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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

X



X Introduction

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 hematopoictic 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.
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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 “bone marrow 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 bone marrow transplantation,
utilized for patients with severe combined immunodeficiency disorders, severe
aplastic anemia, and advanced acute leukemias, occurred in the late 1960s and

S. Giralt ()
M.D. Anderson Cancer Center, Houston, TX, USA
e-mail: sgiralt@mdanderson.org
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2 S. Giralt and M.R. Bishop

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

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 by malignant cells and contains immunologically competent
lymphocytes that are capable of mediating 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 allogenecic HSCT for acute and chronic
leukemias [22-25]. The clinical importance of the interactions between immu-
nocompetent donor T cells and tumor cells in mediating a GvT effect is supported
by an increased rate of relapse in allogeneic stem cell grafts from which T cells
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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 allogeneic HSCT 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 HLA match 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)", where 7 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
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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
family member [34-36]. A closely HLA-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
sometimes makes the identification of a matched 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 naive, 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. The minimal 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 1-3x10%/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 ¢Gy 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
dose = 16 xmg/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
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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 anemia who 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 allogencic HSCT are at increased risk, particularly to
fungal and viral infections, as compared to patients undergoing autologous
stem cell transplantation (reviewed in Chap. 21 by Wade 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 the most important barrier to allogeneic HSCT.
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 by Martin and Pavletic). Risk factors for the development of acute GvHD
include a female donor (particularly a multiparous 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 GVvHD 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-
throderma or desquamation. The severity of liver GVHD 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 I1-1V) 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 Diarrhea 500-1000 mL/day
2-3mg/dL

+ + Rash 25-50% Total bilirubin 3-6 mg/dL. Diarrhea 1000-1500 mL/day
BSA

++ + Generalized Total bilirubin 6-15mg/dL  Diarrhea > 1500 mL/day
erythroderma

++ ++  Desquamation Total bilirubin > 15mg/dL Pain, with or without ileus
and bullae

Clinical grading

Stage
Grade Skin Liver Gut PS
0 (none) 0 0 0 0
I +to ++ 0 0 0
I + to ++ + + + +
1 ++to+++ ++to+++ ++to+++ ++
v ++to++++ ++to++++ ++to++++  +++

BSA =body surface area, PS = 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 for GVHD 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 GVHD prophylaxis, cyclosporine imparts significant toxicities including
hypertension, nephrotoxicity, hypomagnesemia, a risk for seizures, hypertrichosis,
gingival hyperplasia, tremors, and anorexia. Tacrolimus is a macolide lactone which
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-1V acute GVHD when used as prophylaxis.

Moderate to severe GVHD (Grades II-1V) requires appropriate treatment. The
mainstay of therapy has long been corticosteroid therapy. Treatment for acute
GvVHD 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 associated with increased mortality.
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 of mycophenolate mofetil and tacrolimus. In general,
acute GvHD of the skin is most responsive to treatment while GVHD of 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. The most common cause of death in patients with chronic GvHD 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-
dom of progression or overall survival, for most hematologic malignancies. 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 to disease. Similarly, there is evidence of a clinical GvT 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 in CR1, 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
S-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 risk MDS or MDS 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 for MDS is
unknown, the IBMTR constructed a Markov 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 with myeloablative allogeneic HSCT,
and a relative lack of evidence of a GvT 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 ablated marrow. 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 radiation was precluded by profound toxicity
to organs and tissues, particularly myelosuppression. 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 autologous HSCT 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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Table 2.1 Indications for autologous hematopoietic stem cell transplantation

Autologous When to perform Autologous

Disease HSCT indicated? HSCT Reference

Aggressive NHL Yes Relapsed/refractory [29]

Hodgkin’s Yes Relapsed/refractory [30, 31]
Lymphoma

Multiple Myeloma Yes After induction therapy [32-34]

Mantle Cell Yes In first remission [35]
Lymphoma

Follicular Possibly In second/subsequent remission [36]
Lymphoma

Chronic possibly In second/subsequent remission [37]
Lymphocytic
Leukemia

Acute Myeloid Yes In second remission if allogeneic [38, 39]
Leukemia donor is unavailable

Acute Investigational [140]
Lymphoblastic
leukemia

Breast Cancer Controversial Consider in metastatic disease in [141-143]

context of trial

Germ Cell Tumors Yes Relapsed/refractory [144]

Autoimmune Investigational [40]
disease

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 autologous HSCT in aggressive B-cell NHL, 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-naive
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].
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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 ecarly 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 I1I 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, and CD38 and lack CD90, 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 to migrate to the bone marrow was 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 CD34" cells. As a consequence, chemotherapy alone is rarely used for
mobilization.

