CD4+

T cells; e.g., in the C57BL/6 ! BALB.B model [17]. Transplantation of only
CD4+ T cells often fails to cause severe GvHD, although these donor cells may
proliferate to some extent in vivo in response to specific host miHA [16]. In
contrast, in some strain combinations (B10.D2 ! DBA/2 or C57BL/6 !
BALB.B), CD4+ T cells can directly mediate severe GvHD-related immuno-
pathology, particularly in gastrointestinal tissue, and can be lethal [18, 19]. The
nature of these particular vehement responses and what drives them is currently
under study.

The primary target tissues for effector T cells mediating GvHD histopathol-
ogy are the lymphoid organs, the skin, gastrointestinal tract, and the liver.
Initial responses of T cells upon transplantation against APC presenting foreign
miHA occur in the peripheral lymphoid system. For CD4+ responding cells,
APC are likely host-derived in the early phases after BMT, but may later switch
over to donor APC, since they are both MHC-compatible and can process and
present extracellular antigens derived from the host [20, 21]. As might be
expected, CD8+ T cell responses require stimulation by host-derived APC.
As both subsets of T cells become activated in the periphery and turn into
effector cells, they home to target tissues in whose vascular endothelial cells
have been pre-activated by inflammatory cytokines and chemokines released
from local dendritic and other myeloid and stromal cells in response to the
recipient conditioning regimen (irradiation or myeloablative chemotherapy).
These mediators upregulate appropriate adhesion molecules on the
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endothelium that attracts activated T cells and allows them to infiltrate into the
tissues [22]. Interestingly, at this stage, the effector cells need to be reactivated
by recognition of the specific miHA on APC or target epithelial cells, and then
they can perform their cytotoxic or inflammatory functions. However, it is clear
for both CD4+ and CD8+ effector cells, that target tissue injury only occurs if
the nonhematopoietic derived parenchymal tissue express the relevant miHA
[23, 24].

11.2.3 Regulatory T Cells

Regulatory T cells (Treg) with a CD4+CD25+ phenotype and expressing the
FoxP3 transcription factor are known to be involved in self-tolerance and the
avoidance of autoimmunity [25, 26]. Treg are also thought to be capable of
controlling alloreactive responses [27]. In BMT models, Treg were found to
regenerate quickly post-transplant and were believed to be responsible for
tempering the induction of GvHD by delayed donor lymphocyte infusions
1–2 months later [28]. Several groups have also demonstrated their capacity
to inhibit the development of GvHD in MHC and miHA-disparate combina-
tions when given at time of transplant [29–31]. In addition, the infusion of Treg
cells after a 10-day delay into myeloid leukemia-challenged, BMT-recipient
mice ameliorated the development of acute GvHD in a miHA model and
allowed for retention of a significant GvT effect [32]. This observation may
have potential application in the clinical situation.

11.3 Managment of Acute Graft-Versus-Host Disease

Acute GvHD is often approached as if it were either a malignancy or an
autoimmune disorder. Despite the undeniable mortality and morbidity asso-
ciated with high grade GvHD, it is neither of the above. Acute GvHD is an
exaggerated and dysregulated response of a normal, albeit inadequate, immune
system to tissue damage that is intrinsic to the BMT procedure. The donor’s
immune system is put into a setting where its sensors tell it that there is a massive
and uncontrolled infection, and its efforts to deal with this injury result in
clinical acute GvHD. Our thinking about this problem revolves around the
notion that tissue injury intrinsic to the high dose conditioning regimen results
in the breakdown of mucosal barriers, allowing endotoxin into the tissues. Toll-
like receptors (TLR) on dendritic cells (DC) bind to endotoxin and activate
pathways that lead to DC maturation and induce inflammation [33]. The up-
regulation of costimulatory molecules, MHC molecules, adhesion molecules,
cytokines, chemokines, prostanoids, and other inflammatory mediators prime
and trigger T-cell mediated attack on target tissues. It is likely that there are
components of both adaptive immunity and innate immunity involved in the
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process, thus linking together hypotheses of the cytokine storm [34], the danger
hypothesis [35], and more traditional notions of adaptive and innate immunity
[36]. Moreover, there is probably failure of regulatory/inhibitory pathways that
ordinarily would have limited the tissue damage.

One must put strategies for the management and therapy of acute GvHD
into the framework of dysregulation of a normal inflammatory response, rather
than approaching acute GvHD as if it were a malignancy. High doses of
multiple immunosuppressive agents will often control the inflammation, but if
the immune response is paralyzed to the degree that the donor’s immune system
cannot function, one must reasonably expect that there will be opportunistic
infections, lymphoproliferative disorders, and/or relapse of the underlying
malignancy. Most studies of therapy for acute GvHD show substantial
response rates with a rather characteristically poor survival due to infection.
Although T cells are intrinsic to the development and maintenance of GvHD,
the T cell has monopolized our thinking about strategies to control GvHD. The
objective of prophylaxis and therapy should be to reduce the nonspecific tissue
damage associated with GvHD, with the restoration of regulatory circuits and
allowing the recovery of effective immunity.

Finally, most of the conceptual framework underpinning current regimens
for acute GvHD prophylaxis implicitly accepts that control of acute GvHD is
tantamount to control of chronic GvHD. This approach needs to be reconsid-
ered in the light of the risk of chronic GvHD despite adequate control of acute
GvHD and of accumulating evidence that chronic GvHD is pathophysiologi-
cally distinct from acute GvHD.

11.3.1 Prophylaxis Strategies: Reducing Nonspecific Tissue Injury

If indeed the nonspecific tissue injury inflicted by the conditioning regimen
contributes to acute GvHD, it follows that less toxic conditioning regimens
would be associated with less acute GvHD. It has been known since the early
era of BMT that both acute GvHD and death from GvHD could be prevented
with appropriate gut decontamination and transplantation in a protected
environment [37–40]. Much of this reduction may reflect less recruitment of
innate immunity through TLRs as well as less nonspecific stimulation of
inflammation through endotoxin. Thus, an important corollary to pharmaco-
logic or cellular approaches to GvHD prevention is maintenance of normal
barriers to microorganisms, manipulating the flora by eliminating gram nega-
tive rods, and prevention of infection through antibacterial and antiviral
therapy.

The demonstration of less than expected acute GvHD was initially observed
after donor lymphocyte infusions. The T cells are typically administered with-
out pharmacologic GvHD prophylaxis, and the observed frequency of acute
GvHD is lower and less severe than would be expected after transplantation
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without immunosuppressive drugs. This reduction may be multifactorial but
one important component of this effect is likely to be less activation of inflam-
matory mediators as well as less stimulation of the innate immune system due to
the lower level of tissue injury. One might reasonably also infer less systemic
endotoxin exposure. The overall rate of GvHD after reduced-intensity condi-
tioning (RIC) regimens is actually similar to what is observed after ablative
conditioning [41, 42]; however, the onset of GvHD is delayed [43], and it is more
likely to manifest as an overlap syndrome of acute and chronic GvHD. Thus,
the initial tissue injury of high dose regimens accelerates the development of
GvHD, but it does not eliminate the T cell recognition of miHA. Consequently,
there appears to be little effect on overlap and chronic GvHD. Thus, while data
on reducing both colonization with bacteria and reducing tissue injury with less
intense regimens are suggestive and support the basic concepts described above,
the effect is insufficient to control GvHD adequately in human transplantation.
Prevention of mucositis could contribute to GvHD control, but studies with
palifermin [44] did not discern a notable affect in this regard.

11.3.2 Inhibition of T-cell Proliferation

The workhorse of GvHD prophylaxis has traditionally been methotrexate
(MTX) (Table 11.1). It was developed by E. Donnell Thomas and colleagues
[45] and became the principle drug used in GvHD prevention. Initially there
were no useful alternatives. Azathioprine and corticosteroids were available at
the time, but single agent MTX became the predominant regimen until the
advent of cyclosporine (CSP). MTX was associated with delay of count recov-
ery, higher risk of mucositis and respiratory complications, and incomplete
GvHD control. However, it was highly effective compared with no prophylaxis
[46]. George Santos developed a cyclophosphamide-based regimen [47] that was
not widely adopted. The principle of either approach is to administer a cell-cycle
specific chemotherapeutic agent immediately after the transplant. The idea is to
kill the T cells after they enter the cell cycle as part of their response to antigenic

Table 11.1 Acute GvHD prophylaxis

Modality GvHD
rate

Graft
failure

Relapse Regimen-related
toxicity

MTX +++ + + +++

Cyclosporine alone +++ + + +++

T cell depletion + ++ +++ +

MTX+calcineurin
inhibitor

++ + + ++

Calcineurin
inhibitor+MMF

++ + + ++

Tacrolimus+sirolimus + + + +
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stimulation by host miHA. The addition of ATG and/or prednisone resulted in
improvement in the GvHD rate but no improvement in survival [48]. Recently,
the Santos approach using cyclophosphamide immediately after the BMT has
been applied again with promising results in both matched related donor and
haploidentical transplantation [49, 50].

While MTX has proven quite useful over the years, its intrinsic toxicity has
prompted the search for alternative agents. Mycophenolate mofetil (MMF) is
the prodrug of mycophenolic acid (MPA), a selective inhibitor of inosine
monophosphate dehydrogenase. MMF inhibits the de novo pathway of gua-
nosine nucleotide synthesis. Since de novo synthesis of purines is required in
T cells, inhibition of this pathway prevents T cell proliferation [51].Myeloid and
mucosal cells can utilize salvage pathways, so the drug is less toxic to mucosa
and myeloid recovery than MTX. A second useful effect of MPA is that it
prevents the glycosylation of glycoproteins that are intrinsic to T cell trafficking
into inflammatory sites. There are no studies of single agent MMF but in
combination with a calcineurin inhibitor, either CSP or tacrolimus, there is
reliable but incomplete control of GvHD [52–54].

11.3.3 Graft-Engineering—Reducing T-cell Numbers

Ever since we became able to recognize T cells and T cell subsets with mono-
clonal antibodies, there have been efforts to engineer the graft to prevent
GvHD. A major flaw in our thinking was failing to realize the importance of
T cells in important aspects of BMT, namely graft-versus-leukemia, engraft-
ment, and immunological recovery. Thus, T cell depletion has never realized its
imagined potential. Ex vivo graft manipulation with monoclonal antibodies
plus rabbit complement, immunotoxins, lectins, CD34 columns, and physical
techniques, such as centrifugal elutriation, all have been evaluated [55]. When
marrow is collected from the iliac crest, it typically contains approximately 107

T cells/kg of recipient weight. Surprisingly, despite the infusion of 10-fold more
T cells with a peripheral blood stem cell product, the risk of acute GvHD does
not increase. The risk of chronic GvHD does increase with PBSC products [56,
57]. Thus, there may be a threshold above which additional T cells do not
appear to be acutely harmful. On the other hand, the establishment of a clear
dose-response relationship has been problematic, since the risk of acute GvHD
depends on variables that are independent of the dose. Some of these include the
number of miHA differences, virus exposure/reactivation, disease and stage,
donor gender and age, recipient age, and conditioning regimen intensity. Stu-
dies of counterflow elutriation showed that 106 T cells/kg plus CSP resulted in a
GvHD rate similar to CSP alone, but 5� 105 T cells/kg plus CSP resulted in an
overall rate of 22% – primarily limited to skin involvement [58]. Lectin deple-
tion of T cells to a T cell dose approximately 105/kg without additional immu-
nosuppression results in complete control of GvHD [59]. Similarly, donor
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lymphocyte infusions containing less than or equal to 107 CD3+ cells/kg of

recipient weight rarely results in GvHD. Very low numbers of T cells (<3� 104

CD3 T cells/kg) plus a large dose of CD34+ cells can be associated withmyeloid

engraftment and little GvHD [60].
Early efforts to remove essentially all T cells using a broad panel of

monoclonal antibodies resulted in graft failure and this approach has been

abandoned [61]. However, subset depletion of CD5+ or CD6+ T cells

seems to be associated with a low graft failure rate [62, 63] but problems

with persistent disease and relapse. Depletion of CD25+ T cells or CD8+

T cells can be associated with a high graft failure rate [64, 65]. This

observation probably reflects the removal of Treg (CD4+CD25+FoxP3+).

To some degree the higher graft failure rates may be controlled by increas-

ing the intensity of the conditioning regimen [66], adding back T cells [58,

64, 67], infusing specific T cell lines [68], or with additional immunosup-

pressants [69]. However, these strategies typically do not overcome the

observed higher incidence of Epstein-Barr virus induced lymphoprolifera-

tive disorders, loss of the GvT effect, and delayed recovery of protective

immunity. A large multicenter study of unrelated donor BMT similarly

showed no improvement in outcomes after TCD [70].
A novel approach is to establish a large scale mixed lymphocyte culture

followed by removal of only the activated T cells that are generated in the

reaction. This technique might abrogate some of the problems of nonspecific

T cell depletion [71, 72]. However, these approaches have not undergone

definitive clinical evaluations.
Finally, it is possible to deplete T cells in vivo rather than ex vivo using

anti-thymocyte globulin [73, 74] or anti-CD52 therapy (alemtuzumab, Cam-

path) [75]. Antithymocyte globulin appears to have interesting systemic

effects beyond its intrinsic anti-T cell activity. Clearly, when given to the

recipient proximate to the stem cell infusion it not only depletes T cells from

the blood and lymphoid tissues of the host but also from the donor cell

inoculum. It may also affect lymphocyte trafficking, DC function, B-cell

function, and natural killer (NK) cell and Treg activity [76]. Alemtuzumab

has effects on both T cells and DC that reduce acute and chronic GvHD at

the expense of high relapse rates, graft failure, and opportunistic infections

[75, 77–80]. Typically alemtuzumab containing regimens must be followed

by donor lymphocyte infusions. Host DC that persist after conditioning are

intrinsic to the development of acute GvHD [20, 81]. Donor DC may take

over later in a mechanism called cross presentation. Thus, it is possible that

DC depletion prior to stem cell infusion would prevent acute GvHD. The

promiscuity of CD52 allows alemtuzumab to target B cells, T cells, mono-

cytes, DC and other cells, thus raising the possibility that DC depletion

prior to BMT could prevent GvHD [77]. However, the sensitivity of Lan-

gerhans cells to depletion is controversial [78], and the technique and role of

pretransplant DC depletion remains to be established.
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11.3.4 Inhibition of T-cell Activation and Function

The two calcineurin inhibitors (CNI) in common use are CSP and tacrolimus.

Both drugs work indirectly by binding to intracellular proteins called immuno-

philins. CSP binds cyclophilin, and tacrolimus binds to FKBP12. The CNI/

immunophillin complex further binds calmodulin and calcium, which then

inhibits calcineurin phosphatase activity. This effect prevents the dephosphor-

ylation and translocation of nuclear factor of activated T cells (NF-AT), which

then goes on to inhibit lymphokines production as well as prevent the expres-

sion of cell surface IL-2R. The net result is the inhibition of T-lymphocyte

activation and a block in the G0! G1 transition of mitosis.
Single agent CSP is similar in its ability to prevent acute GvHD to long

course MTX [82]. The study that provided the framework for the next 15–20

years of GvHD prophylaxis demonstrated that CSP in combination with MTX

significantly reduced the risk of acute GvHD and survival [83]. In general it is

fair to say that the CSP-containing regimens had more renal insufficiency than

CSP-free regimens but that careful monitoring of blood levels made the use of

CSP manageable. Subsequent randomized trials of tacrolimus plus MTX com-

pared with CSP plus MTX showed no advantage for either combination in

related or unrelated donor BMT [84, 85]. Tacrolimus is associated with less

tremor and hirsutism and may result in slightly better prevention of acute

GvHD, but overall the outcomes were comparable. The addition of prednisone

to CSP plus MTX regimen resulted in similar rates of GvHD and no improve-

ment in survival, probably due to increased risk of infection [86].
Another effective agent for GvHD prevention is sirolimus. This drug is

another natural product that is similar in structure to tacrolimus and CSP. All

three drugs bind to immunophilins. In contrast to CSP and tacrolimus, sirolimus

complexed with FKBP12 binds to mTOR. Ultimately mTOR inhibition blocks

IL-2 mediated signal transduction that blocks mitosis in the G1 ! S phase

transition. This effect is mediated through a complex pathway involving inhibi-

tion of ribosomal protein synthesis at several levels, as well as effects on tran-

scription and translation [87]. The drug has similar effects on proliferation of

T cells induced by IL-2, IL-4, IL-7, IL-12 and IL-15. Sirolimus affects lympho-

cyte activation at a later stage than either CSP or tacrolimus, and activation

stimuli that resist inhibition to the latter agents have been shown to be sensitive to

sirolimus. Since it acts through a separate mechanism from the tacrolimus-

FKBP12 complex (and CSP-cyclophilin complex), sirolimus is synergistic with

both tacrolimus and CSP. Since the sirolimus:mTOR complex does not bind to

calcineurin, sirolimus also is free of nephrotoxicity and neurotoxicity, making

combination therapy appealing. Clinical trials indicate that sirolimus is a promis-

ing addition to the GvHD armamentarium in both related and unrelated donor

HSCT [88]. The elimination of MTX from the regimen results in faster engraft-

ment, less mucositis, and less idiopathic pneumonia syndrome. Interestingly,

sirolimus also has anti-CMV activity and the risk of CMV reactivation appears
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to be reduced by asmuch as 50% [89]. Finally, sirolimus has anticancer activity in
several neoplasms, most pertinently ALL [90–92]. This drug has the potential
advantage of controlling GvHD, preventing CMV reactivation, and simulta-
neously providing some anti-cancer activity.

11.3.5 Blockade of Inflammatory Stimulation and Effectors

A number of inflammatory cytokines (e.g., TNF-�, IL-1, IFN-g) play impor-
tant roles in clinical acute GvHD [93]. Elevated levels of TNF-� can be detected
in the serum of patients with acute GvHD and other endothelial complications
such as veno-occlusve disease (VOD) [94]. Moreover, as described below, both
infliximab and etanercept can control acute GvHD that is resistant to corticos-
teroids, but neither drug has been useful in GvHD prophylaxis. Despite the
observation that IL-1 levels are elevated in patients with acute GvHD, a
randomized trial of IL-1 receptor antagonist did not demonstrate a reduction
in GvHD rate [95].

An appealing strategy would be to prevent the recruitment localization and
activation of lymphocytes during GvHD through blockade or inhibition of
chemokines. Prevention of lymphocyte entry into secondary lymphoid organs,
acquisition of appropriate homing and adhesion molecules, or modification of
their entry into target tissues could all reduce GvHD [96–98]. Such molecules as
FTY720 [99, 100] and alefacept [101] as well as new chemokine inhibitors may
allow selective targeting of organ specific lymphocytes, although as yet little
clinical experience has accumulated. None of these approaches has been subject
to rigorous testing in clinical trials.

11.3.6 Therapy of Acute GvHD

Adrenal corticosteroids are the accepted primary therapy for acute GvHD that
requires therapy [102] (Table 11.2). Surprisingly, there is no real consensus on
whether to treat early stage acute GvHD (Stage 1 skin, overall grade I (IBMTR
A)). Many experts feel that these patients do not need to be treated with
systemic therapy, but recent clinical experience of the Blood and Marrow
Transplantation Clinical Trials Network (BMT-CTN) indicates that many
clinicians do indeed treat early grade acute GvHD. Typically, publications
address therapy of Grade II-IV GvHD and indicate complete response rates
of 25–40% [103]. Efforts to use higher doses have been associated with good
early responses but excessive mortality from opportunistic infections. Several
agents have been added to corticosteroids for refractory or resistant acuteGvHD
with what appeared to be promising results, e.g., ATG [104], anti-CD5 immuno-
toxin (XomaZyme) [105, 106], interleukin-1 receptor antagonist (IL-1RA) [95],
infliximab (Remicade) [107, 108], soluble interleukin-1 receptor [109], and
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anti-CD147 therapy [110]. Randomized trials of corticosteroids plus daclizumab
or ATG compared with corticosteroids alone resulted in similar or worse out-
comes in the combination therapy group [111, 112], despite promising data in
phase II studies [104, 113–115]. To date there have been no completed rando-
mized control trials to establish a regimen that improves on corticosteroids.
Moreover, there has not even been a study to determine the most efficacious
dose of corticosteroids for initial therapy. The conventional starting dose is
prednisone 2mg/kg daily. The drug is tapered when GvHD manifestations
come under control, often approximately 10% per week, although this regimen
is closely personalized.

Several additional agents that function through distinct mechanisms of
action have activity in phase II trials but have not been demonstrated to be
superior to prednisone. Denileukin diftitox (Ontak) is a recombinant protein
composed of the diphtheria toxin fragments A and B linked to IL-2. This is a
Trojan horse approach that targets activated T cells through the IL-2 receptor.
It is associated with a complete remission rate of about 45–50% [116, 117]. It
has the potential advantage of only intoxicating activated T cells while leaving
resting T cells alone to contribute to the homeostatic reconstitution of cellular
immunity. Pentostatin (deoxycoformycin, Nipent) is a potent inhibitor of the
enzyme adenosine deaminase that is critical for T cell function. It has relatively
mild hematologic toxicity. Although experience is limited, the reported com-
plete remission rate is 60% [118]. A drugwith similar selectivity for lymphocytes
described above is MMF. An improvement rate of about 65% has been
reported [119]. Another approach is cytokine inhibition with etanercept

Table 11.2 Therapy of acute GvHD

Modality CR/PR
rate

Survival
(%)

comment

Primary therapy

Corticosteroids 40 30 Doses >2mg/kg/day can be harmful if
sustained

ATG 50 30

Daclizumab 50 30 Worse than steroids alone when used in
combination for primary therapy

Calcineurin
inhibitors

50 30 When used in patients who have not previously
received CNI

Steroid-resistant acute GvHD

Sirolimus 50 30 High blood levels associated with a risk of
thrombotic microangiopathy

Anti-TNF� 60–70 30 High risk of invasive fungal infections

MMF 50 30

Denileukin
diftitox

50–70 30

Pentostatin 50–70 30

Daclizumab 50–70 30
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(Enbrel). This drug is a dimeric fusion protein consisting of the extracellular

ligand-binding portion of the human TNF receptor linked to the Fc portion of

human IgG1. It can bind to two TNF molecules (either TNF� or TNF�),
preventing them from binding to the cell surface TNF receptor. In contrast

infliximab is a monoclonal anti-TNFR antibody that only binds to TNF�. A
complete response rate as high as 77% to etanercept was reported in a very

small number of patients [120]. A similar response rate to infliximab has been

noted although the risk of fungal infection was very high [107, 108]. Sirolimus

has activity in therapy as well as prophylaxis as noted previously. The initial

studies used high doses that were associated with a high risk of thrombotic

microangiopathy. Nevertheless, response rates of approximately 65% were

observed [121]. Extracorporeal photopheresis (ECP) has been assessed primar-

ily in Europe. It can be challenging to apply ECP to very sick patients with skin

and gut GvHD, but published results suggest excellent responses particularly in

patients with grades II/III disease [122]. Finally, an interesting approach has

been the use of mesenchymal stem cells. These cells apparently do not need to be

histocompatible, nor do they need to be obtained from the donor who donated

the primary transplant. They are grown from the adherent layer of a short-term

marrow culture and can be infused intravenously without causing GvHD. In a

recent report on 40 patients with grades III–IV acute GvHD receiving a modest

dose of cells [median 1.0 (range 0.4–9) 106 cells/kg], 47% of recipients had

complete responses [123, 124]. The mechanism of activation of this effect is

unclear, and these results will have to be confirmed; however, the approach is

intriguing. All of these interesting approaches will ultimately need to be vali-

dated in well-designed controlled trials.

11.4 Summary

Acute GvHD is a multifactorial complex pathophysiology that integrates

adaptive and innate immunity in a maladaptive fashion. It is best considered

an exaggeration of normal physiologic mechanisms wherein the donor

immune system attempts to rid the donor of antigens that are intrinsic to

the donor. The inflammatory process that follows has the benefit of provid-

ing an anti-cancer effect for many diseases, but unfortunately the nonspe-

cific nature of the inflammation can result in disability and death. As we

understand the physiology of GvHD more completely, it behooves us to

develop strategies to control it that are more subtle than massive doses of

corticosteroids. By identifying completely the elements of the immune

response that are responsible for GvHD, the challenge of the next decade

will be to adjust our therapy to provide adequate control of the underlying

malignancy without making the patient subject either to the damaging

effects of GvHD per se or the ravages of immunologic failure.
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Chapter 12

Biology and Management of Chronic

Graft-Versus-Host Disease

Paul J. Martin and Steven Z. Pavletic

12.1 Clinical Presentation and Significance of Chronic GvHD

Chronic graft-versus-host disease (GvHD) is a pleiomorphic autoimmune and
alloimune syndrome with onset generally occurring between 3 and 24 months
after allogeneic hematopoietic stem cell transplantation (HSCT) [1]. The highly
variable clinicalmanifestations of chronicGvHD frequently involve the skin, liver,
eyes, mouth, respiratory tract, esophagus, and less frequently involve serosal
surfaces, lower gastrointestinal tract, female genitalia, and fascia [2]. The biological
mechanisms leading to chronic GvHD are not as well understood as those leading
to acute GvHD. Although acute GvHD has been recognized as a risk factor for
chronic GvHD, not all cases of acute GvHD evolve into chronic GvHD, and
chronic GvHD can develop in the absence of any prior overt acute GvHD. In the
skin, the initial phase of chronicGvHD is characterized by an intensemononuclear
inflammatory infiltratewith destructive changes at the dermal–epidermal junction,
accompanied by irregular acanthosis, hyperkeratosis or atrophy, progressing to
dermal fibrosis and sclerosis [3]. Other hallmarks include destruction of tubuloal-
veolar glands and ducts in the skin, salivary and lacrimal glands and respiratory
epithelium, and destruction of bile ducts in the liver.

It is estimated that about 3500 new cases of chronicGvHDare diagnosed each
year in North America, but the prevalence of chronic GvHD is much higher,
since the disease has a protracted clinical course [2]. Incidence and prevalence
estimates are compromised by protean nature of the disease and the lack of
standardized diagnostic criteria, and also by variability in observer experience,
limited expert follow-up, and differences in statistical methods among studies.

The lack of standardized criteria and definitions for diagnosis and measure-
ment of outcomes in clinical trials has hampered advances in the prevention and
treatment of chronic GvHD. Consequently, no product has been approved by
the US Food and Drug Administration for these indications. These problems
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have recently gained attention from the international transplant community, as
demonstrated by a recent consensus development project sponsored by the
National Institutes of Health [3–8]. The recommendations of the consensus
development project should advance the standards and uniformity of chronic
GvHD clinical research, although many of these newer criteria still need to be
validated and refined.

12.2 Diagnosis of Chronic GvHD

The diagnosis of chronic GvHD requires at least one diagnostic sign that is
found only in chronic GvHD and not in acute GvHD (e.g., poikiloderma,
sclerotic skin features, oral lichen-planus like changes) or at least one distinctive
sign that is highly suggestive of chronic GvHD (e.g., nail dystrophy, vitiligo-like
depigmentation, or bronchiolitis obliterans with diagnosis based on pulmonary
function tests and computerized tomography findings) together with laboratory
or biopsy confirmation in the same or another organ (Table 12.1) [3]. Biopsies
are also needed to rule out other potential diagnoses such as infection, drug
toxicity and second cancers and to confirm the diagnosis when clinical signs are
confined to internal organs or when clinical assessment is made difficult by
concomitant medical conditions [3].

In the past, the presence of any manifestation of GvHD beyond 100 days
after HSCT was called chronic GvHD, even if the manifestation was indistin-
guishable from acute GvHD. It has been observed, however, that acute GvHD
may persist, recur or present more than 3 months after transplantation,
particularly in patients who have received reduced-intensity conditioning.
The current consensus recommends that acute and chronic GvHD should be
distinguished by clinical manifestations and not by time after transplantation
[3]. Two main categories of GvHD are now recognized, each with two
subcategories (Table 12.2). The broad category of acute GvHD includes classic
acute GvHD (maculopapular erythematous rash, gastrointestinal symptoms,
or cholestatic hepatitis) occurring within 100 days after HSCT or donor leuko-
cyte infusion (DLI), while persistent, recurrent or late acute GvHD (usually seen
after withdrawal of immunosuppression) occurs more than 100 days after
transplantation or DLI. The presence of GvHD without diagnostic or distinc-
tive chronic GvHDmanifestations defines these two categories. A second broad

Table 12.1 Requirements for chronic GvHD diagnosis

I Presence of at least one diagnostica clinical manifestation OR at least one distincta

manifestation confirmed by pertinent biopsy or other relevant clinical tests.

II Distinction from acute GvHD (maculo-papular erythematous rash, elevated liver
function tests, diarrhea-nausea-vomiting).

III Exclusion of other possible diagnosis causing the clinical manifestation (i.e., infection,
drug effect, second cancer).

aAs defined in the reference by Filipovich et al. [3]
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GvHDcategory encompasses classic chronicGvHDwithmanifestations that can

be ascribed only to chronic GvHD and an overlap syndromewith features of both

acute and chronicGvHD. The newly defined entity of persistent, recurrent or late

acute GvHD has been associated with poor survival when chronic GvHD

patients were reclassified according to the new definition (Fig. 12.1) [9, 10].

12.3 Classification and Staging

Chronic GvHD has been classified according to the type of onset, need for

systemic immunosuppressive therapy and mortality risk. The disease may

evolve directly from acute GvHD (‘‘progressive’’) or after resolution of acute
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Table 12.2 Categories of GvHD according to the NIH consensus criteria

Category
Time of symptoms
after HSCT or DLI

Presence of acute
GvHD featuresa

Presence of
chronic GvHD
features

Acute GvHD

Classic acute GvHD �100 days Yes No

Persistent, recurrent, or
late-onset acute GvHD

>100 days Yes No

Chronic GvHD

Classic chronic GvHD No time limit No Yes

Overlap syndrome No time limit Yes Yes
aMaculopapular erythematous rash, gastrointestinal symptoms, elevated liver function tests
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GvHD (‘‘quiescent’’), and also may develop without prior acute GvHD (‘‘de

novo’’ onset). Progressive onset has been most consistently associated with

decreased survival. Historically, chronic GvHD was classified as limited (loca-

lized skin involvement and or liver dysfunction) or extensive (generalized skin

involvement, liver histology showing aggressive hepatitis or involvement of any

other target organ) [11]. This classification was formulated on the basis of

results from a retrospective analysis of 20 patients who were diagnosed with

chronic GvHD in an era before cyclosporine was used for post-transplant

immunosuppression. This classification was intended to identify patients who

needed systemic immunosuppressive therapy. More recent analysis has sug-

gested that this classification system may have poor reproducibility and limited

prognostic value [12].
Several investigators have developed scales and categorization systems

designed to predict nonrelapse mortality (NRM) based on a variety of

clinical factors at the onset of chronic GvHD [12–15]. The NIH consensus

has recommended a system for scoring chronic GvHD manifestations in

eight sites on a 0–3 scale. This system was not designed to predict NRM

but was intended to assess the severity of and functional impact of chronic

GvHD [3]. The eight organs include the skin, mouth, eyes, GI tract, liver,
lungs, joints and fascia, and genital tract. A global staging of severity (none,

mild, moderate, severe) is derived by combining organ-specific scores and is

intended to replace the current ‘‘limited-extensive’’ scoring system [3, 11].

Mild chronic GvHD stage involves only one or two organs with maximum

score of 1. Moderate chronic GvHD involves at least one organ with a

maximum score or 2, or 3 or more organs with maximum scores of 1. A

lung score of 1 is also considered as moderate stage chronic GvHD. Severe

chronic GvHD involves at least one organ with a score of 3 or a lung score

of 2. This staging system is not intended to be used for monitoring of

therapeutic response in intervention trials [16].

12.4 Pathophysiology and Immunobiology of Chronic GvHD

Insight regarding the pathophysiology and immunobiology of chronic

GvHD is limited. A wide variety of experimental models have indicated an
association between type-2 polarized immune responses and the develop-

ment of fibrosis [17], and donor type 2 immune responses are required for

induction of skin GvHD in mice [18]. Complement factor 5 (C5) has been

identified as a quantitative trait that modifies liver fibrosis in mice and

humans [19], and C5b-9 complexes are deposited in the skin, liver, lung

and kidney in mice with GvHD [20]. C3 is deposited at the dermal-epidermal

junction in humans with chronic GvHD, but deposition of C5b-9 complexes

has not been described.
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12.4.1 Experimental Studies of Chronic GvHD

At least four different hypotheses regarding the pathogenesis of chronic GvHD
have emerged from studies with animal models. One hypothesis posits that
chronic GvHD results from thymic damage caused by acute GvHD, resulting in
failure to delete nascent T cells that recognize antigens on donor cells. A second
hypothesis implicates a central role for TGF-� in the pathogenesis of the
disease. A third hypothesis implicates B cells and antibody-mediated mechan-
isms in certain manifestations of the disease. The fourth hypothesis posits that
chronic GvHD results from insufficiency of T regulatory cells. The literature is
confusing because the term ‘‘chronic GvHD’’ has been used to describe a
syndrome of antibody-mediated glomerulonephritis that occurs when recipient
B cells are activated by donor CD4þ cells after transplantation of spleen cells
from certain parental strains into nonirradiated F1 mice. The resulting nephro-
tic syndrome is more characteristic of lupus nephritis as opposed to chronic
GvHD, although case reports have occasionally described nephrotic syndrome
in patients with chronic GvHD.

12.4.1.1 Failure of Negative Selection in the Thymus

Cutaneous changes of acute and chronic GvHD occur in H-2b MHC-identical
transplants between LP and C57BL/6 (B6) mice. Parkman [21] showed that
clones fromB6 recipients with chronic GvHDwere all CD4þ and all showed IL-
2-dependent proliferative responses specific for MHC class II I-Ab antigens
expressed by both the donor and recipient. The observation that CD4þ clones
from recipients with chronic GvHD showed specificity for I-Ab suggested that
these cells had emerged from marrow progenitors that escaped negative selec-
tion in the thymus, and the observation that similar clones could be detected in
mice with acute GvHD suggested that the processes responsible for generating
such autoimmune clones begin early after transplantation.

Acute GvHD causes severe histopathological damage in the thymus,
including injury to medullary epithelial cells, effacement of the corticomedul-
lary junction, disappearance of Hassal’s corpuscles and depletion of
CD4þCD8þ cells [22]. In the thymus, developing T cells that express receptors
with high affinity for peptide-MHC complexes or ‘‘self ’’-antigens on adjacent
cells are deleted. This process of negative selection occurs in the medulla and is
mediated most efficiently by marrow-derived dendritic cells and also by
thymic medullary epithelium. Negative thymic selection among T cells devel-
oping in mice with GvHD is impaired [23], and the T cells developing in mice
with GvHD are pathogenic. Zhang et al. [24] showed that dendritic cells were
depleted in the thymus of B6 mice with acute GvHD caused by donor
C3H.SW CD8 cells. The resulting absence of MHC-class II-positive dendritic
cells in the thymic medulla allowed the development of CD4þ cells that
responded vigorously to B6 alloantigens. These CD4þ cells caused chronic
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GvHD when they were adoptively transferred into irradiated secondary B6
recipients. Administration of keratinocyte growth factor (KGF) at the time of
the transplant enhanced reconstitution of dendritic cells in the thymus, and
the CD4þ cells that emerged from KGF-treated recipients did not cause
GvHD in secondary B6 recipients [24].

Several groups have shown that transplantation of MHC-class II-deficient
marrow into wild-type recipients of the same strain causes autoimmune damage
in the skin [25, 26], liver and intestines [26]. Thymectomy prevented the disease,
and adoptive transfer of CD4þ cells caused acute GvHD in irradiated second-
ary recipients of the same strain. In a variation of the same approach, Sakoda
et al. [27] found that irradiated C3H (H-2k) recipients reconstituted with T cell-
depleted marrow from MHC-class II-deficient B6 (H-2b) donors developed a
disease with clinical and histopathological features characteristic of chronic
GvHD, including epidermal atrophy, follicular dropout, fat loss, dermal fibro-
sis, bile duct loss, with inflammation, atrophy and fibrosis of acinar tissue in the
salivary glands. As was the case in B6 recipients, thymectomy prevented the
disease. The chimeric CD4þ cells proliferated in response to donor-type B6
antigen-presenting cells (APCs) but not in response to recipient-type C3H
APCs. Adoptive transfer of chimeric CD4þ cells in the presence of B6 APCs
caused chronic GvHD in irradiated secondary C3H recipients. In irradiated
secondary B6 recipients, however, the adoptively transferred CD4þ cells caused
acute GvHD.

Taken together, the results suggest that CD4þ cells cause acute GvHD
when they recognize antigens expressed by recipient epithelial tissues but
cause chronic GvHD when they recognize antigens on donor marrow-derived
cells but not on recipient cells. In this model, the acute or chronic nature of
GvHD appears to be dictated respectively by the presence or absence of the
recognized antigens on epithelial cells of the secondary recipient. Similar
experiments have been done with B6 donors and MHC-mismatched BALB/
c or MHC-matched BALB.B recipients. Irradiated secondary BALB/c reci-
pients developed acute GvHD [27], while secondary BALB.B recipients devel-
oped chronic GvHD [27] after adoptive transfer of CD4þ cells from chimeric
donors with GvHD. Hence, an absence of the recognized antigens on recipient
epithelial cells does not entirely explain the development of chronic GvHD in
secondary recipients.

Further work is needed to define the B6 antigens that stimulate proliferation
of donor CD4þ cells in the model described by Sakoda et al. [27] In principle,
the CD4þ cells that develop in the chimeras are positively selected by thymic
cortical epithelial cells of the C3H recipient and negatively selected by MHC
class I-positive B6 APCs and also, to some extent, by recipient C3H epithelial
cells in the thymic medulla. Although the donor-derived CD4þ cells that escape
MHC-class II-specific negative selection respond to wild type B6 APCs in vitro,
the B6-derived APCs in the primary recipients do not express MHC-class II
molecules and would not be expected to stimulate donor-derived CD4þ cells in
vivo.
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Taken together, experiments with mice demonstrate that acute GvHD
impairs negative selection of T cells in the thymus and that CD4þ cells recog-
nizing donor alloantigens can cause a syndrome with remarkable similarity to
chronic GvHD. Further work is needed to determine whether these observa-
tions have relevance for chronic GvHD in humans. A report by Tsoi et al. in
1980 showed that T cells from transplant recipients showed proliferative
responses after stimulation with donor cells in 7 of 22 cases (32%) with chronic
GvHD and in only 1 of 12 cases without chronic GvHD. These findings are
consistent with defective negative selection by donor derived [28] APCs in the
thymus. In 8 of 22 (36%) chronic GvHD cases, however, responses were
observed only after stimulation with recipient cells and not with donor cells,
and in seven cases (32%), no response was observed after stimulation with
either donor or recipient cells. These results suggest that although impaired
negative selection by APCs in the thymus might contribute to the pathogenesis
of chronic GvHD in some cases, it seems unlikely that this mechanism can
account for all cases.

Role of TGF-�

A syndrome characteristic of chronic GvHD develops after transplantation of
B10.D2 lymphoid cells into irradiated BALB/c recipients [29]. Skin changes
include a mononuclear infiltrate deep in the dermis, loss of dermal fat, increased
collagen deposition, and ‘‘dropout’’ of dermal appendages such as hair follicles,
but in distinction to findings in acute GvHD, apoptosis of basal epithelial cells at
the dermal-epidermal junction does not occur. Skin changes begin as early as day
11, and cutaneous fibrosis is apparent as early as day 21. Deposits of IgG, IgA
and IgM appear at the dermal epidermal junction in this model [30]. Additional
features of the disease in this model include inflammation and fibrosis in salivary
and lacrimal glands, sclerosing cholangitis, progressive renal and gastrointestinal
fibrosis, and development of anti-Scl-70 antibody [31].

Naı̈ve donor CD4þ cells initiate the disease in this strain combination [32,
33], and the dermal infiltrate comprises T cells, monocytes and macrophages
[34]. APCs of either the donor or recipient are sufficient to initiate the disease,
and costimulation of donor T cells through CD80 or CD86 on APCs is neces-
sary in order to induce chronic GvHD [35]. In this model, costimulation of
donor CD4þ cells through CD40 on APCs is necessary to induce intestinal
disease but not skin disease. T cells and macrophages in the skin express TGF-
�1 but not TGF-�2 or TGF-�3 mRNA [36]. Microarray analysis also showed
upregulated expression of type 1 (interferon-g) and type 2 (IL-6, IL-10 and
IL-13) cytokines, chemokines, and a variety of growth factors and cell adhesion
molecules in recipients with chronic GvHD as compared to recipients without
chronic GvHD [37]. Administration of a neutralizing antibody against TGF-�
prevented or reduced virtually all cutaneous manifestations of chronic GvHD,
including cellular infiltration, immune cell activation, thickening and
fibrosis [34]. In contrast, neutralization of TGF-� by administration of
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latency-associated peptide prevented thickening and fibrosis, but did not pre-
vent influx of T cells and monocytes or immune cell activation in the skin [38].

Cutaneous manifestations of chronic GvHD develop after transplantation
of B10.D2 spleen cells into MHC-matched (H-2d) BALB/c recipients but not
after transplantation of B10 spleen cells into MHC-matched (H-2b) BALB.B
recipients or after transplantation of B10.BR spleen cells into MHC-matched
(H-2k) BALB.K recipients [38]. In each of these combinations, the background
genes of the donor are of B10 origin, while those of the recipient are of BALB
origin, and the combinations differ from each other only in the MHC. These
observations were interpreted as indicating that H-2d MHC class II molecules
(I-Ad or I-Ed) could present minor antigen peptides derived from BALB skin to
CD4þ cells of B10 donors, while H-2b and H-2k class II molecules could not.
Another explanation for this observation could be related to a polymorphism in
the TNF-� gene, which is located in the MHC [39]. Expression of TNF-� is
reduced in H-2d mice as compared to H-2b or H-2k mice. Since TNF-� is a
potent inhibitor of fibrosis induced by TGF-�, it has been proposed that the
fibrosis observed with B10.D2 donors and BALB/c recipients might be related
to an inability of cutaneous CD4þ cells to produce TNF-� [39].

Attempts to prevent or treat chronic GvHD through direct or indirect
manipulation of TGF-� may encounter unexpected complexity. For example,
Asai et al. [39] showed that activated donor NK cells could attenuate the
severity of acute GvHD through a TGF-�-dependent mechanism. TGF-� has
a nonredundant, essential role in limiting T cell and NK cell responses, and
TGF-�-deficient mice develop an early onset lethal autoimmune disease [40].
Since TGF-� induces Foxp3 expression and T-regulatory function in
CD4þCD25– precursors [41], TGF-� neutralization could exacerbate GvHD
by interfering with development of T regulatory cells.

The ability of TGF-� neutralization to prevent or treat chronic GvHD may
depend on the context in which the disease develops. Treatment of B10.D2
donors with G-CSF exacerbates the severity of skin GvHD in sublethally
irradiated BALB/c recipients. Donor T cells are required for the development
of GvHD, but the severity of cutaneous sclerosis is determined by the non-T cell
fraction of grafts from G-CSF-treated donors [42, 43]. In this model, neutrali-
zation of TGF-� from day 0–42 had no effect onmanifestations of GvHD in the
skin, liver or gastrointestinal tract, but neutralization of TGF-� beginning on
day 14 appeared to attenuate progression of the disease to some extent in the
skin and gastrointestinal tract, but not the liver [43]. Neutralization of TGF-�
early after transplantation exacerbated acute GvHD by interfering with the
regulatory effects of TGF-� on proliferation of donor T cells stimulated by
recipient alloantigens.

The role of TGF-� in human chronic GvHD has not been defined. Results of
one study showed elevated serum levels of TGF-� in patients with chronic
GvHD as compared to patients without chronic GvHD [44]. The interpretation
of these results is complicated, since assays were carried out not with plasma,
but with serum, which contains large amounts of TGF-� released from platelets
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during clotting. Gene expression studies have shown that increased TGF-�
signaling in CD4þ cells and CD8þ cells was associated with a reduced risk of
chronic GvHD in humans [45]. These data might appear to conflict with results
from experiments with BD.D2 donors and BALB/c recipients, but four of the
five TGF-� pathway genes that were examined also showed increased expres-
sion associated with a decreased risk of acute GvHD. The association of
increased TGF-� activity with a reduced risk of chronic GvHD might result
from a decreased risk of acute GvHD, since acute GvHD is a well-recognized
risk factor for chronic GvHD.

Experiments with B10.D2 donors and BALB/c recipients have suggested an
alternative approach toward prevention or treatment of chronic GvHD in
humans. Established chronic GvHD in this model can be reversed by adminis-
tration of a CD137-specific antibody [46], an approach that has been used
successfully to treat CD4þ-mediated experimental autoimmune diseases.

Role of B Cells

Deposition of antibody at the junction between the dermis and epidermis has
been demonstrated in both murine models [30] and in humans [47] with chronic
GvHD. Studies by Zhang et al. [48] showed that both euthymic and athymic
BALB/c recipients developed high levels of double strand DNA-specific IgG1
and IgG2a autoantibodies in the serum, cutaneous sclerosis, and glomerulone-
phritis with proteinuria, beginning within the first 2 weeks after transplantation
of spleen cells from DBA/2 (H-2d) donors. Induction of disease required both
donor CD4þCD25– T cells and donor B cells, while donor CD4þCD25þ cells
prevented the disease. In the absence of donor B cells, donor CD4þ cells caused
acute GvHD without cutaneous sclerosis or glomerulonephritis. The relevance
of this model for human chronic GvHD could be questioned, since double-
strand DNA-specific autoantibodies, immune complex glomerulonephritis,
and proteinuria are characteristic of systemic lupus but rarely occur in patients
with chronic GvHD [49].

Several lines of evidence suggest that B cells are likely to have some role in the
pathogenesis of chronic GvHD in humans. First, anecdotal experience and
phase 2 studies have shown clinical improvement in some patients with chronic
GvHD after administration of a CD20-specific antibody [50]. Second, biomar-
ker studies have shown enhanced CD86 expression after TLR9 stimulation of B
cells from patients with chronic GvHD, as compared to those from controls
[51]. Third, agonistic antibodies against platelet-derived growth factor receptor
(PDGFR) were detected in serum from each of 22 patients with clinical exten-
sive chronic GvHD but not in serum from any of 17 patients without chronic
GvHD [52]. These antibodies induce tyrosine phosphorylation of PDGFR,
accumulation of reactive oxygen species, and stimulation of type 1 collagen
gene expression by fibroblasts, through aRas and ERK1/2-dependent signaling
pathway. These results suggest novel approaches for treatment of chronic
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GvHD, since ligand-induced phosphorylation of the PDGFR is susceptible to
inhibition by certain tyrosine-kinase inhibitors, including imatinib.

12.4.1.2 Role of T Regulatory Cells

Anderson et al. [53] showed that radiation-resistant recipient CD4þCD25þ T
regulatory cells can protect against severe chronic GvHD in experiments with
B10.D2 donors and BALB/c recipients. Similar attenuation of chronic GvHD
manifestations could also be produced by administration of donor-derived T
regulatory cells [48, 53]. Recent results have suggested that acute GvHD inter-
feres with development of T regulatory cells after the transplant, thereby creat-
ing conditions that are permissive for development of autoimmunity [54, 55]. In
these experiments, spleen cells from B6!BALB/c chimeras with GvHD were
adoptively transferred into nonirradiated secondary immunodeficient B6 or
BALB/c recipients. Cells from the chimeras caused colitis in secondary B6
recipients but not in BALB/c recipients [54]. T regulatory cells did not develop
in mice with acute GvHD, and T regulatory cells added to the secondary graft
prevented GvHD in secondary recipients [55]. Taken together, results from
several animal models suggest that T regulatory cells [48, 53, 55] or regulatory
dendritic cells [56] could be used to control chronic GvHD, although conflicting
results have been reported with respect to the role of T-regulatory cells in
preventing the development of chronic GvHD in humans [57–61].

12.5 Management of Chronic GvHD in Humans

Chronic GvHD contributes to late post-transplant morbidity and mortality,
but pathophysiologic processes associated with chronic GvHD also produce
important therapeutic graft-versus-tumor (GvT) effects in patients with malig-
nant disease. Due to insufficient understanding of chronic GvHD biology,
current treatments are typically based on nonspecific global immunosuppres-
sion. How to gain clinical advantage by separating beneficial effects (i.e., GvT)
from harmful effects (i.e., GvHD) poses a major challenge [62].

12.5.1 Prevention of Chronic GvHD

Although acute GvHD is the best predictor for the development of chronic
GvHD, a number of strategies that successfully decreased the incidence of
acute GvHD have not decreased the risk of chronic GvHD [16, 63–68]. Other
unsuccessful attempts to prevent chronic GvHD include administration of tha-
lidomide, intravenous immunoglobulin, or hydroxychloroquine, or preemptive
treatment of sub-clinical chronic GvHD diagnosed by skin or lip biopsy [69–72].
Addition of anti-thymocyte globulin or anti-CD52 monoclonal antibody to
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preparative regimens appears to provide protection against extensive chronic
GvHD but increases the risk of infection and attenuates GvT effects [73, 74].

12.5.2 Treatment of Chronic GvHD

The aims of chronic GvHD treatment are to stop the destructive immunological
process, alleviate symptoms, and prevent disease progression that may lead to
irreversible disability or death. The ultimate goal is to establish immunological
tolerance and withdraw immunosuppressive therapy. The typical course of
chronic GvHD is protracted, lasting on average 2–3 years. Approximately
85% of patients who survive beyond 5 years after diagnosis are able to dis-
continue systemic therapy [75]. The principal components of chronic GvHD
therapy include systemic treatment with agents that suppress or modulate
immune responses, integrated with ancillary therapy and supportive care (see
below). Symptomatic mild chronic GvHD is often effectively treated with local
therapies alone (e.g., topical steroids to the skin or cyclosporine eye drops), but
systemic therapy should be considered for patients who meet criteria for mod-
erate-severe global severity [3]. Some experts incorporate the presence or
absence of high-risk features (e.g., thrombocytopenia or progressive onset)
and the underlying reason for transplantation (e.g., malignant versus nonma-
lignant disease) or current comorbid conditions (e.g., infection) in assessing the
indications for systemic treatment of chronic GvHD.

12.5.2.1 Primary Therapy

The most widely used initial systemic treatment of chronic GvHD relies on
prednisone alone in conjunction with cyclosporine or tacrolimus [2, 76-79]. In
contrast to acute GvHD where a more fulminant presentation and high fre-
quency of gastrointestinal symptoms require parenteral treatment, chronic
GvHD can usually be managed by oral treatment. Treatment typically begins
with prednisone at 1mg/kg/day in a single oral dose in themorning tomimic the
normal circadian rhythm of adrenal corticosteroid secretion. Cyclosporine or
tacrolimus are dosed twice a day to keep blood concentrations within the
therapeutic range. If this treatment produces clinical improvement, the dose
of prednisone is tapered (e.g., 25% per week) to a target of 1mg/kg every other
day. Responses are evaluated every 3 months during alternate day prednisone
administration. The 3-month time frame for evaluation of response to a given
therapy is based on the observation that 90% of patients who ultimately
respond to therapy will show signs of response at that point [80]. If response
is observed at 3 months, therapy is continued until chronic GvHD manifesta-
tions resolve, when weaning of prednisone doses can be resumed. If there is no
response by the 3-month time point, or if disease manifestations progress at any
time, secondary treatment should be started [76, 77].
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Very few studies have attempted to improve outcomes of primary therapy
for chronic GvHD. An early study showed harm when azathioprine was added
to prednisone [76], and a subsequent trial [77] showed only limited benefit when
cyclosporine was added to prednisone for treatment of patients with platelet
counts above 100,000/mL at the onset of chronic GvHD. Two randomized trials
testing the addition of thalidomide as part of initial therapy showed no clinical
benefit [81, 82]. Currently two multi-centered randomized phase III trials are
testing whether adding mycophenolate mofetil (USA trial: ClinicalTrials.gov
Identifier NCT00089141) or enteric coated mycophenolic acid (European trial:
ClinicalTrials.gov Identifier NCT00298324) as part of the initial immunosup-
pressive regimen improves the success rate of primary therapy.

12.5.2.2 Secondary Therapy

Initial treatment fails to produce a partial or complete response within the first
year in approximately 50% of patients with chronic GvHD [15]. Indications for
secondary treatment include progression of chronic GvHD manifestations in a
previously affected organ or site, development of new manifestations in a
previously unaffected organ or site, stable persistence of chronic GvHD despite
4–12 weeks of sustained therapy, or inability to taper immunosuppression
without recurrence of clinical manifestations. Earlier initiation of secondary
therapy would be appropriate in patients with more severe chronic GvHD,
while a longer trial of initial therapy would be appropriate in patients with
sclerotic skin changes or other slowly reversible manifestations.

The recalcitrant nature of bronchiolitis obliterans (BO) represents a special
situation where full steroid doses of 1mg/kg/day are typically administered for
many months, and stabilization of disease progression may be considered as
success. A delay in initiating secondary therapy might also be appropriate when
the next agent to be used has a high risk of toxicity. Inability to tolerate therapy
(e.g., steroid myopathy or calcineurin and/or sirolimus induced thrombotic
microangopathy) may also be considered an indication for secondary
treatment.

There is no current standard of care for secondary treatment of chronic
GvHD. Many phase II studies of secondary treatment have been published,
with response rates ranging between 25% and 75%. Responses are frequently
incomplete and not durable [9, 50, 83–105]. Agents that have been used for
secondary treatment of chronic GvHD are summarized in Table 12.3. Most of
these agents have been tested in small numbers of patients withmarginal success
and with poor clinical satisfaction [106]. Agents that are currently in vogue for
treatment of steroid-resistance chronic GvHD include extracorporeal photo-
pheresis, rituximab, and pentostatin.

Since there is no therapeutic standard, the selection of agents for secondary
treatment of chronic GvHD is typically made after reviewing the agents used
for prior treatment, considering the compatibility of new agents with any
continuing concurrent treatment, evaluating the overall risks and benefits,
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and assessing patient preferences. Physicians must be also be mindful of the
distinction between active disease and irreversible organ damage, since the
former may respond to treatment, but the latter cannot.

12.5.3 Ancillary Therapy and Supportive Care

Clinical manifestations of chronic GvHD can persist for prolonged periods of
time, causing significant morbidity. Hence, ancillary therapy and supportive care
to prevent infections, optimize nutrition, ameliorate morbidity and optimize
functional performance and capacity are critical components of management
[7]. As used in theNIH consensus recommendations, the term ‘‘ancillary therapy’’
refers to any intervention such as topical corticosteroids, cyclosporine eye drops
or any other nonsystemic therapeutic intervention directed at control of symp-
toms. The term ‘‘supportive care’’ includes a broad spectrum of interventions that
are directed at control of organ specific or systemic symptoms. Supportive care
includes antibiotics for prevention of infections, management of osteoporosis,
metabolic problems, physical therapy, as well as a number of educational, pre-
ventive and psychosocial measures. Occasionally, their use may circumvent the
need for systemic treatment or allow doses of systemic agents to be reduced [7].

In general, close serial monitoring of all organ systems is recommended to
promote early detection and intervention. Especially challenging cases should
be considered for consultation referral at one of the major national centers with
multidisciplinary expertise in studying chronic GvHD. Infection is the most
common cause of mortality in patients with chronic GvHD and prophylaxis of
infections requires special emphasis. The immune defects in chronic GvHD are
broad, encompassing macrophage function, antibody production and T cell
function. All patients with chronic GvHD are considered at risk for infection
with encapsulated bacteria, particularly Streptococcus pneumoniae, but also H.
influenzae and Neisseria meningitides. Prophylactic antibiotics should be given
to all patients with chronic GvHD as long as systemic immunosuppressive
treatment is being administered [7].

Table 12.3 Second line agents used for the treatment of chronic GvHD

Commonly used Sometimes used Rarely used Case reports

Mycophenolate PUVA Azathioprine Daclizumab

Steroid pulse Thalidomide ATG Infliximab

ECP Ursodiol TLI Etarnecept

Sirolimus Clofazimine Low dose MTX Imatinib

Pentostatin Acitretin Cytoxan Montelukast

Rituximab Bortezomib

Plaquenil

ECP extracorporeal photopheresis, PUVA psoralen-ultraviolet A light, ATG anti-thymocyte
globulin, TLI total lymphoid irradiation, MTX methotrexate
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12.5.4 Prognosis and Outcomes

The characteristicsmost consistently associatedwith an increased risk of lateNRM
among patients with chronic GvHD are thrombocytopenia (<100� 109/L)
and progressive onset of chronic GvHD from acute GvHD. A number of other
factors associated with increased NRM in patients with chronic GvHD have been
reported and include elevated serum total bilirubin concentration, generalized or
lichen planus-like skin involvement, poor Karnofsky performance status, steroid
therapy at the time of onset, diarrhea, weight loss, GI involvement, lack of oral
involvement, history of prior acuteGvHDgrades II-IV,HLAmismatch, increased
age, or lack of therapeutic response to chronic GvHD treatment [12–15, 75,
80, 107]. Studies evaluating prognostic factors for NRM all have retrospective
designs. These studies frequently included patients fromvarious treatment eras and
patient populations that were heterogeneous with respect to the hematopoietic cell
source (bone marrow versus peripheral blood), donor type (related versus unre-
lated), patient age (inclusion of pediatric patients), intensity of the pretransplant
conditioning regimen (myeloablative versus reduced-intensity), and treatment for
chronic GvHD. These factors could potentially affect the reproducibility of results
in different patient populations [107].

Stewart et al. identified prognostic factors associated with time to perma-
nent discontinuation of systemic immunosuppression, which is considered a
surrogate endpoint for cure of chronic GvHD. Factors associated with poor
prognosis included peripheral blood hematopoietic cell source, female donor
for male recipient, recipient HLA mismatch, elevated serum total bilirubin
concentration, and involvement of multiple organ sites at the onset of
chronic GvHD [75]. Arora et al. identified the attainment of complete
therapeutic response as an important predictive factor for permanent with-
drawal of immunosuppression [15]. Prospective validation and refinement of
risk factors for NRM among patients with chronic GvHD should be a major
goal of future research so that patients receive appropriate risk-adjusted
treatment.

12.6 Future Prospects

Clinical interest in chronic GvHD has increased recently, but the basic research
needed for clinical translation remains scant. No animal model fully replicates
all of the features of chronic GvHD in humans, and it appears likely that
multiple biological mechanisms account for the diverse features the disease.
The disease is clearly initiated by donor T cells that recognize recipient alloanti-
gens, since the incidence of chronic GvHD can be decreased by exhaustive
depletion of T cell from the graft. On the other hand, experimental studies
have clearly demonstrated that ‘‘autoreactive’’ T cells and B cells, together with
deficiency of T regulatory cells, can contribute to pathogenesis of the disease
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through mechanisms that do not necessarily depend on prior acute GvHD or

thymic dysfunction. In reality, chronic GvHD may represent a ‘‘syndrome’’

with diverse causes among individual patients. In the future, it might become

possible to tailor specific therapeutic interventions for patients as individually
needed for each distinct pathophysiologic mechanism involved in development

of the disease.
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Chapter 13

Radioimmunoconjugates in Hematopoietic

Stem Cell Transplantation

Ajay K. Gopal and Jane N. Winter

13.1 Introduction

Hematopoietic stem cell transplantation (HSCT) has offered the promise of

prolonged disease control and the potential for cure to patients with a variety of

high-risk or relapsed hematologic malignancies including those with leukemia

and lymphoma [1–7]. The rationale for administering high-dose therapy prior

to HSCT is derived from the steep dose-response relationship between chemo-

radiotherapy and tumor cell kill in the hematologic malignancies with the

hypothesis that escalation of the dose beyond the marrow ablative threshold

to the toxicity limits of nonhematopoietic organs can result in improved

responses and longer remissions. This relationship of dose and response has

been shown to be particularly striking with the use of radiation therapy. Data

suggest that localized external beam radiation for the treatment of lymphoma in

doses over 44Gy yielded in-field relapses of 6% as compared to disease recur-

rence rates of 63% when doses less than 27Gy were utilized [8]. Based on these

kinds of data demonstrating the exquisite radiosensitivity of lymphomas and

leukemias, total body irradiation (TBI) has been incorporated into HSCT

conditioning regimens [1, 9]. Further evidence for a radiation-dose disease-

response relationship came from a randomized phase III trial comparing

12Gy versus 15.75Gy TBI in 71AML patients in first remission [6]. The relapse

rates of patients receiving the higher and standard TBI dose were 12% and 35%

( p¼ 0.06), respectively, though nonrelapse mortality rates were 32% and 12%

( p¼ 0.04), respectively. These outcomes resulted in identical relapse-free survi-

vals for each group, but implied that if one could safely escalate the radiation

dose to tumor sites, disease free survival could be improved.
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Radioimmunotherapy (RIT) represents a novel means to potentially achieve
this goal by amplifying the radiation dose to tumor sites while relatively sparing
toxicity to normal nontarget tissues. This strategy has been predominantly
applied to the treatment of indolent non-Hodgkin’s lymphoma (NHL) in the
nontransplant setting with the FDA approval of two radioimmunoconjugates,
iodine-131 (I-131) tositumomab (Bexxar1) and (Y-90) ibritumomab tiuxetan
(Zevalin1) [10–16]. These antibodies both target CD20, a pan-B-cell antigen
that is expressed on the majority of B-cell NHL [17, 18]. CD20 is an attractive
target that has been employed by a variety of investigators as it is not thought to
readily internalize, modulate, or shed and is only thought to be expressed on
mature B cells and B-cell NHL [19, 20]. Most nontransplant and transplant
studies of RIT have utilized either I-131 or Y-90 as the therapeutic radionuclide.
The specific characteristics with theoretical advantages and limitations of these
isotopes are summarized in Table 13.1.

Two basic RIT-based transplant strategies have emerged. The first approach
maximizes the therapeutic potential of RIT by escalating the dose to the nonhema-
topoietic toxicity threshold either with or without high-dose chemotherapy much
akin to the use of high-dose TBI. A second tactic adds standard nonmyeloablative
doses of RIT to a maximized myeloablative chemotherapy conditioning regimen.

