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Preface

Clinical success in hematopoietic stem cell transplantation have
paved the way into the new world of regenerative medicine. Open is-
sues important for the translation of scientific achievements into
therapeutic strategies have been debated on different levels: stem
cell biology, manufacturing and clinical use.

In the face of all ongoing laboratory research, investigators have
proceeded, some quietly, some with fanfare to conduct clinical trials
of cell therapy for a wide variety of human ailments.

This book, inspired by a symposium on regenerative and cell ther-
apy held at the Sorbonne in Paris in 2003, attempts to evaluate the
clinical advances in this area in the context of earlier or contempora-
neous research with in vitro and animal models as well as preclini-
cal studies.

We believe that an evaluation of clinical progress in cell therapy
is timely, may help to identify issues that require more preclinical
investigation before proceeding to clinical trials, or importantly,
identify areas that are ripe for further immediate clinical interven-
tion. Similarly, bedside to bench issues may become more readily
apparent and may foster the investigative loop that occasionally
moves clinical development rapidly to the next level. The juxtaposi-
tion of regenerative cell therapy, especially for damaged myocar-
dium, with the longer established clinical experience in anticancer
cell therapy, such as allotransplantation and adoptive immunother-
apy, is deliberate — we hope that mutually instructive insights will
arise.



VI Preface

Finally, we are most grateful to all the authors, who are interna-
tional leaders in the field, for their thoughtful contributions.

Armand Keating
On behalf of coeditors Karel Dicke, Norbert Gorin, Renate Weber,
and Hermann Graf.
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1.1 Introduction

O 00NN PR W

In muscular dystrophies skeletal muscle fibers progressively degen-
erate. Lack of one of several proteins located either at the plasma
membrane (Blake et al. 2002) or, less frequently, within internal
membranes (Nishino and Ozawa 2002) increases the probability of
damage during contraction and eventually leads to fiber degenera-
tion, although the molecular mechanisms are not yet understood in
detail (Burton and Davies 2002; Emery 2002). Fiber degeneration is
counteracted by regeneration of new fibers at the expense of resident
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myogenic cells, located underneath the basal lamina and termed sa-
tellite cells (Mauro 1961). Although satellite cells were considered
the only cell endowed with myogenic potential (Bischoff 1994), evi-
dence has accumulated showing that other progenitor cells may par-
ticipate in muscle regeneration (Seale et al. 2001). These latter cells
are probably derived from distinct anatomical sites, such as the mi-
crovascular niche of the bone marrow, and reach skeletal muscle
through the circulation and possibly with the incoming vessels.
Balance between fiber degeneration and regeneration dictates the
cellular and clinical outcome. In the most severe forms, such as
Duchenne muscular dystrophy, regeneration is exhausted and skele-
tal muscle is progressively replaced by fat and fibrous tissue. This
condition leads the patient to progressive weakness and eventually
death by respiratory and/or cardiac failure.

Current therapeutic approaches, mainly represented by steroids,
result in modest beneficial effects (Skuka et al. 2002). Novel experi-
mental approaches (Cossu and Clemens 2001) can be schematically
grouped in three major areas: (a) gene therapy aiming at the produc-
tion of new viral vectors (mainly adeno, adeno-associated, lenti, and
herpes vectors) less antigenic and more efficient in transducing adult
muscle fibers, (b) novel pharmacological approaches, focusing on
high-throughput screens for molecules that may interfere with patho-
genetic pathways. The search should hopefully identify molecules
that cause skipping of the mutated exon (De Angelis et al. 2002) or
upregulate utrophin synthesis, a cognate protein that compensates for
dystrophin absence when overexpressed in dystrophic mice (Deco-
ninck et al. 1997), (c) cell therapy, based initially on myoblast trans-
plantation and, more recently on the transplantation of stem/progeni-
tor cells. The recent identification of novel types of stem cells opens
new perspectives for cell therapy, the topic of this chapter; however,
the limited knowledge of stem cell biology still represents an obsta-
cle that must be overcome in order to devise protocols with a signif-
icant prospect of clinical improvement in patients affected by severe
forms of muscular dystrophy.
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1.2 Early Attempts with Myoblasts Transplantation

In 1989, Partridge and his collaborators showed that intramuscular
injection of C2C12 cells, an immortal myogenic cell line derived
from adult satellite cells, would reconstitute with high efficiency
dystrophin positive, apparently normal fibers in dystrophic mdx
mice (Partridge et al. 1989). This result caused immediate hopes for
therapy and within a few months led to a number of clinical trials in
the early 1990s. Myogenic cells were isolated from immune compat-
ible donors, expanded in vitro, and injected in a specific muscle of
the patient. These clinical trials failed (for a review see Partridge
1996) due to a number of reasons, some of which may have been
predicted (at variance with C2 human myogenic cells do not have
unlimited life-span and are not syngeneic between donor and host),
while others have become apparent long after the start of the trials.
For example, most injected cells (up to 99%) succumb first to an in-
flammatory response and then to an immune reaction (Beauchamp et
al. 1999) against donor cell antigens. Cells that survive do not mi-
grate more than few mm away from the injection site, indicating
that innumerable injections should be performed to provide a homo-
geneous distribution of donor cells. Even though donor myogenic
cells can survive for a decade in the injected muscle (Gussoni et al.
1997), the overall efficiency of the process soon made it clear that,
although biologically interesting, this approach would have been
clinically hopeless.

In the following years, the laboratory of Tremblay has focused on
these problems and in a stepwise manner has produced progressive
increase in the survival success of injected myoblasts and in their
colonization efficiency. Immune-suppression and injection of neutral-
izing antibodies (directed against surface molecules of infiltrating
cells such as LFA1), pretreatment of myoblasts in vitro with growth
factors, and modification of the muscle connective tissue all con-
tributed to this improvement (Kinoshita et al. 1994; Guerette et al.
1997). Extension of this protocol to primates (Kinoshita et al. 1996)
opens the possibility of a new clinical trial in the near future and
with much more information than was available in the trials failed
13 years ago. On a parallel route, several laboratories, including our
own, developed strategies to expand in vitro myoblasts from the pa-
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tients, transduce them with viral vectors encoding the therapeutic
gene, and inject them back into a few life essential muscles of the
same patients from which they had been initially derived. This
approach would solve the problem of donor cell rejection but not of
an immune reaction against the vector and the therapeutic gene, a
new antigen in genetic diseases. In this case, however, it soon be-
came clear that it was very difficult to produce an integrating vector
that would accommodate the very large cDNA of dystrophin. The
generation of a microdystrophin (containing both protein ends but
missing most of the internal exons) appears to have very recently
solved this problem, at least in part (Harper et al. 2002). However,
the limited life-span of myogenic cells isolated from dystrophic pa-
tients appeared as an even worse problem, and all the attempts to
solve it, ranging from immortalization with oncogenes or telomerase
to myogenic conversion of nonmyogenic cells, again produced bio-
logically interesting but clinically inadequate results (Decary et al.
1997; Lattanzi et al. 1998; Berghella et al. 1999).