Cytokines such as G-CSF and to a much lesser extent, GM-CSF, are used for
progenitor cell mobilization. G-CSF is more effective [68] and is well tolerated.
The most common side effects are bone pain and headaches. G-CSF is generally
administered subcutaneously at a dose of 10 pg/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 CD34" 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 CD34"
cells remains problematic. The most important factor determining a successful
HPC mobilization 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 CD34" 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
CD347 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 bone marrow 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—100 ml/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 x 10°/1, although the WBC does
not correlate well with the CD34 ™ cell yield. Direct quantification of CD34 ™" cell
levels in the peripheral blood is preferable and correlates well with the number
of progenitors actually collected [79]. When the peripheral blood CD34" cell
count is more than 20 x 10%/ml there is a 94% chance of obtaining an adequate
HPC from a single apheresis [80, 81]. CD34" cell enumeration is generally
performed by flow cytometry, and there can be considerable variation in
CD34™" cell enumeration when different protocols and analyzers are used [82].
Generally, a CD34" cell dose of greater than 2 x 10%/kg will provide with
adequate hematopoietic recovery following high-dose therapy [83]; CD34"
cell doses of 1-2 x 10°/kg results in significantly delayed platelet engraftment
while generally preserving neutrophil recovery. More rapid hematopoietic
recovery is associated with the total number of CD34™" cells infused [62], while
long term platelet engraftment is more dependent on the immature CD34
(CDY0", 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 —156°C. Subsequent thawing is
usually carried out at the bedside using a 37°C 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 [8§7-89]. 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 DMSQO 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 the Norton—Simon model; that s,
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 the most 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 from myeloa-
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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Table 2.2 Intensive therapy regimens used in autologous HSCT

Regimen Dose Disease Reference
Carmustine 300 mg/m?> D1 NHL [98]
Etoposide 200 mg/m’ BD D2-5 HL [99]
Cytarabine 200 mg/m? BD D2-5
Melphalan 140 mg/m> D5
Carmustine 300 mg/m> D1 NHL [29]
Etoposide 100 mg/m?> BD D2-5
Cytarabine 100 mg/m?> BDD2-5
Cyclophosphamide 35mg/kg D2-5
Melphalan 200 mg/m?> MM [100]
Etoposide 60 mg/kg D-4 NHL
Melphalan 140 mg/m? D-3 HL [101]
+TBI MCL

AML [102]
Busulfan AML [103]
Cyclophosphamide
Cyclophosphamide AML [104, 105]
TBI
Cyclophosphamide 100 mg/kg D-2 NHL [106]
Etoposide 60 mg/kg D-4
BCNU 15mg/kg

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 (*°Y) ibritumomab tiuxetan
(Zevalin®) and iodine-131 ("*'I) tositumomab (Bexxar®™) are anti-CD20 mono-
clonal antibodies conjugated to radioisotpes to deliver cytotoxic radiation to tumor
cells (reviewed in Chap. 13 by Gopal and Winter). *°Y 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, "*'I 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],
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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 combined with 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 CD4" 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 acute myeloid leukemia or myelodysplastic syndrome
(MDS) is associated in patients undergoing autologous HSCT for lymphoma.
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A multicenter case controlled study examined over 2700 patients with NHL or HL
undergoing autologous HSCT. The cumulative incidence of therapy-related MDS
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]. The most common causes of late non-relapse mortality 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
and MCL 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 in multiple 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, the mortality and morbidity of autologous HSCT 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.
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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 of NK
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 CD567CD3 ™ 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 CD56%™ and express high levels of the Fcy receptor IIT (CD16) that binds
the Fc portion of IgG. The CD56%™ NK cells are functionally cytotoxic and
capable of antibody-dependent cellular cytotoxicity. The remaining subpopu-
lation is CD56""&" and CD16%™, and has predominantly a regulatory role
through the secretion of immunoregulatory cytokines following monokine
stimulation [4]. In addition, CD56°€" NK cells constitutively express the high
affinity interleukin-2 (IL-2) receptor (IL-2Ra(v) and expand in vitro and in
vivo in response to low concentrations of IL-2 [5, 6], while resting CD56%™
NK cells express only the intermediate affinity IL-2 receptor (IL-2R37), and
proliferate weakly in response to IL-2 concentrations [6, 7]. While CD56%™
NK cells are more naturally cytotoxic against NK-sensitive targets and
respond to IL-2 with increased cytotoxicity compared to CD56°"€" NK
cells [8], following treatment with IL-2 in vitro and in vivo, however,
CD56°1 e and CD56%™ 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 CD56°"€" and CD56%™
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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Table 3.1 Human NK cell receptors and their ligands
Inhibitory Activating
Receptor Ligand Receptor Ligand
Killer Ig-like KIR2DLI Group2 HLA-C  KIR2DSI Group 2 HLA-
receptors alleles C alleles
(KIR) KIR2DL2 Group 1 HLA-C  KIR2DS2 Unknown
alleles
KIR2DL3 KIR2DS4 Unknown
KIR3DLI1 HLA-Bw4 KIR2DSS Unknown
KIR3DL2 HLA-A3, -All KIR3DSI Unknown
KIR2DLS5 unknown KIR2DL4* HLA-G
KIR3DL7 unknown
Heterodimeric CDY%/ HLA-E CD9%4/ HLA-E
C-type lectin NKG2A (-B) NKG2C
receptors CD9%4/ Unknown
NKG2E
Natural NKp30 Unknown
cytotoxicity NKp46 Unknown
receptors NKp44 Unknown
(NCR)
C-type lectin NKG2D MICA, MICB
ULBP-1,
-2,-3
Other receptors ILT-1 (LIR-1)  Unknown
and DNAM-1 nectin-2;
coreceptors nectin-35
FcyRIIT Fc of IgG
(CD16)
CD2 CD58 (LFA-3)
LFA-1 ICAM-1
2B4 CD48
NKp80 Unknown
CD69 Unknown
CD40 Ligand CD40