13.2 High-Dose
131

I-RIT and Autologous HSCT

The Seattle group, led by Dr. Oliver Press, was the first to use high-dose radio-
iodinated anti-B-cell antibodies followed by autologous HSCT (Table 13.2).
These initial studies evaluated a variety of anti-B-cell antibodies including 1F5
(anti-CD20), tositumomab (anti-CD20), and MB-1 (anti-CD37) using precise
individualized dosimetry confirming that tumor sites received on average 10
times the radiation exposure as the whole body and on average 1.5–2 times the
radiation exposure as the highest normal organ (Table 13.3) [21, 22]. The studies

Table 13.1 Comparison of 131I and 90Y
131I 90Y

Emission Beta, gamma Beta

Mean beta energy 0.192MeV 0.934MeV

Mean path length 0.8mm 5.3mm

Half-life 8 days 2.7 days

Nonspecific uptake Thyroid Bone, liver

Advantages Inexpensive, simple
labeling chemistry,
imaging possible due
to gamma emission

Few radiation safety
precautions

Limitations Radiation safety
precautions due to
high-energy gamma

Surrogate isotope required
for imaging (111In),
expensive, more complex
labeling chemistry
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Table 13.2 Results from selected I-131-radioimmunotherapy based stem cell transplant
conditioning regimens for lymphomas

Author
Dose
(Gy) Drug/target Chemo

Lymphoma
type/setting n Results

Press
et al.
[21]

10–30.75a MB1/CD37,
tositumomab/
CD20, 1F5/
CD20

– B-cell NHL/
relapsed

19 95% OR
(84%
CR)

Press
et al.
[24]

20–27a Tositumomab/
CD20

CY.
VP-
16

B-cell NHL/
relapsed

52 83%/68%
2-year
OS/
PFS

Behr
et al.
[25]

27a Rituximab/CD20 – Mantle cell/
relapsed

7 100% OR
(86%
CR)

Gopal
et al.
[26]

17–31a Tositumomab/
CD20

– Follicular/
relapsed

27 67%/48%
5-year
OS/
PFS

Vose
et al.
[27]

0.75b Tositumoab/
CD20

BEAM B-cell NHL/
relapsed or
refractory

23 55%/39%
3-year
OS/
PFS

Vose
et al.
[28]

0.75b Tositumomab/
CD20

BEAM Chemosensitive
DLBCL

40 3-year
PFS
70%

Gopal
et al.
[29]

25–27a Tositumomab/
CD20

– B-cell NHL/
relapsed, �60
years old

24 3-year
PFS
51%

B-cell NHL B-cell non-Hodgkin’s lymphoma, DLBCL diffuse large B cell lymphoma,MCL
mantle cell lymphoma, FL follicular lymphoma,OR overall response,CR complete response,
OS overall survival, PFS progression free survival, RFS relapse free survival, CY cyclopho-
sphamide, VP-16 etoposide, BEAM carmustine, etoposide, cytarabine, melphalan
aDose to highest critical nontarget organ
bwhole body dose

Table 13.3 Estimated absorbed radiation doses of tumors and normal organs

Site

Absorbed radiation
dose range (Gy)

Tumor to organ ratio*

Mean� SE Range

Lungs 6.5–31.0 1.8� 0.2 1.1–4.2

Liver 3.8–19.3 3.0� 0.3 1.4–5.1

Kidneys 5.4–21.6 3.4� 0.3 1.7–7.0

Marrow 1.0–6.4 10.2� 1.1 3.6–22.4

Whole Body 1.0–5.7 10.4� 1.0 4.5–20.2

Tumor 10.1–91.5 – –

*The ratio of absorbed radiation dose by the tumor to that absorbed by the
organ. (Adapted from Press et al. [21])
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also revealed that inferior biodistributions were observed in the setting of sple-

nomegaly and tumor bulk over 500 cc. This trial established the maximally

tolerated dose (MTD) of 131I that could be administered via anti-B-cell antibodies

to be 27Gy to the critical normal organ receiving the highest radiation exposure

(typically the lungs) suggesting that at this dose level tumor sites would receive on

average greater than or equal to 40Gy. This approach also yielded overall and

complete response rates of 95% and 84%, respectively, in patients with relapsed

B-cell NHL. Other important observations from this myeloablative RIT regimen

included low rates of nonhematologic toxicity and confirming that stem cell

infusion could safely occur at residual radiation exposure levels of less than

2mR/h at 1m. These studies also supported the dose-response relationship of

radiation and tumor control with patients that received greater than or equal to

20Gy to critical organs experiencing a 70% progression-free survival (PFS) as

compared to 20% PFS in those that received less than 20Gy (p¼ 0.045) [23].
The relative long-term efficacy of this high-dose RIT strategy was evaluated

via a multivariable cohort analysis of 125 patients with relapsed or refractory

follicular lymphoma treated with either myeloablative I-131 tositumomab fol-

lowed by autologous HSCT or conventional high-dose therapy followed by

autologous HSCT [26]. In this study, the estimated 5-year overall survival (OS)

for high-dose RIT was 67% and for conventional high-dose therapy was 53%

(p=0.004). Similarly, 5-year PFS was estimated to be 48% for the high-dose

RIT group and 29% for the conventional transplant group (p¼ 0.03) (Fig. 13.1).

The authors concluded that some of the improvement in outcome was due to the

reduced 100-day treatment-related mortality in the high-dose-RIT group (3.7%)

as compared to the control arm (11.2%), emphasizing the tolerability of this

strategy. This study also addressed the concerns radiation-induced leukemogen-

esis by noting that the estimated incidence of acute myeloid leukemia and

myelodysplastic syndromes in the high-dose RIT group was 0.076 at 8 years, as

compared to 0.086 at 7 years in the standard transplant group.
Building on the observations in younger patients that high-dose RIT and

autologous HSCT was both tolerable and efficacious, this strategy was applied

p = .004

Overall SurvivalOverall Survival

Radioimmunotherapy ASCT (n = 27)Radioimmunotherapy ASCT (n = 27)

Conventional ASCT (n = 98)Conventional ASCT (n = 98)

p=.03p = .03

Progression-Free Survival

Conventional ASCT (n = 98)Conventional ASCT (n = 98)

Radioimmunotherapy ASCT(n = 27)Radioimmunotherapy ASCT(n = 27)

Fig. 13.1 Overall survival (a) and progression-free survival (b) of follicular lymphoma
patients treated either with HD-RIT using 131I-tositumomab and autologous HSCT or
C-HDT and autologous HSCT (Adapted from Gopal et al. [26])
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to older adults with relapsed B-cell NHL who may have otherwise been denied
high-dose therapy [29]. Twenty-four patients over the age of 60 were treated
with high-dose 131I-tositumomab designed to deliver �25–27Gy to critical
normal organs followed by autologous HSCT. The patients on this study had
received a median of four prior regimens, and 54% had chemotherapy resistant
disease. Nevertheless, there were no treatment-related deaths and grade 4
nonhematologic toxicities occurred in less than 10% of patients yielding a 3-year
OS and PFS of 59% and 51%, respectively.

Other groups have also utilized myeloablative doses of I-131 conjugated
antibodies as part of autologous HSCT conditioning regimens. Behr and col-
leagues published a series of seven heavily pretreated mantle cell lymphoma
patients who received high dose I-131 labeled rituximab following the identical
dosimetry as the Seattle group to deliver less than 27Gy to the lung followed by
autologous HSCT [25]. In this series, all patients responded, with six of seven
achieving a CR despite only moderate toxicity.

13.3 High-Dose
131

I-RIT Plus Chemotherapy

and Autologous HSCT

In order to further improve on the efficacy seen with single-agent high-dose
131I-RIT, investigators have evaluated adding high-dose chemotherapy to
transplant conditioning regimens. This approach was first evaluated utilizing
a regimen including high-dose cyclophosphamide and etoposide (VP-16), but
where TBI would be supplanted by RIT [24]. The initial phase I data evaluating
this strategy demonstrated that I-131 doses delivering less than 25Gy to critical
organs could be administered along with full doses of cyclophosphamide
(100mg/kg) and VP-16 (60mg/kg). Toxicities were comparable to TBI-containing
regimens and comparisons with adjusted nonrandomized controls suggested the
RIT-based approach produced improved OS and PFS compared to a comparable
TBI containing regimen (Fig. 13.2). This strategy hasmore recently been evaluated
in a subset of 16 heavily pretreated patients withmantle cell lymphoma resulting in
an estimated 3-year OS and PFS of 93% and 61%, respectively [30]. Extended
phase II studies using this combined high-dose chemo-radioimmunotherapy regi-
men in various B-cell NHL histologies are ongoing to better define the safety and
efficacy of this regimen.

13.4 Standard-Dose
131

I-RIT Plus High-Dose Chemotherapy

and Autologous HSCT

An alternative strategy to myeloablative RIT is to add standard outpatient
doses of RIT to full-dose myeloablative chemotherapy, allowing for further
intensification of a maximal chemotherapeutic regimen and obviating some of

13 Radioimmunoconjugates in HSCT 303



the technical and safety concerns of high-doses of radioisotopes. Vose and

colleagues first assessed this approach in a phase I trial of 23 patients with

relapsed or refractory B-cell NHL who were treated with escalating doses of

standard I-131 tositumomab (Bexxar1) up to 0.75Gy plus high-dose carmus-

tine, etoposide, cytarabine, and melphalan (BEAM) followed by autologous

HSCT (Fig. 13.3) [27]. This study demonstrated that the full 0.75Gy whole

body dose of I-131 tositumomab could be safely administered 7 days prior to

initiating full-dose BEAM chemotherapy and 12 days prior to autologous

131I-B1/VP16/CY, Indolent (n=38)

131I-B1/VP16/CY, Aggressive (n=14)

TBI/VP16/CY, Indolent (n=44)

TBI/VP16/CY, Aggressive (n=60)

P
ro

ba
bi

lit
y 

of
 S

ur
vi

va
l

Fig. 13.2 Survival analyses according to type of lymphoma. Overall survival in 38 patients with
relapsed indolent lymphomas (thin solid line) and 14 patients with relapsed aggressive lympho-
mas (short dashes) treated with 131I-tositumomab, etoposide, cyclophosphamide, and ASCT
and in 44 patients with relapsed indolent lymphomas (thick solid line) and 60 patients with
relapsed aggressive lymphomas (long thick dashes) treatedwith external-beamTBI (1.5Gy twice
a day for 4 days), etoposide (60mg/kg), cyclophosphamide (100mg/kg), and ASCT

Fig. 13.3 Schema for iodine-131 tositumomab/carmustine, etoposide, cytarabine, and mel-
phalan (BEAM) transplantation program. TBD total-body dose, PSCT peripheral-blood
stem-cell transplantation (Vose et al. [27])
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HSCT with no appreciable increase in toxicities or delay in engraftment. This
regimen also achieved a CR rate of 57% and event free survival of 39% at a
median follow-up of 38 months in a group of heavily pretreated (median 3 prior
regimens, 51% chemotherapy-resistant) patients (Fig. 13.4). A follow up phase
II study of 40 chemotherapy-sensitive diffuse large B-cell lymphoma patients by
the Nebraska group confirmed the feasibility of this regimen and yielded an
estimated 3-year PFS of 70% and OS of 81% [28]. These encouraging pre-
liminary data have led to an ongoing national phase III trial comparing I-131
tositumomab-BEAM to rituximab-BEAM in patients with relapsed, che-
motherapy-sensitive diffuse large B-cell lymphoma.

13.5 Dose-Escalated Yttrium-90 Ibritumomab Tiuxetan

with HSCT Support

The anti-CD20 radioimmunoconjugate Yttrium-90 ibritumomab tiuxetan
(Zevalin1) has been evaluated as a single agent at escalated doses with auto-
logous stem cell support and in combination with chemotherapy where it has
either replaced TBI or intensified a standard high-dose chemotherapy regimen in
the context of either autologous or allogeneic HSCT (Table 13.4). Three groups
have investigated dose-escalated Yttrium-90 ibritumomab tiuxetan as a single
agent, using peripheral blood progenitor cells to circumvent the dose-limiting
toxicity of RIT. Ferrucci and colleagues have dose-escalated Yttrium-90 ibritu-
momab tiuxetan based on weight, using three predefined dose levels (0.8, 1.2, and
1.5mCi/kg) [31]. Patient-specific dosimetry was performed in all cases to evaluate

Fig. 13.4 Event-free survival for patients in the phase I iodine-131 tositumomab/carmustine,
etoposide, cytarabine, and melphalan transplantation program (Vose et al. [27])
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the distribution of activity in critical organs. Absorbed doses to target organs were

highly variable for any of the cohorts. At the 2007 Annual Meeting of the

American Society of Hematology, this group updated their experience, now with

17 patients at the highest dose level of 1.5mCi/kg [32]. The histologies were varied,

and all patients had refractory or transformed disease. The median activity of

Table 13.4 Results from selected Y-90 radioimmunotherapy-based autologous stem cell
transplant trials for CD20+ nonHodgkin lymphoma

Author Dose Chemo
Disease
status n Results

RIT alone

Ferrucci
et al. [31],
Vanazzi et al.
[32]

0.8–1.5mCi/kg – Resistant or
refractory

25 CR 40%

Devizzi et al.
[33]

0.8 or
1.2mCi/kg

– Relapsed or
refractory

29 Indolent:
87%/55%
2-year OS/
PFS;

Aggressive:
85%/77%
OS/PFS

Flinn et al.
[34]

14–28Gya – Relapsed or
refractory

22 CR 45%

Escalated RIT and chemotherapy

Nademanee
et al. [35, 36]

10Gya Cy/etoposide 1st PR/CR
relapsed or
refractory

31 81%/65%
4-year OS/
DFS

Winter [37] 1–17Gya BEAM Relapsed or
refractory

44 52%/37%
3-year OS/
PFS

Standard dose RIT and chemotherapy

Shimoni
et al. [41]

0.4mCi/kg BEAM Primary
refractory
or
refractory
relapse

23 67%/52%
2-year OS/
EFS

Gisselbrecht
et al. [38]

0.4mCi/kg BEAM Relapsed or
refractory
(all FL)

77 93% 1-year
EFS

Krishnan
et al. [39]

0.4mCi/kg BEAM 1st CR/PR,
relapsed or
refractory

41 89%/70%
2-year OS/
PFS

Khouri et al.
[40]

0.4mCi/kg BEAM – 26 92%/83%
2-year OS/
DFS

PFS progression-free survival, DFS disease-free survival, OS overall survival, EFS event-free
survival, CR complete remission, BEAM carmustine, etoposide, cytarabine, melphalan
aDose to highest critical nontarget organ

306 A.K. Gopal and J.N. Winter



90-Y was 100mCi. All patients engrafted promptly. Significant toxicities included
one patient with transient acute grade 3 liver toxicity, one patient who died 4
months after treatment due to hepatitis C virus reactivation, one patient who died
2 months after treatment because of cerebral ischemia and a fourth patient who
developed a myelodysplastic syndrome 2 years post-therapy. The authors recom-
mend an activity of 1.2mCi/kg, three times the standard dose, for heavily pre-
treated patients. Similarly,Devizzi and colleagues fromMilan have reported on 29
patients, also representative of a variety of histologic subtypes, who received either
0.8mCi/kg (n¼ 13) or 1.2mCi/kg (n¼ 16) followed by tandem re-infusions of
mobilized peripheral blood progenitor cells on days +7 and+14 post-transplant
in an attempt to reduce the duration of cytopenias [33]. No significant nonhema-
tologic toxicities were reported, and engraftment was rapid, although it cannot be
concluded that the tandem infusions were of benefit over the conventional
approach. Given the heterogeneity of the patient population and short duration
of follow-up, no conclusions canbe drawn regarding efficacy. Flinn et al. have also
dose-escalated Yttrium-90 ibritumomab tiuxetan with mobilized peripheral blood
progenitor cell support in patients with relapsed or refractory B-cell NHL [34], but
dose escalationwas cohort defined based on absorbed dose to the critical organ, not
patient weight. Thus far, five patients have received a cohort defined dose of
14–18Gy to the critical organ, six patients have received 24Gy, and two patients
have received 28Gy, Up to 143.1mCi has been administered without significant
nonhematologic toxicity, with the exception of one death from pneumonia occur-
ring 27 days post-transplant. These three series show that dose escalation of
Yttrium-90 ibritumomab tiuxetan is possible, but whether dose escalation
should be performed using dosimetry to define a specific absorbed dose to the
critical organ or by weight remains to be established. If dosed according to
weight, 1.2mCi/kg would appear to be the preferred dose, at least for more
heavily pretreated patients.

In other studies investigating dose-escalated Yttrium-90 ibritumomab tiuxe-
tan in the autologous transplant setting, increasing doses of RIT replaced TBI
in combination with etoposide and cyclophosphamide [35]. Nademanee and
colleagues from The City of Hope conducted a phase I/II trial combining high-
dose Yttrium-90 ibritumomab tiuxetan with high-dose etoposide (40–60mg/kg)
and cyclophosphamide (100mg/kg). The radioimmunotherapy was dosed to
achieve an absorbed dose of 10Gy to any normal organ excluding the spleen or
bone marrow. Thirty-one patients with follicular, diffuse large B-cell, and
mantle cell lymphomas, including seven patients in first CR or PR, were treated
with Yttrium-90 ibritumomab tiuxetan (median¼ 71.6; range: 37–105mCi) and
cyclophosphamide and etoposide. This series has recently been updated [36]. At
a median follow up of 55 months, the 4-year estimated overall survival was
81%, and the disease-free survival was 65%. One patient failed to engraft, but
otherwise toxicities were similar to those associated with standard transplant
regimens. These results are also comparable to data presented by Press et al
using I-131 tositumomab with the same doses of etoposide and cyclophospha-
mide [24], but with a much higher absorbed dose to critical organs (25Gy).
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In an attempt to improve on outcomes with high-dose chemotherapy and
autologous HSCT, Winter and colleagues enrolled 44 patients with relapsed or
refractory CD20+ B-cell NHL on a phase I trial of dose-escalated Yttrium-90
ibritumomab tiuxetan followed by high-dose BEAM and autologous HSCT in
which the doses were calculated to deliver cohort-defined radiation doses
(100–1700 cGy) to critical organs (liver, lung or kidney) with three to six
patients per cohort [37]. Unlike other reported series, the patient population
was mostly aggressive lymphomas (16% mantle cell, 57% diffuse aggressive,
and 16% transformed) with only 11% indolent histologies, and all patients had
relapsed or proven refractory disease. The toxicity profile was similar to that
associated with high-dose BEAM. Two dose-limiting toxicities occurred at the
17Gy dose level: one patient with grade 4 stomatitis died of pneumonia and
sepsis on dayþ 10 post-transplant, and one patient experienced septic emboli to
the lung on dayþ 13 post-transplant. One heavily pretreated patient developed
myelodysplasia on dayþ 291 post-transplant and expired of sepsis on dayþ 483
post-transplant. With a median follow-up of 21 months, the 3-year overall and
progression-free survivals were 52% and 37%, respectively.

For dosimetry-based trials, 15Gy to the critical organ (nearly always liver) was
the dose recommended by the investigators. Although patient-specific doses
calculated to deliver a cohort-prescribed absorbed radiation dose to the critical
organ were highly variable, the two dose-limiting toxicities occurred at nearly
identical doses (1.14 and 1.20mCi/kg, respectively) when calculated according to
weight. Whereas eight other patients safely received at least twice the conven-
tional 0.4-mCi/kg dose, 0.8mCi/kg was the dose recommended for phase II
studies, if dosing is to be based on weight and not dosimetry. Outcomes are
encouraging given the high-risk patient population, but a phase III trial will be
required to establish whether or not the addition of dose-escalated Yttrium-90
ibritumomab tiuxetan to high-dose BEAM improves outcomes in NHL patients
undergoing autologous HSCT.

13.6 Standard Dose Yttrium-90 Ibritumomab Tiuxetan

with HSCT Support

Whereas individualized dosing based on dosimetry requires experienced
nuclear medicine physicians and a significant time commitment, weight-based
dosing at the standard nontransplant dose of 0.4mCi/kg combined with high-
dose BEAMhas been investigated (Table 13.4). Gisselbrecht et al., representing
Groupe d’Etude des Lymphomes de l’Adulte (GELA), recently reported the
results of a phase II trial consisting of 77 patients, the majority (90%) with
relapsed or refractory follicular lymphoma, treated with a combination of
standard dose Yttrium-90 ibritumomab tiuxetan and high-dose BEAM with
HSCT [38]. Toxicity was similar to that observed with high-dose BEAM alone.
First-line therapy had included rituximab in only 29 cases. After a minimum

308 A.K. Gopal and J.N. Winter



follow-up of 1 year for all patients, the estimated 2-year event-free survival is
93%. Two other series of relapsed and refractory lymphomas, 33 patients from
the City of Hope and 26 patients from theM.D. Anderson Cancer Center, have
been reported; both used the standard dose of 0.4mCi/kg of Yttrium-90
ibritumomab tiuxetan and high-dose BEAM [39,40]. This dose is very easy to
combine with Yttrium-90 ibritumomab tiuxetan and does not appear to
increase the risk of toxicities. In chemotherapy-refractory patients with either
primary refractory or refractory an Israeli trial in relapse and with positive [18]
fluorodeoxyglucose positron emission tomography (FDG-PET) at the time of
transplant, the estimated 2-year overall and progression-free survival rates were
67% and 52%, respectively (median follow-up¼ 17 months; range: 6–27
months) [41] Again, whether RIT added to high-dose BEAM improves out-
comes over BEAM alone, must be established in a phase III randomized trial.

13.7 RIT and Allogeneic HSCT for NonHodgkin Lymphoma

There has been limited experience incorporating radioimmunotherapy into
preparative regimens for allogeneic HSCT in patients with lymphoma. In
hopes of providing better disease control for patients undergoing nonmyeloa-
blative allogeneic HSCT, Gopal and colleagues treated 14 patients with che-
motherapy-refractory lymphoma with standard-dose Yttrium-90 ibritumomab
tiuxetan in addition to fludarabine and low-dose TBI followed by allogeneic
HSCT [42]. Although follow-up was short (median follow-up for surviving
patients¼ 6 months), half of these high-risk patients remain disease-free.
Twelve patients with multiply relapsed lymphoma received standard-dose
Yttrium-90 ibritumomab tiuxetan in addition to fludarabine and either busul-
fan or melphalan followed by allogeneic HSCT in a study reported by Shimoni
and colleagues [43]. Immunosuprression was tapered rapidly in an effort to
enhance the graft-versus-leukemia effect, but resulted in severe acute graft-
versus-host disease. The nonrelapse mortality was high (42%), but only three
patients have relapsed suggesting that this strategy may enhance disease con-
trol. At theMDAnderson, seven patients received reduced doses of Yttrium-90
ibritumomab tiuxetan (0.3 or 0.4mCi/kg) in addition to nonmyeloablative
conditioning, and five remain in complete remission with a median follow-up
of 16 months [40]. Further investigation is required to better define the role of
radioimmunotherapy in allogeneic HSCT for lymphoma.

13.8 RIT Based Transplant Conditioning Regimens Transplants

for Leukemia (Table 13.5)

Historical data also emphasize the radiosensitivity of leukemias [44]. Expectedly,
TBI has been an effective component of many transplant conditioning regimens in
part to maximize the anti-leukemic effect. A variety of radioimmunoconjugates
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have been employed for the purpose of further escalating the radiation dose to
hemato-lymphoid tissues (Table 13.2), and again, two basic strategies have
emerged. The first approach utilized the addition of RIT to full dose preparative
regimens eitherwith orwithoutTBI [9, 45]. The initial projects targeted themyeloid
antigen CD33 and demonstrated that marrow and spleen could be preferentially
targeted in most patients; however, it was noted that the short residence time of
I-131 in some patients rendered a lower radiation exposure to hemato-lymphoid
organs than to nontarget sites [46]. It was hypothesized that this short residence
time could be attributed to the internalizing properties of theCD33 antigen and the
observation that internalized I-131-conjugates were rapidly dehalogenated, result-
ing in release of the isotope from the cell [47]. In an attempt to overcome this
limitation, investigators focused on the noninternalizing antigen, CD45. CD45 is
expressed on the majority of hematopoietic cells and approximately 90% of acute
leukemias; CD45 is not known to be expressed on nonhematopoietic tissues [48,
49]. Initial studies by the Seattle group indicated that the use of this strategy could
deliver a median of 24 and 50Gy of additional radiation to marrow and spleen,
respectively, along with a full-dose conditioning regimen of cyclophosphamide
(120mg/kg) and TBI (12Gy) [50]. More recently, a phase II study evaluated the
use of this regimen along with busulfan (16mg/kg) and cyclophosphamide
(120mg/kg) for high-risk AML patients in first complete remission [51]. These
data demonstrated that mean of 11.3 and 29.7Gy of additional radiation could
safely be delivered to the marrow and spleen without an increase in nonrelapse
mortality and an estimated 61% 3-year disease-free survival.

The more recently-developed RIT transplant strategy for leukemia is to add
intensified radiation to reduced intensity preparative regimens, allowing the
bulk of therapy to be targeted and maximally intensified. Preliminary results of
this approach were reported by Pagel and colleagues, indicating that escalating
doses of I-131 anti-CD45 therapy could be safely added to the Seattle fludar-
abine/2Gy TBI regimen [56]. Thus far an additional 24Gy has been delivered to
liver resulting in up to an added 46Gy to marrow and 81Gy to spleen without
incurring an increase in early mortality. Dose escalation of this study continues.
A second group also followed this strategy by combining either Y-90 or Re-188
labeled anti-CD66 antibodies followed by the reduced-intensity regimen of
fludarabine and antithymocyte globulin with or without melphalan [57]. This
study illustrated that a median of 21.9Gy could be delivered to the marrow
space and improved marrow delivery was noted with Y-90 over Re-188. Impor-
tantly, treatment-related mortality (TRM) was not observed to be higher than
historical controls and overall survival at 2 years was 52%.

13.9 Conclusions

As evidenced by the many studies cited above, the addition of radioimmunother-
apy to conventional transplant regimens or its use as a single modality is not
associated with significant nonhematologic toxicity. The cumulative data suggest
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that radioimmunotherapy has the potential to improve disease control and to
increase cure rates with both autologous and allogeneic HSCT. The possibility of
an increase in the incidence of secondary acute myeloid leukemia and myelodys-
plasia associated with RIT and autologous HSCTmust be considered, especially
in patients who have been heavily pretreated with chemotherapy. Whereas the
risk of secondary leukemia and myelodysplasia may be as high as 10–15%
following a conventional autologous HSCT for NHL, the addition of RIT has
the potential to further increase the risk, and thus will need to be monitored
closely. It is encouraging that investigators from the City of Hope have not
found an increased risk of secondary leukemia or myelodysplasia when compar-
ing patients receiving RIT as part of their transplant regimen to other transplant
patients with the same risk factors [58]. Clinicians and researchers enthusiasti-
cally await phase III studies comparing standard regimens and RIT in a rando-
mized head-to-head comparison. A multi-center trial comparing rituximab plus
BEAM to I-131 tositumomab plus BEAMprior to autologous HSCT in patients
with persistent or recurrent diffuse large B-cell NHL is underway.

Acknowledgments Grant support: Lymphoma Research FoundationMantle Cell Lymphoma
Research Initiative, SCORGrant 7040 from the Leukemia andLymphomaSociety,NIH grants
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Chapter 14

Evolving Indications for Hematopoietic Stem Cell

Transplantation in Multiple Myeloma and Other

Plasma Cell Disorders

Guido Tricot, Maurizio Zangari, Roberto Sorasio, and Benedetto Bruno

14.1 Introduction

Multiple myeloma is a differentiated clonal B-cell tumor, consisting in the early

stages of the disease of slowly proliferating malignant plasma cells (myeloma

cells). It is the secondmost commonhematologicmalignancy after non-Hodgkin’s

lymphoma. Normal plasma cells are very hardy cells and usually the only type of

cell to survive the effects of myelosuppressive chemotherapy and radiation. The

plasma cells have abnormal cytogenetics even at the stage of monoclonal gammo-

pathy of undetermined significance, as evidenced by fluorescence in-situ hybridi-

zation (FISH) or cIg/DNA content [1–3]. Before it transforms to an aggressive

disease, which is typically associated with extramedullary disease, immature

morphology of the myeloma cells, rapid proliferation, and increase in LDH, the

disease is entirely bone marrow stroma-dependent and, therefore, contained

within the active hematopoietic bone marrow, although breakout lesions from

the bone can be seen. The myeloma cell displays on its membrane a multitude of

receptors, the ligands of which are present in the micro-environment. Such recep-

tors are the IL-6 receptor, the IL-15 receptor, the IGF (insulin-like growth factor)

receptor, CD38, and Notch [4–7]. Binding of these receptors by their ligands

results in the activation of four major pathways: STAT-3, RAS, Akt and NF-

kB, which promote growth and survival of themyeloma cells and also result in the

secretion by the plasma cells of angiogenic factors [8–11]. There is a tremendous

redundancy in this system so that blocking one of these pathways will have little

effect on the survival and growth of myeloma cells. This is in contrast to chronic

myeloid leukemia where blocking of a single pathway (BCR-ABL) will have a

major effect on the disease. In addition to supporting growth and survival, the

micro-environment also places most of myeloma cells in a deep G1 phase by up-

regulation of p21 and p27. This is accomplished by binding of fibronectin and
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V-CAM present in the micro-environment to VLA-4 (CD49d) expressed on the
membrane of myeloma cells, as well as by Jagged-1 induced Notch signaling
[8, 12]. Cells in theG1 phase of the cell cycle are very poor targets for conventional
dose chemotherapy.

It is very likely that in myeloma, just as in many other cancers, a cancer stem
cell population exists. It is estimated that one in 10,000 to one in 20,000
malignant cells is a cancer stem cell. Based on the extensive somatic mutations
in the complementarity regions of the gene coding for the heavy chain, it is very
likely that this cancer stem cell arises from a B-cell that has had extensive
exposure to antigen in the germinal center and therefore most likely is either a
memory B-cell or a plasmablast [13, 14]. It has been proposed that the myeloma
cancer stem cell is CD138-negative and CD19-positive, based on the observa-
tion that this population, whether derived from myeloma cell lines or primary
myeloma samples, has an increased clonogenic potential [15]. The clonogenic
potential of myeloma cells is increased by dendritic cells, leading to loss of
CD138 and expression of bcl-6 [16]. Hedgehog signaling, which determines the
fate of progenitor cells, promotes the expansion of the myeloma stem cell [17].
The small subset of myeloma cells that manifests hedgehog pathway activation
is markedly concentrated in the tumor stem cell compartment. If there is indeed
a myeloma stem cell, such a cell will have many characteristics in common with
a hematopoietic stem cell in that it is resistant to conventional doses of che-
motherapy, and that such doses of chemotherapy will be necessary, which can
at least eradicate hematopoietic stem cells, and therefore such therapy will
require stem cell support. The agents most toxic to hematopoietic stem cells
are alkylators such as melphalan, busulfan and BCNU, agents found to be very
effective in myeloma, while other alkylators such as cyclophosphamide and
platinum compounds, which spare hematopoietic stem cells, are much less
effective in myeloma even at higher doses. The difficulty in myeloma is not to
eradicate the more differentiated myeloma compartment, which comprises
more than 99.9% of the tumor mass, but to also kill the myeloma stem cells.
Consequently, achieving a hematologic remission, as currently defined, will
have a poor correlation with long-term outcome and should not be used as an
early substitute for survival estimates.

14.2 Autologous Hematopoietic Stem Cell Transplantation

in Multiple Myeloma

14.2.1 Autologous Transplantation for Recently Diagnosed
Myeloma Patients

It has been more than 25 years since the late Tim McElwain and colleagues
introduced high-dose melphalan for the treatment of multiple myeloma. Admin-
istration of melphalan 100–140mg/m2 without stem cell support induced
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biochemical and bone marrow remissions in three (all previously untreated) of
the nine myeloma patients, which was much higher than the 3–5% complete
response typically seen with conventional therapy [18]. The efficacy of high dose
melphalan in myeloma was subsequently confirmed in larger studies [19, 20].
However, high-dose melphalan induced prolonged aplasia of 5–8 weeks and was
therefore associated with high morbidity and mortality rates in a disease with a
median age of 67 years [18, 21]. This led other investigators to the concept of stem
cell rescue, which allowed further dose escalation of melphalan to 200mg/m2.
Stem cell support was initially provided with autologous bone marrow, which
could contain up to 30% plasma cells [22], and subsequently with peripheral
blood stem cells, containingmoreCD34+ cells/kg and therefore resulting inmore
prompt bone marrow recovery and less morbidity and mortality. Indeed, with a
dose of 5� 106 CD34+ cells/kg or more, the median time of severe neutropenia
and thrombocytopenia is not much longer than 1 week [23]. This made applica-
tion of autologous hematopoietic stem cell transplantation (HSCT) feasible in
patients 60–75 years old, who were in otherwise good clinical condition, and it
reduced procedure-related mortality to 2–5% [21], which is not higher than that
seen with 6 months of conventional chemotherapy and/ or the novel agents, such
as bortezomib, thalidomide and lenalidomide [24–27]. In an attempt to minimize
toxicity and to maximize myeloma cell kill, the concept of tandem autologous
transplantation was introduced by Barlogie and colleagues in Total Therapy I
[28]. The underlying hypothesis was that rather than giving a single very intensive
preparative regimen prior to stem cell rescue, providing effective, but less toxic
high-dose chemotherapy twice would be better tolerated in older patients and
equally effective. Total Therapy I was designed to include all active agents
available at that time for the treatment of myeloma to increase the complete
remission rate as a first important step to improve overall survival. A total of 231
patients were enrolled from 1990 to 1994.With amedian follow up of 12 years, 62
patients are still alive and 31 have not progressed. Patients still alive more likely
had normal cytogenetics, a normal C-reactive protein (CRP), hemoglobin and
lactate dehydrogenase (LDH) level, and had completed two transplants within a
12-month period. The 10-year event-free and overall survivals were 15% and
33%, respectively. The superiority of Total Therapy I over conventional treat-
ment was established by using historical controls, matched for all-important
available prognostic markers, were treated on Southwest Oncology trials during
the same period [29]. Autotransplantation induced a higher response rate (85%
vs. 52%; p< 0.001) and significantly extended event-free (49 months vs. 22
months; p=0.001) and overall survival (62+ months vs. 48 months; p=0.01).
The superiority of autologous HSCT over conventional therapy was subse-
quently confirmed in prospective randomized trials. The IFM-90 study by the
Intergroupe Francais DuMyelome (IFM) included 200 patients under the age of
65. Stem cell rescue was performed with bone marrow. Data were analyzed on
intent to treat basis [30]. More than one-quarter of patients randomized to the
transplant arm never received a transplant. Nevertheless, response rates (81% vs.
57%), complete remission rates (22% vs. 5%), and 5-year event-free (28% vs.
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10%) and overall survival (52% vs. 12%) were significantly better in the trans-
plant arm. This study was criticized because of the small number of patients and
the poor response rate in the control arm. In another randomized study per-
formed in the United Kingdom, the Medical Research Council Myeloma VII
Trial enrolled 407 previously untreated myeloma patients younger than 65; 401
could be evaluated. Also in this study with a median follow up of surviving
patients of 42 months, the complete response rate (44% vs. 8%; p< 0.001),
progression-free (28 months vs. 20 months; p< 0.001) and overall survival (54
months vs. 42 months; p=0.04) were superior in the transplant arm [31]. There
was a trend toward a greater survival benefit of HSCT in patients with poor
prognosis, defined as a high�2microglobulin level of greater than 8mg/L.On the
other hand, three studies using either high-dose total body irradiation (TBI) or
oral busulfan, failed to show a benefit for the transplant arm when compared to
standard chemotherapy [32–34]. In one of these studies [33] patients failing to
respond to induction treatment were excluded from randomization, although it is
especially in this group of patients that autologous HSCT shows the most benefit
compared to conventional chemotherapy (see below). Excellent outcomes were
also reported by the Royal Marsden Hospital group. A total of 451 myeloma
patients, 51% previously untreated, received a single autotransplant between
1985 and 2001 [35]. The treatment-related mortality was 6%, which is somewhat
higher than in most other studies. Fifty-nine percent of the patients achieved a
complete or near-complete remission. The 10-year progression-free and overall
survivals were 16.5% and 31.4%, respectively. Better overall survival was seen in
patients with low �2-microglobulin, age less than 60 years and normal albumin
levels. In its evidence-based review, the American Society for Blood andMarrow
Transplantation concluded that autologous HSCT is the preferred treatment
modality for myeloma and that its application is recommended as de novo rather
than as salvage therapy [36]. Yet, less than half of the patients aged 65 or less with
myeloma actually proceeds to transplantation [37]. Between October 1998 and
February 2004, 668 newly diagnosedmyeloma patients were randomized upfront
to intensive therapy including tandem autologous transplants with or without
thalidomide during the whole treatment. With a median of 42 months of follow-
up for surviving patients, the complete remission rate (62% vs. 43%; p< 0.001)
and the 5-year event-free survival (56% vs. 44%; p=0.01) were superior in the
thalidomide arm. However, the 5-year overall survival was similar, approxi-
mately 65% in both arms (p=0.9). Median survival after relapse was signifi-
cantly shorter in the thalidomide arm (1.1 years vs. 2.7 years; p=0.001). Toxicity
was also higher in the thalidomide arm, especially deep vein thrombosis and
peripheral neuropathy [38]. When comparing the nonthalidomide arm of Total
Therapy 2 (more intensive induction, consolidation, andmaintenance therapy) to
Total Therapy 1, the complete remission rates were similar (43% vs. 41%).
However, the 5-year event-free survival was better on Total Therapy 2 (43%
vs. 28%; p< 0.001) with also a trend for better overall survival (62% vs. 57%;
p=0.11). Superior event-free and overall survivals were seen in the two-thirds of
patients with normal metaphase cytogenetics [38].
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14.2.2 The Preparative Regimen for Autologous Hematopoietic
Stem Cell Transplantation

Most preparative regimens are based on either melphalan alone or a combina-
tion of melphalan and TBI. Other alkylating agents such as busulfan, carmus-
tine, thiotepa and cyclophosphamide have been used less often. The IFM study
9502, which included 282 newly diagnosed and evaluable myeloma patients
under the age of 65, compared in a prospective randomized trial melphalan
140mg/m2 with 8Gy of TBI to melphalan 200mg/m2 [39]. Patients randomized
to the melphalan arm only showed significantly faster recovery of neutrophils
and platelets and required fewer transfusions, and the median duration of
hospitalization was significantly shorter. There was a trend toward a better
complete and very good partial remission rate in the melphalan only arm (55%
vs. 43%; p=0.06). The median event-free survival was identical, but the
45-month overall survival was superior in the melphalan only arm (65.8% vs.
45.5%; p=0.05), probably due to more effective salvage treatment in the
melphalan only patients. Two additional nonrandomized studies confirm the
superiority of melphalan 200mg/m2 over TBI-containing preparative regimens.
In the University of Arkansas experience, TBI-containing regimens were asso-
ciated with a higher treatment-related mortality and inferior event-free and
overall survival, despite similar complete remission rates [40]. These investiga-
tors speculated that a more profound and prolonged immunosuppression after
TBI was responsible for the inferior outcome. The European Group for Blood
and Marrow Transplantation (EBMT) analysis on prognostic factors for out-
come after autologous transplantation inmyeloma also demonstrated that non-
TBI preparative regimens were independently associated with a superior out-
come [41]. In a study from the M.D. Anderson Cancer Center, which included
186 newly diagnosed patients, a preparative regimen with thiotepa, busulfan
and cyclophosphamide was compared to melphalan 200mg/m2 in a retrospec-
tive analysis. The response rate (66% vs. 69%), progression-free (21 months vs.
20months) and overall survival (46months vs. not reached) were similar in both
groups. The authors concluded that a more intensive regimen did not improve
outcome and that melphalan 200mg/m2 should be the standard preparative
regimen [42]. Based on all these data, melphalan 200mg/m2 has become the
preferred preparative regimen.

14.2.3 Graft Contamination with Myeloma Cells

There is ample and convincing evidence that not only bone marrow, but also
peripheral blood stem cells are contaminated with myeloma cells [43, 44]. Apply-
ing quantitative PCR amplification assays of patient-specific CDR3 DNA
sequences on peripheral blood mononuclear cell samples, myeloma cells can be
detected in virtually allmyelomapatients [44, 45]. The re-infusion of contaminated
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peripheral blood stem cell collectionsmay contribute to disease relapse as has been
demonstrated for othermalignancies such as acute and chronic myeloid leukemia,
and neuroblastoma [46, 47]. Additionally, an inverse correlation has been estab-
lished between plasma cell contamination of the peripheral blood stem cell pro-
duct and disease-free survival, although this was a small study that included only
33 patients [48]. This may be more a reflection of the higher tumor burden than
contribution of contaminated myeloma cells to relapse. Indirect evidence of the
potential importance of a clean graft comes from an EBMT study, comparing
outcomes of 25myeloma patients receiving bonemarrowor peripheral blood stem
cells from an identical twin to 125 case-matched controls who received autologous
and thus contaminated transplants [49]. The overall survival tended to be better
(73 months vs. 44months; p=0.1) and progression-free survival was significantly
better (72months vs. 25months; p=0.009) for the syngeneic transplants. The risk
of relapse at 48 months was significantly lower (36% vs. 78%; p=0.009). Differ-
ent ex vivo purging techniques, based on chemical and immunologic approaches,
have been applied to obtain ‘‘tumor-free’’ grafts. Delayed hematologic recovery
and increased infectious complications have compromised the applicability of
these strategies, despite their success in substantially reducing myeloma cell con-
tamination of the graft. In a multi-center Phase III randomized trial, hematologic
recovery and toxicity after autologous transplantation were compared between
patients receiving CD34+ cell-selected grafts versus unselected grafts [50]. Time to
platelet recovery was slightly delayed in patients receiving CD34+ cell-selected
grafts with less than 2� 106 CD34+ cells/kg. There was no difference in event-free
and overall survival between the two arms. Moreover, salvage therapy may be
more difficult in patients who have received CD34+ cell-selected grafts. Because
of the high cost and the lack of benefit of tumor cell-reduced grafts, this area of
research is no longer pursued.

14.2.4 Single Versus Tandem Autologous Transplants

Despite the superiority of autologous transplantation over conventional che-
motherapy, the 7-year event-free survival in the IFM 90 trial was only 16%
with no plateau on the survival curve. Achievement of a very good partial
response (VGPR; i.e., more than 90% reduction in M-protein) or better was
associated with a significantly better overall survival. Therefore, the same French
group tested in a prospective randomized trial (IFM 94) whether outcome could
be improved by the application of tandem transplants [51]. In that study 399
newly diagnosed myeloma patients under the age of 60 years were randomly
assigned to a single versus tandem transplants. Patients in the single transplant
arm received melphalan 140mg/m2 with 8Gy of TBI, while those in the tandem
transplant arm received a first transplant withmelphalan 140mg/m2, followed by
melphalan 140mg/m2 with 8Gy of TBI for the second transplant. No difference
was observed in the VGPR or better rate between the two arms (50% vs. 42%;
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p=0.1). However, the event-free (20%vs. 10%; p=0.03) and overall survival at

7 years (42% vs. 21%; p=0.01) was superior in the tandem transplant arm. For

patients in the single transplant arm who did not achieve at least a VGPR within

3 months after transplant, the 7-year survival was only 11% vs. 43% in the

tandem transplant arm (p< 0.001). However, patients achieving at least a

VGPR after a single transplant did not appear to benefit significantly from a

second transplant (p=0.7). On multivariate analysis, �2 microglobulin, LDH,

and the treatment arm were all independent prognostic markers associated with

survival (all p< 0.01). In another prospective randomized study, the Bologna 96

clinical study of single versus double autologous HSCT for myeloma, 321

patients were randomly assigned to receive either melphalan 200mg/m2 alone

or melphalan 200mg/m2 followed by melphalan 120mg/m2 plus busulfan 12mg/

kg [52]. A higher percentage of patients in the double transplant arm achieved at

least a near complete remission in the tandem transplant arm (47% vs. 33%;

p=0.008) and these patients had a longer relapse-free (42months vs. 28months;

p< 0.001) and event-free survival (35 months vs. 23 months; p=0.001). Benefits

offered by tandem transplantation were particularly evident among patients

failing to achieve at least a near complete remission after the first transplant.

Transplant-related mortality was 3% in the single and 4% in the tandem trans-

plant arm. The administration of a second transplant and the introduction of

novel agents in the treatment of myeloma for patients relapsing in the single

transplant arm resulted in a failure to see a benefit in overall survival for the

double transplant group. Therefore, the available data favor tandem transplants

in younger myeloma patients at least in those not achieving an excellent response

after the first transplant. The issue of benefit and timing of a second autologous

HSCT has been addressed in a retrospective analysis of the EBMT, which

included approximately 7500 patients [53]. Since this was not a prospective

randomized study, there may be major biases related to differences in prognostic

factors and to the multiple centers who had contributed to the patient database.

On the other hand, the large number of patients analyzed probably compensated

for many of these biases. In this study, the hazard ratio (HR) of relapse was

clearly lower if a second transplant was performedwithin 12months after the first

transplant (HR compared to no second transplant was 0.43 for second trans-

plants performed<6months after the first and 0.51 between 6 and 12months). A

second transplant more than 12 months after the first transplant still had a

significantly lower relapse rate compared to no second transplant before relapse

(HR=0.64), but its benefit was not as pronounced as with a second transplant

within 12 months. Moreover, the transplant-related mortality was clearly higher

if the second transplant was performedmore than 12months after the first.When

in this retrospective analysis an elective second transplant was compared to a

second transplant at relapse, an elective second transplant clearly improved

overall survival (HR for survival 1.7; p< 0.0001), while a second transplant at

relapse did not confer any survival benefit over salvage treatment with nontrans-

plant modalities (HR=1.06; p=0.55).
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14.2.5 Autologous Transplantation for Primary
Refractory Myeloma

High dose therapy has consistently increased tumor cytoreduction and has
extended event-free and overall survival in patients with primary refractory
myeloma (<50% reduction in M-protein). Alexanian and colleagues reported
on 27 patients with primary refractory myeloma who received an autologous
transplant and compared their outcome to 60 control patients receiving con-
ventional chemotherapy [54]. The transplanted patients had a median survival
of 83 months compared to 38months for patients receiving standard treatments
for primary refractory myeloma (p=0.03). Autologous transplantation for
primary refractory myeloma later in the disease (>1 year) resulted in signifi-
cantly lower response rates and shorter progression-free survival. In a study
from the Royal Marsden Hospital, Surrey, UK, patients with primary refrac-
tory myeloma to induction therapy had a similar event-free survival compared
to those with chemotherapy-sensitive patients (p=0.2) with an early difference
in outcome in favor of the chemotherapy-sensitive patients, mainly due to the
higher transplant-related mortality in the primary refractory patients [55]. The
time to relapse was also identical in the two groups (p=0.6). The authors
concluded that myeloma patients should not be excluded from autologous
HSCT based upon lack of response to induction chemotherapy. The Mayo
Clinic reported its experience with outcome of stem cell transplantation in 50
patients with primary refractory myeloma to induction therapy and compared
it to that of 101 patients with chemotherapy-sensitive disease [56]. The 1-year
progression-free survival for refractory patients was 70% compared to 83% for
chemotherapy-sensitive patients (p=0.65). The authors recommended early
stem cell transplantation for patients with primary refractory myeloma.

14.2.6 Autotransplantation for Elderly Patients

Most high dose therapy trials have only included relatively young patients with
good organ function. However, the median age of myeloma patients is 67 years.
If amajor impact of autologousHSCT on outcome is to be achieved, it will have
to be performed also in patients over the age of 65. Age per se should not be a
contra-indication for transplantation, but comorbidities can be. It is obvious
that comorbidities increase in older patients, and therefore, more elderly mye-
loma patients may not be candidates for autologous HSCT. Several studies
have reported contradictory findings on the impact of age on the ability to
collect stem cells. In a retrospective analysis including 984 patients with 106
over the age of 70 years, increasing age correlated inversely with CD34+ cell
yield [57]. However, the overwhelming majority (85%) of elderly patients were
able to collect greater than 4� 106 CD34+ cells/kg provided that the duration
of preceding therapy was 12 months or less and the platelet count was 200,000/
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mL or more. With the introduction of peripheral blood stem cell transplants,
shortening the duration of severe cytopenias, and improved supportive care, the
toxicity of autologous HSCT has clearly decreased. The Arkansas group has
compared the outcome of 49 previously treated and untreated myeloma
patients over the age of 65 to that of pair mates matched for important prog-
nostic factors [58]. No significant difference was seen in percentage of patients
completing two transplants (65% vs. 76%; p=0.3). Time to hematopoietic
recovery after first and second transplant was comparable in both groups.
Treatment-related mortality was 8% in the older and 2% in the younger
patients. The frequency of complete remission was lower in older patients
(20% vs. 43%; p=0.02). Median durations of event-free (p=0.2) and overall
survival (p=0.4) were not significantly different. The safety of autologous
HSCT in older patients was subsequently confirmed in other studies [59, 60].
The role of autologous HSCT in older patients has recently been challenged by
the IFM 99-06 trial comparing melphalan-prednisone to melphalan-prednisone
plus thalidomide and to twice melphalan 100mg/m2 with stem cell support [61].
A total of 436 patients between the ages of 65 and 75 were enrolled. Median
follow-up was 32 months. Progression-free and overall survivals were signifi-
cantly better for patients randomized to the melphalan-prednisone plus thali-
domide. The authors concluded that melphalan-prednisone plus thalidomide is
effective treatment for older myeloma patients, probably superior to autolo-
gous HSCT. It should be noted, however, that 30% of patients randomized to
transplantation never received a transplant and that the dose of melphalan was
suboptimal even for older patients. In older patients in good general health,
tandem autotransplants probably still is the preferred treatment, but the dose of
melphalan should be reduced to 140mg/m2 instead of 200mg/m2 to minimize
toxicity and to maximize the chance that a second transplant can be adminis-
tered in a timely fashion.

14.2.7 Autotransplantation in Patients with Renal Failure

Pharmacokinetic studies performed in 20 patients, including six with severe
renal failure, five of which were on dialysis, showed that melphalan levels and
metabolism were not different in patients with renal failure [62]. However, high
dose melphalan was associated with more toxicity (p=0.0005) and longer
hospitalizations (p=0.004) in renal failure patients. The Arkansas group
reported data on 81 consecutive myeloma patients with renal failure (creatinine
of>2mg/dL or>176.8 mmol/L) at the time of transplantation [63]. Thirty-eight
patients were dialysis dependent. The median age was 53 years and one-quarter
had received >12 months of preceding therapy. The first 60 patients received
melphalan 200mg/m2; the dose of melphalan was reduced to 140mg/m2 for the
last 21 patients. A complete remission of 26% and 38%, respectively, was
observed after the first and second transplant. Median overall survival was
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52+ months. Melphalan 140mg/m2 was better tolerated and appeared equally
effective as melphalan 200mg/m2. It should be mentioned that only 40%
received their planned second transplant. In another study from the same
group of investigators, the outcome of 59 patients on dialysis at the time of
first transplant was analyzed. Of 54 patients evaluable for renal function
improvement, 13(24%) became dialysis independent at a median of 4 months
after AT (range: 1–16) [64]; 37 had been on dialysis for 6 months or less. The
5-year event-free and overall survivals were 24% and 36%, respectively. One-
quarter of patients became dialysis-independent. Shorter duration of dialysis-
dependency and a pretransplant creatinine clearance of greater than 10mL/min
predicted for a significantly higher probability of becoming dialysis-indepen-
dent post-transplantation. These data suggest that autologous HSCT should be
performed early in the disease course to maximize the probability of reversing
end-stage renal failure. Raab et al. compared outcome of 17 patients with
dialysis-dependent renal failure who received melphalan 100mg/m2 to that of
17 matched pairs without renal failure, treated with melphalan 200mg/m2 [65].
No significant difference in hematologic toxicity, transplant-related mortality
or disease response was observed, and event-free and overall survivals were
comparable. However, dialysis-dependent patients required more extensive
intravenous antibiotic administration and longer hospitalizations. Similar
observations were made by Knudsen et al. [66]. They did observe a significantly
higher transplant-related mortality (17% vs. 1%) in patients with severe renal
failure. The dose of melphalan in renal failure patients varied between 100 and
200mg/m2. These data clearly indicate that autologous HSCT in patients with
renal failure is feasible and can reverse dialysis-dependency. However, it is more
toxic and requires better supportive care skills. The dose ofmelphalan should be
reduced to 100–140mg/m2 dependent on age and comorbidities.

14.2.8 Prognostic Factors with Autotransplantation

Myeloma is a highly heterogeneous disease with survival ranging from a few
months to more than 15 years. The Durie-Salmon staging system, which is
based on renal function and estimates of tumor burden, clearly has prognostic
significance and has allowed better interpretation of clinical trials, but has
major shortcomings such as assessment of lytic lesions and the lack of atten-
tion to proliferation characteristics [67]. The International Staging System
was introduced recently and is based on data of more than 10,000 patients [68].
It only uses albumin and �2-microglobulin levels, which are readily available
to practicing oncologists. It clearly separates patients into good, intermediate
and high risk myeloma. Although this classification is now widely applied, it
does not include any genetic information about the cancer cells. The impor-
tance of cytogenetics was first demonstrated by metaphase cytogenetics and
subsequently by FISH. Patients with cytogenetic abnormalities on metaphase
analysis have an inferior prognosis [69, 70]. Finding abnormal metaphase
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cytogenetics is probably the best surrogate marker available at this time for
stroma-independent and, therefore, aggressive myeloma [71]. The worst out-
come is seen in patients with a hypodiploid karyotype and/or complete dele-
tion of chromosome 13 or partial deletion of its long arm [72]. Patients with a
hyperdiploid karyotype and no deletion 13 have a somewhat better outcome.
Chromosome 14q32 translocations, involving the gene coding for the immu-
noglobulin heavy chain are frequent in myeloma and probably represent an
important early event in its pathogenesis, since these translocations are found
with almost the same frequency in monoclonal gammopathy of undetermined
significance. Multiple partners have been identified for the 14q32 transloca-
tions, some associated with good, others with poor prognosis. The t(11;14)
(q13;q32), which results in a high expression of cyclin D1 and present in 20%
of myeloma patients, is associated with a good prognosis [73, 74]. These
patients have myeloma cells with more lymphoplasmacytic morphology and
a pseudo-diploid karyotype. The plasma cells are often CD20-positive. This
translocation is also common in primary amyloidosis [75]. Although many
patients with this translocation relapse, they remain relatively sensitive to
therapy. The t(6;14)(p21;q32), present in 5% of myeloma patients, results in
over-expression of cyclin D3 [76]. It shares the same good prognosis with the
t(11;14). On the other hand, the t(14;16)(q32;q23), present in 5% of patients
and resulting in over-expression of c-MAF, t(14;20)(q32;q11), present in<5%
and resulting in high MAF-B and the t(4;14)(p16;q32), present in 15% and
resulting in high expression of FGFR3 in the majority of patients, are asso-
ciated with a poor prognosis also with stem cell transplantation [77–80]. These
poor prognosis translocations can only be detected by FISH and not by
conventional cytogenetics. They are often associated with deletion 13 on
conventional cytogenetics. Deletion of 17p, involving the p53 gene is usually
a mono-allelic deletion. It also has a poor prognosis and is present in 10–33%
of myeloma patients [81, 82]. Metaphase and FISH chromosomal analysis
represent only a crude way to assess DNA changes and provide no clues of
which genes are either over- or under-expressed. Gene expression profiling
permits quantitation of RNA expression of more than 30,000 genes with many
of those related to cancer biology such as proliferation, apoptosis, DNA
repair, and drug resistance. Applying unsupervised hierarchical clustering to
highly purified plasma cells of newly diagnosed patients, seven subgroups of
myeloma have been identified, based on either spiked gene expression as a
consequence of a translocation involving 14q32, hyperdiploidy, or prolifera-
tion characteristics [80]. This biological classification also had major prog-
nostic significance with inferior outcome for patients with a proliferative
signature or with spikes of MMSET, c-MAF, or MAF-B, thus confirming
and adding to the FISH data. To molecularly define high risk myeloma, 70
either highly over- or under-expressed genes were identified that were linked
to early myeloma-related death [83]. A high proportion of up-regulated genes
mapped to chromosome 1q, while a high proportion of down-regulated genes
mapped to chromosome 1p. The ratio of mean expression levels of up-regulated
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to down-regulated genes defined a group of high-risk patients, which consti-
tuted 13% of the entire myeloma population with a short event-free and overall
survival. Multivariate discriminant analysis showed that a subset of only 17
genes predicted outcome equally well as the 70 gene model. On multivariate
analysis of outcomes of 220 newly diagnosed myeloma patients entered on
Total Therapy 2, including standard prognostic variables, metaphase cytoge-
netics, magnetic resonance imaging, FISH, and gene expression profiling
(GEP), the hazard ratio for overall survival was highest for GEP (3.07;
p< 0.001), followed by amplification of 1q21 (1.71; p=0.05) (see below). The
3-year survival decreased progressively from 92% to 78% to 43%, according to
the presence of none (49% of patients), one (35%), or both (16%) of these
unfavorable variables [84]. One of the genes mapping to 1q21 is CKS1B. Over-
expression of this gene is associated by itself with a poor prognosis [85]. Over-
expression of 1q21 can also be assessed by FISH. Amplification of 1q21
(amp1q21) heralds a poor prognosis and remains an independent factor on
multivariate analysis with an inferior event-free and overall survival [86]. In the
absence of GEP, much of the prognostic value can be assessed by combining
metaphase cytogenetics with FISH for t(11;14) and amp1q21 with a signifi-
cantly inferior event-free survival for patients with cytogenetic abnormalities
and amp1q21 but no t(11;14) (Fig. 14.1).

14.2.9 Autotransplantation for Relapsed/Refractory Myeloma

Although curative in only a minority of myeloma patients, the introduction of
high-dose treatment (HDT) with autologous HSCT has led to a significantly
longer event-free and overall survival, and to a better quality of life when
compared to standard-dose therapy (SDT).

The optimal time of the application of HDT in MM patients, i.e., early in
the course of the disease versus at relapse following conventional chemother-
apy, is still controversial. Fermand et al. compared, in a randomized fashion,
the outcome of the disease in two groups of relatively young (<56 years)
patients; 91 patients received HDT and autologous HSCT after a short induc-
tion treatment (early transplant) and 94 patients received HDT and HDT and
autologous HSCT as rescue procedure (i.e., in case of primary resistance to
conventional chemotherapy or at relapse; late transplant) [87]. With a median
follow-up of 58 months, the overall survival was identical (64.6 months vs. 64
months) in the two groups. In 1993, three North American cooperative groups
launched a prospective randomized trial (S9321) comparing HDT (melphalan
140mg/m2 plus total-body irradiation 12Gy) with SDT using the vincristine,
carmustine, melphalan, cyclophosphamide, and prednisone (VBMCP) regi-
men. Responders on both arms (�75%) were randomly assigned to interferon
(IFN) or no maintenance treatment. After induction therapy with four cycles
of vincristine, adriamycin, and dexamethasone (VAD), patients were
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randomly assigned to either HDT with melphalan plus TBI or to SDT with
VBMCP for 1 year; all patients received high-dose cyclophosphamide, and
except for allogeneic HSCT candidates, proceeded with peripheral blood stem
cell collection. Patients were stratified according to Durie-Salmon stage, �2-
microglobulin serum level, and response to VAD induction. Responding
patients (�75% M-protein reduction) were randomly assigned to 4 years of
maintenance therapy with interferon versus observation. Patients treated on
the VBMCP arm were offered the option of salvage autologous HSCT at the
time of disease progression or relapse. In the VBMCP arm, 87 of 157 patients
with follow-up after relapse received a salvage autotransplant, resulting in a
median survival time of 30 months (Fig. 14.2); this was slightly higher than the
survival time of 23 months noted among the remaining patients receiving
nontransplantation based salvage therapies (p=0.13) [34].
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Fig. 14.1 In a subgroup of 253/351 patients FISH analysis for amplification of 1q21 was
performed. An inferior event-free survival was observed in patients with CA and amplifica-
tion of 1q21 in the overall group and in ISS stages 1 and 2. Patients with CCND1 spikes were
grouped with those lacking CA or amplification of 1q21 or both
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Patients with primary refractory, progressive disease, or not achieving 50%

monoclonal protein reduction with the initial standard-dose regimen respond

differently to HDT than patients who relapse either while on conventional

chemotherapy or after discontinuation of such treatment (see above). Vesole

et al. reported the effect of HDT on 135 patients with refractory myeloma [88].

Either melphalan 100mg/m2 (47 patients), TBI with melphalan, or thiotepa (21

patients), melphalan 200mg/m2� 1 (25 patients) and melphalan 200mg/m2� 2

(45 patients) were applied as preparative regimens. When compared to historic

controls, even among patients with resistant relapse and high �2-microglobulin

levels, more intensive treatment resulted in superior event-free and overall survi-

val durations. Primary refractory patients treated with TBI experienced signifi-

cantly longer event-free and overall survival durations (32 and 66 months,

respectively) than those with resistant relapse (4 and 7 months, respectively;

p=0.007, 0.007, respectively). Similar results were observed in melphalan

200mg/m2 recipients. Primary refractory patients experienced longer event-free

and overall survival durations (4 and 7 months, respectively) than those with

resistant relapse (17 and 21months, respectively; p=0.006, 0.01, respectively). In

a subset analysis reported by the University of Arkansas, primary refractory

status was also associated to superior event-free survival (23 months vs. 14

months; p=0.002) and overall survival (39 months vs. 25 months; p=0.08)

compared to patients with resistant relapse [21]. The effectiveness of HDT in

refractory MM (relapsed and primary refractory) was also evident in an Inter-

group trial [89]. On an intent-to-treat basis from transplant registration, the

median progression-free survival and overall survival duration in a group of 66

patients with refractory myeloma to alkylating agents, dexamethasone, or VAD

was 11 and 19 months, respectively. Rajkumar et al. reported on 75 patients who

received transplantation for relapsed or primary refractory myeloma; the OS for

conventionally treated patients, relapsed myeloma after conventional therapy,

Fig. 14.2 Overall survival according to salvage therapy
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and primary refractory individuals, differed significantly with median survivals of
12, 21 and 30months, respectively [90]. Plasma cell labeling indexwas significantly
lower in patients with primary refractory disease when compared with relapsed
cases, suggesting that the low proliferative activity of the disease in the former
group might partly explain the resistance to conventional chemotherapy. In con-
trast to the experience in other B-cell malignancies, primary refractory status does
not negatively affect the anti-myeloma effect of HDT with autologous HSCT.

Pineda et al. recently reported on the effect of high dose melphalan-based
autotransplant for multiple myeloma [91]. A total of 1064 previously treated
patients enrolled on different HDT protocols was examined. Trials included, for
previously treated patients, induction with DT-PACE (dexamethasone, thalido-
mide, cisplatin, adriamycin, cyclophosphamide, and etoposide) followed by
intended tandem transplants either with MEL200 (melphalan 200mg/m2), or
MEL140 (melphalan 140mg/m2) in case of renal insufficiency with creatinine
greater than 3mg/dL or advanced age greater than 70 years [92]. Others received
a MEL-DT-PACE hybrid regimen (MEL140 plus DT-PACE). In case partial
response (PR) was not achieved after the first transplant, second transplant
regimens used MEL140 plus either TBI or high-dose cyclophosphamide or the
BEAM regimen [carmustine (BCNU), etoposide, arabinosyl cytosine, melpha-
lan] [93]. Myeloma responses were reported according to the Blade criteria.
Median follow-up was 38 months (range 0.6–201). The Kaplan-Meier method
was applied to estimate event-free and overall survival, and comparisons between
different arms were made using the log-rank test (Fig. 14.3). Event-free survival
(median=24 months) and overall survival (median=44 months) were mea-
sured from the first day of melphalan administration until disease recurrence or
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Fig. 14.3 This figure depicts Kaplan-Meier plots of the durations of OS and EFS
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death. Overall survival according to the number of favorable pretransplant

parameters for all enrolled patients is shown in Fig. 14.4.
Significant differences were observed between the five subgroups: out-

comes worsened progressively as the number of good-risk features declined
from 5 to 4 to 3 to 2 to less than 2. Ten-year overall survival was 25% with the
best and 2% in the worst constellation of prognostic factors. As most patients

eventually relapse after one or two cycles of HDT, it is important to consider
the issue of further treatment intensification as salvage approach. Resistance
of the malignant clone and subclinical toxicity to vital organs may compro-
mise long-term survival. Mansi et al. were the first to prove ‘‘continuing

chemosensitivity’’ by reporting a response rate of 93% and a response dura-
tion of 17 months in a group of 29 patients who, after relapsing following a
single course of melphalan 140mg/m2, were treated with re-induction therapy
followed by melphalan 200mg/m2 and autologous bone marrow transplant

[94]. At the University of Arkansas, the outcome of 196 patients who relapsed
after a single or double transplant was evaluated [95]. Patients received
standard-dose treatment or a further transplant. Multivariate analysis

showed that patients who relapsed late (>1 year) after the previous HDT
and had low �2-microglobulin levels at the time of relapse were the best
candidates for further autotransplantation. Among a total of 1358 patients
receiving two prior autologous transplants (median interval from first to

second transplant=4 months), 98 received a further autologous transplant
at relapse. In a search for favorable features associated with post-third auto-
transplant survival, pretransplant 1, 2 and 3 features, especially the presence
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Fig. 14.4 Kaplan-Meier plots of overall survival (OS) according to the number of favorable
prognostic factors. Five good-risk features include no cytogenetic abnormality (CA) 13/
hypodiploidy, Beta-2-microglobulin <3 mg/L, albumin greater than or equal to 3 g/dL,
platelet count greater than or equal to 100,000/(mu/L), and C-reactive protein <6 mg/L

332 G. Tricot et al.



of metaphase cytogenetic abnormalities (CA) and standard laboratory fea-

tures such as, �2-microglobulin, CRP, LDH, albumin, hemoglobin, and

creatinine were examined as well as the time interval from second to third

transplant and whether a third transplant was applied to rescue Total Therapy

1 or 2 (newly diagnosed) or other patients receiving tandem transplants after

more extensive prior treatment [38, 96]. Remarkably, the presence of CA at

any of the indicated time points had no impact on survival after a third

autologous HSCT, typically with a melphalan 200mg/m2 preparative regi-

men. According to multivariate analysis, the second to third transplant inter-

val (time-dependent covariate analysis) (HR 8.8, p=0.002) and hypo-albu-

minemia<3.0 g/dL (HR 3.2, p< 0.0001) were independently important. Thus,

post-third transplant survival was superior among the 41 patients with a post-

second transplant event-free survival greater than 3 years and albumin greater

than 3.0 gm/dL prior to the third transplant (median overall survival= 21

months; 5-year overall survival= 20%), with an intermediate outcome noted

for the 34 patients with one of these favorable features present (median overall

survival= 10 months; 3-year overall survival= 20%) while the worst out-

come was noted in the 13 patients who were both hypo-albuminemic and had

received their 3rd transplant within 3 years of the second transplant (median

overall survival= 3 months, no survival beyond 12 months) [97]. Prolonged

overall survival with second on-demand autologous transplant in multiple

myeloma has been reported by Elice et al. [98]. A total of 130 consecutive

multiple myeloma patients were treated with autologous HSCT after condi-

tioning with melphalan 200mg/m2 followed by a second autologous HSCT at

relapse or disease progression. A total of 107 (82%) patients completed the

first autologous HSCT. The best response obtained after autologous HSCT

was complete response (CR) in 23%, very good partial response (VGPR) in

28%, partial response (PR) in 42%, and minimal response (MR) in 7%.