1.3 Why Bone Marrow Transplantation?

The search for cells that may be converted to a myogenic phenotype
led us to identify a cryptic myogenic potential in a large number of
cells within the mesoderm, including the bone marrow. For these
studies we took advantage of a transgenic mouse expressing a nucle-
ar lacZ under the control of muscle-specific regulatory elements
(MLC3F-nlacz) only in striated muscle (Kelly et al. 1995). Since di-
rect injection into the muscle tissue is a very inefficient and imprac-
tical cell delivery route, bone marrow-derived progenitors immedi-
ately appeared as a potential alternative to myoblasts and satellite
cells, since they could be systemically delivered to a dystrophic
muscle. To test this possibility, we transplanted MLC3F-nlacZ bone
marrow into lethally irradiated scid/bg mice and, when reconstitu-
tion by donor bone marrow had occurred, induced muscle regenera-
tion by cardiotoxin injection into a leg muscle (tibialis anterior).
Histochemical analysis unequivocally showed the presence of fS-gal-
staining nuclei at the center and periphery of regenerated fibers,
demonstrating for the first time that murine bone marrow contains
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transplantable progenitors that can be recruited to an injured muscle
through the peripheral circulation, and that participate in muscle re-
pair by undergoing differentiation into mature muscle fibers (Ferrari
et al. 1998). The publication of this report raised new interest in
myogenic progenitors and in their possible clinical use. It was rea-
soned that, although the frequency of the phenomenon was very low,
in a chronically regenerating, dystrophic muscle myogenic progeni-
tors would have found a favorable environment and consequently
would have contributed significantly to regeneration of dystrophin
positive, normal fibers.

This, however, turned out not to be the case. In the following
year, the groups of Kunkel and Mulligan showed that mdx mice
transplanted with the bone marrow side population (SP) cells [side
population cells represent a fraction of total cells that is separated
by dye exclusion and contains stem/progenitor cells able to repopu-
late the hematopoietic system upon transplantation (Goodell et al.
1996)] of syngeneic C57BL/10 mice develop, within several weeks,
a small number of dystrophin-positive fibers containing genetically
marked (Y chromosome) donor nuclei (Gussoni et al. 1999). Even
after many months from the transplantation, the number of fibers
carrying both dystrophin and the Y chromosome never exceeded 1%
of the total fibers in the average muscle, thus precluding a direct
clinical translation for this protocol. Similar results were later ob-
tained in a slightly different animal model, the mdx4ev mutant by
Ferrari et al. (Ferrari et al. 2001). Very recently, retrospective analy-
sis in a Duchenne patient that had undergone bone marrow trans-
plantation confirmed persistence of donor-derived skeletal muscle
cells over a period of many years, again at very low frequency
(Gussoni et al. 2002).

Reasons for this low efficiency may be (a) paucity of myogenic
progenitors in the bone marrow, (b) inadequate transplantation, a
procedure optimized for hematopoietic reconstitution, (c) insufficient
signals to recruit myogenic progenitors from the bone marrow, (d)
inadequate environment to promote survival, proliferation, and/or
differentiation of these progenitors because of competition by resi-
dent satellite cells (that sustain regeneration for most of the mdx
mouse lifespan) or unfavorable environment created by inflamma-
tory cells, (e) difficulties in reaching regenerating fibers because of
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the increased deposition of fibrous tissue and reduced vascular bed
of the dystrophic muscle. Although in dystrophic muscle disease
(DMD) patients, regeneration by endogenous satellite cells is ex-
hausted much earlier in life than in the mouse, and therefore muscle
colonization by blood-born progenitors may be different, the data by
Gussoni et al. (Gussoni et al. 2002) suggests that in any case the
process occurs with low frequency.

1.4 Multipotent Stem Cells in the Bone Marrow

Bone marrow hosts a number of multipotent cells, which include
hematopoietic stem cells (HSC), mesenchymal stem cells (MSC)
and, recently added to the list, multipotent adult progenitors (MAP),
endothelial progenitor cells (EPC), and mesoangioblasts (MAB).

These cells are described in detail in different chapters of this
book: here we will briefly review their features concerning their
myogenic potential and consequently their possible use in preclinical
models of muscular dystrophy.

1.4.1 Hematopoietic Stem Cells

Surprisingly, no data are available on the ability of purified HSC to
differentiate into skeletal muscle in vitro or in vivo, save the evi-
dence presented by Gussoni et al. of the myogenic potential of the
bone marrow SP population, certainly not a pure one. In the case of
liver, for example, highly purified HSC were shown to differentiate
into hepatocytes (Lagasse et al. 2000). In the case of skeletal mus-
cle, only preliminary and largely unpublished evidence suggest that
HSC may have an intrinsic myogenic potential. When bone marrow
was fractionated into CD45 positive and negative fractions, the mus-
cle-forming activity was associated with the CD45" fraction (Ferrari
Mavilio 2002); human cord blood CD34 positive cells, after in vitro
expansion, differentiate at a significant frequency (5%-10%) into
skeletal myotubes when cocultured with murine myoblasts (M. Sam-
paolesi et al. unpublished observations); circulating human AC133
positive cells also differentiate into skeletal muscles in vitro and in
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vivo when injected into dystrophic immunodeficient mice (Torrente
et al. 2004). Together these data suggest that a myogenic potential is
present in the hematopoietic stem cell itself or in a yet-to-be-identi-
fied cell that, however, expresses several markers in common with
true HSC. If the former were the case, then we would be able to ap-
ply a huge amount of knowledge from both experimental and clini-
cal hematology to the design of clinical protocols for muscular dys-
trophy. Still, additional steps would have to be devised since we al-
ready know that bone marrow transplantation is likely to be insuffi-
cient to ameliorate the dystrophic phenotype. Specifically, homing of
progenitor cells to muscle would have to be stimulated since HSC
naturally home to the bone marrow and, equally important, HSC
would have to be directed to a myogenic fate with much higher effi-
ciency than what is currently observed. Transient expression of leu-
kocyte adhesion proteins and inducible expression of MyoD may be
steps in this direction.

1.4.2 Mesenchymal Stem Cells

Initially identified by Friedenstein et al. (Friedenstein et al. 1966),
mesenchymal stem cells mainly originate from perycytes, are lo-
cated in the perivascular district of the bone marrow stroma and are
the natural precursors of bone, cartilage, and fat, the constituent tis-
sues of the bone (Prockop 1997).