& Although KIR2DL4 has a long cytoplasmic tail and ITIM motifs, it is functionally an
activating KIR which mediates NK cell secretion of interferon-y without inducing cytotoxicity

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 to NK
cell-mediated lysis, suggesting that HLA molecules protect self cells lysis by NK
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.
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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 human NK cells. A single inhibitory KIR,
KIR2DLI1, 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 «l
helix of the MHC molecule [24, 25]. On the other hand, KIR2DL2 and
KIR2DL3 recognize an epitope shared by alleles of the group 2 HLA-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 -Al11 (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 KIR2DSI, 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 K/R 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 KIR2D L4 as activating receptor
genes, while the group B haplotypes contain diverse combinations of activating
KIR genes [32, 33]. In addition, individual K/R 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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Table 3.2 List of group 1 and group 2 HLA-C and HLA-Bw#4 alleles

Group 2
HLA-C HLA-Bw4
Group 1 HLA-C alleles alleles alleles
Cwl (all)* Cw2 (all) B5 (all)
Cw3 (all except C*0307, C*0307 B13 (all)
C*0310 and C*0315)
Cw7 (all except C*0707 C*0315 B17 (all)
and C*0709)
Cw8 (all) Cw4 (all) B27 (all)
Cwl12 (all except C*1205, CwS5 (all) B37 (all)
C*12041, C*12042)
Cw13 (all) Cwo (all) B38 (all)
Cwl4 (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)
Cwl15 (all B53 (all)
except C*1507)
C*1602 B57 (all)
Cw17 (all) B58 (all)
Cw18 (all) B39 (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

#all = all molecular types within a serologically-defined group of alleles

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 KI/R
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
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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 K/IR2DLI gene was present and in 15% of 67 in whom
KIR3DLI 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 KIR2D1.4 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|NKG?2 Heterodimeric C-Type Lectin Receptors

The heterodimeric C-type lectin receptors share a common subunit, CD9%4,
linked to distinct glycoproteins encoded by the NKG2 gene family. While the
CD9%4 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 I'TIM that mediate inhibitory
signals. The other heterodimers of this family, CD94/NKG2C and CD9%4/
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/NK G2 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/NKG?2 (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 K/IR 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/NK G2
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 polymorphic MHC 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 FcyRIII (CD16), CD2,
2B4, NKp8§0, 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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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]

who have the same or additional KIR ligands. In HSCT, this KIR ligand mis-
matching between donor and recipient occurs only in HLA class [-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 CD34™" 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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Table 3.3 Donor and recipient combinations for alloreactivity in the GvH direction

Recipient HLA type HLA type of NK alloreactive donor®
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]

#In each recipient/donor combination the donor has an NK repertoire which contains NK cells
that are specifically blocked by the allele group(s) indicated in the donor column. These NK cells
will be alloreactive because the corresponding recipient does not express this allele group

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 KIR2DIL.2/3 and
no NK cell alloreactivity will be observed despite the observed HLA-C mismatch.

Therefore, individuals who express group 2 HLA-C alleles and possess NK
cells that express the specific KIR for group 2 HLA-C alleles (KIR2DLI) 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 1 HLA-
C alleles. Likewise, HLA-Bw4 positive individuals expressing the Bw4-specific
KIR3DLI 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
KIR3DLI, 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)



56 L. Ruggeri et al.

direction used inhibitory Ly49 molecules which bind primarily MHC class 1
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 activating NK 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
GvVHD 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 x 10*
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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 and myeloablative 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].