Median overall and event-free survivals were 65.4 and 27.7 months, respec-

tively. Myeloma relapse or progression was observed in 70 patients; 26

received a second autologous HSCT (with a median time of 20.4 months

from first autologous HSCT). A major response (partial remission or better)

was obtained in 69% of these patients. Median overall and event-free survival

rates after the second autologous HSCT were 38.1 and 14.8 months, respec-

tively. Treatment-related mortality was 1.9% after the first autologous HSCT

and no deaths occurred related to the second transplant, confirming that a

second autologous HSCT at relapse or progression is a safe and effective

strategy. Even in the era where new drugs such as thalidomide, lenalidomide

and bortezomib alone or in combination have produced significant responses

and may also have a positive effect on survival of myeloma patients, HDT

remains a valuable option in the treatment of myeloma patients relapsing after

transplantation, especially those with more durable responses after initial

transplant(s). After the salvage transplant, a combination of newer drugs

with dexamethasone can be applied to increase the response duration.
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14.3 Allogeneic Hematopoietic Stem Cell Transplantation

in Multiple Myeloma

Though new insights into its biology have identifiedmolecular mechanisms that
have become targets of recently developed agents with potent anti-tumor
activity, multiple myeloma remains a fatal plasma cell malignancy [99, 100].
High-dose chemotherapy with autologous HSCT, after induction with che-
motherapy or newer agents, is regarded as the standard of care for newly
diagnosed myeloma patients younger than 65 years [28, 30, 31, 51, 52]. How-
ever, relapse is a continuous risk and only a few good-prognosis patients live
disease-free for longer than 10 years [31, 51]. Constant recurrence following
autologousHSCT is primarily due to their failure to eradicate all myeloma cells.
Conversely, allogeneic HSCT remains the only potentially curative treatment
for its well documented graft-versus-myeloma effects [101]. Given the high
transplant mortality and morbidity related to the high-dose myeloablative
preparative regimens used until recently, its application has primarily been
limited to younger relapsed/refractory patients [102–104]. These limitations
have lately been significantly reduced through reduced-intensity or nonmyeloa-
blative conditioning regimens [105]. The introduction of less intense condition-
ings has led to at least two important clinical and biological implications: the
increase of the eligible age for allogeneic HSCT up to 65–70 years even in
medically unfit patients and the shift of the burden of tumor eradication from
the chemotherapy of the conditioning to the immune attack of myeloma cells by
donor T cells [106, 107]. Though the results of recent trials are promising, the
subset of patients who may most benefit from an allograft remains to be
defined. The clinical outcomes of myeloablative and reduce-intensity/nonmye-
loablative allogeneic HSCT, the biological concepts of graft-versus-myeloma
effects, and possible future developments are reported below.

14.3.1 Allografting After Myeloablative Conditioning Regimens

High treatment-related mortality (TRM) has restricted this approach to young,
medically fit patients, and even here transplant-relatedmortality rates are of the
order of 30-60% [102–104]. The recent shift from myeloablative, high-dose
conditionings to reduced-intensity/nonmyeloablative regimens has further lim-
ited its clinical application. Most commonly used myeloablative conditioning
regimens (Table 14.1) have included cyclophosphamide with TBI, or busulfan
with cyclophosphamide, or melphalan and TBI [34, 102–104, 108–116].

Even though chemotherapy-sensitive disease has almost universally been
reported as a prerequisite for higher response rates and post-transplant overall
and disease-free survivals, the outcome of most trials of allogeneic HSCT for
multiple myeloma has been strongly biased by patient selection and pretrans-
plant characteristics. Comparing results reported in different studies is
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therefore extremely difficult and not very helpful to establish the curative
potential of the procedure. Overall, clinical complete remissions (CCR) have
been observed in 20–60% of patients though variable definitions of complete
remission have been used [34, 102–104, 108–116]. Widely used criteria for CCR
require negative immunofixation of both serum and urine monoclonal para-
proteins with no evidence of myeloma cells on bone marrow biopsy and bone
marrow aspirate by morphology and flow cytometry [117]. In most trials,
approximately 50% of patients with chemotherapy-sensitive disease at the
time of transplant have achieved a CCR with a median onset 3 months after
transplant. Overall, despite these high rates of CCR, late relapses occur, and in
most series, only 10–25% of patients remain disease-free after 10 years and
possibly cured. Disease remission, in this subset of patients, is frequently
detected by molecular methods. Molecular remissions, as a prelude to tumor
eradication and eventual cure, are far more frequent after myeloablative allo-
geneic HSCT as compared to autologous HSCT and can occur in up to 50% of
patients in CCR after allografting [118]. In a subset of patients, these remissions
are prolonged, suggesting a complete eradication [119].

The majority of allogeneic HSCT trials have enrolled younger patients,
usually in their fifth decade. Despite this, the reported early TRM ranges
from 20% to 50% [34, 102–104, 108–116]. Causes of death are primarily regi-
men-related, graft-versus-host-disease (GvHD) and its treatment-related
opportunistic infections. Overall, the reason of the high TRM observed in
multiple myeloma rather than other hematological malignancies remains
unknown. Possible explanations include myeloma effects on baseline organ
functions and, importantly, a profound immunodeficiency predisposing to
organ toxicities and opportunistic infections. Interestingly, the largest multi-
center analysis by EBMT registry clearly suggested that survival improved in
the late 1990s given a remarkable reduction in TRM through better supportive
care and patient selection criteria [120]. In this retrospective study on 690
patients undergoing myeloablative allogeneic HSCT, patients who received a
bone marrow allograft between 1983 and 1993 were compared to those trans-
planted between 1994 and 1998. In this latter cohort, a subset of patients also
received granulocyte-colony-stimulating factor (G-CSF) mobilized peripheral
blood stem cells (PBSC). TRM at 6 and 24 months was significantly lower in
patients transplanted between 1994 and 1998 than between 1983 and 1993 (21%
vs. 38% and 30% vs. 46%, respectively). However, the median age at transplant
was only 44 years (range 18–57), whereas the median age of myeloma patients at
diagnosis is approximately 65 years. The reduced toxicity was associated with
better clinical outcome, and median overall and progression-free survivals at
3 years increased from 35% to 55% and from 7 to 19 months for patients
transplanted between 1983–1993 and 1994–1998, respectively. No differences in
outcomes were reported between patients who received marrow and those who
received PBSC, though a slightly higher incidence of chronic GvHD was
observed with the use of PBSC. More recently, Barlogie et al. reported on the
randomized US Intergroup Trial S9321 [34]. Initially, the study design included
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myeloablative allografting for patients younger than 55 years with a suitable
sibling donor. This arm was prematurely closed because of 53% TRM. How-
ever, 22% of the patients enrolled remain alive and progression-free at 7 years.
Importantly, the authors show that both overall and event-free survival curves
remain flat with follow-up extending to 10 years, consistent with a cured
subgroup of patients.

The largest single-center experience so far reported is from the Seattle group
[104, 108]. In total, 136 patients, all younger than 60 years (median ages, 43–48
years), underwent myeloablative allogeneic HSCT between 1987 and 1999 from
related (84%) and unrelated donors (16%). Most patients were heavily pre-
treated, beyond first response, or with chemotherapy-resistant disease, and only
21% had chemotherapy-sensitive disease. Most patients received a combina-
tion of busulfan and cyclophosphamide with or without TBI. The study
reported a currently unacceptable day-100 TRM of 48%. An additional 15%
of patients died of transplant-related causes at 1 year, most commonly due to
GvHD and infections. Overall, the 5-year survival was 22% with disease-free
survival of 14%. However, in 34% of patients who achieved post-transplant
CCR, overall and disease-free survivals at 5 years were 48% and 37%, respec-
tively. Importantly, subgroup analyses showed that early TRM was lower,
approximately 20%, for patients with responsive disease who were transplanted
within 1 year from diagnosis.

No prospective randomized trials have compared allografting after myeloa-
blative conditioning regimen with autografting. A retrospective case-matched
analysis of 189 patients who underwent myeloablative allogeneic HSCT and
189 who were treated with autologous HSCT before 1995 and reported to the
EBMT registry showed superior clinical outcomes with autografting [121]. A
more recent single-center retrospective comparison of autologous HSCT versus
allogeneic HSCT from HLA-identical siblings or unrelated donors has been
reported [122]. One-hundred-fifty-eight patients younger than 55 years were
transplanted through the Leukemia/BoneMarrowTransplantation Program of
British Columbia between 1989 and 2002. Seventy-two patients received an
allograft after myeloablative conditioning, 58 from a sibling donor and 14 from
an unrelated donor, whereas 86 received an autograft. After a median follow up
of 88 months, 61 patients of the entire series were alive. Twenty-eight patients
were alive following allogeneic HSCT after a median follow-up of 102 months
and 33 following autologousHSCT after a follow-up of 87months. Twenty-one
(75%) out of the 28 patients who received an allograft remained in continuous
remission. However, no statistically significant differences were observed in
either overall or event-free survivals between the two groups. Interestingly,
neither acute nor chronic GvHD had an impact on overall or event-free survi-
val. As the authors state, the lack of formal inclusion criteria led to inevitable
selection bias. Patients with younger age and chemo-resistant disease weremore
likely to be offered allogeneic HSCT. Other confounding factors were different
initial therapeutic strategies, conditioning regimens, prognostic factors, and
comorbidities.
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Overall, in the light of the current available data, it is important to point out
that the retrospective nature and the heterogeneous inclusion criteria and
treatment strategies of most studies inevitably reflect a substantial selection
bias that reduces the statistical power and prevents researchers from determin-
ing the real role of myeloablative allogeneic HSCT in multiple myeloma. How-
ever, published reports almost unanimously conclude that better outcome is
associated with chemo-sensitive disease at transplant and, importantly, that
allografting at an earlier disease phase is associated with better clinical out-
comes. Altogether, clinical trials also support the concept that, though long-
term cure is possible in a subset of patients, allogeneic HSCT has so far
benefited a minority of younger patients with matched sibling donors.

Acute and chronic GvHD (reviewed in Chap. 11 byKorngold andAntin and
Chap. 12 by Martin and Pavletic, respectively) have been the most challenging
transplant-related complications, occurring in up to 60% of T-replete allo-
grafts. The incidence of GvHD may further increase with patient age, with
the use of unrelated or mismatched donors, and with female donors, especially
if multiparous [123]. Though GvHD has also been associated with decreased
risk of disease relapse [108], no recent changes in its treatment have yet trans-
lated into significant survival advantages. Most early clinical trials on myeloa-
blative allografting included bone marrow grafts. G-CSFmobilized PBSC have
recently been increasingly utilized as a source of stem cells, especially in patients
with HLA-identical sibling donors. The biological differences of the graft
composition may have an important clinical impact. In PBSC grafts, the con-
tent of T cells is significantly higher as well as their polarization toward a Th-2
cell phenotype more typically observed during active chronic GvHD. The
EBMT analysis reported a trend toward higher chronic GvHD in PBSC reci-
pients; however, the short follow-up did not allow researchers to draw conclu-
sions on the ultimate impact on clinical outcome of the use of PBSC [120].
Though no higher incidence and severity of acute GvHD have been reported, it
is still controversial if the use of PBSC is correlated with a higher incidence of
extensive GvHD that may affect quality of life and clinical outcomes [124–126].
Currently, prospective randomized studies comparing bone marrow versus
PBSC grafts in hematological malignancies are in progress.

Many laboratory parameters have been used to predict prognosis in mye-
loma patients undergoing allogeneic HSCT. Low albumin and high �2-micro-
globulin have been associated with worse clinical outcome after allografting
[108, 120]. Newer biological parameters have recently been more helpful to
categorize patients. Chromosome 13 deletion [del(13)], detected by standard
cytogenetics or FISH, has been the genetic abnormality most commonly asso-
ciated with worse prognosis in several studies [70, 127, 128]. However, a recent
more comprehensive analysis failed to define del(13) as an independent prog-
nostic factor. In fact, its prognostic significance appeared to be associated with
the presence of other abnormalities such as t(4;14) and del(17p) [129]. In the
near future, advanced technologies such as gene-expression profiling may allow
researchers to correlate the genetic constitution and the biological behavior of
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the disease and determine how these factors influence prognosis [83, 84, 130].

However, these molecular technologies are not readily available at most institu-

tions, and their translational role in clinical practice remains to be determined in

future years.

14.3.2 Allografting After Nonmyeloablative/Reduced Intensity
Conditioning Regimens

The association of allografting with long-term disease-free survival in a subset

of patients suggested that graft-versus-myeloma effects may have potentially

been curative for myeloma. This observation led to the exploration of less

intense, highly immunosuppressive, though less myelosuppressive, condition-

ing regimens, aimed at establishing stable donor engraftment while drastically

reducing organ toxicity. One of the most widely used conditionings was devel-

oped by the Seattle group based upon preclinical studies on the dog model,

which showed that donor engraftment could be obtained after a nonmyeloa-

blative regimen consisting of low dose of TBI of 200 cGy coupled with potent

post-transplant immunosuppression with cyclosporine and mycophenolic acid

(mycophenolate mofetil) [131]. This strategy was soon translated into clinical

studies. However, in the first 18 myeloma patients treated with this approach,

two rejections of the donor cells were observed, and only transient CCR and

partial remission were achieved in two and three patients, respectively [132].

These results indicated that it would be imperative to explore the effects of more

effective cytoreduction before nonmyeloablative allogeneic HSCT to improve

responses. A new treatment modality, especially for newly diagnosed patients

who had not been heavily pretreated, involved an autologous HSCT followed,

2–4 months later, by a TBI-based nonmyeloablative allogeneic HSCT [107]. As

compared to myeloablative conditioning, designed to produce simultaneous

cytoreduction and adequate immunosuppression to establish stable donor

engraftment, the tandem autologous-allogeneic approach allows researchers

to separate in time the high-dose cytoreduction and the graft-versus-myeloma

effect with the potential of reducing treatment-related toxicity. The first multi-

center experience with this approach included 54 stage II–III patients, median

age 52 years (range 27–71), half of them with refractory or relapsed myeloma

[107]. Fifty-two patients completed the tandem autologous-allogeneic HSCT

procedure. CCR was reported in 57%, and overall TRM was 22%. Overall

chronic GvHD developed in 60%. After a median follow-up of 60 months,

overall and progression free survivals were 69% and 38%, respectively.
Overall, in recent years, a number of reduced-intensity regimens (Table 14.2)

have been introduced into phase II clinical trials including intermediate-dose

melphalan (100–140mg/m2), with or without fludarabine, 200 cGy TBI 200

alone or with fludarabine, and intermediate-dose busulfan [133–141].
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Anti-thymocyte globulin or the anti-CD52 antibody alemtuzumab have also
been included in some studies to reduce GvHD [134, 140]. Even though there is
no consensus on which regimen is superior in terms of toxicity and efficacy, a
planned autologous HSCT followed by a nonmyeloablative or reduced-inten-
sity allogeneic HSCT with G-CSF mobilized PBSC to reduce the risk of graft
rejection and, possibly, determine higher graft-versus-myeloma effects appears
to be the most widely used approach [106, 107].

Recently, an EBMT study has retrospectively compared the clinical out-
comes of allogeneic HSCT after either reduced-intensity or myeloablative con-
ditioning regimens in patients transplanted between 1998 and 2002 [142]. One-
hundred-ninety-six patients conditioned with myeloablative regimens were
compared with 321 patients conditioned with nonmyeloablative or reduced-
intensity regimens between 1998 and 2002. Though TRM was significantly
lower in the reduced-intensity group (24% vs. 37% at 2 years, p=0.002), no
statistical differences in overall and progression-free survivals were observed
between the two groups by multivariate analysis. This finding was due to
significantly higher relapse rate in the reduced-intensity group (p=0.0001).
The use of less intense regimens can indeed come at the cost of higher relapse
rates; however, the conclusions of this study should be considered with some
caution as many selection biases are evident between the two cohorts of
patients. In the reduced-intensity group, there was a remarkably higher number
of patients who failed one or more autologous transplants, more patients with
refractory disease, more T-cell depleted allografts, and higher use of unrelated
donors.

The concept of ‘‘Mendelian or genetic randomization’’ has recently been
applied to assess clinical outcomes between patients with hematological
malignancies treated with allografting or other therapies [143–146]. Though
not universally accepted, this method relies on the biological process,
described by Mendel, through which offspring randomly inherit genetic traits
half from the mother and half from the father. One in four siblings is then
expected to have a potential HLA-identical sibling donor. The comparison by
the intention-to-treat principle between patients with HLA-identical siblings
who can be assigned to allografting and those without, who cannot receive an
allograft, is used as a surrogate for an unbiased randomization. Only a formal
statistical randomization, however, between patients with suitable donors
could provide stronger evidence. A French study initially compared two
protocols that enrolled high risk myeloma patients in the light of elevated
serum �2-microglobulin and del(13) [147]. All patients underwent a first
autologous transplant after high dose melphalan at 200mg/m2. Sixty-five
patients with HLA-identical sibling donors received an allograft after a
reduced intensity conditioning with busulfan, fludarabine, and high-dose
anti-thymocyte globulin at 12.5mg/kg. These patients were compared with
219 patients without a suitable sibling donor who were treated with a second
autograft after melphalan at 220mg/m2. TRM and response rates were not
statistically different. After a median follow-up of 2 years, overall and event
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free survivals were 35% and 25%, and 41% and 30% for the double auto-
logous and the autologous-allogeneic groups, respectively. These findings
may indicate that patients with poor prognostic factors such as del(13) and
high �2-microglobulin may not benefit from reduced-intensity allogeneic
HSCT. Though a remarkably low 7% incidence of chronic GvHD was
reported, the high dose of anti-thymocyte globulin is a matter of concern as
it may have highly prevented a strong graft-versus-myeloma effect. However,
another report by Kroger et al. showed that del(13) was an independent, poor-
risk factor for overall and progression-free survival after reduced-intensity
allogeneic HSCT, given a higher risk of relapse [148]. A recent study reported
on 245 consecutive myeloma patients, up to the age of 65 years, who were
newly diagnosed between 1998 and 2004. One-hundred-sixty-two of 199
patients with at least one sibling were HLA-typed with their potential sibling
donors. All patients received induction with two to three cycles of VAD-based
regimens, cyclophosphamide, and G-CSF for PBSC mobilization followed by
autologous HSCT after melphalan at 200mg/m2 [149]. Eighty patients with an
HLA-identical sibling were offered TBI-based nonmyeloablative condition-
ing followed by allogeneic HSCT with G-CSF mobilized PBSC, whereas 82
patients without an HLA-identical sibling were assigned to receive a second
autologous transplant after high-dose (140–200mg/m2) or intermediate-dose
(100mg/m2) melphalan-based conditioning regimens. The new feature of this
study was the assignment of treatment in function of a single criterion: pre-
sence/absence of an HLA-identical sibling donor, regardless of disease stage
and prognostic factors. By intent-to-treat analysis, after a median follow up of
45 months, overall and event-free survivals were significantly longer in
patients with donors: 80 months vs. 54 months (p=0.01) and 35 months vs.
29 months (p=0.02), respectively. By multivariate analysis, the presence of
HLA-identical siblings was an independent variable significantly associated
with longer overall and event-free survivals. Fifty-eight and 46 patients com-
pleted the tandem autologous-allogeneic and the tandem autologous HSCT
programs, respectively. CCR rates were 55% and 26% with the tandem
autologous-allogeneic and the tandem autologous (p=0.004), whereas
TRM was 10% and 2%, respectively (p=nonsignificant). Median overall
survival was not reached in the tandem autologous-allogeneic group and was
58months in the tandem autologous group (p=0.03). Event-free survival was
43 and 33 months, respectively (p=0.07). Given that cytogenetic information
was available in only a third of the patients registered in the study, the impact
of del(13) after the tandem autologous-allogeneic HSCT approach could not
be determined. However, though exploratory with low statistical power, a
stratified analysis on the intent-to-treat population that defined high risk
patients in the light of high �2-microglobulin levels or del(13) reported
adjusted hazard ratios of 0.34 and 0.52 for overall and event-free survivals,
respectively, similar to those obtained in the whole series. This finding sug-
gests that patients with an HLA-identical sibling have better overall and
event-free survivals as compared to those without an HLA-identical sibling.
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Large prospective studies, based on the Mendelian randomization principle,
such as the BMT-CTN-0102 trial in the USA and the Dutch-Belgian Hemato-
Oncology Cooperative Group (HOVON) trial in Europe are currently in
progress and will offer helpful information to determine the role of the tandem
autologous-allogeneic HSCT approach using a TBI-based nonmyeloablative
conditioning regimen in the next few years. An extended phase II trial of 106
newly diagnosed myeloma patients transplanted with the Seattle regimen was
recently presented by the Italian Group for Bone Marrow Transplantation
(GITMO) [150]. After a median follow-up of 54 months, overall survival was
not reached and event-free survival was 35 months. Overall response, defined
as combined CCR and partial remission, was 91% with 53 patients achieving
CCR after allografting. Response prior to allogeneic HSCT was significantly
associated with the achievement of post-transplant CCR and longer event-free
survival. Interestingly, chronic GvHD was not correlated with either the
achievement of CCR or response duration.

14.3.3 Graft-Versus-Myeloma Effects and Graft-Versus-Host
Disease

The unique and potentially eradicating effect of allografting relies on the
immune attack of donor T cells against disease-specific antigens capable of
inducing a potent graft-versus-myeloma effect. Initial evidence for the existence
of such an effect was the transfer of myeloma idiotype-specific immunity from
an actively immunized marrow donor to the recipient [151]. Anecdotal observa-
tions of complete responses after the infusion of donor lymphocytes or with-
drawal of immunosuppression in patients with persistent or relapsed disease
after allografting were further evidence [152–155]. Subsequent larger studies
showed that, though donor lymphocyte infusions (DLI) could induce response
rates up to 50%, durable complete responses were, however, achieved in only a
minority of patients [101, 156, 157]. Furthermore, this cell therapy was often
associated with clinical GvHD. Lokhorst et al. reported on 27 relapsed patients
who received 52 DLI at a median of 30 months after allogeneic HSCT [158,
159]. Debulking therapy was administered to 13 patients before DLI. Overall 14
patients (52%) responded, including six (22%) who achieved CCR. Major
toxicity was acute and chronic GvHD present in 55% and 26% of patients
respectively. Median overall survival was 18 months, 11 for patients who did
not respond and not yet reached for responding patients. Other studies reported
that the strongest predictors for response following DLI were acute and chronic
GvHD [160, 161]. The authors concluded that both GvHD and graft-versus-
myeloma shared the same antigenic targets.

GvHD and its treatment-related complications have always been a matter of
concern for clinicians. Moreover, chronic GvHD can highly affect the patient’s
quality of life. GvHD can indeed be almost completely eliminated by T-cell
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depletion of the donor graft. However, this manipulation has invariably been
associated with higher risk of relapse of the underlying hematological malig-
nancies [162]. Though the experience is limited in myeloma, partial T-cell
depletion to allow donor engraftment and limit the risk of GvHD has also
been investigated. Alyea et al. used a myeloablative conditioning regimen
followed by a CD6-depleted donor bone marrow graft. Selected CD4+-donor
lymphocytes were infused later to evoke graft-versus-myeloma effect [110]. The
incidence of grade II–III GvHD was 21%, and TRM was 10%. Only one
patient achieved a CCR at 6 months without the addition of donor lympho-
cytes. Fourteen out of 24 patients received donor lymphocytes and response
was observed in 10 patients, with seven developing acute or chronic GvHD.
Two-year overall and progression-free survivals were 55% and 42%, respec-
tively. Importantly, donor lymphocytes could not be given as scheduled to 42%
of patients, either as a result of GvHD or other transplant-related complica-
tions. The use of alemtuzumab (a.k.a. Campath), a monoclonal anti-CD52
antibody, has also been explored to reduce the incidence of GvHD, either by
treatment ‘‘in the bag’’ or by systemic infusion prior to the conditioning regimen
[134, 163]. Though the incidence of GvHD was significantly reduced, the use of
alemtuzumab clearly affected disease responses and their duration [134]. All
these observations clearly indicate the important role of donor T cells in
providing efficient graft-versus-myeloma activity. Lokhorst et al. recently
reported on a prospective phase III study by the HOVON group [164, 165].
Fifty-three patients with an HLA-identical sibling underwent a partially T-cell-
depleted allograft as part of their initial treatment plan. The overall response
was 89%, including 19% CCR. After a median follow-up of 38 months post-
transplant, 20 patients were alive and 33 dead, 14 from progressive disease and
18 from TRM.Median overall and progression-free survivals after allografting
were 17 and 25 months respectively. Only three patients were in continuous
CCR. This prospective multi-center study did not support the use of T-cell-
depleted myeloablative allogeneic HSCT in myeloma. The strategy of pre-
emptive DLI after partially T-cell depleted allografting has also been evaluated.
Levenga et al. reported on 24 myeloma patients treated with a partially T-cell-
depleted myeloablative allogeneic HSCT [166]. Patients enrolled in the study
were intended to receive subsequent pre-emptive DLI. Twenty of 24 patients
responded with 10 patients (42%) reaching complete remission. One-year TRM
was 29%. Overall, 13 patients (54%) received pre-emptive lymphocyte infu-
sions. GvHD higher than grade I following the infusion developed in four
(30%). After a median follow-up of 67 months, 11 patients (46%) were alive,
seven of whom (29%) in continuous CCR including four in molecular remis-
sion. All these patients had received pre-emptive lymphocytes.

Though GvHD was associated with disease response in the majority of
clinical trials, it is encouraging that more recent studies employing nonmyeloa-
blative conditionings did not correlate disease response and its duration with
the development of chronic GvHD [149, 150]. In a recent evaluation of 106
patients enrolled in a prospective phase II study, the development of both acute
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or chronic GvHD was not significantly associated with either the achievement
of complete remission or its duration post transplant [150]. This is consistent
with the notion that GvHD may not be essential for graft-versus-myeloma,
though the relationship between the two phenomena appeared strong in studies
employing myeloablative conditioning. New methods to augment graft-versus-
myeloma effects to allow long-term disease control and possibly decrease
toxicity are presented below.

14.4 Future Developments

Tandem autologous-allogeneic HSCT approaches are currently widely used in
clinical trials. The rationale of the tandem approach is to separate temporally
the high-dose chemotherapy from allografting, to combine the benefits of
autologous HSCT (higher disease response and prolonged survival compared
to conventional chemotherapy) and allogeneic HSCT (graft-versus-myeloma
effects) while reducing transplant-related toxicities. Drastic reduction in early
TRM and CCR rates of over 50% including molecular remissions have been
reported. However, the risk of relapse is not negligible. New methods to aug-
ment graft-versus-myeloma effects should be explored to allow better long-term
disease control. For this purpose, allogeneic HSCT and new drugs with mole-
cular targets, such as thalidomide, lenalidomide, and bortezomib, should not be
viewed as mutually exclusive. Bortezomib and thalidomide re-induce responses
in relapsed patients following allografting and may also be employed to achieve
profound cytoreduction and reduce myeloma to a minimal residual state before
allografts [167–170]. Thus, it is imperative to thoroughly explore their roles in
increasing the efficacy of tandem autologous-allogeneic HSCT. Major
improvements will also lie in the separation of the potentially eradicating
graft-versus-myeloma effects from the detrimental GvHD. New insights into
the pathophysiology of acute GvHD have led to the development of condition-
ing regimens with total-lymphoid irradiation that reduce its incidence but
appear to preserve the anti-tumor effects of donor T cells [171]. Furthermore,
the identification of disease-specific antigens may trigger more potent mye-
loma-specific immune responses of donor cytotoxic T cells [172]. The recurrent
observation that allografting at an earlier phase of the disease is associated with
more effective GVM may also be related to an expression profile of potential
antigenic targets for T cells that varies through the various disease phases.
Siegel et al. recently identified HLA-A*0201-presented T cell epitopes derived
from the oncofetal antigen-immature laminin receptor protein in hematological
cancers, which include myeloma [173]. However, the expression of these anti-
gens on myeloma cells is lost when the disease is advanced. In conclusion, the
therapeutic role of allogeneic HSCT will ultimately be determined in control
studies where patients are allocated treatment in the light of prognostic factors
and groups are confronted in a randomized fashion.
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Chapter 15

Role of Hematopoietic Stem Cell Transplantation

in the Treatment of Non-Hodgkin’s Lymphoma

Philip J. Bierman and Gordon L. Phillips

15.1 Introduction

In 2007 it is estimated that there will be more than 63,000 new cases of non-

Hodgkin’s lymphoma (NHL) in theUnited States and that nearly 19,000 people

will die fromNHL. Non-Hodgkin’s lymphoma accounts for approximately 4%

of all new cancer diagnoses. The NHL incidence rate increased more than 50%

between 1975 and the early 1990s, although this increase has reached a plateau

recently. The reasons for this epidemic of NHL are largely unexplained but are

partially related to improvements in diagnosis, the aging population, acquired

immune deficiency syndrome (AIDS), and environmental exposures.
The etiology of NHL is unknown in most cases. However, the incidence of

NHL is increased in the presence of congenital and acquired immune deficiency.

Non-Hodgkin’s lymphoma is associated with various viruses including the

Epstein-Barr virus (EBV), the human T-cell lymphotropic virus type I, human

herpesvirus 8, and the hepatitis C virus. In addition, infection with Helicobacter

pylori and possibly other bacteria have been linked to the development of NHL.

Environmental agents such as herbicides and hair dyes have been associated with

an increased risk of NHL in some studies, and there appears to be an increased

risk of NHL in first-degree relatives of people with hematopoietic malignancies.
The management of NHL has been improved by the adoption of the World

Health Organization classification system which incorporates morphology,

immunophenotype, genetic features, and clinical features to separate lympho-

mas into categories that represent distinct clinical entities. The classification

of lymphoma, and subsequent management, will continue to improve as new

technology, such as gene expression profiling, is used to identify subtypes with

distinct characteristics [1].
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This chapter will focus on recent developments related to hematopoietic stem

cell transplantation (HSCT) for NHL, and is not meant to be an exhaustive

review of all recent references. Only results for the most common types of NHL

will be discussed in detail.

15.2 Autologous Hematopoietic Stem Cell Transplantation

Forty years ago, the median survival of patients with diffuse aggressive NHL was

measured in months after treatment with single-agent chemotherapy. It was sub-

sequently shown that these patients could be cured with regimens developed for

Hodgkin lymphoma (a.k.a. Hodgkin’s disease; reviewed in Chap. 16 by Mosko-

witz and Sweetenham). Later, doxorubicin-containing regimens were introduced,

and the 5-year survival rate for all types ofNHL increasedmore than 30%between

1975 and 2000. Recently, NHL treatment has been revolutionized by the use of the

anti-CD20 antibody, rituximab, which increases response rates and prolongs

survival when combined with chemotherapy for diffuse large B-cell lymphoma

(DLBCL) [2] and follicular lymphoma [3]. Nevertheless, some patients fail to attain

an initial remission or subsequently relapse. New agents provide additional treat-

ment options, although the prognosis for patients with relapsed and refractory

NHL remains poor.
This situation has led to the use of high-dose therapy followed by autologous

hematopoietic stem cell transplantation (HSCT) for patients with relapsed and

refractory NHL. This approach is based upon steep dose–response curves

exhibited by several agents, especially alkylating agents and radiation, whose

dose-limiting toxicity is myelosuppression. Attempts at treating radiation- and

chemotherapy induced myelosuppression date to the late 1950s. Later, techni-

ques for bone marrow harvest and cryopreservation were perfected, and studies

in the late 1970s showed that reinfusion of cryopreserved bone marrow stem

cells could accelerate hematopoietic recovery following chemotherapy and cure

patients with relapsed lymphoma.
Use of this therapy expanded rapidly and led to the landmark PARMA trial

demonstrating the superiority of autologous HSCT over conventional salvage

chemotherapy for patients with relapsed aggressive NHL [4], and autologous

HSCT is now standard therapy for patients with relapsed chemotherapy-sensi-

tive DLBCL. More than 2500 autologous HSCT procedures were registered

with the Center for International Blood and Marrow Transplant Research

(CIBMTR) in 2003 [5]. This value is felt to represent approximately 60% of

the transplants being performed in North and South America. Non-Hodgkin’s

lymphoma is the second most common indication for autologous HSCT in

North America and in Europe [5, 6]. The European Group for Blood and

Marrow Transplantation (EBMT) recorded more than 4600 autologous

HSCT procedures for NHL in 2005.
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The use of peripheral blood as a source of hematopoietic stem cells has
increased dramatically. More than 95% of autologous transplants are now
performed with peripheral blood hematopoietic stem cells instead of marrow
[5, 6]. Transplants are easier, safer, and less expensive; the 100-day mortality rate
following autologous HSCT for NHL is below 5%. These advances are due to
increased experience, better patient selection, the use of peripheral blood stem
cells, and improvements in supportive care such as the use of hematopoietic
growth factors. Autologous HSCT can be performed safely in older patients by
community oncologists in the outpatient setting, and evenwithout blood product
support if need be. AutologousHSCT is now used formostNHL subtypes, and it
is being used as part of primary therapy. Improvements in preparative regimens
and post-transplant therapy are being explored. Efforts are being focused on
prevention and management of late effects of autologous HSCT.

15.3 Allogeneic Hematopoietic Stem Cell Transplantation

For various reasons relating to patient selection, lack of matched donors, and
physician bias, allogeneic HSCT is used much less frequently than autologous
HSCT for NHL. Data from the CIBMTR and EBMT indicate that approxi-
mately 15–20% of transplants for NHL are allogeneic [5, 6]. That said, allo-
geneic HSCT has several potential advantages as compared to autologous
HSCT. The first advantage is the near universal ability to collect adequate
numbers reconstituting stem cells from normal donors, since a significant
proportion of NHL patients cannot have adequate numbers of cells obtained
for autologous HSCT. In addition to quantitative advantages, there is a quali-
tative advantage, reflected by a reduction in late hematological complications
such as myelodysplastic syndromes (MDS) and acute myeloid leukemia (AML)
[7]. Another advantage associated with allogeneic HSCT is that inadvertent re-
inoculation of contaminating clonogeneic tumor cells is avoided. Finally, allo-
geneic HSCT permits the immunologic effect of graft-versus-lymphoma
(GvLym) effect [8]. GvLym appears to be most potent in patients with indolent
histology, and is modest in its ability to deal with bulky or rapidly progressive
NHL [9]. Although the existence of a GvLym effect has been debated, studies
have demonstrated the ability of GvLym effects to eradicate NHL cells to
conventional chemotherapy and/or radiotherapy.

Despite these advantages, allogeneic HSCT is associated with disadvantages
including limitations due to patient age, comorbidity and performance status,
difficulties in identifying suitable donors, and higher rates of nonrelapse
mortality.

Two relatively recent advances have allowed the use of allogeneic HSCT in a
much wider range of NHL patients. First, the use of ‘‘nonmyeloablative’’
(NMA) or ‘‘reduced-intensity’’ conditioning (RIC) regimens has allowed allo-
geneic HSCT to be performed in patients that would ordinarily be excluded
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because of age, comorbidity, or prior autologous HSCT. The former (NMA)

are often similar to conventional chemotherapy, while the latter (RIC)

approach the intensity of a fully myeloablative regimen (However, this distinc-

tion is not always obvious, and for simplicity, both of these types of regimens

will all be referred to as RIC unless specifically noted). These regimens are not

designed to eradicate all NHL cells, rather to serve as a platform to reduce early

transplant-related mortality so that patients can benefit from later GvLym

effects [9].
The next advance is the use of ‘‘alternative donors’’ instead of HLA-related

siblings. These include haploidentical family donors, unrelated donors, and

unrelated (usually) umbilical cord blood that permits patients without matched

siblings to undergo allogeneic HSCT with comparable outcomes.
Despite these advances, widespread use of allogeneic HSCT is limited by

toxicity, and the use of this approach would be increased by the ability to

augment GvLym effects and/or the ability to decrease the incidence of graft-

versus-host-disease (GvHD).

15.4 Pretransplant Considerations

15.4.1 Patient Selection

Patients are selected for treatment with HSCT if they are predicted to have an

unsatisfactory outcome with less aggressive conventional treatment. In addi-

tion, selection is also based upon the likelihood of a more favorable outcome

with transplantation and the ability of the patient to tolerate autologous or

allogeneic HSCT. The International Prognostic Index (IPI) [10] has been used

to identify patients with aggressive NHL who are unlikely to experience a

satisfactory outcome with initial therapy and who may be suitable candidates

for upfront transplants (see below). Similar prognostic indices may be useful for

patients with other types of NHL, although these indices may be less useful in

rituximab-treated patients. New imaging technology and molecular techniques

may also provide important information (see below).
Sensitivity to conventional salvage chemotherapy is the most important tool

for identifying appropriate transplant candidates among patients with relapsed

and refractory NHL. Other tools may be used to identify patients who are likely

to do well following autologous HSCT including clinical prognostic factors [11]

and newer imaging techniques (see below) [12].
Finally, an evaluation of comorbid conditions is essential to determine the

risk of transplant-related mortality and suitability for HSCT, although it is

difficult to quantify these conditions. While age is an important prognostic

factor for both allogeneic and autologous HSCT, it appears to be of lesser

importance for patients treated with autologous HSCT, although the influence
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of selection-bias cannot be ignored [13]. Other comorbid conditions related to
general health status and organ function may exclude patients from HSCT.

The importance of comorbidity has become more obvious with the use of
RIC allogeneic HSCT, which allows older patients to be treated with allogeneic
HSCT. Investigators from Seattle developed a comorbidity index based upon
cardiac, renal, hepatic, pulmonary, and other parameters to predict nonrelapse
mortality following RIC-allo or myeloablative allogeneic HSCT. The impact of
this comorbidity index was evaluated for patients treated with allogeneic HSCT
for NHL and chronic lymphocytic leukemia [14]. The outcome for patients
without comorbidity was similar when results of myeloablative allogeneic
HSCT and RIC allogeneic HSCT were compared. However, among patients
with comorbidity, nonrelapse mortality was lower (p=0.009) and survival was
prolonged (p=0.04) following RIC conditioning (see Fig. 15.1).

15.4.2 Pretransplant Cytoreduction

Almost invariably, the outcome of patients transplanted without evidence of
disease is better than those who have a significant tumor burden, and it is
common practice to administer conventional chemotherapy prior to the high-
dose preparative regimen for patients undergoing HSCT. This practice reduces
tumor burden and establishes ‘‘chemotherapy sensitivity.’’ Chemotherapy sensi-
tivity has traditionally been measured with routine imaging studies such as
computerized tomography (CT) scans, although 18-fluorodeoxyglucose positron
emission tomography (FDG-PET) scanning is likely to increase our ability to
determine responsiveness.

It is unknown whether patients who demonstrate partial chemotherapy sensi-
tivity should proceed directly to HSCT or whether they should receive additional
conventional therapy to achieve additional cytoreduction (i.e., complete response)
prior to transplantation. The latter approach may improve outcome but may also
lead to additional post-transplant toxicity. Nevertheless, it seems prudent to treat
to maximum response as long as patients tolerate therapy. The selection of agents
used for this purpose should bemade after consideration of prior treatment and the
planned high-dose therapy regimen. Regimens that contain carmustine and mel-
phalan may impair the ability to mobilize peripheral stem cells.

In addition to chemotherapy, it is common practice to administer adjunctive
pre or post-transplant radiation to sites of bulky disease. This is often difficult
because of cumulative doses of prior radiation, poor performance status, or
delayed engraftment following autologous HSCT. The use of involved-field
radiationmay lead to responses that allow some patients to proceed to transplant
and provide better local control [15, 16]; however, randomized trials have not
been reported. The use of peri-transplant irradiation has been associated with
improved survival in some analyses [17], although this has been difficult to
demonstrate conclusively. The use of pretransplant radiation may lead to an
increased risk of secondaryMDS (see below) and respiratory complications [18].
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15.4.3 Stem Cell Mobilization and Collection

Cell dose is recognized as an important variable influencing outcome of auto-

logous HSCT, despite the knowledge that this assay is only a crude surrogate

for the reconstituting hematopoietic stem cell. This relationship has been

improved somewhat with better assays for reconstituting stem cells such as

Fig. 15.1 Cumulative incidence of nonrelapse mortality (NRM) and actuarial survival fol-
lowing allogeneic hematopoietic stem cell transplantation for non-Hodgkin’s lymphoma and
chronic lymphocytic leukemia in patients with significant comorbidity. Solid line: myeloa-
blative conditioning; Dashed line: nonmyeloablative conditioning; Dotted line: myeloablative
conditioning-adjusted outcome (from Sorror et al. [14])
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the CD34 and CD133 antigens, and the widespread use of mobilized peripheral

blood as a source of hematopoietic stem cells. Cell dose is also an important

variable for those undergoing allogeneic HSCT, but is more complex, and this

discussion will focus on considerations related to autologous HSCT for NHL.
A minimum of 2.0� 106/kg of CD34+ cells is usually collected to ensure

prompt hematopoietic recovery, although a lower number may be adequate in

some cases. For example, investigators from Stanford University compared

outcomes of NHL patients who were transplanted with greater than or equal to

2.0� 106/kg CD34+ cells with those who had poorer collections [19]. No

significant differences in event-free survival or overall survival were seen,

although transplant-related mortality rates were 3.6% and 11.8%, respectively

(p=0.08).
A sufficient quantity of peripheral blood hematopoietic stem cells can be

collected from the majority of patients. Several options exist for patients who

do not achieve this goal, including simple repetition or the use of steady state or

primed bonemarrow. The agent plerixafor (AMD3100) is also likely to be useful

for ‘‘poor mobilizers.’’ This drug increases the movement of hematopoietic stem

cells into the circulation and appears to be more potent than granulocyte colony-

stimulating factor (G-CSF, filgrastim) alone, for stem cell mobilization in both

autologous and allogeneic donors [20].

15.5 Transplant Considerations

15.5.1 Conditioning Regimens

15.5.1.1 Autologous Hematopoietic Stem Cell Transplantation

In the past, early mortality caused a large fraction of treatment failures follow-

ing autologous HSCT. Now, early mortality is less than 5%, and treatment

failure is almost invariably from progressive NHL. A variety of approaches

have been used to improve the results of both autologous and allogeneic HSCT

for NHL; most involve improvements to the high-dose therapy regimen,

although no regimens have been conclusively shown to be superior. Some

groups have increased the dose of chemotherapy agents in common regimens

such as CBV (cyclophosphamide, carmustine, etoposide) or BEAM (carmus-

tine, etoposide, cytarabine, melphalan). This has not led to substantial improve-

ments in outcome, and may lead to increased toxicity [21, 22]. At the University

of Alabama, the role of pharmacokinetic (PK)-directed dosing of intravenous

busulfan prior to autologous HSCT for NHL has been investigated [23]. When

compared to historical controls who received regimens containing oral busulfan,

the nonrelapse mortality decreased from 27% to 3% (p=0.01). The actuarial

5-year survival was 28% for controls and 58% for those treated with PK-directed

intravenous busulfan (p=0.01).
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Other groups have used high-dose sequential chemotherapy regimens in an

attempt to improve the preparative regimen. These regimens consist of an initial

induction or debulking phase. After this, non cross-resistant single agents are

administered at high doses over intervals of 1–3 weeks to prevent the emergence

of resistant clones. This phase is followed by hematopoietic stem cell collection

and autologous HSCT. These regimens have been used for a variety of types of

NHL in the relapse setting and as upfront treatment [24–27]. These regimens

have been associated with improved outcomes in some randomized trials [26],

but not in others [24, 27].
Another innovation in this area involves the use of double (tandem) auto-

logous HSCT. Although phase II trials demonstrate that this is feasible, a

substantial number of patients are not able proceed to the second transplant,

and this approach has not been widely adopted [28, 29]. The use of autologous

HSCT followed by RIC allogeneic HSCT has also been tested. Limited phase II

data demonstrate the feasibility of this approach, butmorbidity andmortality are

high, and there is a high relapse rate [30, 31].
Several groups have incorporated radiolabeled antibodies as a replacement

for total body irradiation (TBI) in high-dose therapy regimens (reviewed in

Chap. 13 by Gopal and Winter). In theory, this tactic increases the dose of

radiation that can be delivered to sites of disease while limiting exposure to

healthy organs. The group from Seattle has used high doses of the radiolabled

anti-CD20 antibody 131I-tositumomab, followed by autologous HSCT for

patients with relapsed and refractory NHL. A retrospective analysis compared

patients with follicular NHL who were treated in this manner with results of

similar patients who were treated with conventional high-dose therapy regi-

mens followed by autologous HSCT [32]. The actuarial 5-year progression-free

survival of patients treated with high-dose radio-immunotherapy was 48%, as

compared with 29% for patients treated with conventional autologous HSCT

(p=0.06). The actuarial 5-year overall survival rates were 67% and 53%,

respectively (p=0.02).
Several other groups have combined radiolabeled antibodies with high-dose

chemotherapy for NHL autologous HSCT [33, 34]. These trials have been

conducted with 90Y-ibritumomab-tiuxetan, as well as 131I-tositumomab. Toxi-

city does not appear to be significantly increased compared with high-dose

chemotherapy, alone. The Blood and Marrow Transplant Clinical Trials Net-

work (BMT CTN) is conducting a randomized trial comparing high-dose

BEAM versus BEAM plus 131I-tositumomab for relapsed and refractory

DLCBL. The combination of radiolabeled antibodies with chemotherapy is

also being investigated for allo-HCT [35].
Rituximab has also been used with high-dose chemotherapy regimens prior

to autologous HSCT. This agent may augment the efficacy of the high-dose

therapy regimen itself, and can also be used as an in-vivo purging agent prior to

stem cell collection (see below). Improved outcomes compared with historical

controls have been reported [36, 37].
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15.5.1.2 Allogeneic Hematopoietic Stem Cell Transplantation

In addition to cytotoxic effects, conditioning for allogeneic HSCT requires
profound immunosuppressive effects to prevent graft rejection. Both of these
functions are accomplished relatively well with the TBI- or busulfan-based
regimens that usually include cyclophosphamide. When used for NHL, these
regimens are identical to ones used for leukemia and other diseases.

Regimens used for RIC allogeneic HSCT de-emphasize the direct antineo-
plastic effects of conditioning so that GvLym effects may emerge. Most of these
regimens utilize fludarabine or pentostatin, and are usually combined with
cyclophosphamide, busulfan, thiotepa, or low doses of TBI (200–600 cGy).
These regimens are almost always used with mobilized blood instead of bone
marrow prior to HSCT.

15.5.2 Purging

A major concern associated with autologous HSCT involves the potential risk
that reinoculation of clonogenic tumor cells may contribute to relapse following
transplant. Most relapses occur at sites of prior disease, which suggests that
relapse is usually due to failure of the high-dose therapy to eradicate residual
NHL. Nevertheless, the risk of tumor contamination exists and methods of
eliminating these cells (purging) have been developed.

Although conclusive data are lacking, several lines of evidence suggest that
purging may be beneficial. For example, retrospective analyses have demon-
strated improved survival of NHL patients who were treated with purged
autologous HSCT, when compared with historical controls [38]. In addition,
registry analyses of autologous HSCT for follicular or low-grade NHL have
found lower rates of recurrence when recipients of purged autologous HSCT
were compared with those receiving unpurged transplants [39, 40]. An analysis
of patients who received antibody-complement purged autologous bone mar-
row transplantation (BMT) at Dana-Farber Cancer Institute also provides
support for the value of purging [41]. The actuarial 12-year progression-free
survival was 66.7% for patients who received grafts without molecular evidence
of tumor cells, as compared with 26.3% for those with detectable tumor con-
tamination (p=0.001) (see Fig. 15.2). However, no significant difference in
overall survival was observed, and these results may simply be a manifestation
of chemotherapy sensitivity. Despite these results, other analyses have failed to
show benefits from purging, including the only randomized trial evaluating
autologous BMT for follicular lymphoma [42].

Several purging methods have been used to reduce tumor contamination. In
the past, most methods used ‘‘ex-vivo’’ methods to eliminate contaminating
after collection [43]. Positive selection techniques have also been used to isolate
CD34+ cells for transplantation. This method can reduce molecularly-detect-
able tumor cells and lead to rapid hematopoietic recovery [44], although
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impaired immune reconstitution and an increased risk of infectious complica-
tions has been reported [43, 44]. More recently ‘‘in-vivo’’ purging has been
utilized. This refers to the use of systemic therapy to reduce tumor contamina-
tion in the peripheral blood prior to stem cell collection.

Several investigators have administered rituximab prior to stem cell harvest
as a method of in-vivo purging. This can also eliminate detectable tumor cells
from stem cell collections [45]. A randomized comparison of CD34+ cell
collection with rituximab in-vivo purging for patients with NHL has been
reported [38]. The positive selection technique was associated with CD34+

cell loss and slightly delayed myeloid recovery. Recovery of immunoglobulin
levels were delayed in patients who received in-vivo purging.

The role of purging remains controversial, and its value may only be proven
with a randomized trial or with gene-marking studies that conclusively demon-
strate that cells from the autograft contribute to relapse. Nevertheless, there is
evidence that purging may benefit patients with low-grade or follicular NHL,
and use of this approach is reasonable even without definitive evidence of
benefit.

15.6 Post-Transplant Considerations

In addition to peri-transplant radiation (see above), a variety of other
approaches has been used to decrease the rate of progression after HSCT.
Several groups have investigated the use of rituximab following autologous
HSCT for NHL [46, 47]. This is capable of eliminating minimal residual disease

Fig. 15.2 Progression-free survival of patients receiving autologous bone marrow trans-
plants from marrow with or without molecular evidence of tumor contamination (from
Brown et al. [41])
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following autologous HSCT, although late neutropenia and/or prolonged
immunosuppression have been observed. The role of rituximab maintenance
following autologous HSCT for aggressive NHL is being evaluated in separate
phase III trials sponsored by the National Cancer Institute of Canada (NCIC)
and Memorial Sloan-Kettering Cancer Center (MSKCC).

Other agents have also been administered following autologous HSCT to
decrease the rate of disease progression. Examples include additional che-
motherapy [15] and interleukin-2 (IL-2) [48], although benefits have not been
established. IL-2 has been combined with cyclosporine and interferon to induce
autologous GvHD effects following autologous HSCT for NHL, although
benefits have not been clearly demonstrated [49].

15.7 Results of Autologous Hematopoietic Stem

Cell Transplantation

15.7.1 Diffuse Large B-Cell/Aggressive Lymphoma

In the landmark PARMA trial, patients with chemotherapy-sensitive relapsed
aggressive NHL were randomized to receive additional salvage chemotherapy
or to treatment with autologous HSCT [4]. Both arms also received involved-
field radiation therapy. The actuarial 5-year event-free survival was 46% fol-
lowing autologousHSCT, as compared to 12% for patients treated with salvage
chemotherapy (p=0.001). The overall survival rates were 53% and 32%,
respectively (p=0.038). Notably, only 58% of patients responded to salvage
chemotherapy and were randomized. Furthermore, 11% of patients rando-
mized to autologous HSCT were not transplanted. The potential influence of
selection bias is also evident in a retrospective analysis fromMSKCC [11]. This
study evaluated patients with relapsed and refractory DLCBL who received
salvage chemotherapy with ICE (ifosfamide, carboplatin, etoposide). Approxi-
mately 65% of patients underwent autologous HSCT. The actuarial 4-year
progression-free survival and overall survival for all patients, including those
who were not transplanted, was 28% and 34%, respectively. This type of intent-
to-treat analysis is necessary to evaluate the true benefit of autologous HSCT in
this situation.

Results from the PARMA trial led to generalized consensus that autologous
HSCT is the standard of care for patients with chemotherapy-sensitive relapsed
DLBCL, and other large registry series have shown comparable results [50, 51].
Nevertheless, conclusions derived from trials such as these that were performed
in the ‘‘pre-rituximab’’ era may need to be reexamined. For example, the
addition of rituximab may improve the results of salvage chemotherapy for
DLBCL and allow more patients to be eligible for transplantation. This was
demonstrated in another study from MSKCC where the addition of rituximab
to the ICE salvage regimen increased the complete remission rate to 53%, as
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compared to 27% for historical controls treated with ICE, alone (p=0.01) [52].
In a retrospective analysis from Washington University, disease-free survival
(p< 0.001), and overall survival (p< 0.001) were significantly better in patients
with intermediate-grade NHL who received rituximab as part of salvage che-
motherapy within 3 months of autologous HSCT [53]. Conversely, patients
treated with upfront chemotherapy plus rituximab may be harder to salvage. In
the international CORAL study, some DLCBL patients were less likely to
respond to rituximab-containing salvage chemotherapy and proceed to auto-
logous HSCT if they had received rituximab previously [54]. Nevertheless,
virtually all investigators would recommend using rituximabwith pretransplant
chemotherapy if this improves response rates.

Numerous prognostic factors are associated with outcomes following auto-
logous HSCT for aggressive NHL. A PARMA follow-up study, showed that
survival following autologous HSCT was not influenced by the age-adjusted
IPI, applied at the time of relapse [55]. The overall survival following auto-
logous HSCT for patients with IPI scores of 1–3 was significantly better than
patients treated with conventional salvage chemotherapy. However, overall
survival following autologous HSCT was not significantly better than salvage
chemotherapy for patients with IPI scores of 0. The age-adjusted IPI score was
predictive of outcome at MSKCC, however [11]. An analysis from the Uni-
versity ofMinnesota also showed that the IPI at relapse correlated with survival
following autologous HSCT for DLBCL [56], and the age-adjusted IPI at
transplant correlated with survival in an analysis from the Grupo Español de
Linformas/Transplante Autólogo de Médula Osea (GEL/TAMO) Spanish
Registry [50].

Some of the ambiguities associated with the use of clinical prognostic factors
may be overcome by using functional imaging with FDG-PET for predicting
response to autologous HSCT for NHL. A retrospective analysis from Belgium
found that a negative pretransplant FDG-PET scan for patients with aggressive
NHL was associated with significantly better progression-free survival
(p< 0.004) and overall survival (p< 0.018), whereas the IPI was not a signifi-
cant factor [57]. In another analysis, FDG-PET scan findings were evaluated
after conventional salvage chemotherapy prior to planned autologous HSCT
[12]. The 2-year failure-free survival was estimated at 72% for FDG-PET-
negative patients, 38% for those with partial FDG-PET response, and 10%
for nonresponders (p< 0.001). A risk score using both FDG-PET response and
age-adjusted IPI at relapse was developed. In another study, the actuarial 1-
year event-free survival was 79% for patients with aggressive NHL with nega-
tive FDG-PET scans prior to autologous HSCT, as compared to 42% for
patients with positive scans (p=0.007) [58]. The corresponding 1-year overall
survival rates were estimated to be 91% and 38%, respectively (p< 0.001).

Although most series of autologous HSCT for aggressive NHL have exam-
ined results in relapsed patients, others may also benefit. Transplantation is
unlikely to benefit patients who are truly refractory to primary therapy,
although registry results show that autologous HSCT may benefit some
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patients who do not attain a complete remission with initial therapy, especially
if they respond to additional salvage therapy. A report from the North Amer-
ican registry examined results of autologous HSCT in patients who did not
achieve a complete remission with initial therapy for aggressive lymphoma [17].
The actuarial 5-year progression-free survival and overall survival were 31%
and 37%, respectively. A GEL/TAMO analysis showed that overall survival at
5 years was estimated to be 43% for patients with DLBCL who failed to enter
complete remission with primary therapy [59]. These results demonstrate that
not all patients with ‘‘primary refractory’’ disease have a poor outcome; those
who attain a partial response with initial treatment can benefit from autologous
HSCT. Conversely, transplantation (either auto- or allogeneic HSCT) of
patients with truly chemoresistant NHL is usually not recommended.

15.7.1.1 Transplant in First Remission

Patient-related and tumor-related characteristics can be used to identify
patients with DLBCL who are less likely to attain a remission with primary
therapy and more likely to relapse [1, 10]. One method to improve results for
these patients involves incorporating autologous HSCT into primary therapy
or as consolidation therapy.

Phase II trials have demonstrated long-term progression-free survival rates
of 60–80%with this approach. Unfortunately most of these trials only reported
results for patients who actually underwent autologous HSCT. The outcome of
all patients from the time of diagnosis, including those not transplanted (intent
to treat), needs to be known to evaluate the merits of upfront transplantation,
or else randomized trials must be performed.

Several prospective randomized trials have also evaluated the benefits of
upfront or front-line autologous HSCT for patients with aggressive NHL.
These trials differ with respect to inclusion criteria, time of randomization,
and type of treatment and length of treatment prior to transplantation. In the
LNH87-2 trial from Groupe d’Etude des Lymphomes de l’Adulte (GELA),
patients with intermediate- and high-grade NHLwho had a complete remission
with an induction chemotherapy regimen were randomized to treatment with
sequential consolidation chemotherapy or to treatment with autologous HSCT
[60]. A retrospective subgroup analysis of patients in the high-intermediate and
high-risk age-adjusted IPI groups showed that the actuarial 8-year overall
survival rate was 49% for patients randomized to receive sequential chemother-
apy and 64% for patients randomized to autologous HSCT (p=0.04). Nota-
bly, only 61%of patients achieved a complete remission with initial therapy and
were eligible for randomization, and only 69% of patients randomized to
autologous HSCT underwent transplantation. The 072 trial from Groupe
Ouest Est d’Etude des Leucémies et Autres Maladies du Sang (GOELAMS)
also evaluated the use of a regimen utilizing autologous HSCT as part of
primary therapy for patients with intermediate- and high-grade NHL with a
maximum of two risk factors in the age-adjusted IPI [61]. Patients in one arm
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were randomized to treatment with eight cycles of CHOP (cyclophosphamide,
doxorubicin, vincristine, prednisone). The other treatment arm consisted of a
novel epirubicin-containing regimen, followed by treatment with methotrexate
and cytarabine, followed by high-dose chemotherapy with autologous HSCT.
The 5-year event-free survival was estimated at 37% for patients treated with
CHOP and 55% for those treated with autologous HSCT (p=0.037). The 5-
year overall survival rates were estimated at 56% and 71%, respectively
(p=0.076). Among patients in the high-intermediate age-adjusted IPI risk
group, the actuarial 5-year event-free survival (56% vs. 28%; p=0.003) and
overall survival (74% vs. 44%; p=0.001) were higher in the transplant arm (see
Fig. 15.3).

Other trials have failed to show benefits with upfront autologous HSCT,
including the phase-III MISTRAL study which compared CHOP with high-
dose sequential chemotherapy and autologousHSCT [24]. The role of front-line
autologous HSCT in aggressive NHL has been examined in a meta-analysis
[62]. Considerable heterogeneity and methodological flaws in the design of the
randomized trials and an overall failure to show survival advantages with front-
line transplantation were noted. While there is little evidence that this approach
benefits good-risk patients, there is some evidence that upfront autologous
HSCT may benefit poor-prognosis patients when treated with a full course of
conventional chemotherapy, or regimens that yield a high rate of complete
remission prior to autologous HSCT. Patients in first remission may be appro-
priate candidates for clinical trials involving autologous HSCT according to
National Comprehensive Cancer Network (NCCN) guidelines. This approach
is considered effective by members of the American Society for Blood and
Marrow Transplantation (ASBMT) executive committee [63]. It must also be

Fig. 15.3 Overall survival for aggressive histology NHL patients with high-intermediate age-
adjusted International Prognostic Index (from Milpied et al. [61])
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noted that it is now more difficult to identify a poor-prognosis group in
rituximab-treated patients, and the results of the previous upfront transplant
trials may no longer be valid. The North American Intergroup S9704 trial
comparing CHOP plus rituximab (R-CHOP) with R-CHOP followed by auto-
logous HSCT has completed accrual and results are pending. The German
High-Grade non-Hodgkin’s Lymphoma Study Group trial 2002-1 is also con-
ducting a phase III upfront transplant trial utilizing three autologous HSCT
procedures with the MegaCHOEP (rituximab plus cyclophosphamide, doxor-
ubicin, vincristine, etoposide, prednisone) regimen.

15.7.1.2 Allogeneic Hematopoietic Stem Cell Transplantation

Retrospective analyses and phase II trials have examined the use of myeloa-
blative allogeneic HSCT for DLBCL. It is often difficult to interpret results
because of treatment heterogeneity and because most studies do not contain
uniform populations of patients with DLBCL. Investigators from British
Columbia reported that actuarial 5-year event-free survival and overall survival
were 43% and 48%, respectively, following allogeneic HSCT for relapsed and
refractory aggressive NHL [64]. Some patients had unrelated donors. The 1-
year cumulative incidence of nonrelapse mortality was 25%. Patients who
developed grade 3–4 acute GvHD and those with short initial remissions had
significantly worse outcomes. The 5-year event-free survival for the subgroup
with DLCBL was estimated to be 36%. The actuarial 5-year overall survival
and progression-free survival were 39% and 36%, respectively, in patients from
a nationwide Japanese survey who received myeloablative allogeneic HSCT
[65]. This cohort also contained patients with unrelated donors and patients
with a prior autologous HSCT. The transplant-related mortality was 42%.
Overall survival was poorer in patients with chemotherapy-resistant disease, a
prior transplant, and those with previous radiation. The actuarial 5-year survi-
val was 33% (estimated from survival curve) for those with DLBCL.

An EBMT analysis examined results of allogeneic HSCT for patients with
intermediate-grade NHL [66]. Approximately 10% of patients had unrelated
donors. The 4-year overall survival, progression-free survival, and treatment-
related mortality were estimated at 38.3%, 34.6%, and 41.8% respectively. A
case-matching study with autologous HSCT recipients was performed and
patients with intermediate-grade NHL undergoing allogeneic HSCT were
found to have lower relapse rates, but higher transplant-related mortality and
significantly worse overall survival. An analysis from Johns Hopkins Univer-
sity also compared results of auto- and allogeneic HSCT for relapsed DLBCL
[67]. Patients under age 60 with matched siblings generally received allogeneic
transplants. The actuarial 3-year event-free survival was 19.1% following allo-
geneic HSCT, as compared to 30.9% following autologous HSCT (p=0.2).
The actuarial 3-year overall survival rates were 23.7% and 33.1%, respectively
(p=0.17) (see Fig. 15.4). The transplant-related mortality rates were 51.1%
and 23.9%, respectively (p< 0.001). The actuarial 3-year overall survival
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following allogeneic HSCT for patients with resistant disease was 12.1%, as

compared to 19.1% following autologous HSCT (p=0.08). This demonstrates

that prognostic factors are similar for patients undergoing autologous HSCT or

allogeneic HSCT, and that allogeneic HSCT for poor-risk patients is not

necessarily better.
These studies demonstrate thatmyeloablative allogeneicHSCT can cure patients

with relapsed and refractory aggressive NHL. Although relapse rates following

allogeneic HSCT are lower than relapse rates following autologous HSCT, survival

advantages have not been demonstrated in most cases because of increased trans-

plant-relatedmortality due to regimen-related toxicity andGvHD. These results do

not allow us to determine which patients with DLCBL are appropriate candidates

for myeloablative allogeneic HSCT, and use of this approach is unlikely to increase

greatly due to increased use of RIC allogeneic HSCT.
Reduced-intensity allogeneic HSCT for DLBCL has been examined in sev-

eral series. The ability to exploit potential GvLym effects with this treatment is

limited by the inability to avoid the complications of GvHD. In addition,

GvLym effects are less potent in patients with aggressive histology, high

tumor burdens, or rapid growth rates. In an EBMT analysis of RIC allogeneic

HSCT, the 1-year overall survival, progression-free survival, and transplant-

related mortality for patients with aggressive lymphomas were estimated at

52%, 32%, and 30%, respectively [68]. The 2-year progression-free survival was

estimated at 12.9%. The risk of progressive disease was significantly higher in

patients with aggressive histology when compared to patients with indolent

NHL, and results were poorer in patients with resistant disease. An analysis of

RIC allogeneic HSCT from Seattle also noted that relapse rates were higher if

patients were not in remission at the time of transplant, although relapse rates

were low for all histologic subtypes if patients were in complete remission prior

Fig. 15.4 Overall survival following hematopoietic stem cell transplantation for relapsed
diffuse large B-cell lymphoma (from Aksentijevich et al. [67])
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to transplantation [69]. The 3-year cumulative incidence of relapse was 68% for

patients with aggressive histology NHL in the Italian registry who received RIC

allogeneic HSCT with refractory disease, suggesting that this treatment is less

likely to benefit these patients (see Fig. 15.5) [70]. A report from the United

Kingdom also noted that patients with aggressive histology had a significantly

higher risk of relapse and lower event-free survival following RIC allogeneic

HSCT [71].
A retrospective analysis from the City of Hope compared the results of RIC

allogeneic HSCT andmyeloablative allogeneic HSCT for NHL [72]. The 2-year

relapse rate for patients with intermediate-grade NHL following RIC allo-

geneic HSCT was 44%, as compared with 12% following myeloablative con-

ditioning (p=0.02). However, the actuarial 2-year progression-free survival

rates were 31% and 44% (p=0.83), and overall survival was 36% and 50%,

respectively (p=0.32).
These results demonstrate that patients with DLCBL and other aggressive

histologic subtypes may also benefit from RIC allogeneic HSCT. The best

outcomes are in patients with chemotherapy-sensitive disease who are trans-

planted with low tumor burden. The relapse rate appears to be higher following

RIC, as compared with myeloablative allogeneic HSCT. This suggests that

despite the role of GvLym, the chemotherapy regimen itself must not be

neglected as an important component of tumor eradication. There are some

patients with aggressive NHL who are probably more likely to benefit from

myeloablative conditioning, such as those with refractory disease or significant

tumor burdens, although appropriate candidates are not clearly defined.