Although MSC were reported to give rise to myotubes in culture
upon induction with 5 azacytidine (Wakitani et al. 1995), they do
not differentiate into muscle under normal conditions (Bianco and
Cossu 1999). When transplanted in sheep fetus in utero, human
MSC colonized most tissues, including skeletal muscle, although
their effective muscle differentiation was not demonstrated (Liechty
et al. 2000). Despite the fact that MSC can be easily expanded in
vitro, they do not appear at the moment among the best candidates
in protocols aimed at reconstituting skeletal muscle in primary myo-
pathies.
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1.4.3 Endothelial Progenitor Cells

Initially identified as CD34", Flk-1" circulating cells (Asahara et al.
1997), endothelial progenitor cells (EPC) were shown to be transplan-
table and to participate actively in angiogenesis in a variety of physi-
ological and pathological conditions (Asahara et al. 1999). In vitro ex-
pansion of EPC is still problematic and few laboratories have suc-
ceeded in optimizing this process. The clear advantage of EPC would
be their natural homing to the site of angiogenesis that would target
them to the site of muscle regeneration. However, their ability to dif-
ferentiate into skeletal muscle has not been tested to date.

1.4.4 Multipotent Adult Progenitors

The group of Verfaille (Reyes et al. 2001) has recently identified a
rare cell, within mesenchymal stem cell (MSC) cultures from human
or rodent (bone marrow) BM, which was termed multipotent adult
progenitor cell (MAPC). This cell can be expanded for over 70-150
population doublings (PDs) and differentiates not only into mesen-
chymal lineage cells but also endothelium, neuroectoderm, and en-
doderm. Similar cells can be selected from mouse muscle and brain,
suggesting that they may be associated with the microvascular niche
of probably many if not all tissues of the mammalian body (Jiang et
al. 2002 a). Furthermore, when injected into a blastocyst, MAP cells
colonize all the tissues of the embryo, with a frequency comparable
with ES cells (Jiang et al. 2002b). Because of their apparently un-
limited lifespan and multipotency, MAP cells appear as obvious can-
didates for many cell replacement therapies, although complete dif-
ferentiation into the desired cell type still needs to be optimized. As
concerns skeletal muscle, neither the frequency at which MAP dif-
ferentiate into skeletal muscle cells after Azacytidine treatment, nor
attempts to optimize this process have been reported. In addition,
the ability of MAP to travel through the body using the circulatory
route has not been formally demonstrated, although the general fea-
tures of these cells strongly suggest this to be the case. It will be in-
teresting in the future to see whether MAP cells may restore a nor-
mal phenotype in mouse models of muscular dystrophy.
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1.4.5 Mesoangioblasts

Searching for the origin of the bone marrow cells that contribute to
muscle regeneration (Ferrari et al. 1998) we identified, by clonal anal-
ysis, a progenitor cell derived from the embryonic aorta, that shows
similar morphology to adult satellite cells and expresses a number of
myogenic and endothelial markers also expressed by satellite cells.
In vivo aorta-derived myogenic progenitors participate in muscle re-
generation and fuse with resident satellite cells (De Angelis et al.
1999). The expression of endothelial markers in satellite cells (VE-cad-
herin, VEGFR2, etc.) was also unpredicted at the time but later, clonal
analysis in vivo by retroviral labeling confirmed the existence of bipo-
tent endothelial skeletal myogenic progenitors in the avian embryos
(Kardon et al. 2002). To test the role of these progenitors in vitro we
grafted quail or mouse embryonic aorta into host chick embryos. Do-
nor cells, initially incorporated into the host vessels, were later inte-
grated into mesoderm tissues, including bone marrow, cartilage,
bone, smooth, skeletal, and cardiac muscle. When expanded on a feed-
er layer of embryonic fibroblasts, the clonal progeny of a single cell
from the mouse dorsal aorta acquired unlimited life-span, expressed
hemoangioblastic markers (CD34, Flkl, and c-Kit) and maintained
multipotency in culture or when transplanted into a chick embryo.
We concluded that these newly identified, vessel-associated stem
cells, the meso-angioblasts, participate in postembryonic development
of the mesoderm and speculate that postnatal mesodermal stem cells
may be rooted in a vascular developmental origin (Minasi et al. 2002).

Inasmuch as mesoangioblasts can be expanded indefinitely, are
able to circulate, and are easily transduced with lentiviral vectors,
they appeared as a potential novel strategy for the cell therapy of ge-
netic diseases. In principle, mesoangioblasts can be derived from the
patient, expanded and transduced in vitro and then reintroduced into
the arterial circulation, leading to colonization of the downstream
tissues. In recent months we have succeeded in isolating mesoangio-
blasts from juvenile tissues of the mouse and from human fetal ves-
sels. Attempts to isolate the same cells from postnatal human vessels
are in progress at the time of writing.

When injected into the blood circulation, mesoangioblasts accu-
mulate in the first capillary filter they encounter and are able to mi-
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grate outside the vessel, but only in the presence of inflammation, as
in the case of dystrophic muscle. We thus reasoned that if these
cells were injected into an artery, they would accumulate into the
capillary filter and from there into the interstitial tissue of down-
stream muscles. Indeed, intra-arterial delivery of wild-type mesoan-
gioblasts in the a sarcoglycan KO mouse, a model for limb girdle
muscular dystrophy (Duclos et al. 1998), corrects morphologically
and functionally the dystrophic phenotype of all the muscle down-
stream of the injected vessel (Sampaolesi et al. 2003). Furthermore,
mesoangioblasts, isolated from small vessels of juvenile (P15) a sar-
coglycan null mice, were transduced with a lentiviral vector express-
ing the a sarcoglycan-EGFP fusion protein, injected into the femoral
artery of null mice, and reconstituted skeletal muscle similarly to
wild-type cells. These data represent the first successful attempt to
treat a murine model of limb-girdle myopathy with a novel class of
autologous stem cells. Widespread distribution through the capillary
network represents the distinct advantage of this strategy over alter-
native approaches of cell or gene therapy (Sampaolesi et al. 2003).

1.5 Stem Cells with a Myogenic Potential from Tissues
Other than Bone Marrow

In the last few years many reports have described the presence of
multipotent stem cells in a variety of tissues of the mammalian
body. In addition to bone marrow and skeletal muscle, stem cells
able to form skeletal muscle have been described in the nervous sys-
tem (Galli et al. 2000), adipose tissue (Zuk et al. 2001), and in the
synovia (De Bari et al. 2003). Although in these reports, evidence
for muscle repair in vivo was provided, no data were reported of ef-
ficacious amelioration of dystrophic phenotype.

In conclusion, of the many types of stem cells with a myogenic
potential (Table 1), only mesoangioblasts have been shown so far to
be effective in restoring to a significant extent the dystrophic pheno-
type in a murine model of dystrophy.

Unfortunately, human mesoangioblasts from patients have not yet
been isolated (although preliminary work suggests this to be possi-
ble). Several of the other types of stem cells, already isolated from
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Table 1. A comparison of different types of mesoderm stem cells with re-
spect to their potential to contribute to muscle regeneration in a dystrophic
muscle

Stem Source Growth  Crossing Myogenic Effect in
cell in vitro muscle differentia-  primary
endothelium tion myopathies
HSC BM Yes Upon Upon Unknown
induction induction
MSC BM Yo Unknown Poor Unknown
EPC Microvessels  No Unknown Unknown Unknown
MAP Bone marrow  Yes Unknown Upon Unknown
induction
MAB Microvessels ~ Yes Upon Upon Yes
induction induction
NSC Subventricular Yes Unknown Upon Unknown
induction

A schematic and simplified overview of the features, known, presumed, or
under scrutiny of different adult stem cells in the perspective of use for cell
therapy. Source is generic, since the exact location within bone marrow is
uncertain for some stem cells.

HSC, hematopoietic stem cells; MSC, mesenchymal stem cells; EPC, endo-
thelial progenitor cells; MAP, multipotent adult progenitors; MAB, mesoan-
gioblasts; NSC, neural stem cells

adult human tissues, show the potential of achieving similar results,
since they can be expanded in vitro, delivered systemically, and in-
duced to differentiate into skeletal muscle. It will be interesting in
the future to see which of these different cell types will maintain
this promise.

1.6 The Cellular Environment of a Dystrophic Muscle

Before the appearance of stem cells on the scene, the histological
situation of a dystrophic muscle could be described with relatively
few players (Grounds 1999). Muscle fibers undergo degeneration for
the lack of one important protein. This leads to activation of resident
satellite cells that proliferate and give rise to myogenic cells that re-
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pair damaged fibers or replace dead fibers with new ones. Satellite
cells should also give rise to new satellite cells (though this has not
yet been formally demonstrated) to ensure a reserve population for
further cycles of regeneration: failure of this process, especially in
the most severe forms of dystrophy, is one major cause of anatomi-
cal loss of muscle tissue and functional impairment. However, recent
data suggest that even bona fide satellite cells (i.e., resident under-
neath the basal lamina) may be heterogeneous and contain a sub-
population of cells that do not express typical markers such as
CD34, Myf5, or M-cadherin and thus represent higher progenitors
(Beauchamp et al. 2000).

Dystrophic muscle is also infiltrated by inflammatory -cells,
mainly lymphocytes and macrophages, followed by fibroblasts that
deposit large amounts of collagen contributing to progressive sclero-
sis of the muscle and adipocytes that also replace muscle with fat
tissue. The local microcirculation is progressively lost in this pro-
cess, leading to a hypoxic condition for surviving or regenerated fi-
bers that activates a vicious circle, increasing the chance of further
degeneration.

A series of studies, which followed the original observation of
muscle regeneration by bone-marrow-derived cells, demonstrated
that additional types of progenitor cells are present in muscle and
suggested, although not conclusively, a lineage relationship with
bone marrow and resident satellite cells. Work by the Huard group
led to the identification of a separate population of late-adhering
myogenic cells with several features of self-renewing stem cells.
These cells are particularly efficient in restoring a large number of
dystrophin positive fibers when injected into mdx muscles (Qu-Pe-
tersen et al. 2002). Recent work from the Rudnicki group has shown
that in skeletal muscle the SP population is Sca-1 and CD45 positive
and can give rise to hematopoietic colonies but not to differentiated
muscle unless cocultured with myoblasts or injected into regenerat-
ing muscle. This population is different from resident satellite cells
that are fractionated as MP (main population), do not express Sca-1
or CD45, and do not form hematopoietic colonies, while expressing
myogenic markers and spontaneously differentiating into skeletal
muscle. Interestingly, several genetically labeled SP cells could also
be found as satellite cells (i.e., underneath the basal lamina and posi-
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tive for c-Met and M-cadherin) after injection into regenerating mus-
cle, strongly suggesting that at least a fraction of resident satellite
cells may have derived from another cell type with SP features
(Asakura et al. 2002). Further work by La Barge and Blau (LaBarge
and Blau 2002) supported the notion that bone marrow stem cells
are at least one source of muscle stem cells and give rise to satellite
cells in addition to undergoing immediate muscle differentiation. In
the course of this progression, blood-born, bone-marrow-derived
cells may respond to local and perhaps systemic signals and cross
the vessel layers using a mechanism analogous to leukocytes, to
localize initially in a perivascular interstitial district (Tamaki et al.
2002), from which they may be directly recruited to a muscle-form-
ing population or replenish the pool of satellite cells. Acquiring a
myogenic identity should imply simultaneous loss of hematopoietic
potency. In addition, only hematopoietic stem cells present in skele-
tal muscle are endowed with the ability to reconstitute lethally irra-
diated bone marrow (McKinney-Freeman et al. 2002). Surprisingly,
a recent report by the Huard group demonstrates that muscle stem
cells can differentiate into hematopoietic lineages but retain myo-
genic potential (Cao et al. 2003). Clearly, the issue still needs to be
solved. Similarly to hematopoietic cells, other incoming cells, possi-
bly EPC, may also be incorporated into the endothelium of growing
vessels that accompany muscle regeneration and eventually contrib-
ute to muscle regeneration. The existence of endothelial-myogenic
progenitors in adult muscle (Tamaki et al. 2002) supports this possi-
bility. Since this process probably occurs continuously during life it
is possible that any resident satellite cell may derive from the so-
mite-derived myogenic population during embryogenesis or, as we
hypothesized before, from incoming cells that may have followed a
circulatory route or may have reached developing muscle with the
incoming vasculature during fetal angiogenesis. If the latter is the
case and these progenitors have a major role in tissue histogenesis,
they may play only a minor role in adult tissue homeostasis, being
just a remnant of fetal life that is progressively lost after birth. This
would explain the low numbers of differentiated muscle cells de-
rived from bone marrow or other tissue and the previous failure of
bone marrow transplantation in the mouse model. On the other
hand, the case of “mesoangioblasts” that, after in vitro expansion
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and genetic correction, can be delivered in large numbers to micro-
vasculature of dystrophic muscle, strongly suggest that this route
may lead to a successful cell therapy, by exploiting different features
of different stem cells to our advantage.

1.7 Future Perspectives

To be successful, a future cell therapy for muscular dystrophy should
probably utilize stem cells either derived from the patient (autologous)
or from a healthy, immunocompatible donor. In the first case, cells
should meet as many as possible of the following criteria: (a) accessi-
ble source (e.g., blood, bone marrow, fat aspirate, muscle or skin
biopsy), (b) ability to be separated from a heterogeneous population
on the basis of antigen expression, (c) potential to grow in vitro for
extended periods without loss of differentiation (since it appears cur-
rently unlikely that cells may be acutely isolated in numbers sufficient
for therapeutic purposes), (d) susceptibility to in vitro transduction
with vectors encoding therapeutic genes (these vectors should them-
selves meet criteria of efficiency, safety, and long term expression),
(e) ability to reach the sites of muscle degeneration/regeneration
through a systemic route and in response to cytokines released by dys-
trophic muscle, (f) ability to differentiate in situ into new muscle fibers
with high efficiency and to give rise to physiologically normal muscle
cells, (g) to be ignored by the immune system, despite the presence of
a new protein (the product of the therapeutic gene) and possibly of
some residual antigen from the viral vector.