Fig. 15.5 Cumulative incidence of relapse following reduced-intensity allogeneic hematopoie-
tic stem cell transplantation for lymphoma (from Corradini et al. [70])
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15.7.2 Follicular Lymphoma

A large number of reports have examined the results of autologous HSCT for

relapsed and refractory follicular lymphoma. Other indolent NHL subtypes are

often included in these analyses. A retrospective study examined the outcome of

patients with follicular lymphoma who progressed following treatment on the

GELA prospective GELF 86 protocol [73]. The 5-year freedom from treatment

failure was estimated at 42% for patients treated with autologous HSCT, as

compared to 16% for patients treated with conventional salvage therapy

(p=0.0001). The 5-year overall survival rates were 58% and 38%, respectively

(p=0.0002). A retrospective single-institution study from France used patients as

their own controls to compare the event-free survival following autologous HSCT

for follicular lymphoma with the event-free survival following treatment prior to

transplantation [74]. Therewere fewer patientswith recurrent diseasewithin 5 years

of transplant (p< 0.01), and the event-free survival following autologous HSCT

was longer than the most recent conventional treatment (p< 0.01).
Several long-term follow-up studies of autologous HSCT for patients with

relapsed and refractory follicular or low-grade lymphoma have been reported

recently [75–79]. Although a continuous pattern of relapse typical of follicular

lymphoma is noted in many of these trials, it appears that 20–50% of patients

experience long-term progression-free survival. Outcome appears best in

younger, chemotherapy-sensitive patients. The groups from Dana-Farber Can-

cer Institute and St. Bartholomew’s Hospital recently reported long-term follow-

up results of purged autologous BMT for follicular lymphoma patients in second

or subsequent remission [78]. The actuarial 10-year progression-free survival and

overall survival were 48%and 54%, respectively, and there alsowas evidence of a

late plateau in remission (see Fig. 15.6). Remission duration (p< 0.001) and

overall survival (p=0.02) among patients transplanted in second remission

were significantly better than historical controls treated with conventional che-

motherapy. These results must be examined in light of the significant risk of

secondary MDS/AML, particularly following TBI conditioning (see below).
The randomized European CUP trial compared the results of autologous HSCT

and conventional salvage chemotherapy for patients with relapsed follicular lym-

phoma in a study design that was similar to the PARMA trial [42]. Patients with

relapsed or progressive follicular lymphoma who were chemotherapy-sensitive were

then randomized to continued treatment with salvage chemotherapy or to treatment

with high-dose therapy followed by auto-BMT. Transplanted patients were also

randomized to receive either purged or unpurged marrow. Although the trial was

closed early, the 2-year progression-free survival was estimated to be 26% for

patients receiving chemotherapy salvage, as compared to 58% for patients trans-

planted with purged marrow, and 55% for those receiving unpurged marrow. The

actuarial 4-year overall survival rates were 46%, 71%, and 77%, respectively.

Progression-free survival (p=0.0009) and overall survival (p=0.026) were higher
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in transplanted patients, although no benefits were associated with purging (see
above).

These results demonstrate that autologous HSCT is a reasonable option for
patients with relapsed follicular lymphoma, although the applicability of these
results is confounded by the widespread use of rituximab with primary therapy
and the introduction of new treatments such as radiolabeled antibodies.

Some trials of autologous HSCT for follicular lymphoma have included only
follicular lymphoma grades 1 and 2. Other trials have included patients with
follicular lymphoma grade 3, which may have a clinical behavior more closely
related to DLBCL. In a retrospective analysis from the City of Hope, the
actuarial 10-year disease-free survival following autologous HSCT for follicu-
lar large cell lymphoma was 27%, as compared to 38% for patients with
DLBCL (p=0.70) [80]. The actuarial 10-year overall survival rates were 58%
and 46%, respectively (p=0.27). Both survival curves had a similar appearance
and displayed evidence of a plateau. At the University of Nebraska, the actuar-
ial 5-year progression-free survival following autologous HSCT was 47%,
49%, and 36% for follicular lymphoma grades 1, 2, and 3, respectively [77].
The actuarial 5-year overall survival rates were 61%, 70%, and 57%, respec-
tively. Follicular grade 3 histology was associated with poorer progression-free
survival (p=0.004) and overall survival (p=0.01).

15.7.2.1 Transplant in First Remission

Like aggressive lymphomas, upfront autologous HSCT has also been investi-
gated for patients with follicular lymphoma. Long-term follow-up of phase II

Fig. 15.6 Remission duration following autologous bone marrow transplantation for folli-
cular lymphoma (from Rohatiner et al. [78])
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studies investigating the role of upfront transplantation following CHOP or
CHOP-like regimens demonstrate that long-term progression-free survival is
possible [41]. Upfront autologous HSCT for follicular lymphoma has been
evaluated in three randomized trials.

A German Low-Grade Lymphoma Study Group trial randomized patients
who responded to four to six cycles of CHOP-like therapy to receive treatment
with additional chemotherapy followed by autologous HSCT, or to treatment
with additional CHOP-like chemotherapy followed by interferon maintenance
[81]. The 5-year progression-free survival was estimated at 62% for patients
randomized to autologousHSCT, as compared to 36% for those randomized to
interferon maintenance (p< 0.0001). Overall survival results were not reported
for each treatment arm. The GOELAMS conducted another trial in which
patients in the standard treatment arm received six cycles of anthracycline-
based therapy [82]. Responders received six additional cycles of chemotherapy
with interferon. Patients in the experimental arm were treated with another
anthracycline-based regimen and responders received additional conventional
chemotherapy and then autologous HSCT. The 5-year event-free survival was
estimated to be 48% in the standard treatment arm and 60% in the transplant
arm (p=0.050). The corresponding overall survival rates were 84% and 78%,
respectively (p=0.49). The lack of a difference in survival was attributed to an
excess of secondary malignancies in the transplant arm. A third randomized
trial was conducted by GELA [83]. In this trial patients were randomized
between treatment with an anthracycline-based regimen plus interferon, or to
treatment with CHOP followed by autologous HSCT. The actuarial 7-year
event-free survival rate was 28% in the standard treatment arm and 38% in
the transplant arm (p=0.11). Actuarial overall survival was 71% and 76%,
respectively (p=0.53) (see Fig. 15.7).

All of these trials fail to show definite evidence of a plateau in progression-
free survival or differences in overall survival associated with upfront autolo-
gous HSCT for follicular lymphoma. Furthermore, randomized trials have not

Fig. 15.7 Overall survival for follicular lymphoma (from Sebban et al. [83])
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been performed in rituximab-treated patients, and interpretation of results is
further complicated by the availability of new treatments. Thus, the use of
autologous HSCT for follicular NHL in first remission cannot be considered
standard therapy and should probably be performed only in the context of a
clinical trial.

15.7.2.2 Transformed Lymphoma

The prognosis for patients with follicular lymphoma following histologic trans-
formation is poor. Several reports have evaluated the results of autologous
HSCT for transformed lymphomas and demonstrate that prolonged event-free
survival can be observed. In a retrospective analysis from Ottawa, the actuarial
5-year progression-free survival following autologous HSCT was 25% for
patients with transformed follicular lymphoma, as compared to 56% for
patients that had not undergone transformation (p=0.007) [76]. The actuarial
5-year overall survival rates were 56% and 72%, respectively (p=0.33). A
retrospective analysis from the Cleveland Clinic compared the results of auto-
logous HSCT for patients with transformed and de-novo DLBCL [84]. No
significant differences in 4-year event-free survival (38% vs. 37%), or overall
survival (61% vs. 53%) were observed. A case-matching study from the EBMT
also compared results of autologous HSCT for transformed and de-novo
intermediate- and high-grade NHL [85]. No significant differences in progres-
sion-free survival or overall survival were observed. These results indicate that
autologous HSCT is a reasonable option for patients with transformed follicu-
lar lymphoma, although 131I-tositumomab and 90Y-ibritumomab tiuxetan are
approved for this indication. Allogeneic HSCT has also been used for patients
with transformed NHL [86].

15.7.2.3 Allogeneic Hematopoietic Stem Cell Transplantation

There is little experience with allogeneic HSCT for follicular lymphoma in first
remission; this modality has been used almost exclusively for patients with
relapsed and refractory disease. An analysis from the International Bone Mar-
row Transplant Registry (IBMTR) examined the outcome of myeloablative
allogeneic HSCT in patients with low-grade (mostly follicular) NHL [87]. The
actuarial 3-year disease-free survival and overall survival were each 49%.
The risk of recurrence was 16% and there was evidence of a plateau in dis-
ease-free survival. Similar results were observed in a series of patients from
British Columbia who had myeloablative allogeneic HSCT for relapsed and
refractory follicular lymphoma [88]. The 5-year overall survival and event-free
survival were estimated to be 58% and 53%, respectively. The cumulative
incidence of nonrelapse mortality and disease progression were 23% and
24%, respectively.

Several reports have compared the results of autologous and myeloablative
allogeneic HSCT for follicular and low-grade NHL. In an EBMT analysis, the
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4-year progression-free survival and overall survival following myeloablative

allogeneic HSCT were estimated to be 42.7% and 51.1%, respectively [66]. The

procedure-relatedmortality was 38%. Chemotherapy sensitivity was associated

with a significantly lower relapse rate and longer survival. A case-matching

study demonstrated that the risk of relapse was lower following allogeneic

HSCT, although overall survival was better in patients treated with autologous

HSCT. An analysis from the IBMTR/Autologous Blood and Marrow Trans-

plant Registry also compared the results of autologous and myeloablative

allogeneic HSCT for follicular lymphoma [40]. The risk of disease recurrence

following allogeneic HSCT was 54% lower than those treated with unpurged

autologous HSCT (p< 0.001). However, the risk of treatment-related mortality

was 4.4-fold higher in allogeneic HSCT recipients (p< 0.001). The 5-year

actuarial survival following allogeneic HSCT, purged autologous HSCT, and

unpurged autologous HSCT were 51%, 62%, and 55% (see Fig. 15.8). There

was evidence of a plateau following allogeneic HSCT, while recipients of auto-

logous HSCT exhibited a continuous pattern of treatment failure. This suggests

that patients may need to be followed for several years to demonstrate a survival

advantage associated with allogeneic HSCT. It is also noteworthy that results of

HSCT improved over time, and caution should be used when comparing any

results to historical controls. A retrospective analysis from M.D. Anderson

Cancer Center (MDACC) also compared results of autologous and allogeneic

HSCT for indolent NHL [89]. The rate of disease progression was 74% in the

autologous HSCT group, as compared with 19% in the allogeneic HSCT group

(p=0.003). The 100-day mortality was 34% and 6%, respectively, however

(p< 0.001). The overall survival rate following allogeneic HSCT was 49%, as

compared to 34% following autologous HSCT (p> 0.05). The survival curve

following allogeneic HSCT reached a plateau, while a continuous pattern of

progression was observed following autologous HSCT.

Fig. 15.8 Overall survival following hematopoietic stem cell transplantation for follicular
lymphoma (from van Besien et al. [40])
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Allogeneic HSCT following myeloablative conditioning is capable of curing
follicular NHL, although this approach is associated with high rates of treat-
ment-related mortality. These results provide a strong rationale for the use of
RIC allogeneic HSCT for these patients, because of the high chemotherapy
sensitivity and radiation sensitivity of these patients and the relatively modest
growth rate of these tumors that allows GvLym effects to be realized.

A report from Seattle investigated the use of NMA allogeneic HSCT for
patients with indolent NHL [86]. The 3-year progression-free survival and
overall survival were estimated to be 52% and 43%, respectively. Somewhat
surprisingly, the rate of relapse was not influenced by the pretransplant remis-
sion status. Similar results of RIC-allogeneic HSCT for follicular NHL have
been reported by other groups [68, 70, 71]. A retrospective analysis from the
French registry showed that 3-year event-free survival and overall survival
following RIC allogeneic HSCT for low-grade NHL were 51% and 56%,
respectively [90]. The treatment-related mortality was 40%. A CIBMTR ana-
lysis comparing myeloablative and RIC allogeneic HSCT for follicular lym-
phoma found no significant differences in transplant-related mortality,
progression-free survival, or overall survival [91]. In this study, the 3-year
progression/relapse rate was 9% following myeloablative conditioning, as
compared with 21% for patients receiving reduced-intensity conditioning
(p=0.03).

These results, while encouraging, do not allow us to determine the optimal
timing of allogeneic HSCT for follicular lymphoma and do not allow us to
determine the role of myeloablative conditioning. The latter approach may still
be warranted in many patients, especially those without comorbidities and
those with substantial tumor burdens. The majority of trials are from the
‘‘pre-rituximab’’ era and management decisions are more difficult because of
the large number of nontransplant options for these patients. The high non-
relapse mortality suggests that allogeneic HSCT should probably not be used in
first remission, although heavily-treated patients and those with large tumor
burdens are also unlikely to benefit. The high early mortality associated with
allogeneic HSCT suggests that patients will need to be observed for several
years to demonstrate potential survival advantages when compared to auto-
logous HSCT. A phase III trial from the BMT CTN comparing autologous
HSCTwith RIC allogeneic HSCT for relapsed and refractory follicular NHL is
ongoing.

15.7.3 Mantle Cell Lymphoma

In general, the prognosis for patients with mantle cell lymphoma is poor.
Although front-line chemotherapy regimens yield high response rates, there is
a continuous pattern of relapse andmedian survival is 3–4 years. Response rates
are improved by adding rituximab to standard chemotherapy regimens,
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although it is not known if survival is prolonged, and even patients who achieve
complete remission are not considered to be cured.

The use of autologous HSCT for relapsed and refractory mantle cell lym-
phoma has been evaluated in phase II trials and retrospective analyses [92–94].
Results are better in chemotherapy-sensitive patients who are transplanted
earlier in the course of the disease. However, overall results are disappointing
and the majority of trials show a continuous pattern of relapse without evidence
of a plateau in survival curves.

15.7.3.1 Transplant in First Remission

Because of the poor results of primary therapy for mantle cell lymphoma and
the disappointing results of autologous HSCT for relapsed patients, attention
has been directed at using transplantation for patients in first remission. Reg-
istry data and retrospective analyses show that results of autologous HSCT for
patients with mantle cell lymphoma in first remission are better than results of
autologous HSCT for relapsed and refractory patients [92, 93]. However, the
results of any treatment are likely to be better if used early in the course of
disease.

Investigators from MDACC reported the outcome of 25 mantle cell lym-
phoma patients who were treated with Hyper-CVAD (cyclophosphamide,
doxorubicin, vincristine, dexamethasone alternating with cytarabine, metho-
trexate) followed by HSCT (four allogeneic) in first remission [95]. The actuar-
ial 3-year event-free survival was 72%, as compared with 28% for historical
controls treated with CHOP-like regimens (p=0.0001). The actuarial overall
survival rates were 92% and 56%, respectively (p=0.05). A matched-pair
analysis from Canada also analyzed results of a phase II trial incorporating
autologous HSCT for newly-diagnosed patients with mantle cell lymphoma
[96]. Results were remarkably similar to the MDACC results. The 3-year
progression-free survival was estimated at 89% for patients transplanted in
first remission, as compared with 29% for historical controls (p< 0.00001). The
actuarial 3-year overall survival rates were 88% and 65%, respectively
(p=0.052). An Italian multi-center trial investigated the use of high-dose
sequential chemotherapywith autologousHSCT for patients with newly-diagnosed
mantle cell lymphoma [97]. The actuarial 54-month event-free survival was 79%, as
compared to 18% for historical controls who were treated with CHOP-like therapy
(p=0.027). The actuarial overall survival rates were 89% and 42%, respectively
(p< 0.0001).

The only prospective randomized trial of frontline autologous HSCT for
mantle cell lymphoma was reported by the European Mantle Cell Lymphoma
Network [98]. Patients who responded to CHOP-like induction therapy were
randomized to maintenance treatment with interferon or to treatment with
high-dose therapy followed by autologous HSCT. The median time to treat-
ment failure was 29 months in patients randomized to autologous HSCT, as
compared to 15 months for patients randomized to interferon maintenance
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(p=0.0023). The actuarial 3-year progression-free survival rates were 62% and
27% respectively (p=0.019). However, the actuarial 3-year overall survival
rates were 76% and 68%, respectively (p=0.16). No evidence of a survival
plateau in progression-free survival was noted in either arm. No significant
differences in progression-free survival were noted when patients who received
initial therapy with CHOP were compared to those treated with R-CHOP.

The role of autologous HSCT for mantle cell lymphoma is unresolved. It is
not clear that any patients are cured with this approach, even when utilized as
part of primary therapy. The introduction of new agents, such as proteasome
inhibitors, has increased therapeutic options.

15.7.3.2 Allogeneic Hematopoietic Stem Cell Transplantation

Although autologous HSCT may benefit selected patients with mantle cell
lymphoma, it is not certain that any patients are cured. Most trials show a
continuous pattern of relapse, especially for patients not transplanted in remis-
sion. These results provide a rationale for allogeneic HSCT for patients with
mantle cell lymphoma.

Interpretation of results of myeloablative allogeneic HSCT is hampered by
the fact that these cases are often grouped within larger series of ‘‘aggressive’’ or
‘‘high-grade’’ NHL. Nevertheless, several groups have reported results of series
containing only patients with mantle cell lymphoma. In a series of mantle cell
lymphoma patients from MDACC treated with allogeneic HSCT (including
two with RIC), the 3-year overall survival and failure-from-progression were
each estimated to be 55% [99]. Outcomes were significantly better in patients
with chemotherapy-sensitive disease, and there was a trend toward improved
survival in a subgroup of patients transplanted in first remission. Investigators
from Johns Hopkins performed a retrospective comparison of results from
auto- or allogeneic HSCT for mantle cell lymphoma [93]. Younger patients
with matched sibling donors generally received allogeneic transplants, andmost
patients were transplanted in first complete or partial remission. The median
event-free survival following autologous- and allogeneic HSCT was 43 months
and 5.5 months, respectively (p=0.005). A multivariate analysis revealed that
the risk of treatment failure was significantly higher in patients transplanted
with relapsed and refractory disease. The 3-year event-free survival was
approximately 70% in each group when results of patients transplanted in
first remission were examined (p=0.38). A retrospective analysis from the
University of Nebraska also compared results of auto- and myeloablative
allogeneic HSCT for mantle cell lymphoma [94]. The 5-year event-free survival
was estimated at 44% following allogeneic HSCT, as compared with 39%
following autologous HSCT (p=0.85). The corresponding relapse rates were
21% and 56%, respectively (p=0.11). Overall survival was estimated to be
49% and 47%, respectively (see Fig. 15.9).

These small series fail to show definite survival advantages following mye-
loablative allogeneic HSCT for mantle cell lymphoma, although difference may
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be observed with longer follow-up. Many investigators are now examining the

role of RIC allogeneicHSCT for these patients. The actuarial 2-year progression-

free survival and overall survival in a series of mantle cell lymphoma patients

undergoing NMA allogeneic HSCT from Seattle were 60% and 64%, respec-

tively [100]. The actuarial 2-year nonrelapse mortality was 24% in this cohort,

which included a high percentage of patients who had unrelated donors and those

who had failed a prior autologous HSCT. The 2-year cumulative incidence of

relapse was 16%. More recently, the same investigators analyzed relapse rates

following RIC-allogeneic HSCT in patients with various hematological malig-

nancies [69]. The relapse risk for patients with mantle cell lymphoma was similar

to patients with low-grade NHL, and was not related to remission status. These

results provide evidence for a GvLym effect in these patients. The group from

MDACC has also reported results of RIC allogeneic HSCT for mantle cell

lymphoma [101]. A large fraction of these patients also received transplants

from unrelated donors and had progressed following autologous HSCT. The

estimated 3-year survival was 85.5%. Some patients who progressed after trans-

plantation attained another remission following donor lymphocyte infusion.
In contrast to these results, the 1-year probability of disease progression

was estimated to be 48% for mantle cell lymphoma patients treated with RIC

allogeneic HSCT in an EBMT registry analysis [68]. The actuarial 2-year

progression-free survival and overall survival were 0% and 12.8%, respec-

tively. The actuarial 3-year progression-free survival and overall survival

were 33% and 45%, respectively among patients in the Italian registry who

received RIC allogeneic HSCT for mantle cell lymphoma [70]. The risk of

Fig. 15.9 Overall survival following hematopoietic stem cell transplantation for mantle cell
lymphoma (from Ganti et al. [94])
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disease progression or death was approximately 2- to 2.5-fold higher than
patients with indolent NHL.

In a retrospective City of Hope analysis, the 2-year relapse rate following
RIC allogeneic HSCT for mantle cell lymphoma was 60%, as compared with
20% following myeloablative conditioning (p=0.05) [72]. The actuarial 2-year
progression-free survival was 20% and 40%, respectively (p=0.36). Overall
survival rates were 30% and 50%, respectively (p=0.6).

These conflicting results make it difficult to make firm recommendations
regarding the timing and type of transplantation for mantle cell lymphoma. The
use of allogeneic HSCT may be reasonable in situations where autologous
HSCT is unlikely to be beneficial, such as patients with relapsed disease.
Although some reports have suggested that disease status is less important
[69], it seems unlikely that RIC-allogeneic HSCT will cure a significant fraction
of patients with advanced or refractory disease, and efforts should be made to
produce a state of minimal tumor burden prior to transplantation. It is possible
that these patients are more likely to benefit from myeloablative conditioning,
although transplant-related mortality may be higher. There is a rationale for
testing the role of RIC-allogeneic HSCT for patients in first remission, especially
younger patients with adverse prognostic factors. Alternatively, autologous
HSCT in first remission, followed by RIC-allogeneic HSCT at relapse may be a
better strategy.

15.7.4 Peripheral T-Cell Lymphoma

Approximately 10–15% of lymphomas in western countries are classified as
peripheral T-cell lymphoma (PTCL). These lymphomas comprise a heterogeneous
group of lymphoid neoplasms. Some, such as anaplastic large cell lymphoma, have
a prognosis that is comparable toDLBCL. Themost common subtype of PTCL is
peripheral T-cell lymphoma, unspecified (PTCL-U, PTCL-NOS). The prognosis
for these patients is significantly worse than DLCBL. Interpretation of results of
autologous HSCT for relapsed and refractory PTCL is often difficult because
reports often contain various types of PTCL with different behaviors. In addition,
series frequently contain large numbers of patients treated in first remission.

A retrospective registry analysis from the British Society of Bone Marrow
Transplantation (BSBMT) and the Australasian Bone Marrow Transplant
Recipient Registry (ABMTRR) reported results of autologous HSCT for
PTCL [102]. The actuarial 3-year overall survival and progression-free survival
were 53% and 50%, respectively, although 48% of patients were transplanted
in first remission. Overall survival was significantly better in patients with
chemotherapy-sensitive disease and in patients with anaplastic large cell histol-
ogy. Patients with PTCL-NOS had a significantly worse outcome. The actuarial
5-year survival and progression-free survival were 54% and 44%, respectively,
in a nationwide survey of autologous HSCT for PTCL from Finland [103]. In
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this series, 49% of patients were transplanted in first complete or partial

remission. The actuarial 5-year overall survival was 85% for patients with

anaplastic large cell lymphoma, as compared to 35% for patients with other

histologic subtypes (p=0.007) (see Fig. 15.10). Another analysis of autologous

HSCT for PTCL was reported from GEL/TAMO [104]. The actuarial 5-year

survival and time to treatment failure for relapsed and refractory patients were

45% and 39%, respectively. A low IPI score was associated with longer time to

treatment failure.
Results of autologous HSCT for patients with relapsed and refractory PTCL

have been reported by other institutions [105–107]. Patients with anaplastic

large cell histology appear to have a better prognosis than patients with other

types of PTCL [105, 106]. The 10-year overall survival and progression-free

survival following autologous HSCT for anaplastic large cell lymphoma was

estimated to be 70% and 47%, respectively in an EBMT analysis [108]. Inves-

tigators from Toronto compared the results of autologous HSCT for patients

with PTCL and patients with DLCBL [106]. The actuarial 3-year event-free

survival for patients with anaplastic large cell lymphoma was 67%, as com-

pared to 42% for patients with DLCBL (p=0.41). The actuarial 3-year event-

free survival for patients with PTCL-NOS was 23%, which was significantly

worse than DLCBL (p=0.028). In another analysis, the actuarial 3-year

survival following autologous HSCT for patients with anaplastic large cell

lymphoma was 79%, as compared to 44% for other types of PTCL (p=0.08)

Fig. 15.10 Overall survival following autologous hematopoietic stem cell transplantation for
anaplastic large cell lymphoma (solid line) and peripheral T-cell lymphoma, not otherwise
specified (dashed line) (from Jantunen et al. [103])
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[105]. Investigators from Vanderbilt University also examined results of HSCT
(autologous and allogeneic) for PTCL [109]. The actuarial 3-year overall survi-
val for patients with anaplastic large cell lymphoma was 86%, as compared to
36% for historical controls with DLCBL (p=0.0034). Patients with anaplastic
large cell lymphoma that expressed anaplastic lymphoma kinase (ALK+) had
significantly better event-free survival and overall survival than ALK-negative
patients. In contrast, an analysis fromMSKCC showed no significant differences
in progression-free survival and overall survival when the results of autologous
HSCT for PTCL and DLCBL were compared in a cohort that excluded ALK+

anaplastic large cell lymphomas [107].

15.7.4.1 Transplant in First Remission

The relatively poor prognosis following autologous HSCT for relapsed and
refractory PTCL, especially nonanaplastic large cell histology, has led to use of
transplantation for patients in first remission. It is not surprising that retro-
spective analyses have generally shown that results of autologous HSCT for
PTCL patients in first remission are better than results for relapsed and refrac-
tory patients [102–104]. As noted before, these observations are biased and
provide little information about the merits of upfront transplantation.

A GELA trial examined the prognostic factors of 52 patients with T-cell
lymphomas in the LNH-87 trial [60] and the subsequent LNH93-3 trial who
achieved complete remission with induction chemotherapy and were consoli-
dated with autologous HSCT [110]. The actuarial 5-year disease-free survival
and overall survival for patients with anaplastic T-cell lymphomawas 77%, and
91%, respectively. These results were not statistically different than the results
from patients with DLCBL. However, the actuarial 5-year disease-free survival
and overall survival for patients with nonanaplastic T-cell lymphomas trans-
planted in first remission were only 44% and 54%, respectively (p=0.0006). In
another trial, these same patients were compared with matched controls in the
GELA database that were treated with chemotherapy alone [111]. The actuarial
5-year overall survival was estimated to be 78% for patients with B-cell lym-
phomas who had age-adjusted IPI scores of 2–3, as compared 72% for matched
controls who received chemotherapy (p=0.04). However, autologous HSCT
in first remission did not benefit patients with nonanaplastic T-cell lymphomas
(actuarial 5-year overall survival 49% vs. 44%; p=0.87). Updated results of a
retrospective GEL/TAMO analysis of autologous HSCT for patients with
PTCL in first remission have been published [112]. The actuarial 5-year overall
survival and progression-free survival were 68% and 63%, respectively. The
actuarial 5-year survival was 84% for patients with anaplastic large cell lym-
phoma, as compared with 61% for others (p=0.058). The actuarial 5-year
progression-free survival was 80% and 55%, respectively (p=0.036).

No randomized trials of autologous HSCT for PTCL in first remission have
been reported, although preliminary results of a phase II trial from Germany
have been updated [113]. In this trial, patients who responded to CHOP
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chemotherapy received additional induction therapy followed by high-dose
therapy and autologous HSCT. With a 10-month median follow-up 22 of 33
transplanted patients (67%) were projected to be in continuous remission
following transplantation. It must be noted that 39% of patients did not
proceed to autologous HSCT because of toxicity or progressive disease. The
results of upfront autologous HSCT in two Italian phase II trials have also been
reported [25]. Overall, 46 of 62 patients (74%) were able to proceed to auto-
logous HSCT. The actuarial 12-year overall survival and event-free survival
were 34% and 30%, respectively. The 12-year overall survival was estimated at
62% for patients with ALK+ anaplastic large cell lymphoma, as compared to
21% for others (p=0.005). The event-free survival rates were 54% and 18%,
respectively (p=0.006). The outcome of patients with PTCL-U was similar to
other non ALK+ patients. A GEL-TAMO trial evaluated the use of a high-
dose CHOP regimen followed by autologous HSCT [114]. Twenty-seven
percent of patients did not proceed to autologous HSCT because of toxicity,
disease progression, or refusal. The 3-year progression-free survival and overall
survival for all patients was estimated to be 73% and 53%, respectively.

The conflicting results of these trials indicate that well designed trials are
necessary to evaluate the role of autologous HSCT for PTCL. Results for
patients with relapsed anaplastic large cell lymphoma, especially if ALK+,
appear comparable to results of DLBCL. The results for PTCL-U and other
subtypes are worse and better treatments are needed. The results of upfront
autologous HSCT are also disappointing for nonanaplastic subtypes and ran-
domized trials must be performed to evaluate this type of treatment.

15.7.4.2 Allogeneic Hematopoietic Stem Cell Transplantation

The poor results of autologous HSCT for PTCL provide a rationale for the use
of allogeneic HSCT for these patients. In a retrospective review from British
Columbia four of five patients with PTCLwere alive and free of disease between
90 and 135 months following myeloablative allogeneic HSCT [64]. A retro-
spective analysis from the BSBMT and ABMTRR examined the results of
myeloablative allogeneic HSCT in 18 patients with T-cell lymphomas [102].
The 3-year transplant-relatedmortality was 39%, andmedian survival was only
2.5 months. The 3-year progression-free survival and overall survival were
estimated to be 33% and 39%, respectively. The actuarial 3-year overall
survival following myeloablative allogeneic HSCT was 69% (estimated from
survival curve) for 22 patients with PTCL-U in a report from Japan [65]. The
median survival was 10.6 months following allogeneic HSCT for PTCL in a
small series from Germany [115]. The 1-year actuarial survival was 40%, as
compared to 58% for patients treated with autologous HSCT (p=0.66).

The use of RIC allogeneic HSCT for PTCL has also been investigated.
Seventeen patients with relapsed and refractory disease were treated on a
phase II trial of RIC allogeneic HSCT in Italy [116]. Approximately half had
been treated previously with autologous HSCT. The actuarial 3-year progression-
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free survival and overall survival were 64% and 81%, respectively. The estimated
2-year probability of nonrelapse mortality was 6%. Some patients who progressed
after transplant responded to donor lymphocyte infusions. The actuarial 2-year
survival was 100% among five patients with PTCL who received RIC-allogeneic
HSCT in aUnitedKingdom study [71], and 6 of 10 patients with T-cell lymphomas
were reported to be in remission followingRIC allogeneic HSCT in another report
from Germany [117]. In an analysis of RIC-allogeneic HSCT from the Italian
registry, no significant differences in relapse risk and overall survival were observed
when results of patients with aggressive B-cell NHL and T-cell NHL were com-
pared [70]. A retrospective analysis from the City of Hope found no significant
differences in outcome among patients with T-cell lymphomas who were treated
with myeloablative allogeneic HSCT and those who received RIC allogeneic
HSCT [72].

The results of primary treatment for PTCL are disappointing. The results of
autologous HSCT are also disappointing, especially for patients with nonana-
plastic histology. It is hoped that well designed trials will evaluate the role of
upfront autologous HSCT for these patients. The results of allogeneic HSCT
are promising, particularly when RIC-allogeneic HSCT is used.

15.8 Late Complications of Hematopoietic Stem Cell

Transplantation

A variety of nonrelapse late events may lead to compromises in the quality of
life and increased mortality in long-term survivors of autologous HSCT and
allogeneic HSCT for NHL [118, 119]. These problems are mostly related to
treatment rather than a specific hematologic malignancy, although some of
these problems may be more likely to occur in patients with NHL. The magni-
tude of these problems was recently examined in a nationwide analysis from
Finland, which included 542 NHL patients treated with autologous HSCT
between 1990 and 2003 [120]. Late nonrelapse mortality was observed in
4.8% of patients transplanted for NHL. The risk of dying from MDS/AML
following autologous HSCT for NHL was 0.9%. These risks were less than for
patients with Hodgkin lymphoma. The risk of late complications following
allogeneic HSCT is greater because of the added burden of complications
related to chronic GvHD [121], although this will not be discussed in detail
(please refer to Chap. 12 by Martin and Pavletic).

Although treatment advances have allowed patients to survive long enough
to be at risk for late complications, this should not lead to passive acceptance of
these complications as the cost of cure. Measures to prevent or ameliorate these
problems must assume an increasing role in the design of new treatment
strategies. Comprehensive, long-term follow-up is a requirement for the proper
care of the post-transplant patient, with NHL or any other diagnosis. Guide-
lines have recently been published for this population [122]. Numerous late
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complications of HSCT have been described, although only second malignancies
will be discussed.

15.8.1 Autologous Hematopoietic Stem Cell Transplantation

There have been numerous reports of MDS/AML, or rarely acute lymphoid
leukemia (ALL), following autologous HSCT for NHL. These events are felt to
be related to prior exposure to conventional chemotherapy with alkylating
agents, topoisomerase II inhibitors, and radiotherapy. Those related to alkyla-
tors are characterized by a prolonged latent phase before the development of
MDS, a rapid progression to AML, abnormalities of chromosomes 5 and 7, and
poor response to therapy. In contrast, those related to topoisomerase II drug
exposure are characterized by a shorter latency, 11q chromosome abnormal-
ities, and better short term response to therapy. There is wide variability among
reports in the incidence of secondary MDS/AML, although this value may
reach 10% at 10 years following autologous HSCT [123].

While cases of secondary MDS/AML are most likely caused by cytotoxic
agents administered prior to treatment with high-dose therapy and autologous
HSCT [124], components of the autologous HSCT regimen such as high-dose
etoposide and TBI have also been implicated. It is also possible that other factors
such as delayed immune recovery following transplantation may also play a role.

The prognosis of transplant-relatedMDS/AML is poor and efforts to reduce
the incidence of this problem and to identify high-risk patients is warranted. It is
likely that using autologous HSCT earlier in the course of disease may decrease
the risk of secondary malignancies. Furthermore, examination of the bone
marrow should be considered prior to autologous HSCT, since cytogenetic
abnormalities, especially those identified with FISH analysis, may correlate
with later development of MDS/AML [124].

There is less information regarding the development of solid tumors after
autologous HSCT for NHL. A retrospective analysis from Dana-Farber Cancer
Institute examined the risk of developingmalignancies following treatment with a
TBI-containing regimen and autologous HSCT for NHL [125]. The 10-year
cumulative risk of developing a secondmalignancy was 21%, and approximately
half of these cases wereMDS/AML.Nonmelanoma skin cancers were the largest
proportion of nonhematologic malignancies, although a large number of solid
tumors involving breast, prostate, lung, and other sites were observed. The main
risk factor for developing second malignancies was older age.

15.8.2 Allogeneic Hematopoietic Stem Cell Transplantation

Although the risk of secondary MDS/AML is relatively low following allo-
geneic HSCT, the risk of post-transplant lymphoproliferative disorders
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(PTLD) is increased. These disorders are usually EBV-driven and usually occur
early after allogeneic HSCT. The incidence is increased in patients who receive
intensive immunosuppression because of GvHD and in those who receive T-cell
depleted grafts. In one long-term follow-up study the relative risk of solid
tumors following allogeneic HSCT was increased 8.3-fold for those who sur-
vived beyond 10 years [126]. Uncommon tumors were often seen, such as those
involving bone, oral cavity, brain, liver, thyroid, and connective tissues.

Chronic GvHD is the major cause of late nonrelapse mortality following
allogeneic HSCT and will not be discussed in detail. However, prolonged
immune dysregulation may contribute to an increased risk of second malig-
nancies [127].

15.9 Summary

Over the last 25 years the use of auto- and allogeneic HSCT for NHL increased
dramatically. This therapy is being used for types of NHL that were not even
defined when transplantation was first used. Although thousands of NHL
patients have had their lives prolonged or have been cured with transplantation,
the role of HSCT is still undefined in most situations.

Unfortunately, HSCT is often used simply because satisfactory nontransplant
options are unavailable. AllogeneicHSCT is often used because of the perception
that autologous HSCT will be ineffective. Reduced-intensity allogeneic HSCT is
often utilized in situations when definite evidence of superiority over myeloabla-
tive allogeneic HSCT, and even autologous HSCT, do not exist. Treatment
decisions are even more difficult today because of better primary treatments
and because of the introduction of effective new agents and targeted therapies
for relapsed and refractory disease. It is hoped that the role of HSCT for NHL
will be refined when results of ongoing phase III trials are available.
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Chapter 16

The Role of Hematopoietic Stem Cell

Transplantation in Hodgkin Lymphoma

Craig Moskowitz and John Sweetenham

16.1 Introduction

Autologous hematopoietic stem cell transplantation (HSCT) has been a standard
component of therapy for most patients with relapsed and refractory Hodgkin’s
lymphoma (HL; a.k.a. Hodgkin’s disease) for many years. The emergence of new
first-line therapies for HL, the application of new staging and imaging techniques
and the introduction of nonmyeloablative conditioning for allogeneic HSCT have
resulted in a re-evaluation of the role of stem cell transplant strategies in this
disease. As first-line therapy continues to improve, the number of patients requir-
ing salvage therapywithHSCT is likely to fall. However, it is likely that this patient
population will be particularly challenging, requiring novel salvage approaches.

16.2 Autologous HSCT in Hodgkin Lymphoma

16.2.1 Relapsed Disease

The use of conventional-dose salvage therapy for patients with HL who relapse
after initial chemotherapy has been disappointing. Studies in patients relapsing
after MOPP (mechlorethamine, vincristine, procarbazine, and prednisone) che-
motherapy showedMOPP retreatment produced second complete remission (CR)
rates of approximately 50%, but that these were typically short lived with amedian
duration of 21 months [1]. Patients with an initial remission that lasted less than 12
months had a significantly worse progression-free (PFS) and overall survival (OS)
compared with those with longer initial remissions. Long-term outcome for all
patients was poor. Only 17% of the patients whose initial remission was longer
than 1 year were alive at 20 years, and only 29% of those with a shorter initial
remission achieved a second CR with very few surviving long term.
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In a randomized study from the Cancer and Leukemia Group B (CALGB),
patients who relapsed after initial therapy with ABVD (doxorubicin, bleomy-
cin, vinblastine, dacarbazine) and were treated withMOPP had a 5-year failure-
free survival rate of only 31%, compared with 15% for those receiving MOPP
first-line and ABVD at relapse [2].

Single institution and registry studies reported superior results for patients
with relapsed disease receiving high-dose therapy (HDT) and autologous
HSCT, with long-term disease-free survival rates between 40% and 65% for
those undergoing autologous HSCT at first relapse [3–6].

A report from Stanford University describes 60 patients with relapsed/
refractory HL undergoing autologous HSCT who were compared with a
matched control group treated with conventional-dose second-line therapy
[4]. Four-year event-free survival (EFS) and freedom from progression (FFP)
were higher in patients undergoing autologous HSCT compared with those
receiving conventional-dose salvage (53% vs. 27% for EFS; 62% vs. 27% for
FFP). Four-year actuarial OS was the same for both groups (54% for HDT vs.
47% for conventional dose), although the subset of patients relapsing within 1
year of first-line therapy had a higher OS when treated with autologous HSCT.
The European Group for Blood and Marrow Transplantation (EBMT)
reported 45% progression-free survival (PFS) at 5 years for 139 patients under-
going autologous HSCT at first relapse [7].

The first randomized trial to compare autologous HSCT with conventional-
dose salvage therapy for relapsed HL was reported by the British National
Lymphoma Investigation (BNLI). In this small trial 40 patients in first or
subsequent relapse were randomized to receive HDT with BEAM (carmustine,
etoposide, cytarabine, melphalan) or conventional-dose therapy, using the
same drugs (‘‘mini-BEAM’’) [8]. A significant difference in EFS was observed
for patients receiving BEAM (3-year EFS=53% for BEAM vs. 10% for mini-
BEAM, p=0.025). A similar difference in PFS was seen between the two arms
but this did not translate into an OS difference since some patients relapsing
after mini-BEAM crossed over to receive BEAM and autologous HSCT. The
trial was closed early because of poor accrual.

In a subsequent study by the German Hodgkin’s Lymphoma Study Group
(GHSG) and EBMT, 161 patients between 16 and 60 years old with relapsed
HL were randomized between two cycles of Dexa-BEAM (dexamethasone,
BCNU, etoposide, cytarabine, melphalan) followed either by two further cycles
of Dexa-BEAM or HDT and auto-HSCT [9]. Patients continued on the proto-
col only if they had chemotherapy-sensitive disease (i.e., achieved a PR or CR
with the initial two cycles of Dexa-BEAM). For the 117 patients with che-
motherapy-sensitive disease 3-year freedom from treatment failure (FFTF) was
55% for the HSCT arm compared with 34% in the Dexa-BEAM arm
(p=0.019) at a median of 39 months follow up (range, 3–78 months). This
difference in FFTF was significant for patients with early (less than 1 year) or
late (1 year or greater) relapses. Overall survival did not differ significantly
between treatment arms (71% vs. 65%, p=0.331). Again, the failure to
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demonstrate an OS difference is related to the ‘‘cross-over’’ of patients who
relapsed on the Dexa-BEAM and then underwent autologous HSCT.

These results have subsequently been updated, with median follow-up now
to 83 months [10] and continue to show a difference in 7-year FFTF rate was
higher in the HSCT arm (32% vs. 27%). No OS difference was observed (56%
vs. 57%, respectively at 7 years). Of note, no FFTF difference was observed for
multiply relapsed patients.

The results of these studies have established HDT and autologous HSCT as
the standard of care for patients with relapsed HL after a prior chemotherapy
regimen such as MOPP or ABVD, irrespective of the duration of the initial
remission or the total number of prior chemotherapy regimens.

The introduction of multi-agent dose-intensive and dose-dense regimens as
initial treatment for advanced HL has raised some uncertainties regarding the
role of HDT and autologous HSCT for relapsing patients. The Stanford V and
escalated BEACOPP (bleomycin, etoposide, doxorubicin, cyclophosphamide,
vincristine, procarbazine, prednisone) regimens both result in high rates of remis-
sion and disease-free survival, even for poor risk patients with advanced HL [11,
12]. The Stanford group initially reported 5-year actuarial PFS and OS rates of
89%and 96% for the StanfordV regimen. Of 142 patients treated, 16 relapsed, 11
of whom underwent autologous HSCT [12]. The freedom from second relapse in
the entire group of 16 patients was 69% at 5 years, suggesting a high salvage rate.

Conflicting data have emerged from theGHSGwith respect to the salvage rate
for patients treated on their HD9 trial in advanced HL. In their original report it
appeared that patients who relapsed after baseline or escalated BEACOPP were
less readily salvaged by autologous HSCT than those relapsing after COPP/
ABVD (cyclophosphamide, vincristine, procarbazine, prednisone/doxorubicin,
bleomycin, vinblastine, dacarbazine). In a recent update, this was not confirmed
although the concern still exists that patients who relapse after highly active first-
line regimens may have relatively chemotherapy-resistant disease and may prove
more difficult to salvage with autologous HSCT. Recent data have also emerged
to suggest that ABVD can be given safely according to a dose-intensive schedule
without dose delay or dose adjustment for neutropenia. This more dose-intensive
ABVD regimen may prove more effective than when given according to the
conventional schedule. Further follow-up will be required to clarify the ability
of autologous HSCT to salvage patients who relapse after these regimens. It is
unlikely that randomized trials will be conducted since the number of patients
with relapsed disease will probably continue to decline as dose-dense and dose-
intensive regimens are more widely accepted.

16.2.2 Refractory Disease

The prognosis for patients who do not achieve a remission with initial che-
motherapy is very poor if these patients are treated with an alternative
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conventional-dose regimen. In a study from Milan 29 patients whose disease
was refractory to treatment with MOPP/ABVD received CEP (lomustine,
etoposide, prednimustine) [13]. The 5-year actuarial OS in this group was
only 12%, and none of the surviving patients were disease free at the time of
the report. The National Cancer Institute has reported comparable results in 51
patients with primary refractory disease after MOPP [1], in whom the median
OS was 16 months. Yuen at al have reported a 4-year OS rate of 38% for 29
patients with primary refractory HL, with a 4-year PFS of 19% [4].

The role of autologous HSCT in this setting has been investigated in many
registry and single institution studies. A retrospective, matched analysis from
Stanford showed 4-year OS and FFP rates of 44% and 52%, respectively, for
patients with primary refractory disease, which were significantly superior to
those in the matched, nontransplanted group [3].

Chopra et al. reported a 6-year actuarial PFS rate of 33% for 46 patients with
primary refractory disease treated with BEAM and autologous HSCT, and a
similar figure was reported from Memorial Sloan-Kettering Cancer Center [6,
14]. The same group has more recently reported long-term results for 75
patients with biopsy-proven HL at the completion of primary chemotherapy
or combined modality therapy [15]. All patients received standard-dose salvage
therapy followed by involved field radiation therapy, and those without clinical
or radiologic evidence of progression then received HDT with cyclophospha-
mide, etoposide and either total lymphoid irradiation or carmustine, depending
upon prior radiation therapy, followed by autologous HSCT. Seven patients
had progressive disease on second-line salvage therapy and did not proceed to
transplant. This group had a median OS of only 4 months. For the remaining
patients, subsequent outcome was related to their response to second-line
salvage. Those with a reduction in disease bulk of greater than or equal to
25% had a 10-year EFS of 60% compared with 17% for those with less than
25% decrease.

Two prospective cooperative group studies in Europe have produced similar
results. Ferme et al. reported results for 157 patients with induction failure or
relapsed HL treated with MINE (mitoguazone, ifosfamide, vinorelbine, etopo-
side) followed by autologous HSCT after BEAM conditioning [16]. The 5-year
OS rate in the group with primary induction failure was 30%. Constans et al.
reported results for 62 patients with primary induction failure undergoing
autologous HSCT with 5-year actuarial TTF and OS rates of 15% and 26%,
respectively [17].

The EBMT has reported experience for patients treated with autologous
HSCT after failure of induction therapy with a 5-year actuarial OS and PFS
rate of 36% and 32%, respectively [18]. Similar results have been reported by
the Autologous Blood and Marrow Transplant Registry of North America
(ABMTR) [19].

Many of the results summarized above suggest that HDT and autologous
HSCT is more effective than conventional-dose salvage therapy in the setting of
primary refractory disease, but these data should be interpreted cautiously.
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These retrospective studies may be subject to major selection bias. None of
these studies have included an intent-to-treat analysis. Patients who have very
rapidly progressive disease, poor performance status, or who fail to harvest
adequate numbers of hematopoietic stem cells are excluded from these reports.
In a landmark analysis from the GHSG, Josting et al. compared patients with
primary induction failure who received or did not receive autologous HSCT
within 6 months of progression [20]. When they excluded patients who survived
less than 6 months, there was no survival advantage for autologous HSCT over
conventional-dose salvage. Assessment of response in HL is difficult, especially
for patients with bulky mediastinal disease and residual radiographic masses.
The studies outlined above have used highly variable criteria for the definition
of primary refractory disease and only two of these series have required biopsy
confirmation of persistent disease. Emerging data suggest that functional ima-
ging techniques such as [18] fluorodeoxyglucose positron emission tomography
(FDG-PET) may help to identify active disease within residual masses at the
completion of chemotherapy. If so, future studies of the use of autologous
HSCT for primary refractory HL are likely to require positive functional
imaging as a requirement for entry.

The use of ‘‘early’’ FDG-PET scanning in patients with advanced HL may
also lead to a re-definition of refractory disease. Gallamini et al. have recently
reported that the result of a PET scan performed after two cycles of ABVD in
patients with advanced HL is very predictive of subsequent relapse [21]. If
confirmed, it is likely that future studies will select patients for intensification
of therapy based on the results of an early interim PET scan. The use of HDT
and autologous HSCT may be investigated as a potential strategy for intensi-
fication of therapy in this context.

16.2.2.1 High-Dose Sequential Therapy and Tandem Autologous

Transplantation

The observation that transplant outcomes are closely related to disease status
and degree of cytoreduction prior to autologous HSCT has prompted some
groups to explore the use of high-dose sequential therapy (HDS) or tandem
autologous transplantation, using the first cycle of HDT to achieve maximal
cytoreduction and the second to consolidate this response.

The GHSG has reported results from a high-dose sequential regimen in
which patients received two cycles of DHAP (dexamethasone, cytarabine,
cisplatin) d followed by high-dose cyclophosphamide, methotrexate, vincristine
and etoposide after which they received BEAMand autologous HSCT [22]. For
those patients with primary refractory disease or early relapse, the median
follow-up was 40 months and the FFTF and OS rates were 62% and 78%,
respectively.

Fung et al. have recently reported results for tandem autologous transplan-
tation in 46 patients with primary refractory or high-risk relapsed HL [23]. The
first high-dose regimen was single agent melphalan, and the second comprised
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fractionated total body irradiation or carmustine with etoposide and cyclopho-
sphamide. Five patients did not receive the planned transplants because of
inadequate stem cell collections. In an intent-to-treat analysis with a median
follow-up of 5.3 years, the 5-year actuarial OS and PFS rates were 54% and
49%, respectively. Similar regimens are under investigation in several single
center studies and in a prospective cooperative group study including the
Southwest Oncology Group (SWOG) and the Blood and Marrow Transplant
Clinical Trials Network (BMT CTN). Whether the apparently superior results
from this approach represent improved efficacy or selection bias for the double-
transplant procedure will require prospective evaluation.

16.2.3 Prognostic Factors for HL Patients Undergoing High-Dose
Therapy and Autologous HSCT

Most early transplant studies included heavily pretreated patients, which
influenced the morbidity and mortality of HDT. The introduction of granu-
locyte-colony-stimulating factor (G-CSF), peripheral blood progenitor cells,
as opposed to bone marrow, as the stem cell graft, better transfusion practices
and more effective antibiotics have decreased transplant-related mortality to
less than 3% in most series. Despite this improvement in supportive care,
long-term EFS has improved by at most 10% in recent autologous HSCT
studies [24].

Prognostic factors that can predict for outcome are important for potential
risk-adapted therapy; which has not been explored in the relapse/refractory
setting. The expectation from risk-adapted therapy is a reduction in the influ-
ence of prognostic factors on outcome, by improving the results of patients in
the less favorable groups. In the setting of relapsed and refractory HL, risk
factors can be determined either pre or post-salvage therapy.

16.2.3.1 Presalvage Therapy Risk Factors

Many groups have reported that a number of presalvage therapy (ST) clinical
parameters other than refractory disease can predict survival in patients with
relapsed or refractory HL. In general, these prognostic factors can be divided
into pretreatment risk factors such as (1) extent of disease (advanced stage or
extranodal involvement), (2) B symptoms (or surrogate marker such as elevated
ESR or IL-10), (3) remission duration of less than 1 year, (4) heavily pretreated
pre-autologous HSCT as defined as receiving more than two chemotherapy
regimens, or (5) a significant disease burden after ST. Evaluating outcome
based upon pre-ST prognostic factors yields interesting results, and cohorts of
patients are easily subdivided into favorable cohorts having 5-year EFS rates
approaching 75%; not unexpectedly, unfavorable cohorts have EFS less than
30% [25–29].
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A few large series are worth noting with regard to outcome based upon pre-
ST prognostic factors. The Grupo Español de Linformas/Transplante
Autólogo de Médula Osea (GEL/TAMO) Spanish Cooperative Group treated
375 relapsed HL patients with HDT and autologous HSCT. Patients with all
three of the following risk factors—advanced stage, relapsing in a previously
irradiated site, and remission duration of less than 1 year—had 5-year EFS rates
of only 18% [30]. The Groupe d’Etude des Lymphomes de l’Adulte (GELA)
developed a two-factor model incorporating remission duration less than 1 year
and the presence of extranodal disease at relapse as adverse prognostic factors.
With this model, patients with zero, one, or two risk factors had PFS rates of
93%, 59%, and 43%, respectively [31, 16]. The GHSG retrospectively analyzed
risk factors at relapse in a group of 422 patients (Fig. 16.1). In multivariate
analysis three factors predicted outcome: remission duration less than 1 year,
advanced stage at relapse, and anemia; those patients with all three risk factors
had an EFS of less than 25% [22, 20].

Lastly, the lymphoma service at Memorial Sloan–Kettering Cancer Center
utilized uniform ST with ICE (ifosfamide, carboplatin and etoposide) and
offered HDT and autologous HSCT only to patients with chemotherapy-sensi-
tive disease. As analyzed by intent to treat, the 5-year EFSwere 55%. Three pre-
ICE risk factors were predictive of a poor outcome: extranodal sites of disease,
remission duration less than 1 year, and B symptoms; 5-year EFS rates were

Fig. 16.1 Event-free survival based upon risk factors (remission duration less than 1 year,
advanced stage at relapse, and anemia) at the time of first relapse
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76%, 35% and 8% for patients with 0–1, 2, and 3 factors, respectively [32].
Other investigators have also reported that these three risk factors (RF) have an
important prognostic value in the setting of relapsed/refractory HL [5].

Based upon the above information it seems very reasonable to offer patients
with remission duration of <1 year with concomitant extranodal or stage IV
disease at relapse investigational HDT programs.

16.2.3.2 Role of Chemotherapy-Sensitive Disease to Salvage Therapy

As with aggressive non-Hodgkin’s lymphoma, chemotherapy-sensitive disease
to ST is now required for transplant eligibility in the United States. There is
limited information regarding the optimal ST regimen. The following require-
ments for an ST regimen are adequate cytoreduction in at least 75% of patients
without extramedullary toxicity or severe bone marrow suppression, and with
subsequent ability to collect an adequate stem cell harvest. The quality of the
response to ST may be more important for outcome than originally suspected,
but how this response is assessed is a matter of debate.

For two decades response to ST has been determined by Computed Tomo-
graphy (CT), and transplant eligibility is based upon improvement on this
imaging modality; but in the era of functional imaging, especially in HL, this
dogma needs to be challenged. HL patients nearly always have residual masses
after chemotherapy, and FDG-PET is more sensitive and specific than CT in
determining residual disease versus fibrosis. In fact, recently, for primary
therapy for the aggressive lymphomas, including HL, in order for a patient to
be declared to be in CR there needs to be normalization of FDG-PET [33]. An
inadequate response on CT will label a patient chemotherapy-refractory when
in fact the patient may actually have had a CR on FDG-PET. Therefore three
groups of patients are likely to receive an autologous HSCT for HL: those with
a true CR on CT imaging and with a negative FDG-PET scan; less than CR on
CT imaging with a negative FDG-PET scan and finally chemotherapy-sensitive
disease on CT but with a persistently positive FDG-PET scan.

There is no doubt that chemotherapy-sensitive disease in 2007 is required for
autologous HSCT eligibility; however, should a CR to ST be the goal, and how
should this be determined, CT or an FDG-PET or both? Does a minimal
disease state pre-autologous HSCT significantly improve outcome?

The GEL/TAMO cooperative group reported outcome based upon CT
response in 357 patients undergoing autologous HSCT in their cooperative
group [34]. Five-year EFS for the entire cohort was 49%; however, for those
achieving a CR to ST, 68% of patients are failure-free versus 34%who had less
than a CR to ST; these results are quite similar to those of our two cancer
centers (Memorial Sloan-Kettering Cancer Center and Cleveland Clinic), as
well as those by the group in Cologne. Unfortunately most patients do not have
a true CR on CT imaging; it is unclear if the number of patients defined in a
‘‘minimal disease state’’ can be increased by using normalization of FDG-PET
scan as a surrogate marker for CR.
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The lymphoma service at M.D. Anderson Cancer Center retrospectively

reviewed 211 HL patients treated with autologous HSCT and correlated the
pretransplant functional imaging (FI) with FDG-PET or gallium scan with
outcome [35]. A CR or unconfirmed CR (CRu) was seen in 51% of patients, a
partial response (PR) in 41% of patients, and stable or progressive disease in

7% of patients. As expected FI was positive in only 6 of 110 (5%) of CR/CRu
patients, but was positive in 48 of 86 (56%) of PR patients. The 3-year PFS was
69% for patients with negative FI versus 23% for patients with positive FI
(p< 0.0001). Three groups of patients emerged with 3-year PFS of 76%, 51%
and 27% for CR, FI negative less than CR and PRwith positive FI (p< 0.0001).

Data from 169 HL patients treated on consecutive Memorial Sloan-Kettering
Cancer Center ST protocols for relapse and refractory HL trials have a similar
outcome to that of the M.D. Anderson group (Fig. 16.2).

Current recommendations should be to do both a CT and FDG-PET scan
pre- and post-ST with the goal to achieve a minimal disease state with ST. It
appears that both of these imaging modalities are necessary to determine the

‘‘minimal disease state’’ pre-autologous HSCT.
A critical question in the FDG-PET era is how FDG-PET imaging can be

used to incorporate radiation into standard salvage programs. Somanymedical
oncologists forget that radiation therapy cures HL, yet the majority of patients
transplanted for HL in the United States have not received radiation therapy as
part of either initial or salvage treatment. The accuracy of radiation treatment

volume can be markedly improved with the fusion of FDG-PET data and CT-
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Fig. 16.2 Outcomes following HDT and autologous HSCT as determined by pretransplant
response determination to computerized tomography (CT) or functional imaging (FI) with
FDG-PET
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simulation allowing simultaneous outlining of the treatment volumes with
higher anatomic accuracy. New programs can incorporate FDG-PET informa-
tion for the planning of radiotherapy pretransplant, broadening the range of
radiation treatment options while minimizing the radiation dose to normal
tissues. This is particularly useful for patients with bulky and/or complex
mediastinal disease where the majority of HL patients fail.

16.2.4 Autologous HSCT for Hodgkin’s Lymphoma
in First Remission

Despite the favorable outcome for most patients with advanced HL, various
investigators have identified ‘‘poor-risk’’ groups. The International Prognostic
Factors (IPS) Project in Advanced Hodgkin’s Disease identified seven adverse
clinical prognostic factors [36]. Patients with no adverse factors had a 5-year
FFP rate of 84% compared with only 42% for those with four or more risk
factors. Some studies of autologous HSCT in first remission for patients with
‘‘poor-risk’’ HL have been reported, although the definition of poor risk has
varied and none has used the IPS criteria. None of these studies has shown an
advantage in PFS or OS for ‘‘early’’ autologous HSCT.

A single prospective randomized trial was conducted in 163 patients with poor
risk disease (defined according to criteria reported fromMemorial Sloan-Ketter-
ing Cancer Center), in CR or PR after four cycles of ABVD or similar anthracy-
cline-based chemotherapy. These patients were randomized between high-dose
therapy and autologous HSCT (83 patients) or four further cycles of chemother-
apy [37]. With a median follow-up of 4 years, the 5-year FFS rates were 75% for
the transplant arm, compared with 82% for the conventional therapy arm
(p=0.4). The corresponding OS rates were 88% vs. 88% (p=0.99).

These results indicate that there is no role for HDT and autologous HSCT in
first remission in this disease, largely due to the inability to identify a group of
patients with a sufficiently poor prognosis to justify an intensive approach.
Recently introduced dose-dense and dose-intensive regimens such as BEA-
COPP have been shown to be equally effective across all risk groups identified
by the IPS, suggesting that this prognostic system will not have clinical utility in
the future in identifying poor risk patients. New techniques such as gene
expression profiling may identify poor risk patients who might benefit from
early intensification of therapy, although this is likely to represent only a very
small number of patients and it is unlikely that randomized trials will be
possible in this group.

Recent data regarding the predictive value of ‘‘early’’ FI with FDG-PET
suggest that this technique may identify patients with poor risk disease on
conventional induction therapy who may benefit from intensification. Whether
autologous HSCT will improve OS in this group will also require prospective
evaluation.
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16.3 Allogeneic HSCT in Hodgkin Lymphoma

The use of allogeneic HSCT in HL has been relatively limited. Early reports of
the use of allogeneic transplantation usingmyeloablative conditioning regimens
were disappointing, with high treatment-related mortality rates of 50–60%
(Table 16.1). Respiratory complications were particularly common, possibly
because of the prior use of extensive radiation therapy to the mediastinum.
Furthermore, the presence of acute or chronic graft-versus-host diseases
(GvHD) did not appear to influence the rate of relapse, suggesting that graft-
versus-tumor effects may not contribute significantly to disease control in HL.
A case-matched analysis of autologous and allogeneic HSCT for HL performed
by the EBMT showed no difference in OS or relapse rate, but a significantly
higher 4-year treatment related mortality in patients receiving allogeneic HSCT
[38]. In this study, the occurrence of grade II or worse GvHD was associated
with a lower relapse rate, but also with a lower survival. However, this observa-
tion suggested the possibility of a clinically exploitable graft-versus-tumor
effect in HL, leading to the use of nonmyeloablative conditioning in several
subsequent studies.

In a study fromM.D. Anderson Cancer Center, 58 patients with relapsed or
refractory HL, 48 of whom had previously undergone autologous HSCT, were
treated with a reduced-intensity conditioning regimen comprising fludarabine
and melphalan, with the addition of anti-thymocyte globulin for the more
recent unrelated donor recipients [42]. Twenty-five patients received transplants
from related donors, and 33 from matched unrelated donors. The treatment
mortality rates at 100 days and 2 years were 7% and 15%, respectively. The 2-
year actuarial PFS and OS were 32% and 64%, respectively. However, 24% of
patients required subsequent donor lymphocyte infusions for disease progres-
sion, 35% of whom also required additional chemotherapy. The true impact of
the graft-versus-tumor effect in this population is therefore difficult to assess,
although in view of the very extensive prior therapy this group had received, the
reported 32% PFS rate is encouraging and merits further investigation. Com-
parable results have been reported for several other single institution studies,
summarized in Table 16.2.

A registry-based study of reduced-intensity conditioning has recently been
published from the EBMT [46]. This includes 374 patients treated with amedian
of four prior regimens (1–8), including autologous HSCT in 288 (77%). At the

Table 16.1 Results of allogeneic HSCT with myeloablative conditioning in patients with
relapsed and refractory Hodgkin’s lymphoma

Reference n TRM DFS

[39] 100 61% at 3 years 15% at 3 years

[38] 45 48% at 4 years 15% at 4 years

[40] 53 49% at 5 years 18% at 5 years

[41] 53 32% at 10 years 26% at 10 years
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time of allogeneic HSCT, 21% of patients were in CR, 39% had a chemother-
apy-sensitive relapse and 40% were in chemotherapy-resistant relapse or had
not received therapy to assess chemotherapy-sensitivity prior to transplant.
Matched related donors were used in 63% of patients, with 30% receiving
transplant from matched unrelated donors and the remainder receiving mis-
matched transplants. A variety of conditioning regimens were used. The
reported 100 day and 12 month treatment-related mortality was 12% and
20%, respectively. A 2-year PFS rate of 29% was reported for all patients,
those with chemotherapy-resistant disease having the worse prognosis.