In the case of donor stem cells from an immunocompatible donor,
some of the criteria would be less stringent and others more rigor-
ous. For example, the source of the cells would not need to be easily
accessible since cells from aborted fetal material may be obtained, in-
cluding from sites such as the central nervous system, which are not
easily accessible in a patient. Gene transduction would not be neces-
sary since donor stem cells would possess a normal copy of the mu-
tated gene. On the other hand, immune suppression would become a
major issue in preventing rejection of a classic allograft. While the
large amount of experience accumulated in bone marrow transplanta-
tion may be essential to devising appropriate protocols, it should also
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be remembered that some stem cells, for example, mesoangioblasts, do
not express class I MHC, making the control of the immune response
less complex than in the case of HSC transplantation.

Either way, we are not yet close to meeting all of the required cri-
teria; however, in the last few years (see for example, Cossu and Ma-
vilio 2000) considerable progress has been made in the identification
and initial characterization of novel classes of stem cells, some of
which have been shown to be able to form skeletal muscle. Further-
more, a replenishment of skeletal muscle myogenic cells by nonresi-
dent stem cells has been convincingly demonstrated. Finally, in a
mouse model of muscular dystrophy, significant morphological, bio-
chemical, and functional rescue has been achieved by intra-arterial de-
livery of stem cells. However, functional correction of a large muscle
may represent a completely different problem, probably calling for ex-
perimentation in a large animal model such as the dystrophic dog. De-
spite the elevated cost, the need to produce a number of species-spe-
cific reagents, the high variability among different dystrophic pups,
and the ethical concerns related to the use of dogs for research, it is
likely that cell therapy protocols in this animal will bring further infor-
mation as to the feasibility of similar protocols in dystrophic patients.
Hopefully, in a few years time, phase I clinical trials with stem cells
may start (Daley 2002) and set the stage for one more, and at least
in part successful attack to defeat these genetic diseases.
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2.1 Introduction

The management of patients with heart failure is receiving a continu-
ously growing interest because of the increased prevalence (approxi-
mately 5 million United States citizens) and incidence (400,000—
600,000 new patients every year) of this condition. The magnitude
of the problem is expected to be even further amplified in the forth-
coming years because of the increased age of the population and the
improved postinfarction survival rates resulting from recent pharmaco-
logical and interventional treatments.

Contemporary medical therapy has dramatically improved the prog-
nosis of heart failure. In many cases, however, medical therapy is sim-
ply palliative, and mortality remains high, up to 60% within 1 year for
patients in New York Heart Association functional class IV. These fig-
ures obviously translate into tremendous financial costs, primarily hos-
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pital-driven, which are estimated to consume 1%-2% of the total
health care budget of western countries (Berry et al. 2001).

Although cardiac transplantation remains the only radical treat-
ment of the most advanced forms of heart failure, the limitations of
this approach, largely related to lack of donor organs and late graft
vasculopathy, have led to a continued endeavor for designing alter-
nate options. Most of them have focused on reshaping the dilated
left ventricle, primarily by endocardial patch plasty (Dor et al. 1998)
and, more recently, by passive constraint devices. In parallel, im-
provements have been made in ventricular assist devices, particularly
as destination therapy (Rose et al. 2001), but the use of permanently
implantable blood pumps still remains investigational. In patients
with wide QRS complexes, cardiac resynchronization has also
emerged as a promising treatment (Young et al. 2003), which does
not exclude additional approaches more directly targeted at improv-
ing pump function. In this setting, cell transplantation is currently
generating a great deal of interest.

2.2 Basic Assumptions

Cell transplantation is based on two major assumptions: (a) heart
failure develops when a critical number of cardiomyocytes has been
irreversibly lost, and (b) function could thus be improved by repopu-
lating these areas of dysfunctional myocardium with a new pool of
contractile cells. Assuming that self-repair endogenous mechanisms,
i.e., spontaneous multiplication of adult cardiomyocytes (Kajstura et
al. 1998; Beltrami et al. 2001) is too low for compensating for the
loss of cardiomyocytes resulting from a large infarct and that con-
version of in-scar fibroblasts into contractile cells would require ge-
netic manipulations of questionable clinical relevance, the most rea-
listic approach consists of exogenously supplying a new pool of con-
tractile cells targeted to engraft into the postinfarct scars.

From a conceptual standpoint, the “ideal” cell for transplantation
has to meet several stringent criteria: it should be easy to collect and
expand, relatively tolerant to ischemia so as to survive in a poorly
vascularized scar tissue, and establish connections with host cardio-
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myocytes allowing its effective and synchronous contribution to
heartbeats. Unfortunately, none of the various cell lineages that have
been considered so far matches all these requirements.

Quite logically, the initial groundbreaking studies have used fetal
and neonatal cardiomyocytes with the reasoning that they would be
the most suitable for replacement of lost cardiomyocytes. These ex-
periments have been pivotal to establish “proof-of-concept” in that
they have shown, in rodent models of coronary artery ligation or
cryoinjury-induced myocardial infarction, that these cells success-
fully engrafted, were coupled with host cardiomyocytes through con-
nexin 43-supported gap junctions, improved left ventricular function
(Leor et al. 1996; Li et al. 1996; Scorsin et al. 1997), and main-
tained their cardioprotective effects up to 6 months after transplanta-
tion (Miiller-Ehmsen et al. 2002). However, from a clinical perspec-
tive, the transplantation of fetal or neonatal cardiac cells raises sig-
nificant issues related to ethics, availability, sensitivity to ischemia,
the probability of massive graft death, and immunogenicity which
question the wide-scale clinical applicability of this approach. Thus,
it soon became evident that a way to circumvent these problems was
to use stem cells from skeletal muscle, i.e., skeletal myoblasts.

2.3 Skeletal Myoblasts for Cardiac Repair:
Experimental Studies

These myogenic precursors (known as satellite cells) normally lie in
a quiescent state under the basal membrane of skeletal muscular fi-
bers. Following tissue injury, they are rapidly mobilized, proliferate,
and fuse, thereby effecting regeneration of the damaged fibers. In a
clinical perspective, these cells feature several attractive characteris-
tics: (a) an autologous origin which overcomes all problems related
to availability, ethics, and immunogenicity and is a key factor for
large-scale clinical applicability, (b) a high proliferative potential un-
der appropriate culture conditions, (c) a commitment to a well-dif-
ferentiated myogenic lineage which virtually eliminates the risk of
tumorigenicity, and (d) a high resistance to ischemia, which is a ma-
jor advantage given the hostile environment (postinfarct scars) in
which they are to be implanted.
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Analysis of the bulk of experimental data on myoblast transplan-
tation, derived from over 45 published papers, was recently reviewed
in an editorial comment from one member of the leading group in
this area (Minami et al. 2003) and can be summarized as follows.
Morphologically, the injected myoblasts differentiate into typical
multinucleated myotubes which were shown, in a sheep model of
myocardial infarction, to repopulate the areas of fibrosis (Ghostine
et al. 2002). Although we and others (Murry et al. 1996) have failed
to demonstrate any morphological change of the injected cells into
cardiomyocytes, engrafted myotubes coexpress fast, skeletal muscle-
type and slow myosin (Murry et al. 1996). Indeed, the proportion of
fibers demonstrating a purely slow or composite (fast and slow)
myosin isoform pattern increases over time. This observation sug-
gests that factors associated with the myocardial environment
(stretch and/or repeated electromechanical stimulation) may lead to
some phenotypic adaptation similar to that previously reported after
dynamic cardiomyoplasty and this fiber conversion is considered to
be potentially beneficial because of the increased resistance of slow-
twitch fibers to fatigue and their expected greater ability to with-
stand a cardiac-type workload. In contrast, however, to fetal cardio-
myocytes, engrafted skeletal myotubes do not seem to physically
couple with host cardiac cells. Indeed, cultured skeletal myoblasts
express N-cadherin and connexin-43 (the major proteins constitutive
of fascia adherens and gap junctions and therefore responsible for
mechanical and electrical coupling, respectively, in heart tissue) but
expression of these proteins is downregulated following intramyocar-
dial implantation (Reinecke et al. 2000). Likewise, our electrophys-
iological studies show that the membrane properties of engrafted
myotubes retain typical skeletal muscle patterns with, for example,
action potential durations almost ten times shorter than those of host
cardiomyocytes (Léobon et al. 2003).

The functional correlate of these observations is an improvement
in left ventricular function, which has been demonstrated in small
and large animal models of myocardial infarction created by coro-
nary artery ligation, cryoinjury, or toxic chemicals (Ghostine et al.
2002; Taylor et al. 1998; Kao et al. 2000; Rajnoch et al. 2001; Jain
et al. 2001). A causal relationship between the engraftment of cells
and the functional outcome is strongly suggested by the data of Tay-
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lor et al., who could only document an improved function in cryoin-
jured rabbit hearts where autologous myoblasts were successfully
identified. Importantly, the functional benefits of myoblast grafting
seem to be sustained over time, as suggested by our l-year follow-
up data, which show ejection fraction values unchanged from those
measured at the 4-month posttransplant study point (Al Attar et al.
2003). As previously mentioned, this long-term benefit could con-
ceivably reflect the fatigue-resistance of the slow-twitch component
of the engrafted myotubes. Finally, we (Pouzet et al. 2001) and
others (Tambara et al. 2002) have found that the posttransplant im-
provement in function was closely related to the number of injected
myoblasts (Pouzet et al. 2001), but dose-escalation studies are
clearly required to better characterize the relationship between the
number of grafted myoblasts and the functional outcome.

The mechanism(s) by which implanted myoblasts improve func-
tion have not yet been elucidated and at least three hypotheses,
which are not mutually exclusive, can be put forward.

First, the elastic properties of implanted cells could act as a scaf-
fold strengthening the ventricular wall and subsequently limiting
postinfarct scar expansion. Along this line of reasoning, it is also
conceivable that implanted cells secrete factors leading to a reorgani-
zation of the extracellular matrix. Thus, one of the remaining ques-
tions to be addressed is to determine whether myoblast engraftment
is associated with inhibition of matrix metalloproteinases and/or in-
crease in the myocardial fibrillar collagen network (Spinale et al.
1999), as an improved structural support for both grafted cells and
residual native cardiomyocytes might contribute to limit excessive
remodeling. However, although such a mechanism may be operative
when cells are injected at a relatively early stage after the infarction,
and would thus prevent ventricular dilatation, it is less likely that
myoblast grafts can reverse an already completed remodeling pro-
cess, as suggested by our clinical observation of unchanged end dia-
stolic volumes in patients having undergone late myoblast implanta-
tion in old infarcts.

A second hypothesis is that myoblasts directly contribute to in-
crease contractile function. This hypothesis is admittedly challenged
by the observation that engrafted myoblasts, although retaining
cross-striations suggestive of a persistent functionality, are not physi-
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cally connected to host cardiomyocytes through connexin 43-sup-
ported gap junctions. Furthermore, our electrophysiological studies
have failed to show any synchronous beats between skeletal muscle
grafts and native cardiomyocytes (Léobon et al. 2003). However,
when subjected to strong depolarizing currents, these grafts can give
rise to action potentials followed by active contractions, thereby in-
dicating that engrafted myofibers retain their excitable and contrac-
tile properties. It is thus conceivable that in areas where grafted and
recipient cells are in close physical contact (which may not be un-
common in the human setting where infarcts often feature a patchy
pattern), myotubes could be excited by currents fired by the neigh-
boring cardiomyocytes and flowing directly through cell membranes,
i.e., bypassing the classical gap junctions pathway. Assuming, how-
ever, that this may only occur as a random event, it could be inter-
esting to enhance cell-to-cell communications by engineering myo-
blasts with the gene encoding connexin 43 (Suzuki et al. 2001).

The third hypothesis is that transplanted cells behave as plat-
forms, releasing growth factors that could mobilize a quiescent pool
of cardiac stem cells and consequently trigger an endogenous regen-
eration. This population has recently been described in the mouse
myocardium (Hierlihy et al. 2002) and shown to be recruited and/or
activated by factors that attenuate postnatal cardiac growth.
Although the phenotypic features of this resident side-population be-
gin to be characterized (it thus appears that these cells are distinct
from endothelial or hematopoietic progenitors), many factors remain
unknown, including the extent to which activation of these cells can
compensate for lost cardiomyocytes and the mediators able to recruit
them. In this regard, it is noteworthy that recent data from our labo-
ratory have shown that insulin growth factor-1, a growth factor
whose cardioprotective effects have been largely documented (Wang
et al. 2001; Welch et al. 2002), was produced by myoblasts and
myotubes across a wide variety of species, including human beings.
Another study (Behfar et al. 2002) has highlighted the role of a car-
diac paracrine transforming growth factor 1 and bone morphoge-
netic protein 2 signaling pathway for driving uncommitted embryon-
ic stem cells towards a cardiomyogenic phenotype. Altogether, these
data fit a paradigm whereby engrafted myoblasts would exert benefi-
cial effects on remodeling and/or contractility through the release of
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mediators acting on endogenous targets. It should be stressed that
clarification of the mechanisms by which myoblast transplantation
favorably affects function of the infarcted myocardium is not only of
cognitive interest but also has practical implications. Namely, if the
primary effect of transplantation is to alter remodeling, it should
then be performed at a relatively early stage of the disease, within a
given time window that needs to be specified. Conversely, if im-
proved function is the result of additional contractile cells replacing
the scar area, engraftment should theoretically remain successful at
any time point after infarction.