A recent EBMT analysis has compared outcomes after allogeneic transplan-
tation for patients receiving myeloablative and nonmyeloablative conditioning
regimens. The group receiving nonmyeloablative conditioning had a signifi-
cantly lower nonrelapse mortality and significantly higher OS and PFS. The
development of chronic GvHDwas associated with a lower incidence of relapse
and higher PFS and OS, providing some further evidence for a possible graft-
versus-HL effect, which is also supported by the observed response to donor
lymphocyte infusions reported for some patients with this disease.

Despite these early encouraging results for allogeneic HSCT in HL, it
remains an experimental therapy that should not be used outside the context
of prospective trials. Uncertainties exist regarding the optimal stem cell source,
conditioning regimen and GvHD prophylaxis, all of which require prospective
evaluation.
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Lahuerta JJ, Carreras E, Garcı́a-Conde J, Garcı́a-Laraña J, Cabrera R, Jarque I, Carrera
D, Garcı́a-Ruiz JC, Pascual MJ, Rifón J, Moraleda JM, Pérez-Equiza K, Albó C, Dı́az-
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Chapter 17

Role of Hematopoietic Stem Cell Transplantation

in Acute Myelogenous Leukemia

and Myelodysplastic Syndrome

Martin S. Tallman, Vikram Mathews, and John F. DiPersio

17.1 Introduction

Significant advances have been made in the management of adult acute myeloid

leukemia (AML—a.k.a. acute myelogenous leukemia) and myelodysplastic

syndromes over the over the past several decades. However, most of these

advances have been limited to young adults (<55 years) in whom the average

5-year disease-free survival (DFS) rate in AML has improved from 11% to 37%

between 1970 and 2000 [1]. Over a similar period in patients who were older than

55 years at the time of diagnosis, the 5-year DFS for AML has changed margin-

ally (6–12%) [1]. AML is a heterogeneous disease, thus options of therapy in first

complete remission (CR1) depend on additional prognostic factors.With current

induction regimens, 70–80% of patients with newly diagnosed AML achieve a

complete remission; however, this is short-lived without consolidation therapy

and most, if not all, of these patients will relapse and succumb to their illness [2,

3]. Options for post-remission induction therapy for AML in CR1 include

intensive nonmyeloablative consolidative chemotherapy, autologous hemato-

poietic stem cell transplantation (HSCT), or allogeneic HSCT. Despite data

consistently showing a significantly reduced risk of a relapse after an autologous

or an allogeneic HSCT, historically this has not translated to a significantly

better DFS or overall survival (OS) because of the counter effect of the treat-

ment-related mortality (TRM) associated with these approaches.
Although the cytogenetic status of patients with AML is considered the

single most important prognostic factor at diagnosis, additional markers are

evolving that in conjunction with cytogenetics could help better define subsets

at high risk for relapse and candidates for HSCT in CR1 [4, 5] or subsets of

patients who may have a sufficiently favorable prognosis as to preclude a major

benefit from HSCT in CR1. There have also been innovations and a steady
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improvement in the management of patients undergoing HSCT that has
resulted in lower TRM and improved OS [6–10]. These improvements make it
difficult to apply the data from the large prospective clinical trials, most of
which were initiated more than a decade ago, to current therapeutic algorithms.

For older patients (>60 years) with newly diagnosed AML, the outcomes
after any of the available modalities of therapy are poor. Recent data reporting
on the use of reduced-intensity conditioning (RIC) regimens for an allogeneic
HSCT in this age group are encouraging, but they remain to be validated in
larger prospective clinical trials [7].

Myelodysplastic syndromes (MDS), like AML, are a heterogeneous group of
clonal hematopoietic disorders characterized by ineffective hematopoiesis, mar-
row dysplasia and a variable rates of transformation to AML affecting predo-
minantly the older age group (mean age=69 years) [11]. With the aging of the
population and increased awareness the incidence and prevalence of MDS has
been steadily increasing over the last 20 years [12]. Consistent with the hetero-
geneous nature ofMDS, a number of subtypes have been defined. The older FAB
classification [13] of MDS has been replaced by the WHO classification [14]
which divides MDS into refractory anemia (RA), refractory anemia with ringed
sideroblasts (RARS), refractory cytopenia with trilineage dysplasia, deletion 5q
syndrome, refractory anemia with excess blasts (RAEB) Type I (5–10% blasts),
and RAEB Type II (11–20% blasts). The above diagnostic subtypes have a
significant bearing both on the therapeutic intervention one might recommend
and on prognosis. In addition to the subtype, the cytogenetic findings and
number of cytopenias at diagnosis are important for prognosis. Despite signifi-
cant progress in the understanding of the pathophysiology of MDS, which has
translated into novel therapeutic interventions, allogeneic HSCT still remains the
only therapy that has curative potential for MDS potential.

17.2 Hematopoietic Stem Cell Transplantation in Acute

Myeloid Leukemia

The options of consolidation therapy for patients with newly diagnosed AML in
CR1 include high-dose chemotherapy, autologous HSCT or an allogeneic
HSCT.Risk stratification at diagnosis, age and response to induction chemother-
apy are important factors that will help make the choice of the appropriate
consolidation therapy. Newly diagnosed patients with AML should continue to
be enrolled in clinical trials in an effort to address some of these issues. In the
setting of evolving concepts and improved outcomes with different treatment
modalities, treatment of newly diagnosed patients has to be individualized based
not only on data from the older, large randomized prospective trials, reported a
decade earlier, but also on currently available updates in the literature. In this
chapter, the progress that has beenmade in the area of autologous and allogeneic
HSCT and some of the evolving concepts are addressed.
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17.2.1 Risk Stratification of Patients with Acute Myeloid
Leukemia in First Complete Remission

Cytogenetics has been the cornerstone of risk stratification in AML [4]. The risk
groups based on katyotyping as used by the cooperative groups (Cancer and
Leukemia Group B, Southwest Oncology Group, and Eastern Cooperative
Oncology Group) are illustrated in Table 17.1 [15]. The good, intermediate,
and unfavourable risk groups have 25%, 50%, and greater than 70% prob-
ability of relapse and a 4-year probability of survival of greater than 70%,
40–50%, and less than 20%, respectively [16]. This applies to patients<60 years
of age. Additional parameters, such as age, white blood cell count at diagnosis,
presence of certain gene mutations, and response to induction chemotherapy
can influence prognosis, while the type of consolidation therapy could poten-
tially alter the predicted outcomes.

This risk stratification is particularly useful in making decisions regarding the
type of consolidation chosen for a patient. In the good-risk group, an allogeneic
HSCT with a TRM of 15–30% will not be the first option when three to four
cycles of high-dose nonmyeloablative consolidation chemotherapy has been
reported to achieve long-term DFS as high as 70% with a less than 5% TRM.
However, a more recent analysis involving a larger number of patients than had
been previously analyzed for this group, suggests that the outcome in the good
risk group is likely to be lower than that was previously reported, with a 10-year
overall survival of 44% [95% confidence interval (CI): 39–50%] [17, 18]. In the
unfavorable group, with chemotherapy alone, only 10–20% of patients are likely
to achieve long-term DFS, thus an allogeneic HSCT would be considered

Table 17.1 Risk group stratification based on cytogenetics at diagnosis

Good risk(10–15%) t(15;17)

t(8;21)

inv16, t(16;16)

Standard risk (65–75%) Normal karyotype

del (9q)

�y
del 12 p

Trisomy 8

t(9;11)

Poor risk (15–20%) Abnormal 5 or 7

inv3q

del 20q

del 21q

t (9;22)

t (6;9)

Non-t(9;11) 11q23 abnormalities with MLL rearrangements

Complex cytogenetics (3 or more clonal abnormalities)

Modified from Slovak et al. [4]
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acceptable in an effort to improve the DFS [4]. In the intermediate risk group,

which constitutes close to 40–50% of all patients with AML, the options in CR1

are less clearly defined. This group is heterogeneous in its response to therapy,

and most of its members have a normal karyotype. New markers could help

identify subsets at a high risk of relapse and candidates for a HSCT. Some such

markers, whose role in themanagement of AML is still evolving, are summarized

in Table 17.2. Recently it was reported that using a combination of two such gene

mutations (NPM1 and FLT3-ITD), a subset defined as being NPM1+/FLT3-

ITD– among patients with a normal karyotype had a good prognosis and would

probably not benefit from an allogeneicHSCT inCR1 [19]. Although the data on

some of these markers are still preliminary and remain to be validated in large

clinical trials, they illustrate the potential of using these markers in risk stratifica-

tion at diagnosis.

Table 17.2 Newly identified prognostic markers used in the management of AML

Marker Summary

Flt3-ITD [20, 21] Reported in 15–35% of cases with AML. Presence
associated with an adverse outcome

BAALC gene over
expression [22]

Brain and acute leukemia cytoplasmic (BAALC) gene
over expression has been shown to predict poor
survival in patients with AML and normal
cytogenetics

bcl-2 and WT1 [23] Coexpression of apoptosis-related genes bcl-2 and WT1
has been associated with significantly inferior DFS
and OS

Evi-1 mRNA [24] Over expression of Evi-1 mRNA in patients with
intermediate risk (by conventional cytogenetics), even
in the absence of cytogenetic 3q26 abnormalities,
identifies a subset with a worse prognosis

Partial tandem duplication of the
MLL gene [25]

Partial tandem duplication of the MLL gene in one
study was seen in 7.7% of patients with a normal
karyotype and associated with a significantly shorter
remission duration

FADD protein expression [26] Absence of Fas-associated death domain (FADD)
protein expression in AML has been associated with a
worse outcome

Mutations in CCAAT/enhancer-
binding protein-� [27]

Several studies, most recently by Frohling et al. [27],
have demonstrated that mutations in the transcription
factor CCAAT/enhancer-binding protein-� are
associated with a good prognosis

VEGFR-1 levels [28] Plasma soluble vascular endothelial growth factor
receptor-1 levels have been shown to have an inverse
correlation with the attainment of CR after induction
chemotherapy in AML

NPM1 mutations [29] The nucleophosmin (NPM1) gene mutations occur in
50% to 60% of adult AML with normal karyotype
(AML-NK). NPM1 mutations in absence of FLT3-
ITD identify a prognostically favorable subgroup in
the heterogeneous AML-NK category
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With the increasing use of high-throughput molecular analysis techniques,
clinicians can look forward to the identification of well-defined biologic entities
within the broad cytogenetically defined standard-/intermediate-risk group of
patients with AML that would help in the enhanced assessment of the risk to
benefit ratio of an HSCT in CR1.

17.3 Autologous Hematopoietic Stem Cell Transplantation

for Acute Myeloid Leukemia

The early phase II trials of autologous bone marrow transplantation in young
adults with (<60 years) with AML in CR1 showed an overall DFS ranging from
40% to 60%, relapse rates of 30–50%, and a TRM of 5–15%. Subsequent phase
III trials confirmed a reduced relapse risk compared to intensive chemotherapy
(summarized in Table 17.3) [15, 30–32]. In two of these trials, this reduction
translated into an improved DFS; however, there was not a significant difference
in OS in any of the trials [30, 32]. A recently published meta-analysis confirms
these observations [33]. All these reported prospective trials had limitations, such
as variable numbers of patients who actually received the assigned therapy and a
high TRM (average of 12%). Most of these trials were initiated more than a
decade ago, and there has been significant interval improvement in the manage-
ment of patients undergoing an autologous HSCT. Most large single center data
are consistent with our own experience and demonstrate no significant difference
in TRM compared to high-dose consolidation chemotherapy. This reduction in
TRM could potentially translate into reduced relapse risk and improved DFS
and OS after an autologous HSCT. It is unlikely that a prospective trial will
clarify this in the near future since to show a 10%difference in survival (p=0.05,
with 90% power), more than 1000 patients would need to be enrolled [34]. From
the available data, some generalizations can be made. Good-risk group patients
would probably not benefit significantly from an autologous HSCT in CR1 [35].
In the unfavorable group, there are no data to suggest a benefit of an autologous
HSCT over chemotherapy; the outcomes after both these options appear dismal
[4, 32]. Patients in the intermediate-risk group are candidates for an autologous
HSCT, especially subsets with a high risk of relapse as defined by additional
parameters. However, this remains to be validated in large randomized clinical
trials.

Table 17.3 Relapse risk in phase III trials comparing nonmyeloablative chemotherapy,
autologous HSCT and allogeneic HSCTs

Study Allogeneic (%) Autologous (%) Chemotherapy (%)

GIMMEMA [30] 24 40 57

GOELAM [31] 28 45 55

MRC [32] 19 35 53

ECOG/SWOG [15] 29 48 61
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The role of an autologous HSCT in the older adults (>60 years) is contro-
versial. While it appears to be feasible, the results are inferior to that seen in
young adults and in one report did not appear to improve the clinical outcome
[36, 37]. Retrospective comparison of the clinical outcomes following an auto-
logous HSCT and anRIC-regimen allogeneic HSCT from the EuropeanGroup
for Blood andMarrow Transplantation (EBMT) registry, which is increasingly
being used in older adults, suggests that there is no difference in the overall
survival, though the relapses were significantly lower in the RIC group [38].

While most of the data for the use of an autologous HSCT have been for
AML in CR1, recent data suggests a role for the use of an autologous HSCT in
the management of relapsed AML in second complete remission (CR2) and
beyond [39]. A recently reported retrospective analysis of the Center for Inter-
national Blood and Marrow Transplant Research (CIBMTR) Registry data
suggests that an autologous HSCT was superior to an unrelated donor allo-
geneic HSCT for AML in CR2 [40].

The conventional conditioning regimen prior to an autologousHSCT has been
a combination of busulphan and cyclophosphamide (BuCy) [41] or amodification
of this with reduced dose of cyclophosphamide administered over 2 days (BuCy2)
[42]. The role of cyclophosphamide (predominantly immunosuppressive) in this
setting has been questioned, and more myeloid malignancy specific drugs in the
conditioning regimen, such as a combination of idarubicin and busulfan, have
been used. The preliminary data with this regimen is promising [43].

17.3.1 Role of Purging the Stem Cell Product Before Autologous
Hematopoietic Stem Cell Transplantation

In an effort to reduce relapse, some investigators have purged stem cell products
before infusion. The agents traditionally used in vitro for this purpose include
mafosfamide and 4-hydroperoxy-cyclophosphamide (4-HC). There are retro-
spective data to suggest that purging is of benefit, whereas, in a large prospec-
tive trial, purging with 4-HC did not appear to be of significant benefit [15, 44,
45]. There is insufficient data to strongly recommend purging; however, the
data are also inadequate to completely exclude a role for purging the stem cell
product. Other experimental methods of purging the stem cell product, includ-
ing exposure to hyperthermia and immunologic purging by positive selection,
have potential [46, 47].

17.3.2 Role of Consolidation Therapy Before Autologous
Stem Cell Transplantation

After induction of CR1, additional consolidation chemotherapy before an
autologous HSCT appears to have a significant positive effect by reducing the
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relapse risk and improving the DFS [48, 49]. A recent retrospective analysis

of the Autologous Blood and Marrow Transplant Registry(ABMTR)/

International Bone Marrow Transplant Registry (IBMTR) database reached

a similar conclusion [50]. The optimal consolidation regimen before an auto-

logous HSCT remains to be defined. Extrapolating from the Cancer and

Leukemia Group B studies on the optimal consolidation chemotherapy for

AML, it would appear that high-dose cytosine arabinoside (3 g/m2 every 12 h

� six doses) administered for three or more courses would be ideal [2, 18]. From

the published data regarding autologous HSCT in AML, two or more cycles of

high-dose cytosine arabinoside-based regimen would appear to be adequate

prior to the transplant [48] though the ABMTR data analysis did not show a

significant difference when either standard-dose cytosine arabinoside (<1 g/m2)

or high-dose cytosine arabinoside (1–3 g/m2) was used [50].

17.3.3 Source of Stem Cells for an Autologous Hematopoietic
Stem Cell Transplantation: Bone Marrow Versus
Peripheral Blood

Retrospective data suggest that the use of cytokine-mobilized peripheral

blood stem cells (PBSC) for an autologous transplant is associated with

more rapid engraftment of neutrophils and platelets [51]. However, most

studies do not show an improvement in relapse risk, TRM, DFS, or

OS [52].

17.3.3.1 Effect of CD34+ Mobilization and Cell Dose on Outcome

Patients in CR1 after consolidation chemotherapy have a variable capacity to

mobilize CD34+ stem cells after cytokine administration for peripheral blood

stem cell transplantation (PBSCT). Recent analysis of the European Organiza-

tion for Research and Treatment of Cancer/Gruppo Italiano Malattie Emato-

logiche Maligne dell’Adulto data suggest that patients who have high CD34+

cell yields defined as the CD34+ cell dose achieved with the first apheresis have

an increased risk of relapse as a continuous variable [53]. A small study from

Italy also suggested that a larger cell dose in autologous bone marrow trans-

plants is associated with a lower DFS in patients who received unpurged bone

marrow cells [54]. The etiology of the association remains obscure and may

represent contamination of normal CD34+ progenitors with CD34+ AML

cells at the time of stem cell collection. Data from Brenner et al. [55] suggested

that the stem cell product marked by retroviral vectors may contribute to those

AML cells that relapse after an autologous HSCT. The optimal cell dose

remains to be defined.
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17.4 Allogeneic Hematopoietic Stem Cell Transplantation

for Acute Myeloid Leukemia

Large prospective trials have consistently shown that an allogeneic HSCT with

standard myeloablative conditioning regimen is the most potent antileukemia

treatment for AML in CR1 with a relapse risk of 24–36% compared to 46–61%

with autologous HSCT or chemotherapy (Table 17.3) [15, 30–32, 56]. However,

in none of these trials did this decreased relapse risk translate to a significantly

improved OS. This was due to high TRM, which ranged from 10% to 25%. An

allogeneic HSCT is not an option to consider for patients in the good risk

cytogenetic group in CR1 since (i) they have excellent response to therapy with

high-dose chemotherapy and (ii) even if they do relapse after consolidation

chemotherapy, they still respond well to an allogeneic or autologous HSCT in

CR2 [57, 58]. In the intermediate and unfavorable cytogenetic groups, the TRM

associated with an allogeneic HSCT may be acceptable in an effort to improve

the DFS andOS. In the unfavorable group in CR1, an intergroup study showed

a 5-year survival rate of 44% vs. 15% with chemotherapy or an autologous

HSCT (Fig. 17.1), whereas a similar but less dramatic difference was noted in

the European Organization for Research and Treatment of Cancer/Gruppo

Italiano Malattie Ematologiche Maligne dell’Adulto AML-10 trial (EORTC/

GIMEMA) and in the Dutch Belgian Hematolo-Oncology Cooperative

Group/Swiss Group for Clinical Cancer Research (HOVON-SAKK) study [4,

59, 60]. Two other studies failed to show an advantage of an allogeneic HSCT

Fig. 17.1 Estimated distributions of survival by treatment arm in cases with AML in the
unfavorable risk group (with permission from Slovak et al. [4])
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over chemotherapy or an autologous HSCT in the unfavorable risk group [31,

56]. In all of the studies, the outcome in the unfavorable risk group with

chemotherapy alone or with an autologous HSCT was dismal. Based on the

available data, if a donor is available, it is reasonable to proceed with an

allogeneic-related HLA-identical HSCT in CR1 with unfavourable cytoge-

netics. In the intermediate-risk group, the data from most large prospective

clinical trials did not show an improved OS after allogeneic HSCT in CR1.

However, in one study, there was a significant improvement in the DFS [15,

30–32, 56]. The optimal therapeutic strategy in this group of patients in CR1 is

still evolving. If a related HLA identical donor is available, other parameters

could be used to aid in the decision-making process. Some of the factors that

would favor an allogeneic HSCT in CR1 include age of patient (<40 years),

high white blood cell count at diagnosis (>30,000–40,000/mm3), requirement of

more than one cycle of chemotherapy to achieve CR1, and the presence of

additional molecular markers (Table 17.2) that predict a high risk of relapse

[20–28].While subsets such as those withNPM1+/FLT3-ITD�would probably

not benefit from an allogeneic HSCT in CR1 [19]. As mentioned earlier, the

data on some of these markers are still preliminary and remain to be validated in

large clinical trials.

17.4.1 Role of Conditioning Regimen on Transplantation
Outcomes

Two major myeloablative conditioning regimens (cyclophosphamide/total

body irradiation [TBI] and cyclophosphamide/busulfan) have been used and

studied in randomized trials. There are no strong data to suggest that one

regimen is superior to the other; each regimen has its merits. In several retro-

spective studies, the use of a TBI-based regimen is associated with lower

relapse rates and superior DFS [61]. In a randomized single-center study,

the use of fractionated TBI to a dose of 15.75Gy in comparison to 12Gy

was associated with a lower risk of relapse, but it did not improve survival

because of increased TRM and severe acute graft-versus-host disease (GvHD)

associated with the higher dose [62]. RIC regimens are increasingly being used

in allogeneic HSCT in an effort to decrease regimen-related toxicity and

preserve the graft-versus-leukemia effect. There are limited data on the use

of RIC regimens in young patients with AML in CR1 and should probably

only be considered in the setting of a clinical trial. The Medical Research

Council AML-15 trial intends to allow the possibility of an RIC regimen for

patients 35–45 years who have a matched donor. Even in elderly patients

the use of RIC regimens that showed promise by reducing the TRM has

not translated to improved event-free or OS due to the continued risk of

relapse [63].
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17.4.2 Role of Consolidation Chemotherapy Before an Allogeneic
Hematopoietic Stem Cell Transplantation

Retrospective analysis of the IBMTR and EBMT data suggests that consolida-
tion chemotherapy before an allogeneic HSCT does not benefit patients with
AML in CR1 [64, 65]. Another retrospective analysis from a single center
showed similar findings and suggested that multiple chemotherapy courses
before an allogeneic HSCT had a deleterious effect [66].

17.4.3 Bone Marrow Versus Peripheral Blood Stem Cells

Retrospective analysis of the EBMT and IBMTR database showed a benefit
for use of PBSC in patients with advanced AML, but no benefit was shown in
patients with AML in CR1, whereas another retrospective study showed a
benefit for patients with AML in CR1 who underwent a PBSCT [67, 68].
A more recent retrospective analysis of the Acute LeukemiaWorking Party of
the EBMT suggests that there is improved outcome with the use of bone
marrow versus PBSCT when the dose of bone marrow CD34+ cells exceeded
2.7� 106/kg [69]. The only prospective study addressing this issue demon-
strated earlier engraftment, reduced TRM, and improved DFS with PBSCT,
but there was no difference in OS [70]. A current phase III prospective Blood
andMarrow Transplant-Clinical Trials Network (BMT-CTN) study is testing
the outcomes of patients with hematologic malignancies (AML, acute lym-
phocytic leukemia, MDS, and chronic myelogenous leukemia), who are
randomly assigned to receiving G-CSF mobilized PBSC versus BM after
myeloablative conditioning. This study, which is expected to end in late
2008, will provide the first insight into the role of stem cells from peripheral
blood versus BM on outcomes of patients undergoing matched unrelated
HSCT.

17.4.4 Role of T-cell Depletion of the Allograft

Graft-versus-host disease is one of the major causes contributing to TRM after
an allogeneic HSCT. T-cell depletion of the graft is one of the best ways to
reduce the incidence of GvHD. Preliminary data on the use of T-cell–depleted
myeloablative allogeneic HSCT for patients with AML in CR1 are exciting [6].
In this approach, the conditioning regimen would retain the benefit of intensive
consolidation chemotherapy and with engraftment a graft-versus-leukemia
effect could also contribute to improve the DFS, whereas the T-cell depletion
would reduce the risk of severe GvHD and TRM. Ongoing clinical trials are
attempting to define its role in the management of AML.
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17.4.5 Role of Donor Lymphocyte Infusions for Patients
Who Relapse After an Allogeneic Hematopoietic Stem
Cell Transplantation

For patients with AML in CR1 who undergo an allogeneic HSCT and subse-
quently relapse, further options of therapy are limited. A second transplant is
associated with a high TRM and cures a small minority of patients. Donor
lymphocyte infusions (DLI) are an option in this situation (reviewed in Chap.
20 by Porter, Hexner, Cooley, and Miller). In retrospective analysis from two
large series, the response rate varied from 15% to 30%, with durable remissions
in most of the patients who responded [71, 72]. Recently retrospective data
analysis of risk factor analysis and comparison of alternative strategies con-
firmed the benefit of DLI in this setting, though it was noted to benefit mainly a
subset of patients with low tumor burden and favorable cytogenetics [73]. It
would be reasonable to attempt a donor lymphocyte infusion in this setting
before considering alternative strategies.

17.4.6 Matched-Unrelated Donor Hematopoietic Stem Cell
Transplantation

An HLA matched-related donor may offer a survival advantage for a subset of
patients with AML in CR1. Unfortunately, only 25–30% of patients are likely to
have a related donor. An alternative is a matched-unrelated donor. There are
limited data on the outcome of a matched-unrelated donor HSCT in comparison
to other options. Preliminary retrospective analysis of the IBMTR database
comparing the outcome of AML in CR1/CR2 patients treated with matched-
unrelated donor versus an autologous HSCT showed a 3-year leukemia-free
survival of 33% in matched-unrelated donor HSCT versus 40% with an auto-
graft. However, there was suggestion of a selection bias with patients undergoing
a matched-unrelated donor HSCT possessing more adverse features [40].
Another single center retrospective analysis of 16 patients with AML in CR1
who all had adverse prognostic features achieved a 5-year DFS of 50� 12% [74].

17.4.7 Haploidentical Donor Hematopoietic Stem Cell
Transplantation

Haploidentical donorHSCT is an alternative source of stem cells for an allogeneic
transplant in patients who do not have an HLA matched-related donor and has
the advantage of being readily available. There are very limited data in the setting
of AML in CR1. Recent use of T-cell–depleted grafts, mega doses of CD34+cells,
and avoidance of granulocyte colony-stimulating factor after transplant to
enhance NK cell recovery appear to be improving the outcome. A recent update
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in Perugia, Italy, suggests that, with the use of these strategies, the outcome after a
haploidentical HSCT is similar to that with matched allogeneic HSCT [75]. In the
setting of haploidentical HSCT for AML, killer immunoglobulin receptor ligand
incompatibility in the graft-to-host direction has been shown to be associatedwith
a decreased relapse risk, in addition to a reduced risk of graft rejection and a lower
incidence of GvHD [8]. However, this benefit appears to occur only in the setting
of high CD34+ cell doses, extensive T-cell depletion of the graft, and no post-
grafting immune suppression [76]. An alternative to CD34+cell selection for
haploidentical HSCT is to use CD3+/CD19+ cell-depleted grafts in an effort to
retain NK cell activity; preliminary results are promising [77].

17.4.8 Cord Blood Transplantation

Umbilical cord blood is an alternative source of stem cells for an allogeneicHSCT
in patients who do not have a related sibling donor (reviewed in Chap. 10 by
Wagner, Brunstein, Tse, and Laughlin). Cord blood transplantation has been
validated as an alternative to bone marrow transplantation in children with
leukemia. In adults, cord blood transplantation is often limited by the progenitor
cell dose and a high incidence of TRM [78]. A recent small series by Ooi et al. [79]
reports a 2-year DFS of 76% in adults with de-novo AML in CR1. Most of the
published studies of cord blood transplant in adults include subsets of patients
with AMLwho have relapsed. There are very limited data on the outcome of cord
blood transplants for patients with AML in CR1.

17.5 Hematopoietic Stem Cell Transplantation

in Myelodysplastic Syndromes

Myelodysplastic syndromes (MDS) are a heterogeneous group of clonal hema-
topoietic disorders [11]. In addition to the previously described subtypes, the
cytogenetic findings and the number of cytopenias at diagnosis are important in
prognostication. Together these parameters have been used to generate a scor-
ing system termed the International Prognostic Scoring System (IPSS) [80]. The
IPSS (Table 17.4) has a bearing not only in the overall prognosis of a patient
with a diagnosis of MDS but is also a useful predictor of transplantation
outcomes [81, 82]. In spite of there being significant progress in the under-
standing of the pathophysiology of MDS, which has translated into novel
therapeutic interventions, allogeneic HSCT still remains the only therapy that
has curative potential in this condition, leading to the recommendations that all
patients who are eligible for a transplant procedure and have an available donor
should be considered for this procedure [83]. However, in reality this therapeu-
tic option is limited to a small fraction of patients with this diagnosis since the
majority of patients are over 65 years, with additional comorbidities and poor
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performance status. Even when other adverse factors are not present, this group
of older patients is perceived as being unable to tolerate a standard myeloabla-
tive conditioning regimen. In addition to the subtype and IPSS score at diag-
nosis the age and performance status of the patient are important determinants
of the therapeutic options that are feasible. There is no role for an autologous
HSCT in this condition.

MDS affects predominantly the older age group with significant variation in
the natural history and response to therapy. No single therapeutic algorithm
can be applied to this group of patients. Rather, therapy has to be tailored to
the individual patient. For patients eligible to undergo an allogeneic HSCT the
factors that have a bearing on the outcome following a transplant have to
be weighed against the risks involved. In this chapter, some of these factors
are addressed, and a broad overview of the role of an allogeneic HSCT in
the management of MDS is provided.

17.5.1 Effect of Age on Transplantation Outcomes

Intuitively one could state that older MDS patients would do poorly following
an allogeneic HSCT. Most studies have shown that recipient age is an impor-
tant prognostic factor for nonrelapse mortality (NRM) [84] in MDS patients
undergoing allogeneic HSCT. In a majority of the large trials using a myeloa-
blative regimen with related [81, 85–87] and unrelated donor [85, 88–90] this
holds true. However, in one large study by Deeg et al. [82], use of targeted
busulfan levels in a myeloablative conditioning regimen showed, using a multi-
variate analysis, there was no significant effect of age (up to 66 years) on
relapse-free survival (RFS). The data on the use of nonmyeloablative trans-
plants for older patients are still evolving and could potentially improve the
outcome of older patients undergoing an allogeneic HSCT.

17.5.1.1 Effect of International Prognostic Scoring System Score on Outcome

International Prognostic Scoring System (IPSS) scores (Table 17.4) have been
clearly shown to have a bearing on the outcome following an allogeneic HSCT
(Fig. 17.2) [81, 82]. In a recent publication by Deeg et al. [82] the 3-year RFS was

Table 17.4 International Prognostic Scoring System (IPSS) in MDS

Score value

Prognostic variable 0 0.5 1.0 1.5 2.0

BM blasts (%) <5 5–10 � 11–20 21–30

Karyotypea Good Intermediate Poor

Cytopenias 0/1 2/3

With permission from Greenberg et al. [80]
Scores for risk groups are as follows: Low, 0; INT-1, 0.5–1.0; INT-2, 1.5–2.0; and High,� 2.5
aGood, normal, –Y, del(5q), del(20q); Poor, complex (33 abnormalities) or chromosome seven
anomalies; Intermediate, other abnormalities
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80% for low-risk (IPSS score 0), which progressively decreased with increasing

scores to 29% among patients with an IPSS score higher than 2 (Fig. 17.2).

Earlier studies had shown a similar correlation with cytogenetic-risk groups and

post-transplant outcomes in patients withMDS.Nevill et al. [91] showed a 7-year

event-free survival of 51%, 40%, and 6% in the good-, intermediate- and poor-

risk cytogenetic-risk groups. Since the IPSS score includes additional parameters

of percentage of blasts in the bone marrow and number of cytopenias at diag-

nosis, which are important independent adverse factors [87], it is likely to be a

more robust system to predict outcome following an allogeneic HSCT.
IPSS score also has an important bearing on decision-making with regard

to proceeding with an allogeneic HSCT. In the low-risk group with a median

survival of 11.8 years in patients less than 60 years of age [80], one would

opt for supportive care or a reduced-intensity low-risk therapy rather than

subject such an individual to the risk of TRM following an allogeneic HSCT.

On the other hand, a patient with an IPSS score greater than 2 who has a

median survival of a few months[80] is a candidate for an allogeneic HSCT

provided a donor is available and his performance status permits the proce-

dure to be done.

Fig. 17.2 Impact of IPSS
score on clinical outcome
post-allogeneic stem cell
transplant (with permission
from Deeg et al. [82])
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17.5.1.2 Effect of Time to Transplant from Diagnosis

While an allogeneic HSCT is the only curative therapeutic option in the man-

agement of MDS, it is also associated with the highest TRM. Nonrelapse

mortality (NRM) caused by infections, GvHD and organ toxicity in large series

of patients undergoing an allogeneic HSCT varies from 30% to 54% [89, 91,

92]. It would not be appropriate to expose low-risk MDS patients based on an

IPSS score to these risks. However, MDS is for the most part a continuously

evolving disease process with an inexorable progression to acute leukemia, and

an allogeneic HSCT done in a more advanced stage of the disease process is

associated with significantly worse outcomes [81, 82]. The optimal time has

been amatter of controversy especially for the low- and intermediate-riskMDS.

A recent publication by Cutler et al. [93] attempted to address this issue by

applying a statistical technique, called a Markov model, to predict long-term

outcomes under conditions of uncertainty. In patients with low or intermediate

risk MDS, delayed transplantation by a fixed time interval (2–2.5 years) and

prior to leukemia transformation maximized overall survival. This survival

advantage was even more prominent in patients under 40 years of age in this

risk group. For intermediate-2 and the high-risk group of patients an immediate

transplantation improved overall survival.

17.5.1.3 Role of Induction Chemotherapy Prior to an Allogeneic HSCT

Themajority of published studies has shown that patients in remission or with a

lower percentage of bone marrow blasts have a lower relapse rate and improved

outcome. The EBMT series on HSCT for MDS has shown that outcomes were

significantly better for patients in first remission compared to patients with

active disease at the time of transplant [85]. Other groups have, however, failed

to demonstrate this benefit of remission induction prior to an allogeneic HSCT

[82, 87, 94, 95], suggesting that it would be preferable to take patients with high-

riskMDS directly to an allogeneic HSCT if they were eligible for this procedure.

These studies are limited by being single-center small retrospective analyses of

heterogeneous groups of patients. The study byCopeland et al. suggests that the

outcome in patients receiving induction therapy is in fact worse than those

taken to transplant directly, as a result of increased regimen-related toxicity

(RRT) in the group receiving induction chemotherapy [95]. This issue needs to

be further evaluated, especially in the setting of newer less-toxic remission

induction agents, such as decitabine, clofarabine, and topotecan, preferably

as a prospective study. Based on the available data it would be reasonable to

recommend patients with a low percentage of bone marrow blasts proceed

directly to transplant while patients with a bone marrow blast percentage closer

to that of a diagnosis of AML would probably benefit from induction therapy

prior to a transplant. These recommendations must also be based on the age,

motivations, and comorbidities of the patient.
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17.5.1.4 Conditioning Regimens for Allogeneic HSCT in MDS

Standard myeloablative conditioning regimens, both TBI-based and non-TBI-
based, are associated with significant RRT and contribute to NRM. Since the
majority of patients with a diagnosis of MDS are above the age of 60 years they
are also a group which is less likely to tolerate these regimens. New nonmyeloa-
blative regimens are being explored with the hope of offering an allogeneic
HSCT, its graft-versus-leukemia effect, and potential for cure to this older
population.

17.5.1.5 Myeloablative Conditioning Regimens

In the 1980s, studies using a cyclophosphamide plus TBI (Cy/TBI) myeloa-
blative regimen reported DFS of 30%-40% in patients with high-risk MDS
[96]. In an effort to determine if further intensification of the conditioning
regimen would improve the outcome busulfan (Bu) was added to this regimen
and compared with historical controls using Cy/TBI alone. The results
showed that there was a decrease in relapse risk but no significant difference
in survival with significantly more NRM (68% vs. 36%) [97]. From these early
studies it appears that further intensification of the conditioning regimen is
not a solution to improve the outcome in this disease. In the setting of
unrelated matched donor transplants it has been shown that use of non-
TBI-based conditioning regimens (Bu/Cy) is associated with improved out-
comes both in the low- and high-risk MDS groups [89]. Overall there has been
a move towards the use of non-TBI-based conditioning regimens for allo-
geneic HSCT in MDS. Oral busulfan with pharmacologic targeting and
intravenous busulfan have been shown to reduce the incidence of RRT and
NRMand improve transplant outcomes [89, 98, 99]. Recent data published by
Deeg et al. using targeted busulfan levels with cyclophosphamide have shown
promising results even in an older patient population with low- and high-risk
MDS [82]. The data from some of the largest series using a myeloablative
regimen is summarized in Table 17.5.

17.5.1.6 Nonmyeloablative Conditioning Regimens

In view of the older age group of patients with a diagnosis of MDS and the
inability of a significant proportion of these patients to tolerate a standard
myeloablative conditioning regimen, in the 1990s RIC and nonmyeloablative
conditioning regimens for an allogeneic HSCT were actively pursued. It was
hoped that this approach would reduce the RRT and NRM in this population.
The most commonly used RIC regimen is a combination of fludarabine with
melphalan and low-dose TBI. Results from some of the largest series published
[100–105] are summarized on Table 17.6. In a majority of these studies the
NRM was lower than with myeloablative regimens, but they were associated
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with higher relapse rates, which were especially noted in the EBMT study [106].

A recent publication from the M.D. Anderson Cancer Center showed a similar

correlation with an increased risk of relapse in the group receiving a less

intensive conditioning regimen when comparing two reduced-intensity regi-

mens [104]. There are a number of ongoing clinical trials addressing this issue

and the optimal regimen remains to be defined.

Table 17.5 Summary of data from some large series of patients with MDS who underwent a
related matched sibling allogeneic HSCT using a myeloablative conditioning regimen

Study n
Age
(median)

High
risk
MDS

Preparative
regimen NRM%

DFS%
(median)
%

OS%
at 3
years

Sutton et al.
[87]

71 37 100 TBI based 39 32 32

Appelbaum
et al. [81]

251 38
(1–66)

57 TBI based
69%

42 41 NS

de Witte
et al. [85]

885 NS 52 NS 43 31 46

Sierra et al.
[86]

452 38
(2–64)

60 TBI based
40%

37 40 42

DFS disease-free survival, NRM non-relapse mortality, NS not stated, OS overall survival,
TBI total body irradiation

Table 17.6 Summary of data of patients withMDSwho underwent anHLA identical (related
and unrelated) allogeneic HSCT using a nonmyeloablative conditioning regimen

Study n
Age
(median)

High
Risk
MDS MUD

Preparative
regimen NRM%

DFS%
(median)
%

OS% at 2
years

Giralt
[84]

26 57 100 33 FM or FAI 43 27 31

Parker
et al.
[102]

23 48 78 70 FB-Campath 26 39 48

Stuart
et al.
[107]

77 59 44 50 F-TBI NS NS 24 (high risk)

40 (low risk)

Martino
et al.
[106]

215 54 NS 0 Various 33 41 at 3 years

33 at 3 years

de Lima
et al.
[104]

26 NS NS NS FM or FAI 30 Relapse risk
61% with
FAI versus
30% with
FM

DFS disease-free survival, NRM nonrelapse mortality, NS not stated, OS overall survival,
TBI total body irradiation, FAI fludarabine, cytarabine and idarubicin, FM fludarabine and
melphalan

17 HSCT for AML and MDS 431



17.5.1.7 Peripheral Blood Versus Bone Marrow as a Source of Stem Cells

Use of G-CSF mobilized peripheral blood stem cells (PBSC) has been asso-
ciated with an improved outcome compared to marrow. A retrospective analy-
sis of the EBMT data of 234 patients with a diagnosis of MDS undergoing an
HLA identical sibling transplant showed an improved 2-year survival of 50%
with PBSC versus 39% with bone marrow and also reduced TRM and relapses
[108]. Similar reduced relapse risk and improved overall outcome was also
noted in the studies published by Deeg et al. [82] and del Canizo et al. [109].

17.5.1.8 Role of Alternate Donor Sources

Alternative donor sources include amatched unrelated donor (MUD), matched
or mismatched cord blood or haploidentical donor. Analysis of MUD trans-
plants under the auspices of the National Marrow Donor Program shows
comparable results to that of an HLA identical related transplant [89]. Based
on the available data one would recommend a MUD transplant for a high-risk
MDS. The preliminary data with cord blood transplants show their potential as
a significant alternative source, especially with mismatched cord blood [110,
111]. There are insufficient data with haploidentical transplants in this condi-
tion to recommend them outside the setting of a clinical trial.

17.6 Conclusion

Significant strides have beenmade in themanagement of patients with AML. In
addition to the increased understanding of the biology of the disease, ongoing
developments in the field of HSCT continue to contribute to the steady
improvement in the outcome of these patients. The outcomes from an HSCT
have improved significantly over the past decade, thus most of the HSCT data
from the large prospective trials initiated a decade ago may not be entirely
consistent with the outcomes expected today. One recent publication of trans-
plants from a single center illustrates this point with a TRM as low as 3% for
patients with leukemia in CR1 undergoing an allogeneic HLA identical sibling
transplant [10]. Based on very limited data, a matched unrelated HSCT could
also be offered to young patients in the unfavorable risk group with AML in
CR1. The optimal therapy for patients with AML in CR1 in the intermediate-
risk group is evolving and several questions remain to be answered. With the
available data, some guidelines can be drawn for this group, although no firm
conclusions can be made. The use of new markers to identify subgroups at a
high risk for relapse would help identify patients who would benefit from an
HSCT. Autologous and allogeneic HSCT may have a role in this ill-defined
subset of patients. There is increasing interest in RIC allogeneic HSCT espe-
cially in the elderly patient with AML. Retrospective analysis also suggests a
role for autologous HSCT in patients with AML in CR2.
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Unlike in AML, an allogeneic HSCT remains the only treatment with a
curative potential in the management of a patient with a diagnosis of MDS.
There is also no role for an autologous HSCT in this condition. However, the
risks associated with an allogeneic transplant in this older population have to be
weighed against the benefits. Statistical models predict that delaying an allo-
geneic HSCT for patients in the low-risk MDS group is associated with max-
imal life expectancy. Myeloablative regimens are associated with a lower risk of
relapse but high TRM in patients with high-risk MDS. Recent data using
myeloablative regimens with targeted busulfan levels hold promise in reducing
regimen-related toxicity and reducing the risk of relapse. Preliminary data with
nonmyeloablative regimens shows a definite reduction in NRM, though the
high risk of relapse is of some concern, especially in patients in the high-risk
group of MDS. Ongoing clinical trials may help identify an optimal nonmye-
loablative regimen. Cytokine mobilized PBSC transplants appear to be superior
to marrow transplants in this setting. Published data suggests that outcomes
with a well HLA-matched MUD HSCT are comparable to that with a HLA
identical related donor. Preliminary data with mismatched cord blood trans-
plants are exciting but remain to be validated.
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Chapter 18

Allogeneic Hematopoietic Stem Cell

Transplantation for Adult Acute Lymphoblastic

Leukemia

Daniel Weisdorf and Stephen Forman

18.1 Introduction

Althoughmultidrug chemotherapy yields complete remission (CR) for nearly 90%
of adults with acute lymphoblastic leukemia (ALL, a.k.a. acute lymphocytic

leukemia), post-remission therapy fails to control disease recurrence for the major-

ity [1–8]. Twenty percent of adult acute leukemia is ALL, and despite some
parallels to the morphology and molecular features of pediatric ALL, where

therapy is often curative [9–12], the majority of adults have high-risk phenotypes

of disease, and current therapies remain inadequate. Extended leukemia-free sur-
vival (LFS) in unlikely, particularly for those with high-risk features including age

greater than 35 years, elevated white blood count (WBC) at diagnosis, cytogen-
etically high-risk subsets and poor initial response to therapy. These further

truncate the odds of extended LFS. Newer immunopathologic, molecular and

monitoring techniques have improved classifications and potentially allowed
risk-directed therapy. However, allogeneic hematopoietic stem cell transplan-

tation (HSCT) remains key for many patients’ survival and yet is not fre-

quently applied. We review the biologic features of adult ALL distinguishing
it from childhood ALL, highlight risk factors and techniques for identifying

transplant candidates, and review the utility of allogeneic HSCT.

18.2 Epidemiology and Biology of Adult Acute

Lymphoblastic Leukemia

ALL represents 20% of acute leukemia in patients over 20 years of age and

occurs in two persons per 100,000; more frequently in those over 50 years of age
[13]. While no defined environmental factors are closely associated with the
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risks of adult ALL, prior radiation or certain chemical exposures may increase

its risk, though not as much as myeloid leukemia. Neither familial clustering nor

inherited syndromes increase the risk ofALL in adults, thoughDown’s syndrome

and DNA repair defects including Fanconi’s anemia, Bloom syndrome, and

ataxia telangiectasia yield higher risks of pediatric ALL [14, 15].
Most adults present with FAB L2 morphology, and except for those with

mature B lineage L3 disease, cytochemical staining has not defined prognosis

nor guided treatment planning in adult ALL [16]. Most adults have pre-B

phenotype lymphoblastic ALL expressing CD 19, usually CD10, CD20,

CD24, CD22, and nuclear TdT. Cytoplasmic immunoglobulin heavy chain

expression confirms pre-B ALL. Only 2–3% express surface immunoglobulin,

L3 morphology and thus have mature B cell ALL, which shares cytogenetic,

molecular, immunologic, and prognostic features with Burkitt’s lymphoma.

T-cell ALL is considerably less common in adults, but frequently presents

with extreme leukocytosis, male predominance, more frequent central nervous

system (CNS) involvement, and sometimes a thymic mass.
As in other acute leukemias, cytogenetic and molecular classifications have

dominated modern understanding of prognosis and guidance for therapy [17,

18]. The most common cytogenetic high-risk groups include t(9;22), t(4;11),

t(1;19) and in mature B ALL and, t(8;14). Rearrangement of BCR/ABL in

t(9;22), Philadelphia Chromosome (Ph) positive ALL is present in 25–30%

and t(4;11) with 11q23 (MLL) rearrangements occur in 5% of adult ALL.

These represent the dominant cytogenetic phenotypes indicating poor

prognosis.
These phenotypes as well as extreme leukocytosis (>30,000/ul in pre-B and

>100,000/ul in T-cell ALL) are recognized to predict poor remission induction

rates and shorter remission duration, thus indicating a need for more effective

therapy, usually with allogeneic HSCT. Even with recent addition of the tyrosine

kinase inhibitors, imatinib or dasatinib, to multidrug intensive therapy, which

has resulted in an increased rate of remission, no series indicate durable CR

and thus reliably preclude the necessity of allografting in Ph-positive ALL

[19–21]. Phase II trials combining imatinib with hyper-CVAD or alternative

combination therapy yield encouraging 1-year survival, which might be

extended when combined with follow-up allogeneic HSCT plus tyrosine

kinase inhibitor supplementation [22–25]. However, prospective trials testing

this approach are needed. The final indicator of poor prognosis, time to

achieve CR (more than one cycle or >35 days), has predicted poor prognosis

and shorter remission duration [1, 5, 6–8]. In addition, PCR or multicolor

immunophenotypic flow cytometry to detect persisting minimal residual dis-

ease (MRD) after successful induction therapy indicating a high risk of early

relapse may also be justification for intensified transplant therapy. Given the

predictive value of MRD on subsequent relapse, transplant before overt

recurrence may improve the outcome for such patients and should be tested

in clinical trials [26–29].
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18.3 Hematopoietic Stem Cell Transplantation for Adult Acute

Lymphoblastic

18.3.1 Allogeneic HSCT for Adult Acute Lymphoblastic Leukemia
in First Complete Remission

Many recent trials have described outcomes of adult ALL treated in first complete

remission (CR1) with allogeneic HSCT or alternatives based upon related donor

availability (biologic assignment) [3, 5, 8, 22, 30–39]. Some have analyzed outcome

by the intention to treat concept of donor versus no donor, even if the transplant

had not been completed. Most studies demonstrated statistically significant

improvements in LFS following allogeneic HSCT (34–72%, 3-year LFS) com-

pared to either autologous HSCT or alternative approaches (26–44%, Table 18.1).

While treatment related mortality (TRM) varied between series (9–44%) and

generally exceeded the TRM, with autologous HSCT (2–24%) the published

analyses all demonstrated superior survival after allogeneic transplantation, parti-

cularly in patients with high-risk features of ALL.
The recent update and publication of the Medical Research Council

(MRC) UK ALL XII/ECOG E2993 trial describes the largest-ever prospec-

tive assessment of optimal therapy for adult ALL [3, 8]. Following two-phased

induction, 91% of patients achieved CR. Patients with HLA-compatible

sibling (<age 50) were assigned to allogeneic HSCT, and others were randomly

Table 18.1 Allogeneic HLA-matched related donor HSCT in CR1

Reference n
Age (median,
range years)

TRM%
(3 years)

LFS%
(5 years)

Survival
(5 years)

Relapse
(%)

Thiebaut et al.
[36]

116 33 44 – 46% –

Ringden et al.
[38]a

345 34 9 61 – 33

Dombret et al.
[22]

46 >15 24 – 37 50

Takeuchi et al.
[5]

34 15–45 – 34 46 –

Thomas et al.
[30]

100 33 18 47 51 36

Labar et al. [37] 100 15–50 23 38 41 38

Hunault et al.
[31]

41 15–50 15 72 75 –

Gupta et al. [39]a 48 34 29 40 46 –

Goldstone et al.
[3]

533b 15–59 36d – 54 24

590c – 20 – 29 37

TRM treatment related (nonrelapse) mortality, LFS leukemia free survival
aRetrospective
bStandard risk
cHigh risk
d2 years: Donor–no donor analysis
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assigned between autologous HSCT and intensified consolidation therapy.
Those with an available donor had superior survival of 5 years (53%) compared
to either alternative strategy (45%), though the best protection against relapse or
death was observed in standard risk patients (Ph-negative, WBC< 30,000) under
age 35 due to greater TRM in the greater than 35-year-old cohort (Fig. 18.1).
Allogeneic HSCT led to greater protection against relapse. Ph-positive patients,
all assigned to allografting, had superior outcomes than those with no donor.

Disappointingly, survival following relapse was only 7% at 5 years, includ-
ing those able to undergo allogeneic HSCT during second complete remission
(CR2) (3). This emphasizes the problem for the patient who relapses, especially
an early recurrence, where the chances of achieving a second remission are low.
Transplants performed for patients with CR2 after early relapse often are not
performed and often do not work to control disease. Outcomes were slightly
better in younger adults and those with a longer duration of CR1, but impor-
tantly, the assignment of treatment during CR1 did not influence the outcome
of after relapse. Outcomes were equally disappointing in patients who relapsed
following either chemotherapy, autologous HSCT or allogeneic HSCT in CR1,
providing a strong recommendation to seek the most effective therapy to
prevent initial recurrence as the best approach to extend survival.

Several other series report extended long-term LFS (40–60%) [31, 32, 40–44] in
high-risk adults with ALL. A recent multicenter analysis of 169 Ph-negative adults
reported through the Center for International Blood and Marrow Transplant
Research (CIBMTR) showed 39% survival at 5-year post-HSCT [45].

18.3.2 Philadelphia Chromosome-Positive Adult Acute
Lymphoblastic Leukemia

For patients with Philadelphia chromosome-positive ALL, the data suggest
that the use of allogeneic HSCT following induction therapy with imatinib plus
chemotherapy [23] results in remarkable improvements in protection against

Fig. 18.1 Reduced relapse risk with available allogeneic donor for adult ALL in CR1.
(a) Ph-negative standard risk; (b) Ph-negative high-risk (adapted from Goldstone et al. [3])
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relapse (3.5%) as compared to historical data without imatinib (47.3%,
p=0.002). Observed superior LFS (76% vs. 38%; p=0.001) offers promise
that combination tyrosine kinase inhibitor plus chemotherapy for induction
and tyrosine kinase inhibitor plus allogeneic HSCT for post-remission defini-
tive management may significantly reduce the disease burden and improve LFS
for a substantive majority of patients with this common, highest risk subset of
ALL in adults [24]. A prospective trial planned by the US Southwest Oncology
Group (SWOG) and the Blood and Marrow Transplant Clinical Trials Net-
work (BMT CTN) may clarify the efficacy of this approach.

18.3.3 Alternative Donor Transplantation for Adult Acute
Lymphoblastic Leukemia

With no available matched sibling to allow immediate transplantation, both
volunteer unrelated donor (URD; Table 18.2) or umbilical cord blood (UCB;
Table 18.3) allografts are available options. Data (Fig. 18.2) from the Center for
International Blood and Marrow Transplant Research (CIBMTR) reported
44% LFS in CR1 and 36% in CR2 following matched URD transplantation
[33, 46–53]. Another series of high-risk URDHSCT recipients had 40% survival
[33]. Longer follow-up of the adult URD recipients confirmed 5-year survival
(38%) after URD HSCT with encouraging low risks of relapse (24%) [51].

Recent data, reflecting advances in higher resolution HLA typing and
improvements in donor selection have reduced TRM and improved outcomes
following URD allografts. National Marrow Donor Program (NMDP) data
show reduction in TRM between 1999–2002 and 2003–2006 after URDHSCT.
One-year TRM after myeloablative PBSC HSCT for leukemia improved from
39% to 31%. Three-year survival for adults with ALL at all stages improved

Table 18.2 Unrelated donor HSCT for adult ALL

Reference N

Age
(median
years)

CR1
(%)

Ph+
(%)

TRM
(%)

LFS%
(5 years)

Survival
(5 years)

Relapse
(%)

Weisdorf
et al. [48]

517 18 36 14 42� 8a 44� 8 – 14� 5a

40� 6b 22� 5b

Cornelissen
et al.[47]

127 31 64 76 61� 9 27
(2 years)

40� 13a 19� 7

17b

Garderet et al.[52] 102 >14 19 – 61 21 24% 47

Kiehl et al.
[33]

103 29 27 31 43 42a – –

40b

Dahlke et al. [53] 46 31 16 11 35 42 44 26

Bishop et al. [51] 76a 27 28 45 37 38 15

83b 41 29 30 24
aCR1
bCR2
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from 19%between years 1987 and 1995 up to 29%between years 2003 and 2006

(NMDP unpublished data). For adult ALL patients in CR1, 5-year survival

rates of 35–45% are expected (www.marrow.org, data 1998–2006) [46].
UCB allografts represent a new and encouraging option for patients lacking

either sibling or well-matched URD sources of stem cells (reviewed in Chap. 10

by Wagner, Brunstein, Tse, and Laughlin). Adults with ALL have been

included in the two largest multi-institutional analyses comparing UCB with

volunteer URD transplants. A CIBMTR/New York Blood Center report [52]

included 40 of 150 patients with ALL and reported similar 3-year survival [UCB

26% (19–32) vs. URD 35% (30–39)]. A second report from the European group

for Blood and Marrow Transplantation (EBMT) and EuroCord included 53

ALL patients of 93 UCB grafts [33]. Two-year LFS with ALL was 34% for

UCB HSCT and 33% for URD HSCT (p=0.021). Encouragingly, despite

Table 18.3 Umbilical cord blood HSCT including ALL

Reference n ALL (%) CR1 (%) TRM (%) LFS (%) Relapse (%)

Laughlin et al.
[54]

150 30 20 – 23 (3
years)

–

Rocha et al. [55] 98 54 27 44 36 23

Takahashi et al.
[57]

100 20 9a,b 9 70 17

Yanada et al.
[34]

18 17 – 33 49 18

Barker et al. [49] 23 35 22 57 –

Lekakis et al.
[50]

15 35 33 18 18 65

Cornetta et al.
[56]

34% 9 – 65 17 16

Tomblyn et al.
[58]

66% 100 20 18 50a 24a

60b 50b

aCR1
bCR2

Fig. 18.2 Survival after
unrelated donor HSCT for
adult ALL (data from
CIBMTR, 2008;
www.cibmtr.org)
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greater HLA disparity in the UCB grafts, graft-versus-host disease (GvHD)
was significantly less frequent (26% vs. 39%) following URD transplantation
[33]. Other cord blood series include ALL patients with encouraging outcomes
compared to URD HSCT [49, 50, 54–57].

At the University of Minnesota, 623 HSCT patients with ALL were treated
over a 25-year period [58]. They all received myeloablative, total body irradia-
tion (TBI)-based conditioning regimen prior to HSCT, and the 5-year overall
survival (OS) rate in patients receiving UCB was 46% [95% confidence inter-
val (CI): 33–59], which was comparable to sibling donor allografts (35%;
29–41) and well-matched URD HSCT (OS=42%; CI: 29–55). Mismatched
URD grafts had inferior 5-year outcomes (OS=21%; CI: 11–33). Multi-
variate analyses showed risks of LFS to be comparable between UCB and
sibling transplants (relative risk for UCB=0.8, 0.5–1.1) confirming the pro-
mise of this option for patients lacking sibling or well-matched URD for
transplantation.

18.4 Graft-Versus-Leukemia in Acute Lymphoblastic Leukemia

Increased risks of relapse following T-cell depletion of an allograft or achieve-
ment of CR following donor lymphocyte infusions (DLI) for relapsed disease
have documented the potency of graft-versus-leukemia (GvL) accompanying
allogeneic HSCT. Unfortunately these effects have been less prominent for
patients with ALL. However, both single institution and multicenter registry
data [59–61] demonstrated lower risks of relapse in patients with acute and
particularly chronic GvHD. Other studies documented equally potent GvL
directed toward either B-cell lineage or T-cell lineage ALL and confirmed an
association of chronic GvHD with better protection against relapse [62].
Though uncertainty still exists about the utility of DLI in ALL patients
[62–64], this documented GvL effect has encouraged the application of
reduced-intensity pre-HSCT conditioning (RIC) for patients with ALL
[65–69]. Even using URD grafts, NMDP data shows improvement through
reduction in 1-year TRM for 32–26% using RIC prior to HSCT for leukemia
[unpublished data, NMDP, 2008]. Several recent reports suggest effective dis-
ease control, even for older patients receiving RIC HSCT for ALL, yet these
favorable results are limited to those in documented complete remission. A
recent report from the EBMT demonstrated 42� 10% 2-year LFS in adult
ALL [70]. Other series using either related, unrelated, or UCB donors suggested
encouraging outcomes with RIC HSCT for high-risk CR1 or CR2 ALL reci-
pients [65–69]. Since the recent MRC/Eastern Cooperative Oncology Group
(ECOG) trial demonstrated excess TRM in patients over age 35 years, further
exploration of allografts using these safer, yet still potent, reduced-intensity
regimens for older ALL patients will be essential and important investigations
for the near future.
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18.5 Opportunities for Improving Transplantation in Acute

Lymphoblastic Leukemia

Superior conditioning regimens, chosen for their anti-leukemic efficacy, but

also for their safety, need further study. Most series and comparisons have

documented improved disease control and overall superior LFS with TBI-

containing pretransplant conditioning. Investigators at the City of Hope origi-

nated substitution of etoposide plus TBI yield encouraging LFS, confirmed in

multicenter trials from the Southwest Oncology Group and used in the MRC/

ECOG study as well [71]. A comparative analysis of TBI combined with either

cyclophosphamide or etoposide demonstrated superior disease control and

outcome using TBI less than 13Gy plus etoposide rather than cyclophospha-

mide, though these findings were noted only in CR2, but not CR1 HSCT

recipients [72].
Radio-immunotherapy (reviewed in Chap. 13 by Gopal andWinter) using

radioiodine coupled to an anti-CD45 antibody to augment marrow-targeted

radiation to supplement conditioning with TBI plus cyclophosphamide

suggests favorable biodistribution and tolerable toxicity [73]. This regi-

men only delivers 3.5–12.25Gy to the liver yet up to 24Gy to the marrow

and spleen when combined with conventional fractionated TBI [73]. Newer

approaches including helical tomotherapy to augment marrow and bone-

directed radiation are being piloted in combination with chemotherapy, parti-

cularly for patients with marrow-localized resistant malignancy such as ALL

[74].
Choosing the optimal donor can also augment survival, likely by reducing

TRM. In the absence of a well-matched, genotypically identical sibling donor,

an HLA-allele matched URD chosen by high resolution DNA based typing at

HLA-A, B, C, and DRB1 yields superior survival with lowest risks of GvHD

and other causes of TRM. However, closely matched donors disparate at a

single HLA locus allele or antigen can still yield suitable survival and extended

disease control [75]. Greater degrees of HLA mismatch are associated with

more risk and poorer outcomes.
As an alternative, UCB grafts, mismatched as 0–2 HLA-A, B, DR loci with

an adequate cell dose can be an excellent option tomismatched or evenmatched

URD grafting for children and adults. Studies pioneered at the University of

Minnesota indicate that two closely matched UCB grafts can augment the cell

dose and assure engraftment with tolerable risks of TRMand particularly lower

rates of chronic GvHD for adults in need of allografting [49, 50]. Since patients

with detectable minimal residual disease or high-risk ALL phenotypes may

have only brief remissions, the rapid availability of UCB grafts suggest an

additional advantage, which should be elected for the proper recipient. Prompt

HLA confirmation and transport to the transplant center, often achievable

within 2 weeks, may permit urgent transplantation prior to another relapse

and thereby reduce the ALL patients’ overall risks.
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18.6 Conclusions

The critical factor in improving survival in adults with ALL is identifying

patients with high-risk phenotypes in order to allow planning for early-allo-

geneic HSCT. Initiating a donor search while initial remission induction is

underway can facilitate transplantation during CR1, when long-term results

are best. For patients presenting with high-risk disease t(9;22), t(4;11), mature B

cell, high WBC or for those failing to promptly achieve remission, allografts in

CR1 offer the most important opportunity to achieve extended LFS. Finding

the right sibling match or alternatively, a well-matched URD or closely

matched single or pair of UCB units can permit the curative potential of

allogeneic transplantation. Monitoring of minimal residual disease, utilization

of targeted therapy, tyrosine kinase inhibitors, or newer agents yet to come,

might further reduce missed opportunities for disease control and improved

survival. Reduced intensity conditioning for the older or sicker patient, aug-

mented conditioning, or novel radiation delivery for those with higher risk

disease also offer promise yet need to be tested in prospective, well-designed

clinical trials. Based on the current data, and understanding of the benefits and

limits of each approach, Fig. 18.3 shows an algorithm for the suggested man-

agement of the adult patient with ALL. The ideal management strategy

Fig. 18.3 Treatment strategy for adult ALL
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for adult ALL has yet to be identified, but developing new tools and their
prompt application may improve survival for all adults with ALL in the future.
Scientific innovation and careful clinical translation offer both promise and
great hope.
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Chapter 19

Hematopoietic Stem Cell Transplantation

in Children and Adolescents

with Malignant Disease

Mitchell S. Cairo and Thomas G. Gross

19.1 Introduction

The origins of hematopoietic stem cell transplantation (HSCT) in children and
adolescents with cancer can be traced back over 50 years ago to the original
reports of Thomas et al. [1, 2]. Thomas et al. initially reported the results of
syngeneic transplants in twins with leukemia who had been conditioned with
superlethal doses of total body radiation (TBI) [1, 2]. Since that groundbreaking
observation over 50 years ago, additional sources of stem cells have been
investigated in children and adolescents with a variety of malignant conditions
including human leukocyte antigen (HLA)matched sibling or related allogeneic
donors, matched unrelated adult donors, sibling and unrelated cord blood
donors, haploidentical donors, and autologous bone marrow or peripheral
blood. Currently, there are a variety of malignant conditions that occur in
children and adolescents that may benefit from HSCT during different stages
of their treatment and can be subdivided into hematopoietic neoplasms and
solid tumors (Table 19.1). We have summarized the state of the science of
HSCT in children with cancer in the remainder of this chapter.