2.4 Skeletal Myoblasts for Cardiac Repair: Clinical Studies

These experimental data have set the stage for three published phase
I clinical trials (Siminiak et al. 2002; Dib et al. 2002; Menasché et
al. 2003) involving cardiac surgical patients with severe left ventric-
ular dysfunction, postinfarction discrete akinetic and nonviable scars
which represent the target for cell injections, and an indication for
coronary artery bypass surgery in remote ischemic areas. Skeletal
myoblast transplantation has also been performed as a stand-alone
procedure using an endoventricular catheter (the results of which
have not yet been published). A recent porcine study (chronologi-
cally posterior to the human trial) has used iron oxide-loaded myo-
blasts and magnetic resonance imaging to document the accuracy of
these targeted catheter-based implantations into infarcted myocar-
dium (Garot et al. 2003). However, as the assessment was done only
90 min after transplantation, the long-term retention patterns and the
differentiation potential of cells injected through an endocardial
route still remain to be determined.

Overall, a first lesson gained from these initial studies is that the
procedure is quite feasible, i.e., it is possible to grow several hundred
million cells from a small muscular biopsy harvested at the thigh. The
expansion process extends over 2-3 weeks under Good Manufacturing
Practice conditions, and the final cell yield can be concentrated in a
small volume (in our experience, 5-6 ml) and surgically injected in
multiple sites (approximately 30) across and around the scar without
procedural complications. A second important piece of information
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pertaining to safety is that myoblast transplantation is potentially proar-
rhythmic. In our phase I study, four patients out of 10 demonstrated
sustained episodes of ventricular tachycardia and the endoventricular
catheter-based trial had to be temporarily stopped because of two sud-
den deaths presumably due to arrhythmias. This concern, however,
should be tempered by the finding that in patients with a history of
myocardial infarction associated with severe left ventricular dysfunc-
tion or congestive heart failure (i.e., patients very similar to those
who comprise the cell transplant population), the risk of postbypass
ventricular tachycardia has been reported to increase up to 30%
(Steinberg et al. 1999). Nevertheless, even if one recognizes that it
is difficult to conclusively establish a causal relationship between ven-
tricular arrhythmias and cell grafting in the absence of control groups
and in a patient population that is in fact prone to develop these types of
events, safety obligations require that this relationship be considered
more than likely until the results of the ongoing randomized trials in-
dicate whether it has to be revisited or not. The mechanism of these
allegedly transplantation-related arrhythmias remains elusive but the
previously mentioned differences in electrical membrane properties be-
tween donor and recipient cells could provide a substrate for micro-
reentry circuits. As long as the potential proarrhythmic risk associated
with myoblast transplantation has not been fully elucidated, it has been
deemed safe to recommend implantation of an internal defibrillator, the
legitimacy of which is reinforced by the fact that the characteristics of
this cell transplant patient population tightly overlap those of the MA-
DIT II trial (Moss et al. 2002). Implantation of defibrillators in our
ongoing placebo-controlled randomized trial is of additional cognitive
interest as interrogation of the device will provide a reliable means of
quantifying the incidence of arrhythmias and defining their elective
timing of onset, if any (incidentally, there have been few appropriate
shocks fired by the defibrillators implanted in our phase I patients).
Because of their design (small patient populations, absence of con-
trol groups, confounding effect of associated revascularization, lack of
statistical power), these pilot trials do not allow definitive conclusions
pertaining to efficacy. Nevertheless, our findings that approximately
60% of initially akinetic and metabolically nonviable segments recov-
ered some degree of systolic thickening following myoblast implanta-
tion (Menasché et al. 2003) are encouraging and consistent with obser-
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vations made by the other groups which have evaluated myoblast
transplantation. For this reason, we have implemented a large-scale,
multicenter randomized study with blinded and centralized contractil-
ity of the grafted regions as the primary end point. The additional,
although limited, pathological observations made in human hearts
(Hagege et al. 2003; Pagani et al. 2003) that myotubes could be
detected in the injected areas lend further support to a potential link
between engraftment of cells and improvement in function.

2.5 Skeletal Myoblasts for Cardiac Repair:
Future Directions

2.5.1 Comparison with Other Cell Types

Skeletal myoblasts have represented the first generation of cells to
be used clinically for the treatment of heart failure, but there is now
a great deal of enthusiasm for bone marrow-derived cells. These
cells share with myoblasts the possibility of being used as auto-
grafts, but they are credited with the additional advantage of an in-
trinsic plasticity which might allow them to convert to cardiac and/
or endothelial cells in response to appropriate culture or environ-
mental conditions. As this issue is addressed in another chapter, the
present section will be limited to highlighting the number of as yet
unknown factors related to bone marrow-derived cell transplantation
(optimal cell subpopulation, method of scale-up, fate of engrafted
cells, role of the host-derived signals). It is equally important that
the basic studies which try to address these questions include control
groups receiving not only culture medium but also skeletal myo-
blasts, which should now be considered as a benchmark against
which other cell types must be tested. A recent study of our labora-
tory (unpublished data) has thus focused on a face-to-face compari-
son between human cryopreserved myoblasts and human cryopre-
served CD133-positive hematopoietic progenitors in a nude rat mod-
el of myocardial infarction. The results document an improved func-
tion in the bone marrow-transplanted group compared with controls
injected with culture medium alone, but fail to show any superiority
of the progenitors over myoblasts. Indeed, our current view is that
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bone marrow transplantation could be particularly effective for in-
ducing angiogenesis, whereas skeletal myoblasts would be more
suitable for myogenesis. Thus, these two cell types might turn out to
be more complementary than competitive. Further down the road,
embryonic stem cells will also have to be considered as potential
cell substitutes for myocardial replacement therapy although they
raise major technical, regulatory, and ethical challenges.

2.5.2 Routes of Cell Delivery

So far, cell injections have been mostly accomplished under direct con-
trol, through multiple epicardial punctures. To reduce the invasiveness
of the procedure, percutaneous approaches are currently undergoing a
largely industry-driven extensive development and many of them have
already been used in patients despite the scarcity of preclinical data.
Theoretically, cells can be injected from the ventricular cavity into
the coronary arteries or into the scar tissue through the venous system
under electromagnetic, angiographic or echocardiographic guidance.
Overall, the experimental evaluation of these various approaches has
been limited. One study (Grossman et al. 2002) has reported a higher
intramyocardial retention of microspheres after endoventricular injec-
tions compared with epicardial injections, a result consistent with the
otherwise reported efficacy of transendocardial delivery of bone mar-
row cells to improve collateral perfusion and function of porcine myo-
cardium. However, the extent to which these data can be extended to
myoblasts remains uncertain. As the size of these cells makes hazard-
ous their direct intracoronary injection, whereas endoventricular injec-
tions are time-consuming and carry the risk of major cell leakage sub-
sequent to squeezing of the ventricle, we currently favor the transve-
nous coronary sinus approach, which entails the use of a dedicated
catheter featuring an extendable needle along which a microcatheter
is advanced and used for staged injections into the postinfarction scar
tissue. Efficacy studies are currently ongoing in a sheep model of myo-
cardial infarction and should help to better define the role of this tech-
nique among catheter-based approaches.