19.1.1 Intensity of Conditioning

Historically, myeloablation has been utilized in the conditioning regimen prior to
HSCT in children and adolescents with malignant disease. This concept of
myeloablative conditioning has been based on the assumption that ablative
doses of cellular toxic therapy were required to circumvent potential drug resis-
tance and were required for eradication of minimal residual malignant disease
(MRD). In children and adolescents undergoing autologous HSCT,
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myeloablative conditioning is still required and almost exclusively utilized to

eradicate post-growth and/or MRD. However, more recently the dogma that

myeloablative cytotoxic therapy was required for disease eradication following

allogeneic HSCT has been challenged [3]. Recent observations have suggested a

potential graft-versus-tumor or graft-versus-leukemia effect following allogeneic

HSCT [4]. Evidence over the past two decades has demonstrated that (1) donor

lymphocyte infusions (DLI) can induce remission in patients whose disease has

relapsed after allogeneic HSCT; (2) patients who develop acute or chronic graft-

versus-host disease (GvHD) after allogeneic HSCThave a significantly decreased

risk of leukemic relapse; and (3) that recipients of T-cell depleted allogeneic

HSCT or those that are recipients of syngeneic stem cell transplantation are at

a significantly higher risk of relapse compared to other recipients following

unmanipulated allogeneicHSCT [5–10]. Therefore, instead of eradicating growth

or MRD through ablative conditioning, alternative conditioning including non-

myeloablative or reduced intensity conditioning could be utilized to suppress

post-allogeneic graft rejection and that following engraftment, donor immune

cells would subsequently mediate an allogeneic graft-versus-tumor effect. This

Table 19.1 Malignant disease in children and adolescents successfully treated with hemato-
poietic stem cell transplantation (HSCT)

Hematopoietic neoplasms Solid tumors

Acute lymphoblastic leukemia (ALL) Neuroblastoma (NBL)

Acute myeloblastic leukemia (AML) Wilms’ tumor (WT)

Juvenile myelomonocytic leukemia (JMML) Brain tumors (BT)

Chronic myelogenous leukemia (CML) Ewing’s sarcoma (ES)

Myelodysplastic syndrome (MDS) Rhabdomyosarcoma (RMS)

Non-Hodgkin’s lymphoma (NHL) Germ cell tumors (GCT)

Hodgkin’s lymphoma (HL) Others

Fig. 19.1 Commonly used nonmyeloablative, reduced intensity or ablative regimens in pediatric
patients.Gy, gray; TBI, total body radiation;F, fludarabine; BU, busulfan;ATG, antithymocyte
globulin; MEL, melphalan; CY, cyclophosphamide; VP-16, etoposide; TT, thiotepa; Haplo,
haploidentical; MUD, matched unrelated donor; MRD, matched related donor.
Source: from Satwani et al. [15]
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reduction in the intensity conditioning might then allow patients with significant
comorbidities or medically infirmed patients to be treated with allogeneic HSCT
for high risk malignant disease [3].

There is significant heterogeneity between the intensity of conditioning
between truly nonmyeloablative regimens to moderate but reduced intensity
conditioning compared to that with full myeloablative conditioning (Fig. 19.1).
Figure 19.1 depicts the intensity of myelosuppression on the x-axis and the
intensity of immunosuppression on the y-axis and demonstrates a variety of
different conditioning regimens with varied immunosuppressive-versus-myelo-
suppressive intensity. We and others have piloted over the past 5 years reduced-
intensity conditioning and allogeneic HSCT in a subset of children and adoles-
cents with malignant disease [3, 11–15]. Table 19.2 summarizes the brief experi-
ence with reduced intensity conditioning and allogeneic HSCT in children and
adolescents with malignant disease. While it is clear in these early studies that
reduced intensity conditioning and allogeneic HSCT results in a high degree of
engraftment and mixed donor chimerism in children and adolescents with
previously treated malignant disease, there are many issues that still need to be
addressed regarding what role and at what time in the treatment alternative
intensity conditioning should be considered prior to allogeneic HSCT in
children and adolescents with malignant disease. Specifically, controlled ran-
domized perspective clinical trials will be required to determine how to best
utilize this alternative conditioning strategy in selected children and adoles-
cents with malignant disease who require allogeneic HSCT.

19.2 Hematologic Malignancies

19.2.1 Acute Lymphoblastic Leukemia (ALL)

Acute lymphoblastic leukemia (ALL, a.k.a. acute lymphocytic leukemia) is the
most common pediatric malignancy and represents approximately 25% of all
pediatric cancers diagnosed in children under the age of 15 years [16]. In the last
50 years there has been dramatic improvement in the outcome of treatment for
childhood and adolescent ALL with expected overall survival (OS) rates to be
>80% with current multiagent chemotherapy [16]. However, there are still sub-
sets of children and adolescents withALLwho have poor prognoses andwho can
benefit from HSCT. These subsets of children include patients with ultra-high-
risk features in first complete remission (CR), children with poor risk features in
second remission, all patients in and beyond third CR, and small sets of patients
in refractory relapse. Multiple donor sources have been utilized for HSCT in
children and adolescents with ALL including matched family donor allogeneic
HSCT as the most preferred choice; however, other allogeneic donor sources
have recently been utilized including matched unrelated adult donors, unrelated
cord blood donors, mismatched (haploidentical) family donors, and in select
cases autologous HSCT.
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A small set of children and adolescents with ALL in first CR have a less than
40% event-free survival (EFS) with standard conventional chemotherapy and
may benefit frommyeloablative conditioning and allogeneic HSCT in first CR.
These ultra high-risk features include induction failure at day 28 of induction,
subsets of children with poor cytogenetic features including t(9;22), t(4;11), and
hypodiploid (�44 chromosomes), subsets of children with infant ALL and
adolescents with elevated WBC at diagnosis (�200,000/mm3). A number of
studies have been performed investigating myeloablative conditioning and
matched related allogeneic HSCT in children with ultra-high-risk features in
first CR (Table 19.3). Three to five year EFS ranges between 50% and 84%
depending on the ultra-high-risk features utilized for eligibility (Table 19.3)
[17–21]. A number of studies have been single arm allogeneic HSCT trials
[18, 19], and others have attempted to compare myeloablative conditioning
and allogeneic HSCT vs. chemotherapy in subsets of patients with ultra-high-
risk features with ALL in first CR [17, 20, 21]. We in the Children’s Cancer
Group (CCG) demonstrated a 56% 5-year EFS in children with ALL with
ultra-high-risk features in first CR (Fig. 19.2) [19]. One of the best randomized
studies reported in children with ultra-high-risk features with ALL in first CR
was reported by Balduzzi et al. [17]. This report demonstrated in 77 related
allogeneic HSCT recipients versus 280 children receiving standard chemother-
apy with ultra-high-risk features of ALL in first CR, a significant advantage of
allogeneic HSCT versus chemotherapy (5-year EFS=57% vs. 41%; p< 0.02;
Fig. 19.3) [17]. Additional studies in subsets of children and adolescents with
ultra-high-risk features of ALL in first CR have also demonstrated that mye-
loablative conditioning and allogeneic HSCT have been associated with favor-
able results. Children and adolescents with Philadelphia chromosome positive
ALL may benefit from allogeneic HSCT in first CR. We in the CCG, although
with small numbers, demonstrated a 67% 5-year EFS in children with Phila-
delphia chromosome positive ALL in first CR following matched related donor
allogeneic HSCT (Fig. 19.4) [19]. Arico et al. retrospectively reviewed the out-
come of 326 children and adolescents with Philadelphia chromosome positive
ALL treated with either chemotherapy or bone marrow transplantation by 10
pediatric study groups or large institutions from 1986 to 1996 [22]. Arico et al.
demonstrated in this retrospective study that children and adolescents with
Philadelphia chromosome positive ALL had significantly improved disease-
free survival (DFS) when treated with matched related donor allogeneic HSCT
versus chemotherapy alone (65% vs. 25%; p< 0.001; Fig. 19.5) [22]. In a subset
of children and adolescents with T-cell ALL and poor response to induction
prednisone therapy, allogeneic HSCT was associated with a significantly
improved outcome compared to standard chemotherapy (67% vs. 42%;
p< 0.01) [23]. However, the role of allogeneic HSCT in children with 11q23
cytogenetic abnormalities is still considered controversial. Pui et al. retrospec-
tively reviewed the outcome in 497 children and adolescents with ALL and
11q23 abnormalities in first CR as reported by 11 study groups and single large
institutions from 1983 to 1995 [24]. In this retrospective analysis there did not

19 Hematopoietic Stem Cell Transplantation 459



T
a
b
le
1
9
.3

H
S
C
T
in

ch
il
d
re
n
a
n
d
a
d
o
le
sc
en
ts
w
it
h
a
cu
te

ly
m
p
h
o
b
la
st
ic
le
u
k
em

ia

S
el
ec
te
d
st
u
d
ie
s

A
u
th
o
rs

C
en
te
r/
S
tu
d
y

A
ll
o
g
en
ei
c
(n
)

C
h
em

o
th
er
a
p
y
(n
)

A
ll
o
g
en
ei
c

E
F
S
(%

)
C
h
em

o
th
er
a
p
y

E
F
S
(%

)
p
-v
a
lu
e

F
ir
st
C
R

B
o
rd
ig
o
n
i
et

a
l.
[1
8
]

G
ro
u
p
e/
d
‘E
T
U
D
E

3
2

N
/A

8
4

N
/A

N
/A

U
d
er
zo

et
a
l.
[2
0
]

A
IE

O
P
/8
5
,
8
7
,
8
8
,
9
1
–
9
3

3
0

1
3
0

5
9

4
7

N
S

W
h
ee
le
r
et

a
l.
[2
1
]

M
R
C
U
K
A
L
L
b
X

&
X
II

1
0
1

3
5
1

4
5

3
9

N
S

B
a
ld
u
zz
i
et

a
l.
[1
7
]

E
U
R
O
P
E

7
7

2
8
0

5
6

4
1

0
.0
2

S
a
tw

a
n
i
et

a
l.
[1
9
]

C
C
G
/1
9
2
1

2
9

N
/A

5
9

N
/A

N
/A

S
ec
o
n
d
C
R

D
o
p
fe
r
et

a
l.
[2
7
]

B
F
M

8
3
,8
5
,8
7
,9
0
(E
a
rl
y
re
la
p
se
)

5
1

1
1
5

5
2

2
2

0
.0
1

B
a
rr
et
t
et

a
l.
[2
8
]

IB
M
T
R
/P
O
G

3
7
6

5
4
0

4
0

1
7

0
.0
0
1

U
d
er
zo

et
a
l.
[2
9
]

A
IE

O
P
/G

IT
M
O

(E
a
rl
y
re
la
p
se
)

2
9

1
4
2

3
6

1
6

0
.0
0
2

W
h
ee
le
r
et

a
l.
[3
0
]

U
K
A
L
L
X

1
1
0

2
6
1

4
1

2
0

0
.0
5

B
o
u
la
d
et

a
l.
[3
1
]

M
S
K
C
C

3
8

3
7

6
2

2
6

0
.0
3

G
a
y
n
o
n
et

a
l.
[3
2
]

C
C
G

1
9
4
1

5
0

3
5

2
9

2
7

N
S

H
S
C
T
h
em

a
to
p
o
ie
ti
c
st
em

ce
ll
tr
a
n
sp
la
n
ta
ti
o
n
,
C
R

co
m
p
le
te

re
m
is
si
o
n
,
C
C
G

C
h
il
d
re
n
’s
C
a
n
ce
r
G
ro
u
p
,
B
F
M

B
er
li
n
-F
ra
n
k
fu
rt
-M

ü
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appear to be any benefit from allogeneic HSCT versus chemotherapy in chil-

dren and adolescents with 11q23 in first CR [24]. However, in other large single

institutional studies, allogeneic HSCT in children with infant ALL with 11q23

cytogenetic abnormalities have been associated with improved results com-

pared to chemotherapy [25, 26]. Jacobsohn et al. reported a 75% OS at

5 years in 16 infants with ALL in first CR with an 11q23 cytogenetic rearrange-

ment following HSCT from HLA matched sibling donors and from unrelated

Fig. 19.2 Probability of 5-year event free survival (EFS) by Kaplan–Meier estimates in
children with ultra-high-risk features of acute lymphoblastic leukemia in first complete
remission treated with allogeneic bone marrow transplantation in the Children’s Cancer
Group 1921 study.
Source: from Satwani et al. [19], Copyright Elsevier (2007)

Fig. 19.3 Estimation of
disease-free survival, by
treatment assigned.
HCT¼hematopoietic cell
transplantation.
Source: from Balduzzi et al.
[17]. Reprinted with permis-
sion from Elsevier
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Fig. 19.4 Probability of 5-year event-free survival (EFS) byKaplan-Meier estimates in children
with Philadelphia chromosome-positive t(9,22) acute lymphoblastic leukemia in first complete
remission treated with allogeneic bonemarrow transplantation in the Children’s Cancer Group
1921 study.
Source: from Satwani et al. [19], Copyright Elsevier (2007)

Fig. 19.5 Estimates of disease-free and overall survival (�SE) in 267 patients treated with
transplantation of bone marrow from HLA-matched related donors or chemotherapy only.
The curves have been adjusted for waiting time to transplantation, so that the zero on the time
axis corresponds to the median time from diagnosis to transplantation (6 months); patients
were assigned to this treatment group in a time-dependent fashion. Five-year estimates are
shown. P values are from the Mantel–Byar test. P¼0.002 for the comparison of the two
treatments with respect to overall survival; P<0.001 for the comparison with respect to
disease-free survival.
Source: from Arico et al. [22], Copyright [2000] Massachusetts Medical Society. All rights
reserved
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cord blood transplant donors [25]. Kosaka et al. reported a 65% 3-year EFS in
44 infants with ALL and 11q23 cytogenetic rearrangements in first CR in 29
patients who underwent HSCT in first remission [26].

The vast majority of children and adolescents with ALLwho undergoHSCT
do so in second remission. Although there is a high re-induction remission rate,
(75–95%) in children and adolescents with HSCT in first relapse, the long-term
prognosis remains dismal [33]. The prognosis for children and adolescents with
ALL in secondCR is dependent in large part on the duration of first CR, the site
of relapse, i.e., bone marrow versus extramedullary and the immunophenotype
[33–35]. A recent Berlin-Frankfurt-Münster (BFM) risk stratification for
relapsed childhood ALL subdivided patients into three subgroups: high risk,
intermediate, and standard risk subgroups [34]. In particular, children and
adolescents with ALL who relapsed early, i.e., less than 30–36 months from
diagnosis, had the poorest prognosis of all [33–35].

There have been several reported comparisons of allogeneic HSCT versus
chemotherapy in children with second remission ALL, some reported by pedia-
tric cooperative groups, some comparative studies from the International Bone
Marrow Transplant Registry (IBMTR), and other large single institutional
experiences (Table 19.3) [27–32]. Dopfer et al. recently reported a significantly
improved EFS in children and adolescents with ALL in second CR following an
early relapse with allogeneic HSCT versus chemotherapy (52% vs. 22%;
p=0.01; Table 19.3) [27]. In a much larger retrospective analysis Barrett
et al. reported on the outcome of all children with ALL in second CR from
the IBMTR following allogeneic HSCT versus a large cohort of children treated
on relapsed ALL studies in the Pediatric Oncology Group (POG) [28]. Barrett
et al. demonstrated significantly improved EFS in children with ALL in second
CR following allogeneic HSCT versus chemotherapy (40% vs. 17%; p=0.001;
Table 19.3; Fig. 19.6) [28]. Similar significant improvement in survival follows
allogeneic HSCT versus chemotherapy in children with ALL in second CR—
especially those with early relapse—have also been demonstrated by Uderzo
et al. and Wheeler et al. from the AEIOP/Gruppo Italiano di Trapianto di
Midollo Osseo (GITMO) andUnited KingdomALL (UKALL) X, respectively
(Table 19.3) [29, 30]. However, more recently in patients with more resistant
disease, Gaynon et al. from the CCGwas unable to demonstrate any significant
advantage to allogeneic HSCT versus chemotherapy in children and adoles-
cents with ALL in second CR (Table 19.3) [32]. The majority of the evidence
seems to suggest that allogeneic HSCT from matched family donors versus
chemotherapy provides a significant improvement in EFS in children with ALL
in second CR who relapse early in their first remission or just shortly after the
end of their initial therapy.

Recent advances in HSCT in children and adolescents with ALL have
suggested the benefit of alternative donor sources besides matched related
allogeneic HSCT donors. Other alternative donor sources have included un-
related cord blood transplant donors, matched unrelated adult donors, mis-
matched (haploidentical) family donors, and autologous HSCTs. We and
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others have demonstrated the success of utilizing HLA disparate (4–6 HLA

matched) unrelated cord blood transplantation in children and adolescents with

ALL and AML [36–40]. Matched or HLA disparate unrelated cord blood
transplantation has been associated with a 30–50% EFS in children and ado-

lescents with ALL [36–40]. Additionally, matched unrelated adult donor stem
cell transplantation has also been demonstrated to be successful in children

and adolescents with ALL [34, 38, 41–43]. Bunin et al. reported the outcome of

363 children with ALL in second remission who received unrelated adult donor
stem cell transplantation from 1998 to 2000 and were reported to the National

Marrow Donor Program (NMDP) [42]. The 5-year leukemia-free survival

(LFS) was 36%. Children less than 15 years of age and those with a CR greater
than 6 months had significantly improved LFS compared to their counterparts

[42]. Since serious acute GvHD is a limiting factor following unrelated adult
donor HSCT, Lang et al. investigated a method of CD34+ cell-selection from

unrelated donors prior to allogeneic HSCT [43]. In the subset analysis in

children with ALL in CR following CD34+ cell-selection and unrelated adult
donor stem cell transplantation, the 2-year OS was 63% [43]. CD34+ stem cell

Fig. 19.6 Actuarial Probability of Leukemia-free survival in matched cohorts of children
receiving chemotherapy or undergoing transplantation. The numbers below the figure indi-
cate the numbers of children at risk.
Source: Barrett et al. [28] Copyright [1994] Massachusetts Medical Society. All rights
reserved
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collection has also been utilized following haploidentical stem cell transplanta-

tion in children with ALL [44]. In children with ALL in first, second, or third

CR following CD34+ cell-selected haploidentical stem cell transplantation, the

probability of survival was 44% [44]. Autologous HSCT, especially following

autologous purging, also has been demonstrated to be efficacious in children

with ALL in second CR [45–47]. Ramsay et al. first demonstrated the success of

autologous bone marrow transplantation in children with ALL in second and

subsequent remissions following monoclonal antibody plus complement pur-

ging, and subsequently our group demonstrated the success of autologous bone

marrow transplantation in childhood ALL following ex-vivo marrow purging

with VP16, vincristine and verapamil, respectively [45, 46].
New advances in the use of different conditioning regimens have also been

investigated prior to HSCT in children and adolescents with ALL. Original

studies of conditioning therapy and allogeneic HSCT in children and adoles-

cents with ALL utilized either TBI plus cyclophosphamide or TBI plus cytosine

arabinoside [48, 49]. There have been several attempts to compare chemother-

apy-only ablative conditionings versus TBI plus chemotherapy ablative con-

ditioning in children with ALL [50, 51]. Davies et al. reported the outcome of

HLA identical sibling transplants for children with ALL who received TBI plus

cyclophosphamide versus busulfan plus cyclophosphamide between 1988 and

1995 and reported to the IBMTR [51]. The probability of LFS was significantly

improved in children and adolescents receiving TBI and cyclophosphamide versus

busulfan and cyclophosphamide and allogeneic HSCT (3-year LFS=50% vs.

35%; p=0.005) [51]. Bunin et al. reported the results of a randomized trial of

busulfan and cyclophosphamide versus TBI plus chemotherapy containing con-

ditioning regimens in children with ALL undergoing allogeneic HSCT. Again,

there was a significant improvement in 3-year EFS in children with ALL receiving

the TBI conditioning regimen versus busulfan and cyclophosphamide condition-

ing regimen [50]. These studies suggest that current TBI conditioning regimens

versus chemotherapy only conditioning regimens are associated with significant

improvement of EFS in children with ALL undergoing HSCT.
Most recently the American Society for Blood andMarrow Transplantation

(ASBMT) reported an evidence based review of the role of cytotoxic therapy

withHSCT in children with ALL [52]. Several areas of critically needed research

in the future role of HSCT in children with ALL were enumerated [52]. Future

studies should focus on a number of areas including the role of unrelated

marrow or blood donor versus unrelated cord blood donor allogeneic trans-

plantation, the role of haploidentical or non-family allogeneic donor versus

autologous HSCT, the role of HSCT in children with ALL with 11q23 cytoge-

netic rearrangements, the role of reduced intensity conditioning in selected

children with ALL, the role of adoptive cellular immunotherapy with or with-

out genetic reengineering in children with ALL post-allogeneic HSCT, and the

future identification of poor prognostic factors in children and adolescents with

ALL in first and second CR.
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19.2.2 Acute Myelogenous Leukemia

Acute myelogenous leukemia (AML) comprises approximately 20% of all

childhood leukemias, and is classified using the French-American-British

(FAB) system and divided into seven different subgroups (M1–M7). Over the

past 20 years, there have been a number of investigations comparing allogeneic

HSCT from matched sibling donors versus chemotherapy and in some studies

also versus autologous HSCT in children and adolescents with AML following

induction into first CR (Table 19.4) [53–58]. There are a few subtypes in

children and adolescents with AML in first CR where allogeneic HSCT is not

recommended, and those include children with Down’s syndrome, M3 FAB

sub-type (acute promyelocytic leukemia [APL]), and more recently, children

with an inversion of chromosome 16.
The majority of studies have demonstrated a significant improvement in

either EFS or DFS following allogeneic HSCT versus post-remission intensifi-

cation chemotherapy in children with AML in first CR (Table 19.4) [53–58].

Nesbit et al. originally demonstrated a significant advantage of matched sibling

allogeneic HSCT versus post-remission intensification chemotherapy in chil-

dren with AML in first CR (5-year EFS=50% vs. 36%; p< 0.05; Table 19.4)

[54]. Ravindranath et al. demonstrated in the POG 8821 study no advantage of

post-remission chemotherapy versus autologous HSCT, but an improvement in

outcome following allogeneic HSCT versus either autologous HSCT or che-

motherapy, in children with AML in first CR (Table 19.4) [56]. Woods et al.

reported the results of CCG 2891, and it clearly demonstrated the superiority of

allogeneic HSCTwith matched sibling donors in children with AML in first CR

versus autologous HSCT or chemotherapy (Table 19.4; Fig. 19.7) [58]. In a

retrospective review of four Italian Association Pediatric Oncologia Hematol-

ogy (AIEOP) AML studies in children with AML in first CR, there appeared to

be a significant improvement in children receiving allogeneic HSCT versus

chemotherapy (5-year EFS=64% vs. 28%; Table 19.4) [55]. Similarly, Lie

et al. reported the results of the NOPHO-AML 93 Scandinavian study in

children with AML in first CR and demonstrated a significant improvement

in 5-year EFS following allogeneic HSCT versus chemotherapy (64% vs. 51%;

p=0.04; Table 19.4) [53]. Taken together, all of these studies suggest a super-

iority of allogeneic HSCT versus chemotherapy following remission induction

in first CR in children with AML and probably no advantage of autologous

HSCT versus chemotherapy alone. However, Stevens et al. reported the results

of the UKMRC10 study and demonstrated similar survival between allogeneic

HSCT and post-remission intensification chemotherapy in children with AML

in first CR (Table 19.4) [57]. These UKMRC10 results suggest that a small

number of children may be retrieved after relapse after chemotherapy and that

the high mortality rate following allogeneic HSCT may outweigh the improve-

ment in EFS. However, despite the recent UKMRC10 results, allogeneic HSCT

in children with AML in first CR is still recommended if a matched sibling
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donor is available except in those patients with Down’s syndrome, APL and/or

inversion chromosome 16.
The role of HSCT in children and adolescents with AML outside of first

remission is not as well defined. Children and adolescents relapsing or failing to

achieve remission when given initial induction chemotherapy on CCG che-

motherapy AML trials have only a 3-year 20%OS [59]. Nemecek et al. reported

the outcome of allogeneic HSCT utilizing matched sibling donors (n=19),

mismatched related donors (n=17), or unrelated matched donors (n=22) in

58 children in untreated first relapse, CR2, and refractory disease [60]. The

estimated 5-year DFS in patients in CR2, untreated first relapse, and refractory

disease, were 58%, 36% and 9%, respectively [60]. Children and adolescents

with relapsed or refractory APLwhowere not transplanted in first CR alsomay

benefit from allogeneic HSCT. Bourquin et al. reported results of allogen-

eic HSCT from five related sibling donors and seven unrelated donors in

11 children with relapsed or refractory APL [61]. The cumulative incidence of

Fig. 19.7 Actuarial survival from AML remission, comparing the 3 postremission regimens
fromCCG-2891. Numbers are patients at risk at yearly intervals; rows are in the same order as
curves. P value is for homogeneity. Dashed line indicates allogeneic BMT; solid line, intensive
non-marrow-ablative chemotherapy; dotted line line, autologous BMT.
Source: This research was originally published in Blood. Woods et al. [58]. Copyright the
American Society of Hematology
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relapse post-HSCTwas only 10%with a 5-year OS rate of 73% [61]. Alternative
donor sources including autologous HSCT, unrelated adult donor bone mar-
row transplantation, and unrelated cord blood transplantation have also been
utilized in children and adolescents with AML in second CRor beyond. Godder
et al. reported results from the Autologous Blood and Marrow Transplant
Registry in children with AML in second CR following autologous HSCT
[62]. In children with a short first CR (i.e., less than 12 months, LFS was 23%
compared to children with first CR equal to or longer than 12 months; the LFS
was 60% in children with AML in second CR following autologous HSCT [62].
Michel et al. reported the results of unrelated cord blood transplantation for
children and adolescents with AML in second CR (n=47) in patients in
refractory relapse (n=23) from the Euro Cord Group [63]. In children and
adolescents with AML in CR2, the 2-year LFS following unrelated cord blood
transplantation was 50%, and for those with refractory relapse was 21% [63].
Wall et al. reported the Cord Blood Transplantation (COBLT) study experi-
ence following unrelated donor cord blood transplantation in children less than
4 years of age with AML and ALL and demonstrated in patients in CR2 a 30%
2-year DFS [64]. Lastly, partially matched related donors and matched or
mismatched unrelated adult donor stem cell transplantation is yet another
option for children and adolescents with AML. Bunin et al. reported the out-
comes of partial T-cell depletion of matched or mismatched unrelated or
partially matched related donor bone marrow transplantation in children and
adolescents with acute leukemia [65]. There were 13 patients with AML in
second complete remission (CR2) following unrelated adult donor transplanta-
tion and eight patients with AML in CR2 following partially matched related
donor stem cell transplantation. The 3-year EFS of all patients with AML
following partial T-cell depleted unrelated or partially matched related donor
stem cell transplantation in children was 34% [65].

A number of risk factors have been suggested to be important in the outcome
in children and adolescents with AML in first CR including age, white blood
cell count at diagnosis, unfavorable cytogenetics, intensively timed induction
therapy, high WT1 expression after induction, FAB subtype, and lack of low-
grade GvHD following allogeneic HSCT [66–69]. One of the major limitations
of myeloablative conditioning in allogeneic HSCT has been the high degree of
regimen-related mortality associated with myeloablative conditioning.
Recently, Scott et al. reviewed the experience of 150 adult patients with MDS
or AML conditioned with nonmyeloablative versus myeloablative conditioning
treated at the Fred Hutchinson Cancer Research Center [70]. There was no
significant difference in the 3-year OS or progression-free survival (PFS)
between the two types of conditioning [70]. Recently we reported the prelimin-
ary results of reduced intensity conditioning with busulfan and fludarabine
followed by allogeneic HSCT in children with AML who also received post-
transplant targeted immunotherapy with gemtuzumab ozogamycin [14, 71].
Randomized prospective studies are needed to further address the optimal
choice of transplant conditioning intensity in children and adolescents with
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AML in first CR. Ruggeri et al. also has suggested that natural killer (NK) cell
KIR-ligand mismatching between donor and recipient following haploidentical
transplantation in adults with AML is associated with a significantly improved
LFS [72]. Future studies are also warranted in determining the benefits, if any,
of NK KIR-ligand mismatched unrelated donor stem cell transplantation in
children with AML in CR2 or beyond.

ASBMT recently published an evidence based review on the role of cytotoxic
therapy with hematopoietic stem cell transplantation in the therapy of AML in
children [73]. Future areas of research for HSCT in children with AML include
the role of reduced intensity conditioning, NK KIR-ligand mismatching, bio-
logically targeted therapy, targeted immunotherapy, adoptive cellular immu-
notherapy, and further risk-group adapted stratification. Currently, however,
allogeneic HSCT for matched sibling donor is still the preferred choice of
treatment for children and adolescents in AML and CR1 except for those
patients with FAB M3 subtype, Down’s syndrome, and/or inversion chromo-
somal 16 abnormality.

19.2.3 Chronic Myelogenous Leukemia

Chronic myelogenous leukemia (CML) only accounts for approximately 5% of
all childhood and adolescent leukemias. Similar to adults, allogeneic HSCT has
previously been the only proven curative treatment for children with CML [74].
There are very few studies that have prospectively analyzed the outcome in
children and adolescents with CML following allogeneic HSCT. Recent studies
in adults following the use of imatinib have demonstrated durable responses in
a high proportion of adults with CML in first chronic phase [75]. Recent studies
in adults with other BCR-ABLALL tyrosine kinase inhibitors such as dasatinib
and nilotinib in imatinib-resistant CML adults have also demonstrated signifi-
cant hematological and cytogenetic responses [76, 77]. The increased use and
experience with BCR-ABL tyrosine kinase inhibitors in adults with CML has
suggested that allogeneic HSCT for adults with CML in chronic phase is not
currently the treatment of choice. However, since children and adolescents have
over 70–80 years of life span following diagnosis, matched sibling allogeneic
HSCT is still the preferred and only curative form of treatment in this age group
with CML in chronic phase [77].

Cwynarski et al. recently reported the results of stem cell transplantation in
children and adolescents for CML on behalf of the European Group for Blood
andMarrowTransplantation (EBMT)Chronic Leukemia& PediatricWorking
Group parties [76]. In children and adolescents in first chronic phase CMLwho
underwent allogeneic HSCT from matched sibling donors, the LFS rate was
63% and OS rate was 75% and in 97 children in first chronic phase CML who
underwent matched unrelated adult donor stem cell transplantation, the 3-year
LFS rate was 56% and 3-year OS rate was 65% [76]. In children with
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accelerated phase CML who underwent any form of allogeneic HSCT, the 5-
year OS rate was significantly less (35%) regardless of stem cell donor source
(p=0.001) [76]. Gamis et al. originally reported the results of unrelated adult
donor bone marrow transplantation in children with CMLwith an estimated 5-
year DFS of 45% [78]. Balduzzi et al. reported the results of unrelated adult
donor marrow transplantation in 16 children with CML transplanted at the
Fred Hutchinson Cancer Research Center and reported a 3-year DFS of 75%
[79]. Dini et al. reported the results of 44 children and adolescents with CML
following unrelated donor transplantation from eight European countries with
a 3-year EFS of 50% [80].

Additional approaches to improve the efficacy of allogeneic HSCT in chil-
dren and adolescents with CML have included alternative intensity condition-
ings, serial measurement of BCR-ABL transcripts post–transplant, and the
potential role of adoptive cellular immunotherapy. Reduced-intensity condi-
tioning offers an alternative to reduce treatment-related mortality while main-
taining a significant graft-versus-CML effect following allogeneic HSCT [3, 4].
Early detection and serial measurement of BCR-ABL transcripts in the periph-
eral blood after allogeneic HSCT for CML is important in predicting relapse
and may signal the need for alternative post-transplant treatment strategies
including the use of BCR-ABL tyrosine kinase inhibitors or adoptive cellular
immunotherapy [81, 82]. Furthermore, DLI in patients with CML who relapse
after allogeneic HSCT has induced significant remissions and durable responses
[83]. The response of DLI post-allogeneic HSCT has the highest remission
induction rate and durable responses in CML compared to other forms of
leukemia [83]. Further research is required to determine the optimal approach,
including reduced intensity conditioning, the use of BCR-ABL tyrosine kinase
inhibitors, and adoptive cellular immunotherapy in conjunction with allogeneic
HSCT for children and adolescents with AML in first chronic phase for future
optimization of long-term survival with a significant reduction in acute and
long-term morbidity and mortality.

19.2.4 Hodgkin’s Disease and Non-Hodgkin’s Lymphoma

The prognosis for children and adolescents with newly diagnosed Hodgkin
lymphoma (HL, a.k.a. Hodgkin’s disease) is excellent with an estimated
70–90% 5-year EFS [84, 85]. However, over 25% of children with newly
diagnosed HL progress and/or relapse and the outcome for this subgroup of
patients is dismal. Furthermore, children and adolescents with HL treated
with radiation therapy with or without chemotherapy have a significantly
high risk of developing secondary malignancies and breast cancer [86, 87].
Similarly, the prognosis for children with newly diagnosed non-Hodgkin’s
lymphoma (NHL) is also superb with an estimated 60–95% 5-year EFS [88].
The prognosis, however, in children with recurrent NHL is also dismal with an
estimated 5-year EFS of 10–30% [88–90].
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In the 1980s and early 1990s when upfront chemotherapy was not intensive,
the prognosis in children with HL and NHL after relapse was higher following
HSCT then compared to patients todaywho are relapsing off of intensive upfront
chemotherapy. There are a variety of NHL histologies that have been treated
with HSCT in children and adolescents following induction failure, disease
progression and/or relapse. Loiseau et al. first reported results in 24 children,
16 with B-NHL and eight with T-cell NHL following a busulfan conditioning
regimen and autologous HSCT and reported a 33% DFS (Table 19.5) [91]. In a
rather uncommon form of childhood NHL, Gordon et al. reported the results in
a small number (9) of patients with peripheral T-cell lymphoma (PTCL) follow-
ing TBI and thiotepa conditioning and autologous HSCT and reported a 89%
DFS (Table 19.5) [92]. Philip et al. reported the results in 15 children with B-cell
NHL failing upfront Lymphoma Malignancy B (LMB) therapy treated with
autologous HSCT and reported only a 27% DFS (Table 19.5) [93]. Ladenstein
et al. reported the results in 89 children from the EBMT registry with B-cell NHL
following autologous HSCT and reported a 49% DFS in patients achieving a
sensitive response after chemotherapy reinduction (Table 19.5) [94]. Kobrinsky
et al. reported the results of 50 children with NHL following re-induction
chemotherapy with the DECAL regimen (dexamethasone, etoposide, cisplatin,
cytarabine, L-asparaginase) and who subsequently underwent autologousHSCT
and reported approximately a 50% OS rate (Table 19.5) [95]. Levine et al.
reported the results from IBMTR in 204 patients with lymphoblastic lymphoma
with a median age of 13 years following autologous HSCT (n=128) and allo-
geneic HSCT (n=76) [96]. Although there was a significantly decreased risk of
relapse following allogeneic HSCT, due to an increased risk of regimen related
toxic deaths following allogeneic HSCT, there was a similar DFS between
allogeneic HSCT versus autologous HSCT in patients with lymphoblastic lym-
phoma (36%vs. 39%) (Table 19.5) [96].Most recentlyWoessmann et al. reported
from the BFM Group the results in 20 children with relapsed or progressed
anaplastic large cell lymphoma (ALCL) following TBI, cyclophosphamide, eto-
poside, and allogeneic HSCT, an impressive 75% DFS (Table 19.5) [97]. These
results in children with various types of histologies of NHL suggests a DFS
ranging between 25% and 75% following HSCT, and it appears that both
ALCL and lymphoblastic lymphoma may respond to an allogeneic graft-ver-
sus-lymphoma effect (Table 19.5).

The results following HSCT in children with HL is similar to the results in
children with NHL. Williams et al. first reported the results in 81 children with
HL following a chemotherapy conditioning regimen and an autologous HSCT
and reported a 40% PFS [98]. Baker et al. from the University of Minnesota
reported the results in 53 children with HL following predominately a CBV
(cyclophosphamide, BCNU, and etoposide) conditioning and an autologous
HSCT and reported a 31% failure-free survival (Table 19.5) [99]. Further,
Stoneham et al. reported the results in 51% patients with relapsed or HL who
underwent autologous HSCT at the Royal Marsden following BEAM (BCNU,
etoposide, cytarabine, and melphalan) conditioning and reported a 20% PFS
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ü
n
st
er
,
C
O
G
C
h
il
d
re
n
’s
O
n
co
lo
g
y
G
ro
u
p
,
B
-N

H
L
B
-c
el
l
n
o
n
-H

o
d
g
k
in
’s
ly
m
p
h
o
m
a
,
T
-N

H
L

T
-c
el
l
n
o
n
-H

o
d
g
k
in
’s
ly
m
p
h
o
m
a
,
P
T
C
L
p
er
ip
h
er
a
l
T
-c
el
l
ly
m
p
h
o
m
a
,
N
/A

n
o
t
a
p
p
li
ca
b
le
,
L
L
ly
m
p
h
o
b
la
st
ic
ly
m
p
h
o
m
a
,
A
L
C
L
a
n
a
p
la
st
ic
la
rg
e
ce
ll

ly
m
p
h
o
m
a
,
B
U

b
u
su
lf
a
n
,
C
Y
cy
cl
o
p
h
o
sp
h
a
m
id
e,
T
B
I
to
ta
l
b
o
d
y
ir
ra
d
ia
ti
o
n
,
B
A
C
T
B
C
N
U
+

cy
ta
ra
b
in
e
+

cy
cl
o
p
h
o
sp
h
a
m
id
e
+

th
io
g
u
a
n
in
e,
F
L
U

fl
u
d
a
ra
b
in
e,
D
F
S
d
is
ea
se
-f
re
e
su
rv
iv
a
l,
E
F
S
ev
en
t-
fr
ee

su
rv
iv
a
l,
P
F
S
p
ro
g
re
ss
io
n
-f
re
e
su
rv
iv
a
l,
F
F
S
fa
il
u
re
-f
re
e
su
rv
iv
a
l
B
E
A
M

C
a
rm

u
st
in
e,
et
o
p
o
-

si
d
e,
cy
ta
ra
b
in
e,
a
n
d
m
el
p
h
a
la
n
B
E
A
C
C
a
rm

u
st
in
e,
et
o
p
o
si
d
e,
A
ra

C
a
n
d
cy
cl
o
p
h
o
sp
h
a
m
id
e
V
P
-1
6
E
to
p
o
si
d
e

19 Hematopoietic Stem Cell Transplantation 473



(Table 19.5) [100]. Lieskovsky et al. reported the results in 41 children with
relapsed refractory HL from Stanford University following chemotherapy
conditioning and autologous HSCT and reported a 53% EFS (Table 19.5)
[101]. Lastly, Harris et al. reported the early results of 38 children with relapsed
refractory HL who obtained a CR or partial response following re-induction
therapy and underwent an autologous HSCT following CBV conditioning and
reported a 43% PFS (Table 19.5) [102]. These results suggest that children and
adolescents with relapsed refractory HL who undergo chemotherapy condi-
tioning and an autologous HSCT have an estimated 20–50% PFS and are still
at risk for long-term complications including secondary/therapy-related mye-
lodysplastic syndromes (MDS) and AML, as well as breast cancer.

Recently, it has been identified that reduced-intensity conditioning followed
by allogeneic HSCT induces a significant graft-versus-tumor effect against HL
[104]. Several adult centers have piloted the use of myeloablative conditioning
and autologous HSCT followed by nonmyeloablative or reduced-intensity
conditioning and allogeneic HSCT for poor-risk adults with HL [105, 106].
These results of autologous HSCT following by reduced-intensity allogeneic
HSCT in very poor-risk adults with HL suggests that this approach may also be
beneficial in children and adolescents with resistant HL and who are at long-
term risk of secondary complications. Bradley et al. has reported the initial
results in 10 children and adolescents with HL treated with CBV conditioning
and an autologous HSCT followed by busulfan and fludarabine conditioning
and allogeneic HSCT and has reported an early 70% EFS (Table 19.5) [103].
Longer term follow upwith a larger cohort and a subsequently randomized trial
will need to be performed to determine whether this approach reduces the risk
of HL relapse and/or reduces the risk of secondary complications compared to
standard myeloablative conditioning and autologous HSCT.

19.3 Nonhematologic Malignancies

Most pediatric solid tumors are chemotherapy-sensitive. With improvements in
supportive care, it has been possible to give very intense chemotherapy regimens
safely to children with cancer, which has resulted in significant improvement of
OS and DFS. However, there still exist some tumors, though chemotherapy-
sensitive, in which the prognosis remains poor, i.e., high-risk neuroblastoma.
Additionally, for patients with tumor relapse the DFS remains less than 20%. As
the intensity of ‘‘standard therapy’’ has increased for pediatric solid tumors, the
role of myeloablative chemotherapy and autologous stem cell rescue is increas-
ingly being debated. Randomized trials are desperately needed to determine the
role of autologous HSCT in pediatric solid tumors; however, due to the small
number of patients, these are often not feasible without international collabora-
tion. There is increased interest in the utility of allogeneicHSCT and the potential
graft-versus-tumor effect; however, most studies are still in the pilot phase.
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19.3.1 Neuroblastoma

The most common indication for autologous transplantation in pediatrics is

neuroblastoma. Beginning in themid-1980s, reports began to appear suggesting

benefit of autologous HSCT for high-risk neuroblastoma. Early studies were all

single arm studies with small patient numbers, differing in risk of disease and

numerous conditioning regimens used, and the 3-year EFS ranged from 24% to

50%. In general, this compared favorably to the 20% expected EFS with

chemotherapy alone [107]. In the late 1980s, CCG conducted a phase III

study for high-risk neuroblastoma where patients were randomized following

intensive induction chemotherapy to either autologous HSCT, including TBI in

the conditioning, or continued intensive chemotherapy as consolidation [108].

This study enrolled 190 patients per arm and demonstrated a benefit in 3-year

EFS for the transplant arm, 34% vs. 22%, but no difference in OS with late

relapses, i.e., greater than 5 years, continuing to occur (Fig. 19.8). Therefore,

further follow-up is required to determine the benefit of transplant on long-term

EFS. Of interest, there was no difference in treatment-related deaths or hospital

days between the two arms. Attempts to better overcome chemotherapy-resis-

tance have been attempted by the use of tandem transplants as consolidation

therapy. Grupp et al. reported a 58% EFS but had only a 22-month median

Fig. 19.8 Probability of event-free survival among patients assigned to bone marrow trans-
plantation or continuation chemotherapy. Follow-up began at the time of the first randomi-
zation (8 weeks after diagnosis). The difference in survival between the two groups was
significant at 3 years (P¼0.034).
Source: Matthay et al. [108]. Copyright [1999] Massachusetts Medical Society. All rights
reserved
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follow-up [109]. Kletzel et al. employed triple tandem myeloablative regimens
each followed by autologous HSCT and reported a 3-year EFS of 57% with 38
months median follow-up [110]. However, a later report with additional
patients and longer follow-up demonstrate a 38% 6-year EFS [111]. Children’s
Oncology Group (COG) will soon open a randomized study to test the efficacy
of tandem versus standard autologous HSCT for high-risk neuroblastoma.
Another strategy to gain better tumor control is to incorporate targeted
therapy. A radionucleotide, metaiodobenzylguanidine (MIBG), has been
shown to have specificity and activity in relapsed neuroblastoma [112], and
pilot studies have been performed combining MIBG with chemotherapy
followed by autologous HSCT (Table 19.6) [113].

Hematogenous dissemination is common in neuroblastoma; therefore, re-
infusion of tumor contaminated stem cell products may be responsible for post-
transplant relapse. A study with ex vivo genetically marked stem cells demon-
strated that indeed re-infused tumor cells can contribute to post-transplant
relapse [116]. Therefore, some studies have used purged stem cell products
[108, 109] while others have not [110]. Though peripheral blood stem cells
(PBSC) may have less tumor contamination than marrow, studies have demon-
strated tumor presence in PBSC by polymerase chain reaction (PCR) [117].
COG has conducted a study to evaluate the benefit of purging autologous
PBSC products for transplant of patients with neuroblastoma. The preliminary
results demonstrate no advantage to patients receiving purged products versus
unpurged PBSC [118].

Post-transplant treatment of MRD is another approach to decrease relapse.
A CCG study demonstrated regardless to consolidation (chemotherapy vs.
transplantation) there was a benefit to receiving 13-cis-retinoic acid as main-
tenance therapy, with the 3-year EFS being 46% vs. 29% [108]. The anti-GD2
monoclonal antibody targets neuroblastoma cells [119] and COG has an
ongoing study to evaluate the toxicity and efficacy of this antibody with
granulocyte-macrophage-colony-stimulating factor (GM-CSF) and interleu-
kin-2 (IL-2) to further enhance the antibody-dependent cytotoxicity. Further
research to control post-transplant MRD remains active and promising. Cur-
rent approaches under investigation include cytokine therapy, adoptive cellular
therapy, and tumor vaccines, as well as anti-angiogenic therapies and small
molecular inhibitors of cellular proliferation pathways or to enhance tumor cell
apoptosis.

Allogeneic HSCT has been performed for patients with neuroblastoma.
A case control study by the European Blood and Marrow Transplant Registry
(EBMTR) suggested a benefit of allogeneic transplant with the 2-year PFS being
41% compared to 35% for autologous HSCT, though due to small numbers
this was not statistically significant [114]. CCG conducted a biologically
randomized study comparing the outcome of patients receiving an allogeneic
transplant if an HLA-identical matched sibling was available to autologous
HSCT [115]. This study showed significantly more nonrelapse related mortal-
ity in the allogeneic group, and no statistical difference in relapse rate, though
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numbers were small. With improvement in supportive care for allogeneic
transplant and the use of nonmyeloablative conditioning, the role of allogeneic
HSCT for high-risk neuroblastoma is being evaluated again in pilot studies by
several groups [120].

19.3.2 Central Nervous System Tumors

Primary brain tumors are a diverse group of diseases that together constitute
the most common solid tumor of childhood. Surgical resection remains a key
element in prognosis of childhood brain tumors. Though radiation therapy is
very useful in the treatment of pediatric brain tumors, it is technically more
demanding, and debilitating effects on growth and neurologic development
have frequently been observed following radiation therapy, especially in
younger children. Many, but not all types of brain tumors seen in pediatrics
have been shown to be chemotherapy-sensitive. Therapeutic strategies using
high-dose chemotherapy and autologous stem cell rescue studied in children
with brain tumors include (1) for chemotherapy-sensitive poor-risk tumors as
consolidative therapy, (2) for chemosensitive relapsed tumors, (3) dose escala-
tion by multiple nonmyeloablative courses of chemotherapy with stem cell
rescue, and (4) an attempt to delay radiation therapy in young children. The
use and utility to date of high-dose chemotherapy and stem cell rescue will be
discussed for the different histologic types of brain tumors observed in children
and adolescents, while the treatment of young children to delay radiation will be
discussed separately (Table 19.7).

19.3.2.1 High-Grade Astrocytomas

High-grade astrocytoma, anaplastic astrocytoma, or glioblastoma multiforme
are chemosensitive but have a very poor outcome even with surgery, radiation,
and chemotherapy, i.e., 5-year survival of about 20% (40% for patients with
total resection) [128]. Studies have suggested that some durable responses can
be achieved using myeloablative chemotherapy and autologous HSCT as con-
solidative therapy [121, 122] for recurrent disease [123] and for hematologic
support following multiple cycles of nonmyeloablative chemotherapy [129].
Though some of these results have been promising, all series have small num-
bers of patients, and no randomized trials have been performed to prove high-
dose chemotherapy and autologous HSCT improves outcome when compared
to standard therapy with surgery, radiation, and chemotherapy.

19.3.2.2 Neuroectodermal Tumors

Tumors of neuroectodermal origin, i.e., medulloblastoma and supratentorial
primitive neuroectodermal tumors (Spnet), are chemosensitive, and about
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50% of patients are long-term survivors with surgery, radiation, and che-

motherapy [130, 131]. Strother et al. treated over 50 newly diagnosed patients

with medulloblastoma and Spnet with multiple cycles of nonmyeloablative

chemotherapy and stem cell rescue resulting in excellent short-term results

(>75% 2-year PFS) [124]. Further long-term follow-up and/or a randomized

trial are required to determine if this approach is beneficial as compared to

standard therapy for newly diagnosed high-risk patients. However, for

patients with relapsed disease long-term survival is very rare. A CCG study

demonstrated 34% 3-year EFS using high-dose chemotherapy and autolo-

gous HSCT for recurrent medulloblastoma [125], and another study had 5/17

patients with recurrent Spnet alive and disease-free following myeloablative

chemotherapy and autologous HSCT; however, 0/8 patients with recurrent

pineoblastoma survived [126].
In general, young children with brain tumors present a particular problem.

First, they have worse prognoses than older children, i.e.,<40% 2-year PFS [132].

Secondly, the adverse effects on growth and neurocognitive development are

significantly more profound for children less than 6 years of age. Therefore, one

strategy that has been employed to delay radiation is to use myeloablative therapy

with autologous stem cell rescue as consolidative therapy in these very young

patients with brain tumors (Fig. 19.9) [127]. This strategy has resulted in delay in

radiation and some long-term survivors. However, again longer follow-up and/or

randomized trials are necessary to determine the benefit of this approach compared

to standard therapy. To date, these studies have identified some types of disease in

which this approach appears to provide no benefit over standard therapy, such as

high-grade astrocytomas, brain stem gliomas and ependymomas [127, 133].

Fig. 19.9 Overall survival and event-free survival (1–3 years) from diagnosis in 62 children
with primary brain tumors. (O and þ) Censored times.
Source: Mason et al. [127]. Reprinted with permission from the American Society of Clinical
Oncology
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19.3.3 Sarcoma

Local control with surgery and/or radiation remains very important in the
curative potential of sarcomas; however, outcome remains quite poor with
cure rates of less than 30% for patients with metastatic disease [134, 135] and
less than 10% for recurrent disease [136]. Since many sarcomas in pediatrics are
chemotherapy-sensitive, myeloablative chemotherapy with autologous stem
cell rescue has been used to treat metastatic or recurrent disease.

19.3.3.1 Ewing’s Sarcoma

After neuroblastoma, Ewing’s sarcoma is the most common nonhematologic
cancer in pediatrics where SCT is employed. There have been numerous single
arm studies using myeloablative chemotherapy and HSCT to treat metastatic
Ewing’s sarcoma, but the results have been insufficient to determine superiority
versus standard therapy [137]. An EBMTR review suggested a benefit of auto-
logous HSCT for patients with metastatic disease and suggested that melpha-
lan-based myeloablative regimens had the most activity [138]. Results of this
study have lead to the current ongoing Euro-Ewing study using myeloablative
chemotherapy and autologous HSCT in nonrandomized fashion for extrapul-
monary metastatic disease and with participation of select US centers addres-
sing in a randomized fashion the role of autologous HSCT versus standard
therapy, including whole lung radiation for patients with lung as the only site of
metastatic disease. Tandem, myeloablative therapies followed each by autolo-
gous stem cell rescue have been shown to be feasible for high-risk Ewing’s
patients, but, again, the results are similar to those observed with standard
therapy [139, 140]. Again, numerous single arm studies using myeloablative
therapy with autologous HSCT have been performed for recurrent Ewing’s
sarcoma, with conclusions of efficacy of SCT being mixed. A single center
retrospective multi-variate analysis demonstrated significantly improved out-
come for patients who received autologous HSCT, had chemo-responsive dis-
ease at relapse, and/or had initial relapse-free interval of longer than 24 months
[141]. However, there may be bias in this study as patients without chemo-
responsive disease did not go on to HSCT. It has been hypothesized that the
characteristic EWS-FLI fusion gene product may be a target for immune
therapies [142]. Though a very interesting approach, a vaccine trial was per-
formed in post-HSCT patients but it has been difficult to prove clinical benefit
of an immune response. However, one European multi-center trial demon-
strated an EFS advantage for patients who received IL-2 following autologous
HSCT [143]. A single center experience of 27 Ewing’s patients who received
allogeneic HSCT suggested a trend toward better survival compared to the
center’s historical results for autologous HSCT [144]. In summary, the outcome
remains poor for Ewing’s sarcoma patients with metastatic or recurrent disease,
and without randomized trials the role of SCT is difficult to define (Table 19.8).
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19.3.3.2 Rhabdomyosarcoma

The outcome for patients with metastatic or recurrent rhabdomyosarcoma has not
changed in decades, with survival rates being about 30% for metastatic disease [148]
and less than 20% for recurrent disease [149]. Dose escalation has not demonstrated
significant improvement in high-risk rhabdomyosarcoma. Myeloablative che-
motherapy, including tandem cycles, followed by autologous HSCT has been
attempted without much demonstrable benefit [145, 146, 150]. Long-term survival
has been shown using myeloablative therapy and autologous HSCT for some
patients with recurrent rhabdomyosarcoma [146]; however, a large meta-analysis
demonstrated no benefit of autologous HSCT for patients with recurrent disease
[151]. Therefore, outside the setting of a clinical investigation, HSCT is difficult to
recommend for metastatic or recurrent rhabdomyosarcoma (Table 19.8).

19.3.3.3 Osteosarcoma

Osteosarcoma was one of the first solid tumors where dose-escalation was
shown to have benefit [152, 153]. However, it has been difficult to demonstrate
benefit of myeloablative therapy and autologous HSCT for high-risk or recur-
rent osteosarcoma [153, 147]. Currently, another approach to using stem cell
support in the treatment of osteosarcoma is as rescue following radio-labeled
samarium (Table 19.8) [154].

19.3.4 Wilms’ Tumor

Though outcome forWilms’ tumor is excellent, for patients with relapsed disease
long-term DFS is often less than 20% [155]. There have been impressive results
(i.e., EFS> 50%) from single center studies using myeloablative therapy and
autologous HSCT for relapsed Wilms’ tumor (Fig. 19.10) [156]. A retrospective
analysis of the EBMTR experience demonstrated about 50% of patients who
were in CR at time of transplant were long-term disease-free survivors; however,
only one of eight with measurable disease survived [157]. The French Society of
Pediatric Oncology (SFOP) group conducted a prospective trial and demon-
strated 50%EFS for relapsed patients [158]. However, there are nowpilot studies
that suggest similar results can be achieved without myeloablative chemotherapy
and autologous HSCT [159, 160]. A randomized trial is needed to assess the role
of autologous HSCT in relapsedWilms’ tumor; however, due to small number of
patients, an international collaboration would be required.

19.3.5 Miscellaneous Tumors

Myeloablative therapy and autologous HSCT has been reported to have effi-
cacy for many types of recurrent pediatric solid tumors. The experience consists
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of only case reports in the majority of instances. Such tumors include: esthe-

sioneuroblastoma [161], germ-cell tumors (both cranial and extracranial) [121,

162] and pulmonary blastoma [163]. A French multicenter study involving 25

patients with high-risk retinoblastoma demonstrated approximately 50% long-

term DFS. Conclusion of this study was that autologous HSCT provided

similar results as conventional chemotherapy for patients with residual optic

disease, but superior outcome for patients with extraocular disease [164]. Auto-

logous HSCT has been performed in patients with desmoplastic round cell

tumor since the disease is usually chemotherapy-sensitive, but responses are

usually very short in duration with a less than 10% 1-year survival [165]. There

are reports of prolonged survival, (i.e., 3–4 years) following autologous HSCT,

the vast majority of patients relapse and longer follow-up is require to deter-

mine if any patients will be cured of their disease [150].

19.4 Psychosocial Issues

As with any individual undergoing HSCT, psychosocial issues (physical, emo-

tional, financial, etc.) for children and their families are universal and can be

immense. A comprehensive discussion of such issues is beyond the scope of this

review; however, a few issues that are specific ormore prevalent for children and

Fig. 19.10 Kaplan–Meier analysis event-free survival (EFS) and overall survival (OS) of 13
patients with relapsed Wilms’ tumor from the time of high-dose chemotherapy and hemato-
poietic stem cell rescue.
Source: Campbell et al. [156]. Reprinted with permission from the American Society of
Clinical Oncology

484 M.S. Cairo and T.G. Gross



families undergoing HSCT warrant mentioning. For small children, being
confined to a room can be challenging, so physical, recreational, and occupa-
tional therapy as well as child life specialists are utilized to maintain growth and
development skills for small children and provide constructive distraction from
the boredom of their confinement. For school-aged children educational ser-
vices are often provided to afford the child opportunity to keep up academically
with peers. Additionally, parents have the stress of not only caring for an ill
child, but having to provide or arrange care for siblings, pressures of work and
financial issues. Therefore, social workers, financial counselors and psycholo-
gists are required to provide assistance to family members as well. The psycho-
social support required goes beyond the patient to the immediate and often
extended family, such that for a child undergoing HSCT support often sur-
passes that required to support an adult through the process of HSCT.

19.5 Late Effects

Potential late sequelae of HSCT are well-described. Many of the late complica-
tions of HSCT observed in adults are also seen in children. Again, there exist
some complications that are specific or more prevalent in children undergoing
HSCT. The risk of long-term effects has been shown to be related to agents used
in HSCT. But the cumulative affect of pre-HSCT therapy can also add to long-
term deficits, e.g., hearing loss in children with neuroblastoma [166].

Complications with growth and development following high-dose chemother-
apy, irradiation or complications of infections and/or GvHL continue to be a
major concern for children undergoing HSCT [167]. All children who undergo
HSCT require annual follow-up at a minimum to monitor growth and develop-
ment. Of note, growth hormone (GH) deficiency should be monitored closely. GH
deficiency has been associated not only with short stature, but obesity, hyperlipi-
demia, increased risk of cardiovascular disease, as well as behavioral problems
which can improve after GH replacement therapy [168, 169]. Though there have
been concerns about increased risk of leukemia relapse with GH replacement
therapy, this has not been shown to be true with GH therapy post-HSCT [167].
Children require close monitoring to assure appropriate development through
puberty, which may require hormonal replacement therapy. And bone health is
very important in children, not only for increased risk of fracture but also to obtain
maximal adult height. Young children are prone to develop problems as adult
dentition can be significantly affected by HSCT [170]. Secondary malignancies are
a concern of all patients undergoing HSCT. A study from the University of
Minnesota demonstrated that cumulative risk for post-transplant lymphoproli-
ferative disease and secondary MDS or leukemia plateaued at 1–2% at 10 years
post-HSCT, while the cumulative risk of developing a solid tumor was 4% at 20
years and has not plateaued [171]. This same study showed that the younger the age
at HSCT, the higher the risk of secondary malignancy—underscoring again the
need for education and close surveillance for the life of the HSCT recipient.
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19.6 Summary

HSCT continues to provide cures for children with malignancy. As primary
therapies become more intensive and effective in curing children with cancer,
patients with refractory or relapse disease have more resistant disease and are at
increased risk for regimen-related toxicity. Therefore, if HSCT is to continue to
benefit children with cancer, newer strategies are required to control more resistant
disease while reducing toxicities. Some strategies that are very exciting and hold
much promise include utilizing the graft-versus-tumor effect with the use of
reduced intensity conditioning regimens; incorporation of more targeted therapies
into conditioning regimens, such as radiolabeled antibodies; and improvement in
early detection and therapies for prevention and treatment of regimen-related
toxicities, infections, and other complications (short and long-term).
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Chapter 20

Cellular Adoptive Immunotherapy After

Autologous and Allogeneic Hematopoietic

Stem Cell Transplantation

David L. Porter, Elizabeth O. Hexner, Sarah Cooley, and Jeffrey S. Miller

20.1 Introduction

HSCT remains the best if not only curative therapy for many patients with

hematologic malignancies. The success of HSCT is related not just to the high

dose conditioning therapy, but at least in the setting of allogeneic HSCT, the

donor graft itself can provide powerful ‘‘graft-versus-leukemia’’ (GvL) activity

critically important for the cure of many patients. The relevant cellular immune

components of the donor graft include at least T cells, natural killer (NK) cells

and B cells, all recognized in various settings as potential effectors of the GvL

(or graft-versus-tumor, GvT) effect. Although GvL activity was identified in

some of the earliest murine models of HSCT [1], it took many years to unequi-

vocally prove GvL activity was critical in clinical transplantation. Numerous

observations implicated mature donor T cells as primarily mediators of GvL,

and a tight association of GvL activity and graft-versus-host disease (GvHD)

was repeatedly observed [2]. Ultimately, the use of donor leukocyte infusions

(DLI) to treat relapsed leukemia provided the first direct evidence for a GvL

reaction in the clinical setting.More recently, accumulating evidence shows that

in the proper setting, natural killer (NK) cells also possess potent anti-tumor

activity and hold great promise for cellular immunotherapy without the risk of

graft-versus-host disease. Defining the precise cellular effectors and the target

antigens for the GvL response will be necessary to maximize the anticancer

effects of cellular therapy while minimizing the risk of GvHD. Ultimately

adoptive immunotherapy after HSCT offers a powerful approach for immuno-

logic control of cancer and infections, and has far reaching implications for the

immunological control of human disease.

D.L. Porter (*)
Division of Hematology-Oncology, University of Pennsylvania Medical Center,
16 Penn Tower, 3400 Spruce St, Philadelphia, PA, USA
e-mail: david.porter@uphs.upenn.edu

M.R. Bishop (ed.), Hematopoietic Stem Cell Transplantation,
Cancer Treatment and Research 144, DOI 10.1007/978-0-387-78580-6_20,
� Springer ScienceþBusiness Media, LLC 2009

497



20.1.1 DLI for Chronic Myelogenous Leukemia

The classic and most potent example of successful allogeneic cellular therapy is the

use of DLI for chronic myelogenous leukemia (CML). Kolb et al. first reported

that three patients with relapsed CML after allogeneic HSCT all achieved a

complete cytogenetic remission after buffy coat infusions from the original trans-

plant donor [3]. This report was quickly followed by a number of studies confirming

that DLI could induce complete remissions for the majority of similar patients with

relapse of chronic phase CML [4, 5]. Furthermore, several studies also showed that

the majority of patients achieved a complete molecular response when assayed by

high sensitivity polymerase chain reaction (PCR) techniques. Two large retrospec-

tive registry analyses have better quantitated the GvL activity of DLI as shown in

Table 20.1. These data are remarkably consistent with single institution trials and

Table 20.1 Response rates to donor leukocyte infusions to treat relapse after allogeneic bone
marrow transplantationa

Disease Response rate

CML chronic phase 76% (28/37) [7]

79% (53/67) [6]

CML advanced phase 28% (5/18) [7]

12% (1/8) [6]

AML 15% (6/39) [7]

29% (5/17) [6]

36% (16/44) [8]b

34% (54/159) [9]

62% (10/16) [10]c

ALL 18% (2/11) [7]

0% (0/12) [6]

13% (2/15) [11]

MDS 40% (2/5) [7]

25% (1/4) [6]

21% (3/14) [12]d

NHL 0/6 (0%) [7]

Multiple myeloma 50% (2/4) [7]

31% (4/13) [13]

22% (6/27) [14]

9% (2/22) [15]e

AML acute myelogenous leukemia, ALL acute lymphocyte leukemia, MDS
myelodysplasia,NHLnon-Hodgkin’s lymphoma,CML chronicmyelogenous
leukemia, EBMT European Group for Blood and Marrow Transplantation
aRepresentative response rates are illustrated from either registry data or in
some cases, larger series of DLI for a specific indication
bAll patients were pretreated with chemotherapy by design of the protocol
cOnly 25% long-term survivors without disease
dNo long-term disease-free survivors due to toxicity or relapse in three respon-
ders
eA total of 25 patients were treated. An additional three patients achieved a
complete response after treatment with chemotherapy before DLI.
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show that 76–79% of patients treated with DLI for relapsed chronic phase CML

achieve complete cytogenetic and molecular remission [6, 7].
DLI is most effective for patients with chronic phase relapse but disappointing

for patients with accelerated phase or blast crisis; remissions were observed in

only 12–28% of these patients. Even those patients with advanced phase CML

who respond to DLI are less likely to enjoy prolonged remissions [16, 17] and

have relapses rates of over 40% [16]. On the contrary, the majority of remissions

are durable in patients treated for early phase relapse of CML. A review of long-

term follow-up data from the North American registry showed that only 5 of 39

(13%) DLI recipients for CML relapsed; this included 2 of 32 (6%) recipients of

DLI for early phase relapse and three of seven (43%) recipients of DLI for

advanced phase relapse of CML [18]. The probability of both event free and

overall survival was 73% at 3 years (Fig. 20.1). In another report on long-term

outcomes afterDLI forCML, theHammersmith group reported that only 4 of 44

(9%) patients had a recurrence of CML 15–87 weeks after remission [17] with a

3-year probability of molecular remission of 68%. Their data confirmed that

advanced phase CML and a short duration of remission after transplant were

poor prognostic factors after DLI. In a subsequent report from Sweden, 3-year

leukemia-free survival was similar at 85% after DLI for cytogenetic or molecular

relapse of CML but 0% for patients treated at hematologic relapse [19]. Late

relapses in these long-term follow-up studies raise the concern that the GvL

effects provided by donor T cells might have a limited life span.

Fig. 20.1 Disease-free survival after DLI for CML, reprinted with permission from Collins
et al. [7]
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20.1.2 DLI for Acute Myelogenous Leukemia

The activity of DLI for relapsed acute myelogenous leukemia (AML) has been

disappointing. This is not surprising since early data suggested that GvL

activity against AML was relatively weak [2, 20]. Several initial case series

described remissions after DLI for relapsed AML [21, 22], but all reports

included only small numbers of heterogeneous patients with few responses.

Three large retrospective analyses have been performed to estimate the antici-

pated outcomes after DLI for AML [6, 7, 9] (Table 20.1). Overall, response rates

vary between 15% and 34% and 2-year overall survival between 9% and 20%.
One of the limitations to successful DLI for relapsedAMLhas been the rapid

progression of leukemia before a GvL effect can be manifested. After DLI for

CML, the median time to response may be over 40 days [4]. Given the latency of

GvL activity it is logical to consider treatment prior to DLI with cytoreductive

chemotherapy. DLI can then be given either as consolidation after achieving a

remission, or during a chemotherapy-induced nadir.
Three important and illustrative studies using DLI for relapsed advanced

myeloid malignancies illustrate the controversies using pre-DLI chemotherapy.

Two prospective trials included patients treated with induction chemotherapy,

followed 7–14 days later by a defined dose of G-CSF mobilized peripheral

blood mononuclear cells as the source of DLI [8, 10]. Complete remissions

were achieved in 47% (27/57) and 63% (10/16) of patients respectively. Overall

survival was 19% and 31% at 2 years. Several important findings can be high-

lighted. For patients who achieved complete remission after chemotherapy and

DLI, 1- and 2-year survival rates were approximately 50% and 40% respec-

tively, compared to a 1-year survival of 0–5% in nonresponders. Therefore, for

patients whose disease can be controlled, there does appear to be a potent anti-

leukemic effect of DLI. The most important predictor of survival was time from

transplant to relapse; 1-year survival for patients relapsing more than 6 months

after HSCTwas about 50% compared to 0–10% for patients relapsing less than

6months from transplant (Fig. 20.2) [8, 10]. Thus, for the group of patients who

relapse within 6 months after HSCT, novel manipulations of DLI or other

therapy should be considered.
A more recent retrospective analysis was conducted by the European Group

for Blood and Marrow Transplantation (EBMT). This study was particularly

informative and clarified a number of prognostic factors associated with out-

comes after DLI [9]. The study was designed to compare outcomes after AML

relapse (n¼ 399) between patients that did (n¼ 171) and did not (n¼ 228)

receive DLI. After adjusting for differences between groups, the 2-year overall

survival was 21% for DLI recipients compared to 9% for patients who did not

receive DLI. Factors associated with better outcome was relapse greater than 5

months from HSCT, age less than 37 years, and use of DLI. For DLI recipients

specifically, remission at the time of DLI or <35% marrow blasts were both

associated with better survival as was female sex and favorable cytogenetics. In
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the best risk patients in remission or with favorable cytogenetics, 2-year overall
survival (OS) was estimated to be 56% (Fig. 20.3). Though it is possible that
remission induction prior to DLI is simply preselecting the best risk patients, it
may also imply that DLI is likely to be most effective when given for a minimal
disease burden. In this study, two other nonoverlapping prognostic groups
were identified: Female recipients not in remission with a low tumor burden
had a 2-year OS of 21%while all other patients had an estimated 9% 2-year OS.
Two-year OS was 15% for patients given DLI during aplasia or with active
disease. Clearly there remains an important role for DLI. Newer methods to

Fig. 20.2 Survival after chemotherapy followed by DLI for AML; post-transplant remission
>6 months (solid line), post-transplant remission <6 months (dashed line), reprinted with
permission from Levine et al. [8]

Fig. 20.3 Prognostic groups
for survival after donor
lymphocyte infusion DLI
for patients with relapsed
AML. Reprinted with
permission from Schmid
et al. [9]
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enhance anti-leukemic effects of allogeneic cellular therapy should be aggres-
sively investigated, particularly in the high risk group of patients.

There is little long-term follow-up information after DLI for AML, but most
data suggest that many of the DLI-induced remissions are not durable. In one
report of long-term follow-up, event-free survival after achieving CR for
relapsed AML was only 31% at 3 years [18]. Interestingly, there are a surpris-
ingly large number of patients whose relapses after DLI are characterized by
extramedullary disease in the absence of marrow involvement [23]. This obser-
vation suggests that AML can recur either in a sanctuary site or in a subset of
cells with specific properties that escape immunologic recognition [10, 24].
More effective and/or other site specific therapy should be considered when
treating extramedullary relapse.

20.1.3 DLI for Myelodysplasia

There are only limited data on the role of DLI in relapsed MDS. Some trials of
DLI have included patients with MDS, but response rates are not reported
separately from patients with AML [8]. In general, response rates have been low
and long-term survival disappointing. It is important to note however that
myelodysplastic syndromes are quite heterogeneous and can vary from very
indolent to very aggressive diseases. In those patients with an indolent course,
the response to DLI may be higher than in patients with AML or more
aggressive subtypes of MDS.

Overall response rates to DLI for MDS are between 14% and 45%, and it
can be anticipated than a number of patients will ultimately relapse, thus
limiting DFS [6, 7, 12, 25, 26]. In a recent and sobering report, for 16 recipients
of DLI for relapsed MDS treated between 1993 and 2004, all 13 patients who
did not respond died of their disease 3–20 months after DLI. Only 3 of 14
evaluable patients (21%) responded; one died of subsequent relapse less than
6 months from DLI, and two long-term responders died of toxicity 65 and
68 months after DLI. Nevertheless, there is compelling evidence that a meaningful
GvL reaction will occur in some patients with MDS.

20.1.4 DLI for Acute Lymphocytic Leukemia

Although GvL activity against acute lymphocytic leukemia (ALL, a.k.a. acute
lymphoblastic leukemia) is weak [2], the potential for DLI to induce remissions
for relapsed ALL is well established. In fact, one of the first known cases of
successful DLI was a child with relapsed ALL, who was in remission at least
15 years following the infusion [27].

Unfortunately, many subsequent reports using DLI for relapsed ALL have
been disappointing. The EBMT reported that no patient with relapsed ALL
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achieved remission from DLI alone, and the median survival was less than

6 months after DLI; in addition, all patients who received chemotherapy or were

in CR relapsed a median of 15 months after treatment [6]. Collins et al. described

44 patients treated in various ways at different centers for relapsed ALL [11].

Fifteen patients received no pre-DLI chemotherapy while the remainder were

treated with chemotherapy and received DLI at their nadir. Regardless of pre-

treatment, patients had uniformly poor outcomes. Of 15 patients who received no

pre-DLI chemotherapy, only two (13%) responded. Response rates were 20% for

the 25 recipients ofDLI given at a chemotherapy-induced nadir. Five of these seven

responders relapsed 42–1112 days after remission; overall survival was 13% at 3

years and only three patients remained alive and disease-free.
A more recent prospective trial included 10 relapsed ALL patients treated

with standard chemotherapy and granulocyte-colony-stimulating factor

(G-CSF)-stimulated DLI at nadir [28]. Although seven patients were in remis-

sion following treatment, two died of complications related to GvHD, four

relapsed 120–991 days after CR, and only one remained alive in CR though

over 3 years from DLI. Therefore, taken together, these data support an

important GvL effect against ALL, but only in a minority of patients.

20.1.5 DLI in Myeloma, Non-Hodgkin’s Lymphoma,
and Hodgkin’s Lymphoma

There is compelling data for a meaningful graft-versus-myeloma (GvM) effect

after both conventional [29] and nonmyeloablative allogeneic HSCT [30, 31]. It

is also clear that DLI can induce remissions in some patients who relapse after

allogeneic HSCT [32]. However, while response rates of up to 60% have been

reported, complete responses have occurred in only 25–30%of patients, and are

sustained in 0–18% of patients [14, 15]. The North American multicenter

analysis reported complete remissions in two of 22 patients who received DLI

alone but both patients relapsed 10 and 26 weeks after CR [15]. Interestingly,

Kroger et al. administered DLI in combination with low dose thalidomide

to 18 patients with relapsed MM after allogeneic HSCT [33]. There were 12

responses, four complete remissions, and 100% estimated 2-year survival. The

contribution of thalidomide versus DLI could not be separated but data suggest

that other therapies may enhance response rates to DLI. These data highlight

that DLI can generate a meaningful GvM effect for a minority of patients, but

significant toxicity and relapse limit the success for myeloma.
While indirect evidence also suggests that non-Hodgkin’s lymphoma (NHL)

and Hodgkin’s lymphoma (HL, a.k.a. Hodgkin’s disease) are susceptible to

graft-versus-lymphoma induction [34, 35], outcome data after DLI for relapse

of NHL or HL are also quite limited. While no responses in six patients with

NHL were reported to the North American DLI registry [7], a number of small
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reports do show that DLI can induce a meaningful graft-versus-lymphoma
reaction [36, 37].

There is remarkably little data on the use of DLI for relapsed HL, though
there is compelling evidence that a graft-versus-lymphoma reaction can be
generated [38]. DLI has been used most frequently for relapse or persistent
disease after nonmyeloablative allogeneic HSCT. Response rates of 56% (50%
complete remissions) [39] and 54% [40] have been noted for recipients of DLI
for relapsed HL. The M.D. Anderson Cancer Center Group reported four of
nine (44%) DLI recipients responded for a median of 7 months but had only
one ongoing response [41]. Therefore, cellular therapy for HL holds significant
promise, but new methods to enhance and sustain graft-versus-lymphoma
responses are clearly needed.

20.1.6 Unrelated Donor Lymphocyte Infusions

Donor lymphocyte infusions are being used with increasing frequency after
unrelated donor HSCT (reviewed in [42]). A number of studies described above
have included recipients of unrelated DLI (UDLI) [6, 7, 17], but in most cases
specific outcomes compared to sibling DLI have not been provided. The two
large retrospective studies suggested that UDLI and related DLI result in
similar outcomes but included small numbers of patients [6, 7]. Two other
studies have focused primarily on the role of unrelatedDLI for relapsed disease.
In one study for relapsed CML, outcomes after related DLI in 18 patients were
compared directly to outcomes for 12 recipients of UDLI [43]. A cytogenetic
remission was achieved in 73% of related DLI recipients compared to 64% of
UDLI recipients (p¼ 0.71). There was a trend toward more grade II–IV acute
GvHD after UDLI (58% vs. 39%) that did not reach statistical significance
(p¼ 0.09) possibly due to the small numbers of patients studied. The incidence
of chronic GvHDwas 49% for all patients and was not dependent on the donor
source. The only factor associated with response was disease stage at the time of
DLI, similar to other reports [6, 7, 44]; patients treated in cytogenetic or
molecular relapse were seven times more likely to respond when compared to
patients treated in hematologic relapse.

In a larger retrospective analysis, 58 recipients of UDLI were identified
through the National Marrow Donor Program database [44]. Patients received
UDLI for relapse of CML (n¼ 25), AML (n¼ 23), ALL (n¼ 7) or other
diseases (n¼ 3). The donor and recipient were HLA-mismatched in at least
21% of cases and the median cell dose administered was 1.0� 108 mononuclear
cells (MNC)/kg. For patients with active disease at the time of DLI, complete
remissions were achieved in 46% of patients with CML, 42% of patients with
AML, and two of four patients with ALL. The incidence of grade II–IV acute
GvHD was 25% and chronic GvHD occurred in 41% of patients, both in
keeping with data from large series of related DLI. The estimated disease-free
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survival (DFS) for all recipients at 1 year after complete remission was 65% for
patients with CML, 23% for AML, and 30% for ALL. As anticipated, overall
survival appeared superior for patients with early-phase relapse of CML com-
pared with patients with advanced-phase relapse. There was no association of
cell dose with GvHD, response, survival, or DFS. Only a longer time interval
from transplant to relapse and transplant to UDLI was associated with
improved survival andDFS respectively. There was also no obvious association
between acute and chronic GvHD and disease response, in contrast to several
[6, 7, 45], though not all [46] related DLI studies.

It should be noted that comparisons of UDLI to related DLI are difficult,
largely because of the small numbers of patients studied, the relatively short
follow-up in most studies, and the retrospective nature of the data. Nevertheless,
the complete remission rates for recipients of UDLI appear at least similar to
rates reported in related DLI studies [6, 7]. Given these data and the generally
accepted poor outcome after relapse from unrelated donor HSCT, cellular
therapy is clearly feasible and appears to be an appropriate approach for patients
who relapse with leukemia after unrelated donor marrow grafting.

20.1.7 Complications of DLI

20.1.7.1 Graft-Versus-Host Disease

Acute and chronic GvHD are the major direct complications from DLI and
develop in 40–60% of patients (for a review of GvHD after DLI see [47]). Severe
acute GvHD (grade III–IV) develops in approximately 20–35% of conventional
DLI recipients and has been associated with treatment related mortality rates of
10–20% [48]. It can take many weeks after infusion before manifestations
of acute GvHD are noted. Chronic GvHD occurs in 30–60% of recipients of
DLI. In most studies, GvHD correlates with GvL activity and response [6, 7]. In
the North America analysis, over 90% of complete responders developed acute
GvHDand 88%of responders developed chronic GvHD.Of 23 patients who did
not experience GvHD, only three achieved a complete remission. In 92 patients
who had no response, only 35% had acute GvHD and only 13% had chronic
GvHD [7]. In the EBMT analysis, 41% of DLI recipients developed grade II–IV
acuteGvHD [6]. Interestingly, DLI from an unrelated donor carries a similar risk
of GvHD as related donors [44]. However, it is also important to emphasize
numerous complete responses are seen in patients without any sign of GvHD
providing important evidence for GvL activity separate from GvHD.

20.1.7.2 Marrow Aplasia

Pancytopenia has been reported in 18–50% of recipients of DLI [6, 7], but
sustained marrow aplasia occurs in only 2–5% of patients. Typically pancyto-
penia resolves without therapy, though in some cases, sustained marrow aplasia
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has been reversed successfully with infusion of additional donor stem cells [4,
49]. The cause of aplasia after DLI is not completely understood. It is likely in
part a manifestation of GvHD, analogous to transfusion-associated GvHD. It
may be most pronounced when there is little donor hematopoiesis to support
hematologic recovery, since lack of residual donor chimerism can predict for
marrow aplasia after DLI [49, 50]. However, the use of CD34þ cell-enriched
donor cells as the source of DLI does not seem to prevent pancytopenia inmany
cases [51] suggesting that other mechanisms may lead to pancytopenia.

20.2 Cellular Therapy After Allogeneic Stem Cell Transplantation

for Nonrelapse Complications

The limited immune reconstitution after allogeneic HSCT can result in several
major and potentially life-threatening infectious and malignant complications,
and donor T cell infusions have been remarkable effective at restoring cell-
mediated immunity and treating or preventing a number of nonrelapse complica-
tions after HSCT [52]. For instance, DLI has been dramatically effective treating
Epstein–Barr Virus (EBV) associated post-transplant lymphoproliferative disor-
ders (PTLD). PTLD is typically of donor origin, develops due to uncontrolled
proliferation of EBV-infected B-cells in the absence of appropriate viral-specific
immunity and T-cell regulation [53] and historically has been associated with a
highmortality rate [54].After allogeneicHSCT, T cells from a donorwho has had
prior EBV exposure will induce complete remission in the majority of patients
with PTLD [55, 56].More recently, EBV-specific T cells have been generated and
expanded ex-vivo and used effectively to both treat and prevent EBV-related
complications after allogeneic HSCT. Since these cells have EBV-specificity,
there is minimal risk for GvHD or other complications [52, 57].

Donor leukocyte infusions have been effective for prevention of other viral
complications after allogeneic HSCT. For instance, adoptive immunotherapy
with cytomegalovirus (CMV)-specific T cells can restore CMV-specific immu-
nity and prevent viral reactivation. In one example, CD8þ T cells from CMV
seropositive marrow donors were cloned and infused into transplant recipients
[58, 59]. Transient survival of the T cell clones was documented, and an increase
in the circulating CMV-specific cytotoxic T cells was noted in most cases.
Although these cells did not persist in patients with poor CD4þ helper function,
no patient in this small cohort developed CMV viremia.

DLI have also been used to reverse acute life threatening infections after
allogeneic HSCT caused by adenovirus [60] and respiratory syncytial virus [61].
These examples further emphasize the broad potential application of this therapy
to treat infections after allogeneic HSCT. In the future, it is likely that allogeneic
adoptive immunotherapy will have a wide range of clinical applications to both
treat and prevent malignant and infectious complications after allogeneic cell
transplantation.

506 D.L. Porter et al.



20.2.1 Novel Approaches for Cellular Therapy
After Allogeneic HSCT

The success of DLI remains limited both by lack of efficacy in all diseases but
CML, and by toxicity largely related to GvHD. A number of innovative and
novel approaches are being tested to both minimize GvHD and to improve
responses to allogeneic cellular therapy (Table 20.2).

20.2.1.1 Low Dose DLI and Dose Escalation

In patients with relapse of early phase CML, a schedule of low dose DLI
followed by dose escalation seems to minimize the risk of GvHD [46]. This
strategy resulted in complete remissions in 86% of patients and only one patient
developed acute GvHD. A retrospective analysis of 298 recipients of DLI
similarly found that an initial low T cell dose (�2� 107/kg) was associated
with less GvHD and improved survival compared to recipients of who received
higher initial T cell doses [62]. The treatment relatedmortality at 3 years was 5%
with the low initial dose compared to 20% with the higher initial doses; the
overall response rate was similar regardless of the initial T cell dose. This
escalating dose strategy may not be practical for patients with relapse of more
aggressive diseases such as acute leukemia, since rapid disease progression will
occur before an effective GvL response can be generated in many cases.

It is not completely clear why dose escalation of DLI minimizes GvHD. In
some cases, there is likely an important effector to target cell ratio responsible
for GvL induction. However, protection from GvHD using dose escalation of
DLI may not simply be due to infusion of lower cell doses over time. It is
possible that the delayed administration of higher doses of DLI minimizes
GvHD; for instance, T cell infusions given soon after transplant are more likely
to induce severe GvHD than when delayed from the initial transplant [63, 64].
Homeostatic proliferation—the extensive expansion of T cells that happens in

Table 20.2 Newer approaches to donor leukocyte infusions

� Low dose DLI followed by dose escalation

� Depletion of GVHD reactive cells

�Graft-manipulation and infusion of selected T cell subsets (i.e. after CD8þ cell depletion or
CD4þ cell selection)

� Inactivate alloreactive T cells (i.e., through engineering with suicide genes; photochemical
inactivation; chemotherapy inactivation, irradiation)

� Tumor or antigen-specific T cells

�Minor histocompatibility antigen-specific T cells

� Lymphodepletion of host prior to DLI

� Ex-vivo activation and expansion of donor T cells through costimulation

� Generation and infusion of Th2 type T cells

� Infusion of T-regulatory cells
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the setting of lymphopenia—could explain, at least in part, this early, more

exuberant graft-versus-host reaction. Another intriguing explanation is that

low doses of donor T cells (and/or delayed administration of additional DLI)
may not induce an initial GvL reaction, but may result in generation of

regulatory cells (or induction of anergy) that inhibit GvHD; only subsequent
higher doses of DLI would be sufficient to overcome this effect and induce a

GVH reaction. This possibility is supported by animal experiments showing

that graft-versus-host tolerance could not be abrogated by the transfusion of
lymphocytes from the marrow donor unless the donor was immunized against

the recipient [65].

20.2.1.2 Depletion of GvHD Effector Cells

Data from preclinical models and after allogeneic HSCT implicate CD8þT cells
as primary mediators of GvHD while CD4þ cells seem most important for

effective GvL induction. CD8þ-depleted DLI have been used to treat relapsed

CML after allogeneic HSCT [66, 67], and outcomes suggest that GvL activity
can be retained with minimal GvHD; in small numbers of patients, the majority

of responses have been sustained [68], though the overall clinical impact of this
approach will require direct comparison to unmanipulated DLI.

20.2.1.3 Inactivation of GvHD Effector Cells

Irradiated donor T cells have been given asDLI based on the hypothesis that they

would induce GvL effects at the time of infusion but could not proliferate in

response to allo-antigens; preliminary data suggest these cells do retain GvL
activity and result in minimal GvHD [69]. Amotosalen-treated donor T cells

can result in photochemical inactivation and have been tested as DLI in mice.
These cells enhanced immune reconstitution, provided antiviral immunity, and

were protective against a leukemia challenge without causing GvHD, suggesting
that this novel clinical approach could separate GvHD and GvL activity [70].

20.2.1.4 Genetic Modification of Donor T Cells to Contain a Suicide Gene

A more specific approach designed to both limit and modulate GvHD without

altering GvL reactivity has been the use of genetically modified donor cells

engineered to contain a suicide-gene. The best example has been the develop-
ment of donor lymphocytes transduced with the herpes simplex thymidine

kinase (HSV-TK) gene, rendering these cells sensitive to treatment with ganci-
clovir [71]. HSV-TKmodified T cells successfully induced complete remissions in

patients with PTLD, and acute GvHD was effectively treated with ganciclovir;

drug treatment resulted in a decrease in the number and activity of allo-reactive
cells as well as a decrease in the number of cells containing theHSV-TK gene [72].

508 D.L. Porter et al.



20.2.1.5 Tumor-Specific DLI

The most effective and efficient method of inducing GvL without GvHD would
be to use tumor-specific T cells. Leukemia-specific donor T cells have been
isolated and expanded in-vitro. Preliminary data in small numbers of patients
demonstrate that this strategy is feasible and can induce complete remission for
relapsed CML with minimal toxicity [73]. Unfortunately, this approach is not
only quite complicated and time consuming, tumor reactive T cell clones cannot
be isolated in the majority of cases. Furthermore, in most circumstances, the
target antigens for GvL induction are not known. Reasons for this relative
resistance to immunotherapy may include inadequate cell surface presentation
of molecules that can be recognized by the donor T cells, failure to express
costimulatory molecules [74], sanctuary sites, a rapid proliferative rate of the
malignancy, or othermechanisms [75]. It is also possible thatmalignant stem cells
may be more resistant to immunologic control than more mature leukemia cells.

In some cases GvL reactive targets may be leukemia specific [76, 77], a
hypothesis supported by the fact that in some cases GvL occurs in the absence
of clinical GvHD. In other cases the targets may be minor histocompatibility
antigens differentially expressed on hematopoietic cells [78]. This would explain
why in most (though not all) studies, GvHD is strongly associated with GvL.
Cytotoxic T lymphocytes (CTL) have been generated against mismatched
mHag that demonstrate leukemia-specific cell lysis in vitro [79, 80]. In three
recipients of DLI for relapsed CML, an increase in mHag HA-1 and HA-2
specific CD8þ T cells was noted [80]. Unfortunately, only a small minority of
patients will have polymorphic differences with their HLA-matched donor for
HA-1 and HA-2 mHags, restricting the potential use of these targets to limited
numbers of patients.

Other minor histocompatibility antigens may be critical andmay be the same
antigens that are the targets of GvHD. For example this effect may be impor-
tant when female donors are used for male recipients. Y chromosome encoded
proteins are some of the best-studied mHags; they are unique to the recipient
and can function as potent mediators of both GvL and GvHD [81, 82].

Proteinase 3 (P3) is another potential target antigen. It is over-expressed in
myeloid leukemias and cytotoxic T cells specific for P3 and the HLA-A2
restricted P3 peptide PR1 have been found to lyse selectively CML cells in vitro
[83]. A strong correlation between PR1-specific CTLs and clinical response after
both interferon treatment and allogeneic BMT has been noted [84]. These find-
ings support the use of P3 vaccination strategies [85] but also raise the possibility
of using PR1-specific T cells for selective adoptive immunotherapy.

Wilm’s tumor protein, WT1, is another endogenous host protein that is
overexpressed in myeloid malignancies [86] that could serve as a tumor specific
target for cellular therapy. Vaccine strategies using WT1 have been explored in
animal models (reviewed in [86]), and it is logical to begin testing WT1 specific
T cells generated and expanded in vitro as tumor-specific DLI. Other potential
tumor-associated antigens that may serve as targets for immunotherapy include
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NY-ESO-1, a cancer-testis antigen found also preferentially onmyeloma cells [87],
and the melanoma-associate antigen PRAME, an HLA-24 restricted antigen on
AML cells [88].

Another attractive and obvious target for donor T cells would be the BCR/
ABL protein, and in fact, CTLs reactive to BCR/ABL have been identified in
CMLpatients [77]. Unfortunately, vaccinationwith a BCR/ABL fusion peptide
did not induce cytotoxic T cells in CML patients [89]. It remains unknown if
BCR/ABL is an important target antigen for GvL induction.

Generation of tumor-specific DLI can be quite laborious, and at least
presently, this technology is confined to a limited number of research labora-
tories. Nevertheless, as the target antigens and effector cells for GvL induction
become better characterized, new techniques for cell selection and expansion will
allow tumor-specific adoptive immunotherapy to become reality.

20.2.1.6 Lymphodepletion Prior to DLI

A number of other methods are actively being tested to try and maximize GvL
reactivity of allogeneic cellular therapy. Miller and colleagues used chemother-
apy prior to DLI, hypothesizing that host lymphodepletion would result in
donor T cell expansion and activation [90]. Fifteen patients were pretreated
with fludarabine and high dose cyclophosphamide and received DLI 48 h after
chemotherapy. This regimen resulted in significant lymphopenia and with
evidence of T cell proliferation 14 days after chemotherapy, but the trial was
stopped early because 47% of patients developed grade III–IV acute GvHD
(accounting for 5 of 11 deaths). It is unclear whether the high rate of GvHDwas
due to lymphodepletion and lymphocyte expansion or possibly to the close
proximity of DLI to chemotherapy and organ toxicity to the donor cell infu-
sion. Regardless, this study raises additional concern about the routine use and
timing of pre-DLI chemotherapy.

20.2.1.7 Ex-Vivo Costimulation and Expansion for Activated DLI

A different strategy to enhance GvL after DLI uses ex-vivo activated donor
T cells for GvL induction. In vivo, inadequate T cell activation could occur for
many reasons, including lack of costimulatory ligands on tumor cells, failure to
present antigens to T cells, direct suppression of cytotoxic effector cells by
suppressor T cells or cytokines, failure to stimulate CD4þ cells, or quantitative
lack of sufficient cytotoxic effector cells. Nonspecific activation and ex-vivo
expansion could enhance the anti-tumor potential of donor T cells and over-
come possible in-vivo suppression of T cell activation [91]; these cells could
overcome disease-induced anergy, preserve and augment CD4 function, and
enhanceGvT activity. Activated donor T cells have been produced by costimula-
tion and expansion through exposure to magnetic beads coated with anti-CD3
(OKT3) and anti-CD28 [92].
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A phase I trial of ex-vivo costimulated and expanded cells, referred to as
activated DLI, has been performed at the University of Pennsylvania. Conven-
tional DLI was administered to all patients followed by escalating doses of ex-
vivo costimulated donor T cells for relapse of diseases other than chronic phase
CML after allogeneic HSCT [93]. Eight of 17 evaluable patients achieved a
complete remission, including two of four patients with AML, four of seven
patients with ALL, one patient with CLL, and one of two patients with NHL
(mantle cell lymphoma). Although four complete responders subsequently
relapsed, four were alive in remission a median 23 months after activated
DLI. Activated DLI was well tolerated without excessive toxicity; only two
patients developed grade III acute GvHD and four patients developed chronic
GvHD. No patient died of complication related to GvHD. Overall, the
response rates were impressive in diseases that historically do not respond
well to DLI, suggesting that activated DLI may offer an advantage for GvL
induction.

Ex-vivo expanded donor T cells have also been used in a slightly different
strategy. Fowler et al. selectively expanded Th2 cells after nonmyeloablative
allogeneic HSCT and found that these cells enhanced lymphocyte recovery
without an apparent increase in GvHD [94]. It is not known if these cells possess
GvT activity or might function only to limit GvHD without inhibiting GvT
effects of other effector cells.

20.2.2 Activated T Cell Therapy After Autologous HSCT

There is significant rationale for considering autologous T cell therapy after
autologous HSCT. It is well known that autologous HSCT results in significant
and prolonged T cell deficiency, particularly when CD34þ-selected cells are
used [95]. Furthermore, absolute lymphocyte counts after autologous HSCT
have been associated with improved DFS and OS [96, 97]. Early lymphoid
recovery therefore can be important to limit infectious complications, provide
potential anti-tumor activity, and perhaps permit other effective immune mod-
ulation such as vaccine therapies.

However, there are a number of limitations to T cell therapy after autologous
HSCT. Heavily pretreated patients may already be lymphopenic, and techni-
ques for lymphoid expansion, until recently, have been limited. Techniques
have now been developed to grow and expand CD4þ T cells for adoptive
transfer in clinical trials. One approach is based on the use of artificial antigen
presenting cells composed of antibodies to CD3 (OKT-3) and CD28 immobi-
lized onmagnetic beads. T cells can therefore be activated and costimulated and
can be expanded logarithmically [92].

An initial trial was performed in 16 patients with high risk NHL undergoing
CD34þ-selected autologousHSCT [98]. Prior toHSCT, autologous T cells were
collected and expanded ex-vivo and infused on day 14 after HSCT. The CD3/
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CD28 culture procedure at least partially reversed impaired cytokine respon-
siveness in T cells in both in vitro and in vivo assays. Lymphocyte recovery was
rapid and several patients developed delayed lymphocytosis. While 3 patients
were alive and disease free, it was not possible to determine the contribution of
the ex-vivo costimulated T cells to disease control in the pilot trial.

More recently, ex-vivo costimulated autologous T cells and pneumococcal
vaccine were given as combined immunotherapy to patients with multiple
myeloma after autologous HSCT [99]. Four groups of subjects were rando-
mized to receive a T cell dependent pneumococcal vaccine (or not) prior to T cell
apheresis and HSCT, and all subjects were vaccinated 30 and 90 days following
HSCT. Groups then received either early infusion (day 12 following HSCT) or
delayed infusion (day 100) of expanded T cells. The randomized design was able
to show that a single infusion of costimulated T cells could accelerate T cell
reconstitution. Importantly, this approach led to improved T cell proliferation
in response to vaccine and nonvaccine antigens compared to patients who did
not receive autologous T cells. Furthermore, the combined immunotherapy
approach of early post-transplant infusion of in-vivo vaccine primed, ex-vivo
expanded costimulated T cells and post-transplant immunizations improved
severe immune defects found in control patients within 1 month after trans-
plant. The group who received a pretransplant vaccine in addition to a booster
had significantly higher pneumococcal titers on day 42, which were sustained;
this marker of B cell function confirmed clinically significant, antigen specific,
functional T cell help. This approach will clearly enhance the ability to perform
effective post-transplant immunization against infectious organisms and now
presents the promise of developing effective tumor-specific immunization
strategies in the early post-transplant period.

20.3 Natural Killer Cell Therapy

It is clear that cells other than T cells also can effect potent anti-tumor responses
both in vitro and in the setting of clinical HSCT. Natural killer (NK) cells are
perhaps themost potent and best studied cellular component, other than T cells,
with a great deal of potential for immunotherapy (reviewed also in Chap. 3 by
Ruggeri, Zhang, and Farag). NK cells are innate immune effectors that mediate
the nonspecific lysis of targets and produce inflammatory cytokines important
in the innate immune response to tumors and viruses. NK cells can kill tumors
without requiring prior sensitization, and they do not have memory. Their
functions are regulated by a complex balance of activating and inhibitory
signals transferred via several classes of receptors. Some receptors, including
those in the killer immunoglobulin-like receptors (KIR) family, recognize ‘‘self’’
MHC class I antigens [100]. Self-tolerance is mediated by inhibitoryKIR, which
transmit signals that interrupt the cytolytic pathway after they bind their
cognate class I HLA ligands. The loss of KIR-ligand expression by an infected
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or malignant target thus renders it susceptible to NK cell lysis. In addition, a
number of activating receptors must be ligated to determine whether a target
will be killed by NK cells. NK cells can be easily isolated in high quantity from
donor lymphopheresis products and do not cause GvHD when infused. These
characteristics make NK cells an attractive cell population to exploit for anti-
tumor immunotherapy. Several clinical strategies have been developed using
alloreactive NK cells for therapeutic benefit.

20.3.1 Biologic Basis of Cellular Therapy with NK Cells:
Immunologic Principles

20.3.1.1 Definition of NK Cells

NKcells are large granular lymphocytes that were first described in 1975 for their
ability to lyse virally infected and tumor targets without MHC-restriction or
prior sensitization [101, 102]. In 1987 they were further characterized for their
ability to mediate the rejection of allogeneic or parental-strain hematopoietic
grafts in lethally irradiated mice [103], a function that was first noted in 1971
when the phenomenon of ‘‘hybrid resistance’’ was defined [104]. As effector cells
of the innate immune system they play an important role in immune surveillance.
Human NK cells are found in the bone marrow, spleen, lymph nodes, and
peripheral blood (PB), where they compose approximately 10–15% of the lym-
phocyte pool. NK cells are defined phenotypically by their expression of CD56
and by their lack of T cell markers (CD3, CD4 and T cell receptors) and are
distinct from CD3þ/CD56þ lymphocytes, which are not NK cells. Blood NK
cells are further categorized by their level of CD56 expression, which correlates
with their effector functions. Approximately 10% of NK cells are CD56bright, a
subset that is more proliferative and produces more cytokines (especially IFN-g),
whereas the CD56dim subset is more cytotoxic and bears Fc receptors to mediate
antibody dependent cellular cytotoxicity (ADCC) [105]. Cytokine-activated cells,
sometimes referred to as lymphokine-activated killer (LAK) cells, show more
proliferation, increased cytokine production, and higher cytotoxicity to kill
targets than do resting NK cells [106]. NK cells respond to IL-2, IL-15 and IL-
21, all of which signal via the IL-2 receptor b chain [107–109], as well as the
combination of IL-12 and IL-18, which is an especially strong stimulant to
increase IFN-g production [110].

20.3.2 NK Cell Functions

20.3.2.1 Cytokine Production

NK cells are major producers of several cytokines such as granulocyte colony-
stimulatory factor (G-CSF), granulocyte-macrophage colony-stimulatory
factor (GM-CSF), IL-5, tumor necrosis factor (TNF), interferon gamma
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(IFN-g), and transforming growth factor beta (TGF-b). These, in turn, can
stimulate or inhibit hematopoiesis and the effects of other immune cells. These
cytokines and cell–cell interactions may stimulate dendritic cells (DC) to acti-
vate bothNK cells and T cells, providing a link between the innate and adaptive
immune systems [111]. The interaction between DC and NK cells leads to
mutual co-activation of each cell type.

20.3.2.2 Cytotoxicity

NK cells have demonstrated in vivo anti-tumor cytotoxicity against both
hematologic malignancies and a wide variety of solid tumors, including breast,
ovarian, hepatocellular and colon cancer [112, 113], as well as against virally-
infected cells. Most NK cells kill directly using perforin and granzyme, but they
can also use Fas ligand (FasL) and tumor necrosis factor related apoptosis
inducing ligand (TRAIL) pathways [114]. In addition, NK cells mediate anti-
body-dependent cellular cytotoxicity via CD16 (FcR(III), the Fc receptor that
recognizes Ig coated targets [115]. The recognition and response to a wide array
of foreign, damaged, malignant, and virally infected cells is regulated through a
complex network of cell–cell interactions. NK cells express (b2 integrins and
CD2, which bind to target adhesion molecules such as ICAM-1 and LFA-3. In
addition, NK cells express several classes of activating and inhibitory receptors,
which are both MHC class I-specific and nonspecific. The net balance of
signals, dependent on both the target phenotype and the NK cell receptor
repertoire, determines whether or not a target is lysed.

20.3.2.3 Class I Recognizing NK Cell Receptors

Human NK cells express killer immunoglobulin-like receptors (KIR), type I
transmembrane molecules belonging to the Ig superfamily, which are all are
encoded on chromosome 19. KIR are named by the number of extracellular
immunoglobulin domains (2D or 3D) and the length of the intracellular tail,
which determines whether they are stimulatory (short) or inhibitory (long). A
nomenclature committee has assigned a cluster of designation (CD) number of
CD158 for the KIR genes with individual loci designated by a small letter � a
number (e.g., KIR3DL1¼CD158e1) [116]. All individuals contain the frame-
work genes KIR3DL3, KIR2DL4, and KIR3DL2. In addition, a variable
number of activating and inhibitory genes are inherited, and population studies
show different evolutionary patterns [117]. Individuals with only one activating
receptor (2DS4) are referred to as having an A KIR haplotype. Individuals
with more than one activating receptor are referred to as having a B KIR
haplotype. These genes are highly polymorphic, and new alleles continue to be
reported. Some of these polymorphisms are functionally important. For
example, KIR3DL1*004 is not expressed on the surface, so it cannot function
to recognize ligand [118]. Murine NK cells do not express KIR but do express
Ly49 receptors of the same class [119]. While the ligands for many KIR are
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unknown, the inhibitory receptors KIR2DL1, KIR2DL2/KIR2DL3, and
KIR3DL1 bind HLA class I C2, C1, and Bw4 alleles, respectively. The KIR
repertoire is determined primarily by KIR genotype and at steady state is only
minimally affected by class I HLA (KIR-ligand) genes, which segregate inde-
pendently (chromosome 6). The recognition of self-class I HLA by the higher
affinity inhibitory receptors suppresses NK cell effector responses, including
cell mediated lysis and cytokine release [120]. Both human and murine NK
cells express CD94, which heterodimerizes with the NKG2 family of C-type
lectin receptors. They are either inhibitory (NKG2A) or activating (NKG2C/
E) and recognize nonclassical HLA-E [121]. NKG2D is unique in that it does
not heterodimerize with CD94, and it recognizes stress-induced molecules
such as MHC class I polypeptide-related sequence A/B (MICA and MICB)
and the class I like CMV homologous ULBP proteins, which are often
upregulated on tumor or virally infected cells [122, 123] NK cells also express
Ig-like transcript (ILT) receptors, some of which bind classic HLA orHLA-G,
expressed in the placenta and on fetal tissue. Several other receptors have been
identified that regulate killing of MHC class I-negative targets, including
but not limited to the natural cytotoxicity receptors (NCR) NKp30, NKp46,
and NKp44; 2B4, which binds CD48; and leukocyte-associated immunoglo-
bulin-like receptor-1 (LAIR-1).

20.3.2.4 NK Cell Alloreactivity

In 1985 Ljunggren and Karre described the phenomenon of ‘‘missing self,’’ by
which the loss of MHC class I expression renders autologous targets more
sensitive to NK-mediated killing, providing a mechanism by which these
innate killer cells can recognize tumor or virally-infected cells [124]. The
discovery of class I-specific inhibitory KIR and the observation that cloned
NK cells all express self-inhibitory receptors [125] led to the belief that mature
peripheral bloodNK cells must express ‘‘at least one’’ inhibitory NKR for self-
MHC class I to prevent autoreactivity [126]. Although recent reports of
murine [127] and human [128, 129] NK cells lacking self-inhibitory receptors
challenge this model of autoreactivity, the concept remains important for
clinical applications involving alloreactive NK cell clones that may be gener-
ated by using donor NK cells expressing inhibitory KIR for which the reci-
pient lacks the appropriate ligand (Fig. 20.4).

20.3.2.5 Understanding the Role of Activating NK Cell Receptors

The stepwise evolution of the innate and adaptive immune systems in response
to viral pathogens is well illustrated by the example of murine cytomegalo-
virus (MCMV). Although the downregulation of MHC class I expression in
infected cells allows them to evade recognition by T cells, it makes them good
NK cell targets. MCMV also upregulates the expression of the m144 gene, a
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Fig. 20.4 Regulation of NK cell response by activating and inhibitory receptors. Inhibitory
receptors (e.g., inhibitory KIR, CD94/NKG2A) recognize and engage their ligands, MHC
class I molecules (HLA) on the surface of the target tumor cell, thereby initiating an inhibitory
signal. Activating receptors (e.g., activating KIR, CD94/NKG2C, NKG2D) bind ligands on
the target cell surface and trigger NK cell activation and target cell lysis. (a) When inhibitory
receptors engage HLA in the absence of an activating receptor/ligand interaction, a net
negative signal is generated, resulting in no target cell lysis. (b) Conversely, when activating
receptors engage their ligands on target cells in the absence of inhibitory receptor/ligand
interaction, a net activation signal is generated, resulting in target cell lysis. This scenario is
likely operative in NK alloreactivity in the setting of KIR epitope mismatch. More complex
physiologic scenarios are shown in c and dwith both inhibitory and activating receptor/ligand
signals being generated when an NK cell interacts with a target cell. (c) Here, the activating
receptor/ligand interactions predominate over weaker inhibitory receptor/ligand signals with
the net result of NK cell activation and target cell lysis. This net result may occur when
activation receptors and ligands are upregulated, thereby amplifying the net activation signal
to exceed the inhibitory signal. For example, the activating ligands MICA/B and ULBPs are
expressed highly in stressed or transformed cells, thereby activating NKG2D/PI3K pathways
that are not susceptible to inhibitory signals (see text for details). Alternatively, when expres-
sion of self-MHC class I ligands is decreased in the setting of viral infection or transformation,
the net signal may be positive, also resulting in target cell lysis. (d) Here, inhibitory receptor/
ligand interactions result in a net negative signal that prevents NK cell lysis of the target cell.
This process may occur constantly as NK cells survey normal host tissues. Not shown is the
scenario of absence of both inhibitory and activating signals that results in no NK cell
activation. Reprinted with permission from Farag et al. [185]
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mimic of MHC class I, which is recognized by NK cell inhibitory receptors,
protecting the cell. In response, murine NK cells express Ly49H, an activating
receptor, which recognizes the MCMV glycoprotein m157 [130, 131]. This
case in point provides ‘‘proof of principle’’ that activating receptors may
recognize viral proteins. A similar role for human activating receptors is
supported by studies of patients with HIV, showing an association between
AIDS progression and the activating receptor KIR3DS1 [132]. It has recently
been shown that this activating KIR does not directly recognize Bw4 as its
cognate ligand. It is presumed that infectious natural ligands for activating
KIR will be discovered, somewhat analogous to the role of conserved patho-
gen associated microbial proteins (PAMPs) and toll-like receptors [133].

20.3.2.6 NK Cell Development

Human NK cells are derived from CD34þ, CD38–, HLADR�, lin-1�marrow-
derived progenitors. Their maturation is induced by IL-15, fms-like tyrosine
kinase 3 (flt3) ligand, c-kit ligand or stem cell factor (SCF), IL-7, and IL-3 [134-
136]. Discrete stages of NK cell development in lymphoid tissues are defined by
the acquisition of IL-15-responsiveness [137]. The CD56bright subset, which is
more proliferative, may be more primitive than CD56dim NK cells. The
CD56dim subset expresses high frequency of KIR, the variegated expression of
which is controlled by transcriptional regulation of several homologous pro-
moters under epigenetic control [138, 139]. In healthy subjects the KIR reper-
toire is predictedmainly by theKIR genotype, although it is influenced byHLA
class I KIR ligand status [140]. The wide allelic variation in KIR genes includes
several common alleles exhibiting poor or no surface expression [118, 141-143].
Interestingly, while NKG2A is increased, KIR expression is decreased on NK
cells reconstituting in patients after allogeneic HSCT. This may be partially
explained by a significantly higher frequency of CD56bright cells present after
transplant, suggesting that there is a developmental delay in this lineage similar
to that seen in T cells [129]. Developing strategies to manipulate KIR repertoire
formation may be important since the frequency of KIR expression correlates
with clinical outcomes [116, 144].

20.3.2.7 Development of Self-tolerance

The developmental mechanism by which NK cells acquire function yet remain
self-tolerant has been referred to as NK cell education. Several models have been
proposed to explain the integration of inhibitory receptor expression with the
acquisition of effector functions. ‘‘Disarming’’ refers to the suppression of
effector function in maturing NK cells that receive stimulatory signals unop-
posed by inhibitory signals via self-MHC receptors, analogous to the devel-
opment of T cell anergy [145]. ‘‘Licensing’’ describes a terminal differentiation
step by which NK cells only acquire mature function when they receive
an appropriate signal via an inhibitory receptor ligating with self-MHC
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[146, 147]. Alternatively, self-tolerance may be the result of a coordinated
genetic developmental sequence during which mature NK function is syn-
chronized with the acquisition of adequate expression of self-inhibitory
molecules [129, 148].

20.3.3 NK Cell Clinical Applications

20.3.3.1 Early Autologous NK Cell-Based Therapy

The first therapeutic trials using adoptive immunotherapy were performed
in the 1980s when several groups tested autologous lymphokine-activated
killer (LAK) cells to treat a variety of malignancies. Peripheral blood
mononuclear cells were stimulated ex vivo with IL-2 and then re-infused
with high-dose IL-2 to treat immune-sensitive malignancies including mel-
anoma, lymphoma, and renal cell cancer. Although it was shown that the
cytotoxicity was mainly mediated by NK cells, limited clinical benefit was
seen [149]. The significant toxicity of the capillary leak syndrome induced
by high-dose IL-2 led to trials using low-dose subcutaneous IL-2, either
alone or in combination with LAK cells, to activate patient NK cells in
vivo. These strategies failed to show efficacy in patients with CML, lym-
phoma, and breast cancer [150].

Subsequent discoveries explained the failure of autologous LAK and
NK-cell based therapies. Many groups demonstrated that because host lym-
phocytes compete with infused cells for access to cytokines and other growth
factors, successful expansion of adoptively transferred lymphocytes requires
adequate lymphodepletion or ‘‘clearing of space’’ [151]. Rosenberg’s group at
the NIH developed a successful therapy for melanoma using cyclophospha-
mide (60mg/kg/day� 2) followed by fludarabine (25mg/m2/day� 5 days) to
induce T cell lymphopenia prior to the infusion of cytotoxic T cells [152].
While the induction of lymphopenia prior to the adoptive transfer of NK cells
may enhance their expansion, investigators abandoned autologous strategies
after the discovery of inhibitory KIR and their role in preventing NK cell
killing of ‘‘self’’ MHC-expressing tumor cells. The inherent self-tolerance of
autologous NK cells prompted researchers to explore the use of allogeneic
donor sources.

20.3.4 Allogeneic NK Cell Therapy

20.3.4.1 Rationale

The current generation of therapeutic trials uses allogeneic NK cells and is
based on a better understanding of the signaling pathways that regulate the
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anti-tumor activity of NK cells. Tumors that express ligands for activating NK
receptors have proven to bemore responsive targets toNK cell-based strategies,
but it is difficult to alter tumor phenotype in vivo. Therefore, more interest has
been focused on ways to manipulate the interactions between inhibitory KIR
and their ligands. The selection of NK cell or stem cell donors based on their
KIR ligand status in relation to the patient would, in theory, increase the
potential for NK cell alloreactivity. Enthusiasm for this strategy was generated
by the 2002 report from Perugia in which Ruggeri et al. published that KIR
ligand mismatch between patients and their donors was associated with
improved outcomes in myeloid leukemia after T cell deplete haploidentical
HSCT [153].

20.3.4.2 Allogeneic NK Cell Strategies

The two main strategies to harness the therapeutic power of alloreactive NK
cells are (1) HSCT (see Chap. 3 by Ruggeri, Zhang, and Farag) and (2) adoptive
transfer of NK cells. Each approach has its own advantages and disadvantages.
Adoptively transferred NK cells, obtained either from donor lymphopheresis
products or from umbilical cord blood units, can be expanded either in vitro or
in vivo. As ex vivo expansion techniques have not been perfected, currently
most clinical protocols include a preparative regimen of lymphodepleting che-
motherapy [154] to facilitate in vivo expansion of the adoptively transferredNK
cells. Treatment-related toxicity is minimal because NK cells do not induce
GvHD. However, the efficacy of adoptive transfer protocols is limited by the
transient nature of the NK anti-tumor effect. Alternatively, the beneficial
effects of alloreactive NK cells can be incorporated into allogeneic HSCT
protocols by selecting donors based on one of several KIRmismatch algorithms.
While these strategies assume the risks of HSCT (higher treatment-related mor-
tality, GvHD, etc.) they provide a permanently engrafted potentially alloreactive
NK cell pool which can provide ongoing anti-tumor activity. A third option, to
include adoptively transferred NK cells in standard HSCT protocols, may incor-
porate advantages of both strategies while lessening the cumulative toxicity
associated with two separate therapeutic procedures.

20.3.4.3 Determination of NK Cell Alloreactivity

Regardless of the treatment strategy, the first step is to select a suitable allogeneic
donor. The subtleties between the various methods by which the potential for
KIR alloreactivity between donor and recipient has been defined have caused
confusion. The Perugia group used the KIR-ligand mismatch or KIR-ligand
incompatibility model, which predicts that donor-derived NK cells will be allor-
eactive in the GvH direction when recipients lack C2, C1 or Bw4 alleles that are
present in the donor. This model assumes that donors express inhibitory KIR for
their HLA class I KIR ligands, and does not predict NK alloreactivity using
HLA compatible transplants or for the approximately 1/3 of recipients who
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express all three KIR ligands. A KIR ligand match calculator based on this
model, which requires knowledge of both the donor and recipient HLA types,
is available on the Immuno PolymorphismDatabase (IPD) http://www.ebi.ac .uk/
ipd/kir/ligand.html. Alternatively, the KIR-ligand absence model categorizes reci-
pients based on their C2, C1, and Bw4 allele status with no regard to the donor
status. As most human populations have high frequencies of inhibitory KIR
specific for C2, C1, and Bw4 alleles, it is assumed that most donor-derived NK
cells will express inhibitory KIR, and that alloreactive potential is based on the
number of KIR ligands a recipient lacks. The receptor-ligand model is based on a
comparison of the donor inhibitory KIR genotype with the recipient KIR ligand
status, where it is not assumed that donor class IHLA type can be used as predictor
of inhibitory KIR expression. As KIR genes have multiple alleles with variable
functional activity and expression levels, this model may be more precise if based
not just on donor KIR genotype but on functional measures of KIR phenotype.
This model allows for NK alloreactivity in HLA identical transplants where
recipients lack KIR ligands for inhibitory KIR expressed on self-tolerant clones
in the donor that may be alloreactive in the post-transplant setting.

20.3.4.4 Adoptive NK Cell Transfer with In Vivo Expansion

Adoptive cellular transfer allows for short-term anti-tumor activity using allor-
eactive NK cells. While many investigators are developing techniques for ex
vivo NK cell expansion there are several potential limitations. Most impor-
tantly, NK cells stimulated by supraphysiologic concentrations of cytokines
tend to undergo apoptosis when removed from ongoing stimulation and may
not persist or expand in vivo. In addition marked size changes occur with
activation which may alter homing characteristics in vivo. Consequently, it
seems appropriate to develop strategies for in vivo NK cell expansion. The
safety and success of this approach was established in a trial using in vivo
expanded haploidentical, related-donor NK cell infusions to treat 43 patients
with metastasis melanoma, metastatic renal cell carcinoma, refractory HL, and
refractory AML [155]. The trial, which tested three preparative chemotherapy
regimens of differing intensity, confirmed that successful NK cell expansionwas
only seen in the AML cohort who received the fully lymphodepleting cyclopho-
sphamide and fludarabine regimen used by Rosenberg. Patients received NK
cell infusions on day 0 following one or two doses of intravenous cyclopho-
sphamide (60mg/kg) days 4 and 5 and daily intravenous fludarabine (25mg/
m2) days 5 to 1, followed by 10 million units of subcutaneous IL-2 administered
over 2 weeks. Successful expansion was only seen in higher-dose cyclopho-
sphamide and fludarabine, which was the only regimen to induce pancytopenia.
Additionally, it was the only one to induce a surge of endogenous IL-15 after
chemotherapy. A significant inverse correlation was seen between the IL-15
levels and the absolute lymphocyte count, and high levels correlated with
successful NK cell expansion, supporting the importance of IL-15 for NK cell
homeostasis.
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In vivo expansion of NK cells was assessed using a PCR-based chimerism
assay, with successful expansion defined by the presence of measurable donor
NK cells at 2 weeks, following the IL-2 therapy. Eight of 15 evaluable patients
had successful in vivoNK cell expansion, and the circulating donor-derivedNK
cells were functional in standard cytotoxicity assays. Clinical efficacy correlated
with in vivo NK expansion and KIR ligand mismatch. Of the 19 patients with
poor prognosis AML, five achieved complete remissions. The remission
patients had significantly higher proportions of circulating NK cells, which
were significantly more cytotoxic against K562 targets, suggesting that the
observed clinical efficacy was mediated in part by the in vivo-expanded allo-
geneic donor NK cells. Furthermore, in this small cohort four of the 19 NK
donors were predicted to exhibit alloreactivity based on KIR ligand mismatch
in the GvH direction. CR was achieved in three of the four (75%) KIR ligand
mismatch and only two of 15 (13%) KIR ligand match patients, supporting a
role for KIR ligand mismatching in the treatment of AML.

Adoptive transfer of allogeneic NK cells is being studied in several other
disease settings. Currently testing of NK cell expansion and anti-tumor activity
is ongoing using the same protocol to treat metastatic breast cancer, which is
sensitive toNK cell lysis in vitro [156]. There are also plans to treat NHL, chronic
lymphocytic leukemia, and ovarian cancer, and other investigators are beginning
to explore adoptively transferredNKcells for the treatment ofmultiplemyeloma,
hepatocellular carcinoma, melanoma, and renal cell carcinoma [157, 158].

Another approach to achieve the aforementioned benefits ofNKalloreactivity
has been to incorporate adoptive transfer of allogeneic NK cells into standard
HSCT protocols. NK cell products are infused either prior to or during the early
recovery phase. To test the potential NK-mediated effects protocols have been
developed for patients with poor prognosis AML that combine the infusion of
allogeneic haploidentical or umbilical cord blood (UCB)-derived NK cell pro-
ducts with standard haploidentical or UCB HSCT after nonmyeloablative vs.
fully ablative preparative regimens, respectively. Other groups are using NK cell
DLI after haploidentical HSCT to consolidate engraftment in adults with AML
[159] or children with leukemia and solid tumors [160].

20.3.4.5 Therapeutic Limitations and Future Directions for NK Cell Therapy

There are several potential limitations to the therapeutic potential of adoptively
transferred allogeneic NK cells. The NK cell yield from lymphopheresis collec-
tions is limited. Although NK cells can be successfully expanded in vivo, the
success is unpredictable, and the expanded cell population circulates for a
limited period. Additionally, the homing signals required to direct NK cells to
tumor sites are not fully understood. Furthermore, the alloreactivity of in vivo
expanded NK cell populations may be heterogeneous due to variable KIR
repertoire expression or to differences in NK cell or accessory cell subsets.
The use of monoclonal antibodies that block NK cell inhibitory receptors
may increase anti-tumor killing [161], and more sophisticated techniques for

20 Adoptive Immunotherapy After SCT 521



subset selection in NK cell products may affect the interaction between the
innate and adaptive immune responses; for example, removing any regulatory
T cells that can suppress NK cell proliferation and killing may also improve the
immune effector functions of the expanding NK cells [162]. NK cell expansion
may be improved by refining the use of lymphodepleting chemotherapy or the
use of concurrent exogenous cytokine therapy. Irradiated cell lines such as
NK92 and KHYG-1 may provide an inexhaustible supply of highly cytotoxic
NK cells, but their in vivo survival is not well known [163, 164]. Alternatively,
large numbers of NK cells may be derived from umbilical cord blood sources
[134]. Ex vivo expanded cells from any source can be genetically modified to
express tumor-specific receptors. For example the NK92 cell line has been
transfected with a chimeric antigen receptor for HER2/neu, which conferred
superior cytotoxicity against HER2/neu positive targets [165]. Lastly, the anti-
tumor activity of NK cells depends not only on theKIR ligandmismatch status,
but also on tumor expression of appropriate activating ligands. For example,
the lack of efficacy of KIR mismatched transplants in lymphoid leukemias may
be due to their low expression of LFA-1 or NKG2D-ligands. Future strategies
to enhance activating ligand expression on tumor cells are needed to increase
their susceptibility to NK cell mediated lysis. Other avenues of research for NK
cell immunotherapy include engineering NK cells with transferred genes, incor-
porating NK cells into dendritic cell vaccine therapies, and combination therapy
with immunomodulatory drugs such as thalidomide, toll-like receptor agonists,
and monoclonal antibodies to target ADCC.

20.4 Regulation of Immune Function with Cellular Therapy

After Stem Cell Transplantation

In addition to the potential for direct anti-tumor activity, there is a great deal of
interest in, and rationale behind, using cellular therapy for immunemodulation.
A great deal of evidence now supports the role of a specific population of T cells
capable of regulating immune reactivity. In addition, some nonhematopoietic
cells, such as mesenchymal stromal cells (MSC), appear to be important med-
iators of immune function. It is now possible to isolate andmanipulate these cell
populations and a number of clinical trials are underway to test the potential of
cellular therapy for immune regulation after HSCT.

20.4.1 Regulatory T Cell Therapy

Adoptive immunotherapy with regulatory T cells (Treg) after transplant holds
promise as a different and exciting means of controlling GvHD while main-
taining anti-tumor efficacy. Tregs are distinguished by a CD4þCD25þFoxp3þ

phenotype; low/absent expression of the IL-7 receptor (CD127) may further
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improve the specificity for defining Tregs [166, 167]. In animal models, eradica-
tion of tumor with concomitant suppression of lethal GvHD was observed
when nonphysiologic ratios of Tregs to conventional T cells were transferred
[168]. Isolation and ex vivo expansion of Treg for clinical use has been shown to
be feasible [169]. Culture conditions generally require high concentrations of
IL-2; expansion in the presence of rapamycin appears to favor Treg prolifera-
tion [170, 171]. A clinical trial using prophylactic DLI with isolated naturally
occurring Treg is ongoing in Europe; a clinical trial using expanded Treg (via
CD3/CD28 costimulation) is expected to open soon in the United States [172].
However, since Tregs are in part defined by CD25 expression, it is important to
determine if these products are contaminated with activated T cells, and careful
safety analyses will be needed for any adoptive immunotherapy trial.

In addition to naturally occurring Tregs, which develop in the thymus, there
is another, inducible T cell population with regulatory/suppressive activity that
has been described as T regulatory type 1 (Tr1) cells [173]. These antigen specific
cells arise in the periphery in the presence of IL-10, and have a unique suppres-
sive cytokine profile that regulates T cells, APCs, and B cells. As of yet, these
cells cannot be distinguished by cell surface markers but can be generated ex
vivo in the presence of recipient cells and IL-10 with the goal of culturing cells
with GvHD suppressive properties; Tr1 cells are currently in clinical trials of
haploidentical HSCT [172]. Together, these clinical studies of T cells with
regulatory function will lead to further studies of adoptive immunotherapy
for both GvHD and disease relapse.

20.4.2 Mesenchymal Stromal Cells

Nonhematopoietic stem cells (embryonic and adult tissue derived), capable of
giving rise to a variety of somatic tissues, have been of great interest in regen-
erative medicine. Among the first adult derived cells described from bone
marrow and other tissues are MSC, which are fibroblast-like plastic adherent
cells of nonhematopoietic cell origin [174]. Although they are termed mesench-
ymal stem cells by several investigators, the International Society for Cellular
Therapy position paper encouraged a name change to mesenchymal stromal
cells (MSC) to accurately reflect the fact that many reports do not qualify these
cells as stem cells and because not all MSC are alike [175]. Part of the difficulty
in comparing MSC between labs are differences in culture techniques and the
lack of distinct surface antigens that accurately distinguish developmental
maturity or differentiating capacity. The major interest in MSC in HSCT is
their potential immunomodulatory effects.

MSC have been described to produce a number of cytokines [176] or to
suppress allogeneic T cells stimuli in mixed lymphocyte reaction assays or by
other nonspecific stimuli [177]. More detailed in vitro studies show that MSC
can alter the cytokine secretion profile of dendritic cells (DC), T cell, and NK
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cells to induce a tolerant phenotype [178]. Specifically, MSC can mature type 1
DC to decrease TNF-a secretion, mature type 2 DC to increase the suppressive
factor IL-10, and can cause an increase in regulatory T cells. These changes lead
to a shift from TH1 to TH2 responses in T cells and a decrease in interferon-g
production byNK cells. Taken together, these reports and studies transplanting
human cells into immunodeficient mice [179, 180] suggest that MSCmay play a
role in facilitating engraftment and modulating GvHD much like the Treg
discussed above. One concern about these reports is whether all the in vitro
findings will be important in vivo. This concern is highlighted by a study
evaluating the effects of mouse MSC. Although these murine MSC have potent
suppressive effects on T cells in vitro, they had no clinical benefit on the
incidence or severity in a bone marrow transplant model. Clinical trials using
human MSC are under study in several centers.

The first report of clinical use of human MSC was by Koc et al. in which
autologous MSC were infused in women with breast cancer [181]. Conclusions
from this study were MSC infusions were safe, and hematopoietic recovery was
rapid, but this phase I-II study could not definitively compare effects on
engraftment. In 2004, LeBlanc and colleagues first reported clinical benefit in
treating grade IV GvHD of the gut and liver after two infusions of 1–2� 106

haploidentical MSC [182]. A follow-up study by this group in eight patients
showed six responses demonstrating the potential promise of this therapy [183].
MSC have been safely coinfused with HSCT after sibling transplant [184], and
other trials are in progress. In summary, MSC remain a promising cellular
therapy to enhance the safety of or to treat complications of HSCT.

20.5 Conclusions and Future Directions

It is clear that adoptive immunotherapy can provide powerful anti-tumor activity
in hematologic malignancies, and the challenge is now to enhance its efficacy
while limiting toxicity. Better insight into factors promoting isolatedGvT activity
without GvHD is needed to improve the safety of cellular therapy; NK cell
therapies have the advantage of providing anti-tumor effects without GvHD,
and the optimal role of NK cells is being actively investigated. Common to all
cellular therapeutic approaches is that disease type and stage and time to relapse
are highly predictive of response, highlighting the need for more effective thera-
pies and earlier interventions. Novel combinations of immunomodulatory drugs
and cytokines may enhance tumor responses, especially in those diseases for
which responses to conventional DLI are disappointing.

Strategies aimed at the problem of waning immunity following allogeneic
HSCT or successful DLI are being developed. New approaches using prophy-
laxis, repeated dosing, and dose escalation of DLI, are now feasible with
modern ex vivo expansion techniques. For both NK and T cell therapies—
both allogeneic and autologous—it is being increasingly recognized that
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lymphodepletion significantly alters both response to immunization and toxi-
city. More insight into the basic mechanisms of both tumor immune escape and
the role of lymphodepletion/homeostatic proliferation of T cells is needed, and
should translate into safer andmore effective therapeutic strategies. Regulatory
T cell expansion (ex vivo or in vivo) may be able to modulate graft-versus-host
reactions, and may prove useful both for active treatment of GvHD and for
improving the therapeutic window of cellular therapy in general. Ultimately,
new insights into the identity of important target antigens and the biologic
mechanisms of GvT activity will allow optimization of cellular therapy after
HSCT and will dramatically alter the ability to harness and transfer these
powerful immune cells to cure human disease.
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Chapter 21

Improvements in the Prevention and Management

of Infectious Complications After Hematopoietic

Stem Cell Transplantation

Juan C. Gea-Banacloche and James C. Wade

21.1 Introduction

Infections continue to play an important role in the management of transplant
recipients and remain the primary cause of post-transplant, nonrelapse morta-
lity. Several advances in the diagnosis and treatment of infections have taken
place over the last few decades. It is still too early to be certain how these new
approaches will impact the outcome for patients undergoing hematopoietic
stem cell transplantation (HSCT), but there is no question they have impacted
clinical practice. Antibiotic prophylaxis during neutropenia, new antifungal
and antiviral agents, serological tests for aspergillosis and other fungal infec-
tions, the development of molecular techniques for the diagnosis of viral and
parasitic infections, and the continued emergence of new pathogens are topics
that are relevant and will be reviewed in this chapter.

21.2 Advances in Prevention and Treatment of Bacterial Infections

After Transplantation

21.2.1 Prevention of Bacterial Infections

21.2.1.1 Antibacterial Prophylaxis During Neutropenia

The use of antibacterial prophylaxis during neutropenia has received consider-
able attention after the publication of several meta-analyses [1, 2] and a rando-
mized controlled trial by Bucaneve and colleagues [3]. The meta-analyses
suggested the use of prophylactic antibiotics to prevent fever during neutrope-
nia was associated with improved survival, particularly in high-risk patients.
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The randomized controlled trial showed a decrease in the episodes of fever and
neutropenia, a decrease in episodes of bacteremia, and a decrease in cost, but
infection-related mortality was not significantly decreased [3]. These and other
studies have contributed to recent clinical practice guidelines endorsing the use of
antibacterial prophylaxis for patients who are going to develop profound neu-
tropenia [absolute neutrophil count (ANC) < 100] that is expected to persist for
longer than 7 days [4]. A variety of different antibiotics have been studied for this
type of prophylaxis, but the largest study used levofloxacin at a dose of 500mg
once daily starting with the initiation of myelosuppressive chemotherapy.

Potential complications of antibacterial prophylaxis include colonization with
resistant organisms, shifts in antibacterial susceptibility patterns and increased
risk of developing C. difficile colitis and other antibiotic-associated toxicities [5].
There is a paucity of data to fully understand the actual incidence of these
problems, but interestingly, some trials have reported a reduction in antibiotic
treatment costs for the group who received antibacterial prophylaxis [6].

An additional concern is what constitutes the best management of patients
who despite antibacterial prophylaxis develop fever during their period of
neutropenia. To date there is a paucity of data to help the transplant physician
decide on the appropriate antimicrobial modification for such patients, but
coverage with broad-spectrum antimicrobial activity that takes into account the
risk of antibiotic-resistant organisms or fungal pathogens is recommended.

21.2.1.2 Prophylaxis of Pneumococcal Disease

Streptococcus pneumoniae infections are documented in 2–8.6/1000 patients
transplanted [7, 8]. Late infections (4 months to 10 years after transplant) are
most common in patients with active chronic graft-versus-host disease (GvHD)
and poor immune reconstitution and have been attributed to inadequate anti-
body production and functional hyposplenism [7, 9]. Vaccination and antibiotic
prophylaxis should be considered. Vaccination with the 23-valent polysacchar-
ide vaccine is recommended for all transplant recipients at their 1 year after
transplant anniversary [10, 11]. The current European Guidelines of the Infec-
tious Diseases Working Party of the EBMT also recommend the heptavalent
conjugate vaccine for adults with chronic GvHD (who typically do not respond
to the polysaccharide vaccine) [11]. S. pneumoniae prophylaxis with penicillin
for adults following transplant has been recommended by the Centers for
Disease Control (CDC)/American Society of Blood AndMarrow Transplanta-
tion/Infectious Diseases Society of America (IDSA) guidelines for all patients
with chronic GvHD who are being actively treated [10]. Other transplant
experts suggest beginning universal penicillin prophylaxis at 6 months after
transplant for all allogeneic transplant recipients. The local patterns of penicil-
lin resistance place these universal recommendations into question, and we
advise antibiotic prophylaxis (i.e., penicillin, trimethoprim-sulfamethoxazole,
azithromycin or levofloxacin) for patients with active chronic GvHD. We
vaccinate all transplant recipients with the conjugated vaccine at 12 months
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and transplant recipients at the National Institutes of Health (NIH) receive an
additional vaccination at 6 months after transplantation. This approach has
been shown to be effective in a small randomized, double blind trial among
allogeneic transplant recipients whose donors also were vaccinated [12]. Given
that the responses to immunization are not universal and compliance with long-
term oral antibiotics is uncertain, we believe that it is critical that all transplant
recipients be promptly seen by a physician when they develop fever. We typi-
cally recommend, for such patients, the use of empirical antibiotics that contain
excellent activity against Streptococcus pneumoniae.

21.2.2 Management of Fever During Neutropenia

The latest versions of the IDSA and National Cancer Center Networks (NCCN)
Guidelines on this topic remain current [4, 13], but several studies have been
completed since these guidelines were published. The mainstay of therapy con-
tinues to be the use of broad-spectrum beta-lactam antibiotics that incorporate
excellent activity against Pseudomonas aeruginosa. The different agents seem to
have similar overall efficacy, and local antibiotic susceptibility patterns are the
most important factor in the decision to use ceftazidime, cefepime, imipenem,
meropenem, or piperacillin/tazobactam. A recent meta-analysis suggested that
carbapenems may be associated with more pseudomembranous colitis, and that
cefepime may be associated with increased overall mortality [14]. The importance
of this later finding still needs to be confirmed, but is disconcerting. The use of
aminoglycosides combinedwith a beta-lactam antibiotic is effective but is generally
associated with increased toxicity [15, 16], and we reserve such combinations for
cases of infections associated with shock, when the broadest coverage is manda-
tory. Glycopeptide antibiotics like vancomycin are not usually needed before a
Gram-positive infection has been documented [17]. However, there are some
transplant experts who believe that in the presence of fluoroquinolone prophylaxis
such empiric Gram-positive specific antibiotic therapy is justified. The common
practice of adding vancomycin empirically after 48h of fever was compared to
placebo in a randomized controlled trial andwas found to be ineffective and thus is
not routinely recommended [18]. A recent randomized trial suggested that linezolid
could be safely substituted for vancomycinwhen required during treatment of fever
and neutropenia [19], but there are no data to answer the question if linezolid
should be part of the initial empirical regimen during fever and neutropenia in
patients who are colonized with vancomycin-resistant enterococci (VRE).

21.2.3 Bacterial Infections Caused by Specific Pathogens

21.2.3.1 Clostridium difficile

Clostridium difficile colitis presents special challenges in the transplant setting,
especially when it presents during periods of neutropenia or at times in which
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the patient is at high risk for the development of GvHD. The presence of

abdominal pain and diarrhea during periods of neutropenia may suggest neu-

tropenic enterocolitis, but it is important to rule out C. difficile, as it can be the

cause of or a contributing factor to this syndrome and requires specific treatment.
The diagnosis of C. difficile colitis relies on the detection of its toxins in the

stool. Practical considerations now preclude many centers from performing

the cell culture cytoxicity assay, which is still considered the ‘‘gold standard’’

diagnostic test. Currently available EIA tests that detect toxins A and B seem

to offer reasonable sensitivity (80–90% range) and specificity (approximately

95%) [20]. The practice of repeating the stool test several times before accept-

ing a negative result is commonly used but unsupported by clinical evidence

[21]. We believe that HSCT recipients who develop diarrhea should have

stools tested for the presence of C. difficile toxin, and if negative should

undergo sigmoidoscopy or colonoscopy and biopsy to evaluate the patient

for the cause of diarrhea and to exclude other illnesses including GvHD and

cytomegalovirus (CMV) enteritis. C. difficile colitis has also been reported to

result in an increased incidence and severity of GvHD, [22], and this associa-

tion underscores the necessity to establish a correct diagnosis in HSCT

recipients.
The treatment of C. difficile is still controversial. The available randomized

controlled trials have been repeatedly reviewed systematically, and meta-

analyses and practice guidelines have been published [23–26]. In summary,

treatment should incorporate the discontinuation of the offending agents

(most commonly antibiotics) where possible, and while mild cases may not

benefit from specific antibiotic treatment, most transplant recipients with C.

difficile colitis require treatment [23, 24]. It is unknown which antibiotic is best

for a severe case of C. difficile, but several guidelines recommend using metro-

nidazole (250–500mg p.o. q8h) as a first-line agent and reserving vancomycin

(125–250mg p.o. q6h) for metronidazole failures [26, 27]. Some experts believe

that oral vancomycin is more effective than metronidazole in patients with

cancer, but this perception seems to be based more on poor efficacy of metro-

nidazole in recent case series than to older comparative studies [28], although

the most recent clinical trial did show that vancomycin was better in cases of

severe disease [29]. The antiparasitic agent nitazoxanide has efficacy that may

be comparable to metronidazole and could be used as a possible second-line

treatment [30]. The expected response to treatment is rapid defervescence (if

fever is present) and resolution of the diarrhea over 4–6 days [31]. Relapses

following completion of treatment are quite common (10–45%), but most

respond to standard retreatment. A variety of approaches (based on expert

opinion) have been attempted for patients with persistently relapsing infection

including tapered metronidazole or vancomycin, ‘‘pulsed’’ dose vancomycin,

probiotics (of unproven efficacy and potentially dangerous for patients with

suppressed immune systems), steroids, intravenous immunoglobulin, and stool

implants [27, 31, 32].

542 J.C. Gea-Banacloche and J.C. Wade



21.2.3.2 Vancomycin-Resistant Enterococcus

The frequency of vancomycin-resistant enterococcus (VRE) colonization and
infections has increased among transplant recipients. The mortality of trans-
plant recipients who develop VRE bacteremia is high, and is reported to be
associated with attributable-mortality. There continues to be controversy
regarding the actual role of VRE infection in patient death, and some experts
have suggested that VRE colonization and infection are really just a marker of
the ‘‘overall severity of illness,’’ A case-control study from the Mayo Clinic
found that transplant patients colonized with VREwere twice as likely to die by
day 100 compared with noncolonized transplant recipients [33]. A study from
Memorial Sloan-Kettering followed 92 patients who were screened for stool
colonization with VRE. Thirty-seven (40.2%) of the 92 were colonized, and
more than one third of those colonized developed VRE bacteremia before day
35. The authors determined that the attributable/contributory mortality of the
infection was 35.7% (5 of 14), and suggest empirical coverage of VRE be
considered for patients who are known to be colonized with VRE when they
develop fever and neutropenia [34]. Until this question is more fully addressed
in a prospective controlled trial, we recommend that transplant physicians have
a low threshold for instituting treatment for pathogens like VRE that are
resistant to multiple antibiotics.

The treatment of established VRE bacteremia is difficult, but removal of
indwelling venous access devices appears to be an important part of the treat-
ment approach. Linezolid, daptomycin, and quinupristin/dalfopristin are typi-
cally considered first-line agents. Linezolid and quinupristin/dalfopristin for
VRE bacteremia were compared in a controlled trial in cancer patients, and
both exhibited only modest efficacy (58% and 43%, respectively) [35]. Anti-
biotic-associated side effects were different for both: Linezolid is associated
with marrow suppression while quinupristin/dalfopristin can cause severe
debilitating myalgias. Daptomycin, which has the theoretical advantage of
being bactericidal against enterococci, was used on nine neutropenic patients
with fever and VRE bacteremia and resulted in four cures [36]. Tigecycline
exhibits in vitro activity and there are anecdotal reports of its successful use
when other alternatives are unavailable. However, its real clinical efficacy is
unknown.

21.2.3.3 Resistant Gram-Negative Bacilli

The incidence of infections caused by Gram-negative bacilli resistant to multi-
ple antibiotics is increasing. These infections tend to occur among severely ill
immunocompromised patients with indwelling catheters who have received
multiple courses of antibiotics. Multi-resistant Pseudomonas aeruginosa and
Acinetobacter baumannii, carbapenem-resistant Klebsiella, and Stenotrophomo-
nas maltophilia are examples of these pathogens that can be difficult to treat
and constitute a significant infection problem in some hospitals. A detailed
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overview of each one of these pathogens is beyond the scope of this review, but
some general points can be made. The general strategies to treat these infections
include one or more of the following [37]: (1) infection source control including
the removal of the indwelling venous access catheter and/or drainage of
abscesses; (2) continuous infusion of beta-lactam antibiotics to achieve concen-
trations well above themeasuredMIC; and (3) use of antibiotic combinations in
an attempt to achieve an additive or synergistic effect. In some cases of Acine-
tobacter infection the use of colistin or polymyxin B, tigecycline or high-dose
ampicillin-sulbactam has been reported to be helpful. Inhaled colistin has also
been reported as adjuvant therapy for pneumonia caused by Acinetobacter and
Pseudomonas species [38].

21.3 Infectious Complications of Venous Access Devices

in Patients Who Undergo HSCT

Reliable vascular access is an essential feature of HSCT care, but clinical
management of catheter-related infections, infection risks associated with dif-
ferent catheter types, and strategies for prevention of catheter-related infections
remain important clinical issues that transplant physicians must continue to
address. Several of these important clinical questions are discussed below.

21.3.1 Catheter-Associated Infections, Microbiology
and Clinical Management

The organisms that most commonly cause catheter-associated bloodstream
infections mirror the microbial spectrum of pathogens that cause present day
hospital acquired infections. Pooled data from the late 1990s and early 2000s
indicate that coagulase-negative staphylococci are still most common (37%),
but enterococci have become much more prevalent at 13% [39]. Antimicrobial
susceptibility patterns continue to evolve with more than 50% of hospital
acquired S. aureus being methicillin (oxacillin) resistant, and these pathogens
have more frequently been isolated from community-acquired infections. The
number of enterococcal isolates resistant to vancomycin (VRE) continues to
increase, and in several studies this incidence has been reported to approach
26%. Candida spp. cause 8% of hospital acquired infections, and antimicrobial
resistance has also increased for these isolates. SCOPE data suggests that 10%
of C. albicans will be resistant to fluconazole, and that more than 50% of all
Candida spp. infections will be caused by nonalbicans species including C.
glabrata and C. krusei. Gram-negative infections are increasingly caused by
Enterobacteriaceae that produce extended spectrum beta-lactamases (ESBLs),
and are often resistant to many other antibiotics.
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Catheter-associated infections are routinely categorized either as an entrance
or exit site infection (henceforth ‘‘exit site infection’’), a tunnel or port-pocket
infection, and/or a catheter-associated bloodstream infection. Importantly, the
first two infection groups are usually defined based on clinical characteristics
and may not have a specific pathogen identified. Entrance or exit site infections
represent infection localized to the skin and soft tissue that surrounds the
catheter entrance but is distal to the first catheter cuff. Entrance or exit site
infections are usually not associated with a bloodstream infection. Tunnel or
port-pocket infections involve the catheter tunnel track from the catheter cuff
or subcutaneous port pocket to the catheter entrance into the vein. Tunnel and
port pocket infections are frequently accompanied by positive blood cultures
(30–40%). The clinical manifestations of a tunnel or port pocket infection can
be variable and range from minimal inflammation if the patient is neutropenic,
to a painful cellulitis that rapidly progresses to soft tissue necrosis and ulcera-
tion. Port pocket infections pose a significant clinical challenge because the
local site may be asymptomatic.

The largest prospective, single center trial of cuffed catheters (Hickman
catheters) like those frequently used for patients who undergo HSCT was
conducted more than two decades ago in non-transplant patients with cancer
[40]. Over the course of 10 years (1978–1987), all cuffed catheters [single (n =
312) or double lumen (n = 378) Hickman catheters] that were placed in adult
patients with cancer were prospectively assessed. The report chronicles the
outcome of 134,273 catheter days (IVD). Infectious complications included
160 exit site infections (1.19/1000 IVD days), 46 tunnel infections (0.34/1000
IVD days) and 397 bloodstream infections (2.96/1000 IVD days). Two hundred
thirty-one of 690 catheters were free of all infection complications.Multivariate
analysis revealed that the risk of developing a catheter-associated infectious
complication was increased when a double lumen rather than a single lumen
catheter was placed, when the patient’s weight exceeded 125%of his or her ideal
body weight, or when the catheter was placed during a period of neutropenia.
Catheter insertion by dedicated surgeons decreased the risk of noninfectious
complications but was not an important factor in the development of infectious
complications.

21.3.2 Infectious Complications of Venous Access Devices

21.3.2.1 Exit Site Infections

In the above mentioned trial, exit site infections occurred a median of 80 days
(range from 1 to 1210 days) from catheter placement. The most commonly
identified pathogens were S. aureus (35). Bloodstream infections occurred
rarely (13/160 infections). Almost all (150/160) infections were successfully
treated without catheter removal, suggesting that catheter removal is usually
not necessary for the successful management of an exit site infection

21 Improvements in Prevention and Management of Infectious Complications 545



21.3.2.2 Tunnel infections

Tunnel infections inthisreportoccurredamedianof70days(range2–727days)after
placement, and their incidence was similar for double and single lumen catheters
(0.35 vs. 0.26/1000 IVD). Twelve of the 46 infections were associated with a blood-
stream infection, and 12 infectionswere caused byS. aureus. Gram-negative bacilli,
other Gram-positive cocci, atypical mycobacteria, and fungi also were reported to
cause tunnel infections. Only 22 of 46 infections were successfully managed
without catheter removal, and five of the remaining 24 infections had slow or poor
infection controlwith just antibiotic therapy.This experience suggests that a serious
tunnel or port pocket infection shouldbemanagedwith immediate or early catheter
removal and broad-spectrum antibiotics that include activity against S. aureus.

21.3.2.3 Catheter-Associated Bloodstream Infections

The above study from the University of Maryland Cancer Center made no
attempt to determine if the catheter was the primary cause of the bloodstream
infection. Rather they reported on the clinical outcome of all bloodstream infec-
tions that occurred in these patients during the time that the catheter was in place.
Three hundred ninety-seven bloodstream infections occurred during the 134,000
catheter days. Only 25 of these bloodstream infections were clearly associated
with exit site or tunnel infections. Gram-positive cocci were the most frequent
pathogens (138/397), with coagulase-negative staphylococci recovered from
blood cultures in 62 patients. Fifty-four of 62 coagulase-negative staphylococcal
bloodstream infections and 26 of 28 S. aureus bloodstream infections were
successfully treated without catheter removal. This report describes no episodes
of bloodstream infection with vancomycin-resistant enterococci, but only 1 of 14
vancomycin-sensitive enterococcal bloodstream infections required catheter
removal for infection control. Enterobacteraciae were recovered from 111 of
397 bloodstream infections, and 107 were successfully treated without catheter
removal. Pseudomonas aeruginosa was recovered from 29 bloodstream infections,
and 27 were successfully treated without catheter removal. Eight episodes of
Bacillus spp. bacteremia and five episodes of Corynebacterium jeikeium occurred
in this patient cohort, and five and four episodes, respectively, required catheter
removal. Of 46 episodes of yeast or mold bloodstream infection, 21 required
catheter removal. Nineteen of the remaining 25 fungal infections had persistent
fungemia, but the catheter was left in place because the infected patient had
terminal cancer. Several other reports, literature reviews, and clinical care guide-
lines have suggested that bloodstream infections caused by organisms such as
yeast and fungi, atypical mycobacteria, Bacillus spp, S. aureus, P. aeruginosa,
Stenotrophomonas maltophilia, Corynebacterium jeikeium, and vancomycin-resis-
tant enterococci may be particularly difficult to manage with antimicrobial
therapy alone, and thus for these pathogens it is recommended that catheter
removal occur immediately once these pathogens are identified.
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21.3.3 Specific Questions Regarding Catheter-Related Infections

21.3.3.1 Is a PICC Line Safer than a Tunneled, Cuffed and Surgically Placed

Central Venous Catheter?

Reliable data on catheter type and risk of infection are now available from a
meta-analysis published byMaki and colleagues, who reviewed 200 prospective
studies in adult patients [41]. In the meta-analysis PICC lines were associated
with a slightly lower risk of catheter-associated infection when compared to
central venous catheters that are both tunneled and cuffed (1.1 vs. 1.6/1000 IVD
days). The placement of a PICC line is usually less traumatic to the patient and
is associated with a decrease in placement costs; thus, it may have a role in the
management of patients undergoing HSCT.

21.3.3.2 Do Antimicrobial Impregnated Catheters Decrease the Risk

of Catheter-Related Infections Associated with Long-Term

Indwelling Venous Access Devices?

In the largest prospective randomized trial in patients with cancer, Hanna et al.
reported the rate of catheter-related bloodstream infections was lower for the
antimicrobial impregnated PICC lines than the nontunneled, noncuffed sub-
clavian central venous catheters (0.25 infections vs. 1.28 infections per 1000
IVD days) [42]. Antimicrobial-impregnated catheters are in general more
expensive, but the increased cost may be offset by the substantially lower
costs to insert a PICC line than a surgical placed tunneled catheter [43]

21.3.3.3 Is a Surgically Implanted Central or Peripheral Venous Port Safer

than a Cuffed and Tunneled Central Venous Catheter?

Apparently, yes (0.1 vs. 1.6 BSI/1000 IVD days) [41, 44]. However, most
subcutaneous ports provide limited venous access, and thus a subcutaneous
port for patients undergoing HSCT may limit the health care team’s ability to
adequately deliver care.

21.3.3.4 Which Approaches are Important for the Prevention or Reduction

of Catheter-Related Infections?

Measures to minimize the risk of infections associated with venous access
devices must strike a balance between patient safety and cost. Methods and
approaches to meet these goals have been clearly outlined in the Center for
Disease Control and Prevention Recommendations [45]. The CDC report
acknowledges that prevention approaches must adjust to a changing knowledge
base and technology. Several of the more important recommendations include:
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� Hand Hygiene and Aseptic Technique: Good hand hygiene before catheter
insertion and during catheter maintenance and manipulation are critical
infection prevention techniques. Good hand hygiene can be achieved through
the use of waterless alcohol-based products, or antibacterial soap and water
combined with adequate rinsing. The level of barrier protection during cathe-
ter insertion should include maximal sterile barrier techniques that consist of
caps, masks, sterile gowns, sterile gloves and large sterile drapes. Such sterile
barrier techniques are also appropriate for PICC line placement.

� Skin Antisepsis: Povidone iodine has been the most widely used antiseptic for
cleansing insertion sites, but in one study, site preparation with 2% aqueous
chlorhexidine-gluconate significantly lowered the bloodstream infection
rates when compared to 10% povidone-iodine or 70% alcohol [46].

� Catheter Site Dressing Regimens: A meta-analysis has assessed studies that
compared the risk of catheter-associated bloodstream infections and the
different types of catheter dressings [47]. The risk of infection appears to
be similar regardless of whether the catheter is dressed with a transparent,
semipermeable polyurethane dressing, or qauze and tape.

� Systemic Antibiotic Prophylaxis: Prophylactic oral or parenteral antibiotics
or antifungal drugs do not appear to reduce the incidence of catheter-
associated bloodstream infections in adults.

� Antibiotic Lock Prophylaxis: Antibiotic lock prophylaxis using antibiotic
solutions that contain vancomycin and/or ciprofloxacin have been tested
as an approach to decrease the risk of catheter-associated bloodstream
infections. A meta-analysis suggested the usefulness of such prophylaxis
and reported a decrease in the rate of bloodstream infections by vancomy-
cin-susceptible organisms [48] (53). However, because the use of vancomycin
is an independent predictor for the acquisition or development of VRE, the
practice of vancomycin locks is not recommended.

Pronovost and colleagues employed five of the most important CDC recommen-
dations in a multi-hospital (108 hospitals) ICU setting (54). They implemented (1)
hand hygiene, (2) full-barrier precautions during insertion, (3) skin cleansing with
chlorhexidine, (4) avoiding the femoral insertion site, and (5) removal of unneces-
sary catheters. They analyzed more than 375,000 catheter days, and reported
almost complete elimination of catheter-related infections among patients who
had a catheter placed [49]. It is unclear what the impact of such an approach would
have on HSCT patients with indwelling venous access devices, but a transplant
center catheter management approach is strongly encouraged.

21.3.3.5 What is the Appropriate Approach for Obtaining Blood Cultures

from Patients with Suspected Infection Who Have a Long-Term

Indwelling Venous Access Device?

The volume of cultured blood (20–40 cc) is clearly the most important factor in
maximizing the recovery of organisms [50]. However, if the goal of the blood
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culture technique is to also define the role of the catheter in the bloodstream

infection, several different techniques have been studied and could be con-

sidered [51–55]. These are commonly based on the premise that a higher

bacterial load is present in the blood cultured from the contaminated catheter

than in the blood drawn from a peripheral site or a different catheter, and it

will result in a quantitative difference in the amount of bacterial colonies

recovered or the time needed for the culture to become positive. The first

method is the concordance between the recovery of blood culture isolates

from cultures drawn through the vascular access device and a peripheral vein.

Second is the identification of at least a fivefold or greater quantitative

difference in the number of organisms recovered in paired blood cultures

drawn from the venous device and a peripheral vein. Third is the identification

of a difference of more than 1000 colony forming units/ml of blood between

quantitative blood cultures drawn from the venous access device and periph-

eral vein, and fourth is the differential in time to positive results from blood

cultures drawn from the venous access device and a peripheral vein. All of

these methods have potential value but all havemajor limitations. Themethod

that relies on the differential in time to positive results may be the method best

suited for clinical use since it has the advantage of not requiring expensive and

time-consuming quantitative methodologies, and these time determinations

are automatically provided by modern blood-culture bottle automated read-

ers. Using this method, a catheter infection is deemed to be present when the

blood culture drawn through the catheter is positive at least 120min earlier

than the blood culture drawn from a peripheral vein. This technique provides

a pooled sensitivity of 0.9 and pooled specificity of 0.72 [54].
These approaches may help to decide if an episode of bacteremia is related to

the catheter or not [56]. However, most transplant clinicians do not rely on such

laboratory information to determine if the IV catheter should be immediately

removed as part of the infection management approach, but rather rely on

clinical response and the recovered pathogen to define the role for removing the

vascular access device.

21.4 Advances in the Prevention and Treatment of Fungal

Infections After Hematopoietic Stem Cell Transplantation

Invasive fungal infections (IFIs) are now the most common cause of infectious

mortality after transplant, but the prognosis of some of these infections appears to

have improved during the past decade. The attributable mortality of invasive

aspergillosis following transplant has been reported in a retrospective study per-

formed at the Fred Hutchinson Cancer Research Center to have decreased from

40% in 1990–1992 to 20% in the period 2002–2004 [57]. This improvement in

outcome is likely multifactorial, but new therapies have likely had a major impact.
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21.4.1 Prevention of Invasive Fungal Infections

Transplant recipients are at risk for invasive fungal infections during three well-

defined periods: The first is the period of neutropenia (<40 days after trans-

plant); the second is the period of greatest risk of developing graft-versus-host

disease (day 40–180); and the third, which applies only to allogeneic HSCT

recipients, occurs late (>6 months after transplant) and is likely a marker for

poor post-transplant immune reconstitution. Tailored prophylaxis taking into
consideration the conditioning regimen, the specific active immunosuppression,

and other risk factors may be an approach that has greatest value, and we

recommend it over the classic universal recommendations of the past.

21.4.1.1 Prevention of Fungal Infections During Neutropenia

The incidence of invasive aspergillosis and other mold infections early after

transplant is directly proportional to the patient’s duration of profound neu-

tropenia and history of previously treated fungal disease. Trials that compare

antifungal agents may fail to show significant differences among them if the

period of neutropenia is too short or if its degree is too limited for patients to be

at risk for the development of aspergillosis or other mold infections.
Fluconazole prophylaxis has been the standard of care since randomized

trials were first published in the 1990s and reported a decrease in the incidence
of IFI [58] and an improvement in overall survival [59]. The survival advan-

tage of fluconazole was maintained when the antifungal agent was continued

until day 75 after transplant. [59, 60]. The transplant conditioning regimen

used for the patients included in these fluconazole trials differs from many of

today’s reduced-intensity regimens and must be considered when recommen-

dations of antifungal prophylaxis are developed and updated. Fluconazole is

only effective prophylaxis againstCandida albicans, and if other pathogens are

thought to be a priority a different agent should be considered. Itraconazole
has been compared to fluconazole in several trials [61–63]. Although itraco-

nazole has activity against Aspergillus and fluconazole does not, the outcomes

associated with itraconazole usage have not consistently been better than

when fluconazole is prescribed. This seems related mainly to intolerance,

bioavailability, and side effects of itraconazole [64]. Micafungin, an echino-

candin, was found in a large trial to be equivalent to fluconazole [65] and

resulted in fewer episodes of invasive aspergillosis, although this latter differ-

ence was not statistically significant (p= 0.07). Posaconazole has been tested

in a randomized controlled trial of nontransplant patients with prolonged
neutropenia and been found to provide better protection against fungal

infections than either fluconazole or itraconazole [66]. This experience has

led some authorities to recommend posaconazole prophylaxis as the standard

of care for HSCT recipients [4].
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21.4.1.2 Empirical Addition of Antifungal Therapy During Neutropenia

The addition of empirical antifungal coverage after 4–7 days of persistent fever
has become the accepted standard of care. Empirical antifungal coverage con-
tinues because of the difficulty with the early diagnosis of fungal disease and
also the availability of new antifungal agents that are less toxic than amphoter-
icin B. The fact remains, however, than even in the largest trials of persistent
fever during neutropenia, only a small minority of patients are ever documented
to have a fungal infection [67, 68]. A new strategy based on serial patient
surveillance using CT scans and the galactomannan antigen assay has been
proposed [69], and a proof-of-principle study suggests it may be possible for
transplant clinicians to be more selective with their use of empiric antifungal
therapy [70]. We recommend a thorough search (including meticulous physical
exam, CT of chest and sinuses, and galactomannan and beta-D-glucan antigen)
for invasive fungal infections in transplant recipients with persistent fever
during a period of neutropenia. Such a search can result in classification of
patients as being either at low or high likelihood of having an active IFI thus
allowing for a risk-based intervention. If patients have no evidence of fungal
infection other than the persistent fever, watchful waiting and serial galacto-
mannan antigen assays may be a reasonable approach, although many trans-
plant physicians will error on the side of initiating empirical treatment with
caspofungin [68], voriconazole [67], or liposomal amphotericin B [71]. Alter-
natively, if a pulmonary nodule or sinusitis is discovered, the likelihood of
invasive mold infection is very high, and we recommend more aggressive
diagnostic measures plus the immediate initiation of broad-spectrum antifungal
therapy with either voriconazole or amphotericin B. For patients who appear to
be more ill we recommend combining either of these agents with an echinocan-
din like caspofungin with the hope of improving the antifungal activity with the
most profound immunosuppression.

21.4.1.3 Prevention of Fungal Infections During Treatment

of Graft-Versus-Host Disease

Patients with severe acute GvHD receiving corticosteroids are the group at
highest risk for invasive fungal infections after transplant. One randomized
controlled trial has specifically targeted this population and compared fluco-
nazole with posaconazole, a newer azole with no intravenous formulation,
limited oral bioavailability but a very broad spectrum of antifungal activity
including Aspergillus and many zygomycetes [72]. This prophylaxis trial con-
firmed the important principle that an agent active against aspergillosis is
superior to fluconazole when patients are at high-risk of aspergillosis. The
reported success of posaconazole is remarkable considering the fact that some
patients experience decreased oral absorption because of gut GvHD. It is not
known if a different broad-spectrum antifungal agent that could be
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administered intravenously like voriconazole or an echinocandin would per-
form as well as posaconazole in this clinical setting, but certainly such trials
need to be conducted.

The Blood and Transplant-Clinical Trials Network (BMT-CTN) in the
United States has recently reported in abstract a comparison of oral voricona-
zole to fluconazole as prophylaxis for aspergillosis among patients undergoing
a myeloablative allogeneic transplant [73]. This study failed to show an
improvement in overall patient survival between patient groups, but the inci-
dence of Aspergillus infection was lower among patients randomized to receive
voriconazole. The results from this well designed, randomized, double-blind
trial are a bit surprising and again raise questions of the oral bioavailability of
these agents in patients who may experience malabsorption from either cyto-
toxic conditioning regimens or GvHD.

We routinely prescribe fluconazole 400mg/day as our preferred post-trans-
plant antifungal prophylaxis. This decision is based on the fact that our average
time from transplant to neutrophil recovery is relatively short (<10 days of
profound neutropenia), and the risk of mold infection is low. We do not
routinely use posaconazole during neutropenia in our transplant population,
but if enhanced antifungal prophylaxis directed against aspergillosis is needed
(i.e., expected prolonged neutropenia, concomitant risk factors, prior history of
aspergillosis) we recommend voriconazole. Voriconazole is chosen over posa-
conazole because it does not require a concomitant fatty meal to enhance
absorption and can be administered parenterally if oral therapy is not feasible.
We also routinely switch from fluconazole to voriconazole in patients who
develop GvHD and receive a daily cumulative dose of corticosteroids that is
equal to or higher than 1mg/kg/day of prednisone. Posaconazole has shown to
be effective in this latter setting, and is an excellent alternative [4].

For patients where fluconazole or other azoles cannot be used (e.g., because
drug interactions or suspicion of liver toxicity), we substitute an echinocandin
such as caspofungin [65]. Of note, caspofungin may alter cyclosporine pharma-
cokinetics and increase the area under the curve (AUC) and peak levels. While
the manufacturer does not recommend the use of caspofungin in patients
receiving cyclosporine, it can be safely employed if careful blood level monitor-
ing is performed.

21.4.2 Diagnosis and Management of Invasive Fungal Infections

21.4.2.1 The Empirical Management of Positive Blood Cultures with Yeast

The development of blood cultures for yeast demands that the clinician question
whether the blood culture isolate is most likely to be Candida (by far the most
common yeast) or another yeast (e.g., Cryptococcus, Trichosporon,
Rhodotorula, Histoplasma, Blastoschizomyces). This decision is important because
treatment options will differ. Most transplant patients receive prophylaxis with
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fluconazole or another azole antifungal agent. Consequently, when fungemia
develops it ismost frequently caused by a nonalbicansCandida species (C. glabrata,
C. krusei). Such infection may originate from the gastrointestinal tract or may be
catheter-related. The catheter-associated infections are believed to occur when
there is introduction of yeast into the soft tissues surrounding the catheter from
the adjacent colonized skin or through the introduction of contaminated infusates.
The formation of catheter-associated biofilm allows the yeast to grow and thrive
despite the administration of the antifungal therapy.

Several studies have compared amphotericin B, fluconazole and echinocan-
dins for treatment of invasive candidiasis (mainly candidemia in nonneutrope-
nic patients) [74–77]. Although some published guidelines and experts still
recommend a lipid formulation of amphotericin B in patients who are clinically
unstable, most transplant and infectious disease physicians now consider an
echinocandin (caspofungin, anidulafungin or micafungin) the treatment of
choice for invasive or disseminated Candida spp. infections. All echinocandins
are available only in an intravenous form, and the differences between them in
antimicrobial spectrum (e.g., caspofungin has limited activity against C. para-
psilosis) and toxicity are of unknown clinical significance. As a general rule, we
recommend that the intravenous catheter be removed from all infected patients
once the blood culture isolate is reported to be a yeast or mold.

21.4.2.2 Management of Invasive Fungal Infections

The management of fungal infections after transplant raises several critical
clinical issues including:

1. What is the optimal empirical antifungal treatment of choice and what is the
role for combinations of antifungal antibiotics?

2. What is the optimal approach for diagnosing an invasive fungal infection,
and what are the roles of bronchoscopy, biopsy and noninvasive assays
(galactomannan and beta-D-glucan antigen) in establishing a diagnosis?

3. Is it appropriate clinical management to consider the concomitant use of
voriconazole and sirolimus?

4. What is the optimal dose of lipid formulation amphotericin B?
5. Is amphotericin B still the treatment of choice for zygomycetes infections

after transplant, and if a lipid-formulation of amphotericin B is used, what is
the optimal dose?

A new fever with a pulmonary nodule during broad-spectrum antibiotic treat-
ment of fever and neutropenia or for the patient who is receiving immunosup-
pression for GvHD is very suggestive of a mold infection. Aspergillus is by far
the most common mold, but other pathogens including zygomycetes (Mucor,
Rhizopus and others, all resistant to voriconazole), Fusarium and Scedospor-
ium must be considered. Thus the first question the clinician must consider is
the need for empiric coverage of zygomycosis versus treatment with therapy
targeted primarily against aspergillosis. The primary clinical feature that has
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been identified as a risk factor for zygomycosis is voriconazole prophylaxis, and
thus specific empiric therapy for zygomycoses is most important in patients who
have previously received voriconazole. The decision to prescribe treatment that
is active against zygomycosis has in the past relied exclusively on a lipid formula-
tion of amphotericin B, but posaconazole may also be effective treatment for such
infections. Treatment that is directed primarily against aspergillosis would
employ the empiric use of voriconazole. Voriconazole was found to be superior
to amphotericin in a randomized controlled trial [78], has the advantages of a
much lower toxicity profile than amphotericin B products, and unlike posacona-
zole is available in both an oral and IV formulation. However, voriconazole lacks
antimicrobial activity against zygomycosis and thus the risk of a zygomycoses
infection makes the decision of greater importance.

The diagnostic use of galactomannan antigen (in serum or bronchoalveo-
lar lavage) in this setting has been recommended, but considerable uncer-
tainty remains. Serum galactomannan antigen assay has shown more value
when used as a screening test repeated serially over time rather than as a one-
time test [79, 80]. A positive result is specific for aspergillosis, but the inci-
dence of false negative results in serum is common and leaves the clinician
faced with the questions of whether the patient truly does not have invasive
aspergillosis, the patient has invasive aspergillosis but the test is a false
negative, or the infection is caused by a non-Aspergillus mold. False positives
are much less common but have been described, on occasion, when the patient
was receiving concomitant piperacillin-tazobactam [81]. The BMT-CTN in
their recently completed fungal prophylaxis trial attempted to answer the
question about the relative value of serial glactomannan antigen assay as an
early indicator of aspergillosis among recipients of a myeloablative, related
donor, allogeneic transplant. Analysis is not yet complete but preliminary
results suggest little clinical utility for such testing.

It is not known which empirical antifungal regimen results in the best patient
outcomes. When tested in a randomized controlled trial both single agent
voriconazole and amphotericin B resulted in low overall response rates for the
subgroups of allogeneic transplant recipients and neutropenic patients with
invasive aspergillosis [78]. Invasivemold infections may progress quickly during
periods of neutropenia or severe T-cell immune suppression, and thus despite
the lack of definitive prospective data the concept of empiric combination
antifungal therapy for patients who are very ill or havemore significant immune
suppression remains controversial but attractive. Evidence from animal studies
suggests that the combination of an azole and echinocandin is superior to an
azole alone for invasive aspergillosis [82], and a retrospective clinical study in
humans provides some additional support for such combination therapy [83].
The primary arguments against combination therapy rest on concerns about
toxicity and cost. Despite these issues we frequently will prescribe initial treat-
ment with either voriconazole plus caspofungin or liposomal amphotericin B
and caspofungin and then adjust therapy as permitted based on the results of
the patient’s diagnostic workup and clinical response. We do not recommend
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that agents from all three classes (an azole with amphotericin and echinocandin)
of antifungal therapy be combined. While there is animal and laboratory data
that suggests potential antagonism when such an approach is utilized [84], there
is no clinical data that either supports or refutes the value of such combination
treatment.

Not all patients with invasive aspergillosis will respond to treatment with azole
antibiotics like voriconazole or posaconazole. It is possible that some of the
failures that have been reported with voriconazole are secondary to inadequate
serum levels [85]. There is ample evidence that shows the inter-individual varia-
bility when oral voriconazole dosing is utilized, and this has resulted in the NIH
transplant team recommending that voriconazole levels be monitored in patients
whose infections appear to be failing to respond. TheMilwaukee transplant team
rarely performs voriconazole serum monitoring primarily because of the diffi-
culty in obtaining such clinical results, but they do have a standard policy to
increase the administered daily dose or to switch to IV therapy if there is concern
about a patient’s clinical response or the adequacy of a patient’s oral absorption.

Empiric treatment does not replace the need for implementation of aggres-
sive methods to identify a specific etiologic diagnosis, and thus many of these
patients must undergo additional diagnostic procedures if a specific pathogen is
to be identified. The diagnosis of pulmonary or sinus infections with molds
continues to rely first on CT scanning of these body sites for initial detection.
Unfortunately, radiographic identification of an active or progressive infection
does not establish the specific etiologic pathogen. Invasive procedures including
bronchoscopy, bronchoalveolar lavage and biopsy have relatively low sensitiv-
ities (50–60%), but a positive result is diagnostic [86, 87]. Additional tissue
biopsies including endoscopic sinus biopsy and thoracoscopic lung biopsy
should be considered early in a patient’s course when a diagnosis is critical
and the patient’s clinical status allows him or her to more easily tolerate such
invasive procedures. Transplant physicians continue to search for diagnostic
approaches that result in a high level of specificity and sensitivity but decrease
procedure-associatedmorbidity. The use of serum or BAL fluid galactomannan
antigen assays continues to be studied and recommended by some experts, but
most transplant physicians have cared for patients with biopsy proven asper-
gillosis who have had repetitively negative serum galactomannan antigen
assays. The reasons for these false negative cases is unclear but perhaps reflect
a limited amount of disease at the time the infection is first identified or is
caused by molds other than Aspergillus that have a similar histological appear-
ance. This latter possibility is significant since it has been reported that at least
10–20% of histologically proven invasive mold infections will be culture nega-
tive [86].

A question that is now more frequently being asked is what is the appropriate
therapy for infections caused by zygomycetes? Is it a lipid-formulation of ampho-
tericin B, and if so what is the appropriate dose, or is treatment with an agent like
posaconazole an appropriate alternative? Amphotericin B has been the gold
standard, but clinical results in HSCT recipients have been disappointing.
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Some experts believe that the poor clinical response to amphotericin B therapy is
a reflection of insufficient dosage, but a randomized trial reported that 10mg/kg/
day of liposomal amphotericin B was no more effective than 3mg/kg/day in the
treatment of confirmed mold infection [88], although most of these patients were
infected with Aspergillus and not zygomycetes. It is unknown what the best dose
of amphotericin B for zygomycosis is, but we recommend a dose of 5mg/kg/day.
It is also important to recall that posaconazole has activity against many of the
zygomycetes (not all), and we and others have had anecdotal experience suggest-
ing that posaconazole therapy may be effective treatment for such infections
when they occur in an HSCT recipient. Posaconazole is associated with signifi-
cantly less toxicity than the amphotericin B products, but its lack of an IV
formulation can make drug tolerance and absorption a significant concern.

The final question relates to the concomitant use of azole antifungal agents
and immunosuppressive agents like cyclosporine, tacrolimus or sirolimus.
Schemes for dose adjustment have been developed but frequent monitoring of
the serum levels in patients receiving voriconazole and one of the calcineurin
inhibitors is critical. An even more difficult question is the appropriate manage-
ment of patients who may be receiving concomitant voriconazole and sirolimus.
There is a ‘‘black box’’ warning emphasizing the interaction between these two
drugs, and it is well known that voriconazole therapy significantly increases the
serum levels of sirolimus (AUC increases up to 10-fold).Yet, the need to prescribe
voriconazole for some patients receiving sirolimus is real. Thus it is suggested that
by reducing the sirolimus dose by 90% and carefully monitoring sirolimus levels,
these agents can be successfully co-administrated [89].

21.5 Pneumocystis Infection After Stem Cell Transplantation

Pneumocystis is now classified as a ‘‘nonmold’’ fungus. Although some contro-
versy persists regarding nomenclature. We have chosen to follow current recom-
mendations by which the name Pneumocystis carinii applies to the rat pathogen
and Pneumocystis jiroveci to the organism that is isolated in humans [90]. The
acronym ‘‘PCP’’ to signify Pneumocystis pneumonia has been maintained, and is
still frequently used. Prophylaxis against Pneumocystis pneumonia (PCP) is
universally recommended after HSCT [10], and if compliance is maintained it
results in relatively low incidence of disease (23 cases in 14 years at the M.D.
Anderson, for an incidence of 386 cases per 100,000 [91], or 1.3–2.4% of patients
transplanted at Brigham andWomen’s Hospital or the University ofMinnesota.
Most cases seem to occur after discontinuing prophylaxis or during periods of
intensive immunosuppression for the treatment ofGvHD [91, 92]. PCP infections
commonly present with a combination of fever, hypoxemia and interstitial
pulmonary infiltrates. However, many PCP cases have co-infections, and the
radiological manifestation of these infections can vary and include pleural effu-
sion, alveolar infiltrates, pneumothorax, but with little or no fever. The preferred
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PCP prophylaxis is trimethoprim/sulfamethoxazole (TMP/SMX), and several
dosing regimens are effective (one single-strength tablet daily, one double-
strength tablet daily or one double-strength tablet three times/week).
Unfortunately, some patients tolerate TMP/SMX poorly with the development
of hematologic, gastrointestinal and cutaneous toxicity. Leucovorin, which has
been used to minimize the myelotoxicity of TMP/SMX, was reported in patients
with HIV/AIDS to be associated with an increased rate of treatment failure and
death and thus should be used with caution [93].

Although potentially convenient, inhaled pentamidine is a prophylaxis
approach that is expensive and clearly inferior to TMP/SMX. Pentamidine
prophylaxis has been reported to be associatedwith an incidence of breakthrough
infection that approaches 10% [94]. The preferred second-line prophylaxis is
dapsone at a dose of 50mg BID or 100mg/day. Dapsone appears to be highly
effective but does have a small incidence of breakthrough infection of approxi-
mately 3%. Dapsone is well tolerated by most patients, including those who
previously developed a rash to TMP/SMX. The presence of G-6 PD deficiency
should be excluded before starting dapsone prophylaxis, so to minimize the risk
of dapsone-induced hemolytic anemia. Atovaquone suspension 1500mg/day
may be used, but published experience inHSCT recipients is limited.Atovaquone
is expensive and poor oral tolerance has made compliance for some patients
difficult. PCP prophylaxis is recommended for at least 3 months following an
autologous HSCT and for 6–12months or until all immunosuppression has been
discontinued for allogeneic transplant recipients.

Treatment of PCP infections after HSCT at both the NIH and Medical
College of Wisconsin follows the guidelines developed by the CDC, the NIH,
and the IDSA for HIV-infected patients [95]. TMP/SMX (15–20mg/kg based on
the trimethoprim dose) is the treatment of choice, even for the rare patient
who develops disease as a breakthrough of TMP/SMX prophylaxis. Intravenous
pentamidine 4mg/kg/day is the second choice for severe disease. All patients with
an arterial PO2 < 70mmHg should receive concomitant corticosteroids (predni-
sone 40mg by mouth twice a day for days 1–5, 40mg daily for days 6–10, and
20mg daily for days 11–21). For mild to moderate disease, other options that
can be considered include atovaquone suspension (750mg PO bid with food);
dapsone (50mg PO twice daily or 100mg PO once a day); dapsone and trimetho-
prim (dapsone 100mg PO daily and TMP 15mg/kg/day PO in three divided
doses); or primaquine and clindamycin (primaquine 15–30mg (base) PO daily
and clindamycin 600–900mg/6–8h IV or 300–450mg/6–8h PO).

21.6 Viral Infections Associated with Hematopoietic

Stem Cell Transplantation

Differences in incidence and outcome of viral infections after stem cell trans-
plantation are based on the intensity and duration of T-cell mediated immune
suppression, and even among allogeneic transplant recipients the immune
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dysfunction may vary based on the stem cell product, donor-recipient match-

ing, composition of the conditioning regimen, and the occurrence and severity

of GvHD [10].
Infections caused by herpes simplex virus (HSV), varicella-zoster virus

(VZV), CMV, Respiratory Syncytial Virus (RSV), Parainfluenza viruses, and

Influenza viruses are well recognized. Newly recognized aspects of these infec-

tions, the emergence of new viral pathogens (human herpesvirus-6, BK virus,

adenovirus, and human metapneumovirus) [96–98], and the development of

new diagnostic techniques and therapy are addressed in this section.

21.6.1 Herpesviruses

The group of herpesviruses consists of eight members. Primary and reactivation

infections are characteristic of these pathogens. Viral latency can be predicted

by pretransplant serological screening, and is useful for disease management.

Antiviral therapy is now routinely used for prevention and therapy [10, 97, 98].

Currently available drugs include acyclovir and its prodrug valacyclovir, pen-

ciclovir and its prodrug famciclovir, ganciclovir and its prodrug valganciclovir,

foscarnet, and cidofovir. Maribavir is a new agent being tested. Viral immuni-

zation remains investigational, except for the varicella-virus vaccination.

21.6.1.1 Herpes Simplex Virus

Herpes simplex virus (HSV) infections in patients undergoing HSCT are almost

exclusively reactivation infections. They are very common approaching 90% of

stem cell transplant recipients [10, 97, 98]. HSV infection and disease occur early

after transplant and frequently recur if immunosuppression persists. Mucocu-

taneous HSV disease will frequently present with an atypical appearance, and

can mimic other pathogens (i.e., Candida), treatment-induced mucositis, or

mucosal (oral and labial) GvHD. HSV infections among HSCT recipients are

characteristically more invasive, heal more slowly, are associated with pro-

longed viral shedding, and may disseminate. Treatment and prophylaxis of

HSV infections can be administered either orally or intravenously, and acyclo-

vir resistance has remained relatively infrequent [99]. Treatment for infections

caused by acyclovir-resistant isolates is foscarnet, but resistance to foscarnet

also occurs. Cidofovir is the only available treatment for double-resistant HSV

isolates, but HSV reactivation may occur despite cidofovir treatment. HSV

prophylaxis with acyclovir is highly efficacious, and the duration of HSV pro-

phylaxis must be individualized. We recommend that antiviral prophylaxis be

continued during the first 100 days after transplant but more prolonged prophy-

laxis usually occurs because these same antiviral agents are used as prophylaxis

for varicella-zoster virus. Longer durations of HSV prophylaxis maybe needed
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for patients with severe immunosuppression, active GvHD, or a history of
frequent HSV reactivations.

21.6.1.2 Varicella-Zoster Virus

The clinical manifestations of varicella-zoster virus (VZV) infections include
chickenpox and herpes zoster (shingles). Chickenpox results from a primary
VZV infection, and herpes zoster is due to viral reactivation of latent VZV. The
incidence of VZV infection ranges from 25% of patients who receive an auto-
logous HSCT, to 55–60% among allogeneic HSCT recipients [10, 100]. Infection
risk is greatest during the first 12 months after transplant, but late onset disease
occurs because of persistent immunosuppression or age-associated immune
senescence. The majority of VZV infections in adult patients after transplant
are reactivation infections, and 80% present with localized dermatomal disease
[100]. Patients who are VZV naı̈ve are at risk for primary infection with either
wild type or vaccine strains, and should be counseled about the risk of developing
such an infection. Primary VZV infection can be severe, and measures to prevent
exposure and intervene early after exposure are recommended [101].

VZV syndromes of importance include trigeminal zoster with keratitis and
retinal necrosis, encephalitis, Ramsey–Hunt syndrome, secondary bacterial and
yeast infections, and post-zoster pain [100]. Hepatic or gastrointestinal VZV
disease is an important entity, and may present with few or no skin lesions. This
presentation may result in delayed diagnosis and has been associated with a
high case-fatality rate [102]. PCR testing may be useful diagnostically in such
cases where available, as the virus may be found in peripheral blood [103].
Treatment of VZV disease should include the early institution of antiviral
therapy (valacyclovir, acyclovir or famciclovir) [97, 98, 100]. There is no evi-
dence that intravenous immunoglobulin or corticosteroids add benefit in the
treatment of VZV disease in transplant recipients. Prevention of VZV reactiva-
tion among patients who undergo stem cell transplantation remains controver-
sial. Acyclovir and valacyclovir are highly effective, yet, despite its efficacy in
preventing VZV disease, antiviral prophylaxis is not routinely recommended by
many of the clinical care guidelines [10, 98]. The reluctance to recommend
routine prophylaxis appears based on observations that VZV disease may still
occur after the discontinuation of VZV prophylaxis. A recently published study
of HSCT recipients using oral acyclovir showed that late VZV infection is likely
to be caused by persistent immunosuppression, and that acyclovir prophylaxis
does not predispose to late VZV disease [104]. We routinely prescribe antiviral
prophylaxis (valacyclovir 500mg daily or acyclovir 800mg BID) for at least the
first year after stem cell transplantation.

21.6.1.3 Cytomegalovirus

Cytomegalovirus (CMV) disease manifestations include pneumonia, enteritis,
encephalitis, retinitis, hepatitis, cholangitis, cystitis, nephritis, sinusitis, and
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marrow suppression [105, 106]. T-cell function is paramount in the control of
CMV, and inclusion of T-cell depleting agents (i.e., alemtuzumab) as part of the
conditioning regimen, or T-cell depleted stem cell grafts appears to increase the
risk of CMV infection and disease. In the absence of effective antiviral
prophylaxis, the incidence of CMV infection among patients who undergo
hematopoietic stem cell transplantation ranges from 5% to 75%. [107]. Non-
myeloablative transplant conditioning regimens do not appear to significantly
decrease the cumulative incidence of CMV infection [108]. Patients undergoing
an autologous stem transplant have a low risk of CMV infection, but CD 34
selection of the autologous stem product increases the risk of CMV disease and
CMV-associated death [109].

Diagnosis of CMV infection and disease has improved with the development
of techniques for rapid culture, CMV antigen assays, and PCR-basedmolecular
tests [110]. Treatment consists of ganciclovir and/or foscarnet [10, 97, 111].
Cidofovir has also been used, but the response rate seems to be lower [112].
Concomitant IVIG appears helpful only when patients suffer from CMV
interstitial pneumonia [10].

CMV negative or leukocyte-depleted blood products are effective CMV
prevention for CMV seronegative patients. Prophylaxis of infection or early
preemptive intervention remains the foundation of effective CMV infection
management for patients who are seropositive for CMV pretransplant [107].
Both of these approaches have significantly lowered the risk of early mortality
from CMV disease, but the occurrence of ‘‘late cytomegalovirus infection
and disease,’’ inadequate options for safe and effective CMV prophylaxis for
patients with latent CMV infection and poor immune reconstitution allow
CMV disease to continue to impact patient survival.

‘‘Late CMV infection’’ after stem cell transplant is common (3–17% of allo-
geneic transplant recipients) and is associated with a 13-fold increase in post-
transplant mortality [113]. The primary risk factor for late CMV infection is
CMV specific T-cell dysfunction [114]. Surrogate markers for this immunosup-
pression include active GvHD, high-dose steroid therapy, low CD4 cell count,
early post-transplant treatment for CMV infection or the need for donor lym-
phocyte infusions [113]. Late CMV disease has many presentations, but retinitis,
sinusitis, encephalitis and marrow failure appear more common than in early
CMVdisease. Treatment of late CMV infection relies onCMV surveillance (3–12
months after transplant or longer in patients with chronic GvHD), and preemp-
tive therapy with ganciclovir or other effective anti-CMV therapy. The role of
oral valganciclovir as preemptive therapy remains to be defined, but some
transplant groups have reported success [115]. We remain concerned with the
documented increased exposure to ganciclovir levels by using the oral route and
the resultant increase in hematologic toxicity [116, 117]. In general we prefer the
flexibility of weight- and renal-adjusted dosing of IV ganciclovir.

‘‘CMV infection prophylaxis’’ remains an attractive option for both early
and late CMV infection, but early prophylaxis approaches were associated with
increased treatment associated toxicity [118, 119]. Preliminary results from a
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randomized, phase II trial of Maribavir, suggests that infection and disease
prophylaxis may be possible with this agent. Maribavir is a selective UL 97 viral
protein-kinase inhibitor, and unlike other currently available anti-CMV agents
does not inhibit CMVDNApolymerase [120]. The early analysis of 111 patients
treated after engraftment with Maribavir or placebo showed that Maribavir
decreased the incidence of CMV infection and disease. Maribavir toxicity was
mild and appeared to not adversely affect marrow function [121]. Additional
studies are now ongoing and are critical to clarify the utility of this new anti-
CMV agent.

21.6.1.4 Human Herpesvirus-6

Human herpesvirus-6 (HHV-6) is a ubiquitous herpesvirus that infects most
persons early in life. Two major viral variants have been identified (A and B),
but the B variant is most frequently associated with disease among transplant
recipients [122]. Longitudinal studies in HSCT recipients found that HHV-6
reactivation occurred a median of 20 days after transplantation, and viral shed-
ding for some patients was prolonged and did not always correlate with viral
disease [122]. A clinical syndrome of CNS dysfunction, impaired memory,
secondary (hypothalamic) hypothyroidism, and delayed platelet engraftment
are common disease manifestations [122-124]. HHV-6 viremia among allogeneic
transplant recipients has been associated with an increase in all-cause mortality,
and appears to be increased when patients are transplanted for disease other than
first remission, when donor and recipient are sex mismatched, and when trans-
plant patients are younger [122]. We have recently diagnosed and treated four
transplant patients for HHV-6 viremia who developed CNS dysfunction and
delayed platelet recovery. All four of these patients had undergone an autolo-
gous transplant for multiple myeloma following melphalan conditioning.
Fortunately, all patients responded to a prolonged courses of antiviral therapy.

Foscarnet, ganciclovir, and cidofovir have been used as treatment for HHV-
6 infections. Prospective studies are needed to better understand the importance
of HHV-6 infection among transplant recipients, to define disease spectrum,
and to define therapy options.

21.6.1.5 Adenovirus

Adenovirus is a DNA virus categorized by 51 human serotypes. Primary
infection is acquired from either a respiratory droplet or the oral-fecal
route. Most infections among adult stem cell transplant recipients seem to
be viral reactivation [125]. Clinical manifestations vary with serotype and
range from viremia to pneumonia, hepatitis, gastrointestinal disease, cysti-
tis, nephritis, and conjunctivitis [126]. Control of adenovirus appears to be
T-cell mediated, and allogeneic stem cell transplant recipients appear to be
at greatest risk of infection and disease [127]. Risk factors for infection and
disease include unrelated donor transplantation, GvHD, T-cell depleted
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stem cell product, younger patient age, total body irradiation, and adeno-
virus viremia [127]. The incidence of infection in stem cell recipients has
been reported to range from 5% to 29%, with viral disease occurring in
5–8% of patients. Adenovirus disease may be severe, with viral-associated
death reported to range from 30% to 50% [127].

Standard detection methods for adenovirus include cell culture, shell vial
assays, and direct antigen detection. Quantitative PCR assays are now
suitable for detection of adenovirus in blood [128]. There are no controlled
treatment trials for adenovirus infection, but cidofovir is active in vitro
and has shown promise for the management of clinical disease [129].
The availability of techniques for molecular monitoring of adenovirus in
the blood suggests that preemptive treatment of early adenovirus disease is
potentially possible. In a study of 62 HSCT recipients who received a T-cell
replete stem cell product, Erard and colleagues detected adenovirus by PCR
in the plasma of 88% of patients who developed adenovirus disease [130].
All patients with proven and possible adenovirus disease had at least 103
viral copies/ml, and the adenoviremia preceded the development of disease
by 1–7 weeks [130].

21.6.1.6 BK Virus

BK virus is a ubiquitous, DNA polyoma virus that is believed to cause
nephropathy and graft loss among renal transplant recipients. This virus
has been reported to also cause pneumonia [131]. There is increasing
evidence that BK virus plays an important role in some cases of hemor-
rhagic cystitis and renal impairment in patients who undergo HSCT, but
viral tissue invasion has only recently been demonstrated [132–134]. BK
viruria is reported to occur in up to 95% of stem cell transplantation
recipients, with the onset of viral shedding occurring a median of 41 days
after transplant. BK viruria may be prolonged and severe. Symptoms of
some patients can persist for more than 1 month. Diagnostic tests have
been developed, and a highly sensitive quantitative PCR assay for BK virus
detection in blood and urine is now available. In a case–control study of
hemorrhagic cystitis among HSCT recipients, BK plasma DNA levels
greater than 10,000 copies/ml were highly associated with post-engraftment
BK virus-associated hemorrhagic cystitis [133]. Treatment of hemorrhagic
cystitis at the present time remains supportive and should be supplemented
with hydration and platelet support for patients who are thrombocytopenic.
Refractory hemorrhagic cystitis is rare but can be catastrophic. Anti-viral
therapy for BK virus remains inadequate, but cidofovir has in vitro BK
virus activity and leflunomide, an immunosuppressive agent used to treat
rheumatoid arthritis, has been reported to be active against BK virus
infection [135].
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21.6.1.7 Respiratory Viruses

Respiratory viruses including (RSV), parainfluenza virus and influenza virus A
and B are widespread in the community and easily transmitted to patients who
have undergone HSCT [136, 137]. Infections are spread by airborne droplets and
contact with the hands of infected persons. Infection control measures are critical
and should consist of meticulous hand washing, annual influenza vaccination,
early infection detection, and both respiratory and contact isolation of infected
health care workers and patients. Patients who develop respiratory virus infec-
tions prior to the initiation of treatment or transplantation should when possible
have their transplant delayed [138]. RSV and influenza are primarily winter
viruses, but parainfluenza virus infections that are most prevalent during the
summer months can occur at anytime during the year. The clinical syndromes of
these viruses range from the common cold to sinusitis, pharyngitis, tracheobron-
chitis, bronchiolitis and pneumonia.Respiratory virus infections among transplant
recipients are associated with a more prolonged infection (i.e., RSV shedding may
exceed 100 days vs. 21 days for immunocompetent children); a higher frequency of
nosocomial acquisition (55–83% of exposed immunocompromised patients will
become infected), and a higher rate of pneumonia, polymicrobial infection, and
death. The risk of death from a respiratory viral pneumoniamay be significant and
has ranged from 9% to 82% [136, 137].

Rapid diagnosis is made by viral antigen or nuclei acid detection. An RT-
PCR assay that detects RNA from RSV, influenza A and B, and parainfluenza
viruses from nasal wash and nasopharyngeal specimens is highly sensitive
and readily available. However, because of the incidence of false negative
tests the study should be repeated if the patient’s symptoms persist. A scheme
for the management of patients who undergo hematopoietic stem cell trans-
plantation and are suspected to have a respiratory virus infection is outlined in
Figure 21.1. Neuraminidase inhibitors like tamiflu (oseltamivir) appear helpful
for both influenza A and B, but more prolonged treatment may be needed for
stem cell transplant recipients and patients who develop pneumonia. RSV
pneumonia is treated with aerosolized ribavirin with or without palivizumab
[137]. Management of patients with nonpneumonic RSV infections is unclear,
but we routinely recommend that such patients who are severely immunocom-
promised be treated with 7–10 days of aerosolized ribavirin 2 g TID [139].While
there continues to be debate regarding the utility of the influenza vaccination in
transplant recipients, our approach is to annually vaccinate all such patients
and their household contacts.

21.6.1.8 Human Metapneumovirus

Humanmetapneumovirus (hMPV) is a newly discovered RNA paramyxovirus.
Most children by 5 years of age are seropositive. This virus infection occurs
primarily during winter months and can manifest as both upper and lower
respiratory tract disease [140]. Results from a retrospective study suggested that
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hMPV infection can be a significant cause of idiopathic pneumonia syndrome
after hematopoietic stem cell transplantation [141]. Five patients among 200
tested had hMPV detected in archived bronchial alveolar lavage specimens. All
five positive patients had an upper respiratory tract infection that preceded
their pneumonia, and four of five patients died of respiratory failure. Lung
tissue obtained at autopsy from the four patients who died had pathologic
changes consistent with idiopathic pneumonia syndrome. Prospective studies
of the role of hMPV as a cause of infection for transplant recipients are needed.
There is no established treatment for hMPV infections although ribavirin
appears to have in vitro antiviral activity.

21.7 Summary

Management of infections in HSCT recipients as reviewed in this chapter
illustrates the dynamic nature of the challenges that patients and their health
care team will face as long as transplantation is associated with periods of
profound immune dysfunction. The past decade has seen a significant increase
in overall survival of HSCT recipients. Two of the major factors responsible for
this improved outcome have been early diagnosis and preemptive therapy of
CMV infection and the ability to prevent some fungal pathogens with flucona-
zole prophylaxis. Despite these significant successes, natural selection keeps
providing the transplant team and HSCT recipient new infectious disease
challenges.

Transplant approaches must be developed that can provide improved pri-
mary disease control and at the same time preserve immune function. Until
that time comes, transplant teams must remain vigilant about infection risks,
implement all reasonable prevention measures, and remain aware of both the
commonly recognized infectious pathogens and the new pathogens or antimi-
crobial-resistant organisms that may evolve as a consequence of the use of
antimicrobial agents. We would like to emphasize the importance of basic
infectious principles that have been lumped in the past under the umbrella of
‘‘standard infection control measures.’’ These include but are not limited to
hand washing, providing clean air and water to our patients, and isolation of
patients known to be colonized with pathogens that are unusually virulent,
resistant to antimicrobial therapy, and/or easily spread among patients and
health care workers. Basic infection control practices coupled with advancing
measures for infection prevention and early infection diagnosis and manage-
ment are likely to provide not only the best transplant outcomes but also the
highest health care value. These time-honored aspects of care for the HSCT
recipient will likely never go out of style, but at the same time, frame the
challenge summarized by the statement, ‘‘Where there is immune dysfunction
there will continue to be increased risk of infectious complications that will need
to be addressed.’’
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