Regardless of the route of delivery, cell death remains a major
limitation of cell transplantation as up to 90% of cells die shortly
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after injections and it is still unknown to what extent multiplication
of those which have survived can catch up this high attrition rate
(Zhang et al. 2001). Several factors contribute to cell death, includ-
ing physical strain during injections, inflammation, apoptosis, and
the hypoxic environment inherent in postinfarction scars. Conse-
quently, the development of strategies designed to enhance cell
survival is mandatory for optimizing the functional benefits of cell
transplantation. Among them, those which are targeted at increasing
angiogenesis look particularly promising (Sakakibara et al. 2002).

2.5.3 Extension to Nonischemic Cardiomyopathies

Although most studies have used animal models of ischemic cardio-
myopathy, preliminary data now suggest that the benefits of cell
transplantation might also extend to globally dilated, idiopathic (Yoo
et al. 2000), or drug-induced (Scorsin et al. 1998) cardiomyopathies.
Our most recent results with autologous skeletal myoblast transplan-
tation in a Syrian hamster model of dilated cardiomyopathy tend to
support these initial findings and, along with the development of
percutaneous techniques allowing a widespread cell delivery, might
open the way to an extension of indications.

Cell transplantation has now entered the clinical arena and might
well find its place in the armamentarium of techniques implemented
to improve the outcome of heart failure patients. Nevertheless, sev-
eral key problems are not fully settled, including the optimal cell
type in relation to the objective (i.e., angiogenesis in ischemic pa-
tients versus myogenesis in those with heart failure), the means of
enhancing cell survival and long-term engraftment, the development
of less invasive cell delivery techniques, and the potential applica-
tions of cell therapy to nonischemic cardiomyopathies. In the mean-
time, clinical studies need to more fully assess the safety and effi-
cacy of myoblast (and other cell-based) therapy, but only those de-
signed and powered like drug trials will yield clinically meaningful
data. Thus, there is still some time ahead before we know whether
the impact of myoblast transplantation on patient outcomes really
matches the current expectations.
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3.1 Introduction

After flying the first solo transatlantic flight, Charles Lindbergh
spent the rest of his life working with Alexis Carrell, a Nobel Laure-
ate in medicine, at the Rockefeller Institute in New York culturing
organs in the hope of using cells and tissues for future transplanta-
tion. Together, Carrell and Lindbergh published a book in 1938,
titled “The Culture of Organs” (Carrel and Lindbergh 1938). Organ
cultures of many different tissue types were described in their semi-
nal work.

Over 60 years later, the culture and expansion of cells for trans-
plantation and the engineering of various tissues has become routine.
Over the last decade, the ability to use cells for therapy and to engi-
neer tissues has broadened the theoretical options for tissue recon-
struction and organ transplantation. Nonetheless, the road towards
the replacement of tissue and organ function has been arduous. Or-
gan transplantation was not possible until 1954 when Joseph Murray
performed the first successful kidney transplant from an identical
twin into his brother (Murray et al. 1955). In the early 1960s, Mur-
ray performed a nonrelated kidney transplant from a nongenetically
identical patient into another. This transplant, which overcame the
immunological barrier, marked a new era in medical therapy, where
transplantation could be used as a means of therapy for different or-
gan systems. However, the lack of adequate immunosuppression, the
limited ability to monitor and control rejection, and a severe organ
donor shortage, has opened the door for other alternatives.

As times evolved, synthetic materials were developed in order to
replace or rebuild diseased tissues or parts in the human body. The
advent of new man-made materials, such as Teflon and Silicone, led
to the production of a wide array of devices that could be applied
for human use. Although these devices could provide structural re-
placement, the functional component of the original tissue was not
replaced. Meanwhile, an increasing body of knowledge in the bio-
logical sciences was rapidly growing, which included new tech-
niques for cell harvesting, culture, and expansion. In particular, the
areas of cell biology, molecular biology, and biochemistry were ad-
vancing rapidly. Studies of the extracellular matrix and its interac-
tion with cells as well as with growth factors and their ligands, gave
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way to an improved understanding of cell and tissue growth and dif-
ferentiation. In the 1960s, a natural evolution occurred wherein re-
searchers started to combine the field of devices and material
sciences with cell biology. This has led scientists to attempt to use
cells for therapy and for the engineering of virtually every tissue of
the human body. More recently, major advances in the areas of stem
cell biology, tissue engineering, and nuclear transfer techniques have
made it possible to combine these technologies, thus creating a field
termed Regenerative Medicine.

The body is exposed to a variety of possible injuries from the
time the fetus develops. Aside from congenital abnormalities, in-
dividuals may also suffer from acquired disorders such as cancer,
trauma, infection, inflammation, iatrogenic injuries, or other condi-
tions which may lead to organ damage or loss, requiring eventual
reconstruction. The type of native autologous tissue chosen for re-
placement depends on which organ requires reconstruction. For ex-
ample, patients with vaginal cancer may have the neoplastic tissue
replaced with skin, small bowel, sigmoid colon, and rectum. How-
ever, a shortage of the patient’s own tissues may limit these types of
reconstructions, and there is a degree of morbidity associated with
the harvest procedure. In addition, these approaches rarely replace
the entire function of the original organ. The tissues used for recon-
struction may lead to complications due to their inherently different
functional parameters. In most cases, the replacement of lost or defi-
cient tissues with functionally equivalent tissues would improve the
outcome for these patients. This goal may be attainable with the use
of regenerative medicine techniques.

3.2 Tissue Engineering Principles

As one of the major components of regenerative medicine, tissue en-
gineering follows the principles of cell transplantation, materials
science and engineering towards the development of biological sub-
stitutes which can restore and maintain normal function. Tissue engi-
neering strategies generally fall into two categories: acellular ma-
trices, where matrices are used alone and which depend on the
body’s natural ability to regenerate for proper orientation and direc-
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tion of new tissue growth, and matrices with cells. Acellular tissue
matrices are usually prepared by removing cellular components from
tissues via mechanical and chemical manipulation to produce col-
lagen-rich matrices (Chen et al. 1999 a; Dahms et al. 1998; Piechota
et al. 1998; Yoo et al. 1998b). These matrices tend to slowly de-
grade on implantation and are generally replaced by the extracellular
matrix (ECM) proteins that are secreted by the ingrowing cells.

When cells are used for tissue engineering, a small piece of do-
nor tissue is dissociated into individual cells. These cells are either
implanted directly into the host, or are expanded in culture, attached
to a support matrix, and then reimplanted into the host after expan-
sion. The source of donor tissue can be heterologous (such as bo-
vine), allogeneic (same species, different individual), or autologous.
Ideally, both structural and functional tissue replacement will occur
with minimal complications. The most preferred cells to use are
autologous cells, where a biopsy of tissue is obtained from the host,
the cells are dissociated and expanded in culture, and the expanded
cells are implanted into the same host (Amiel and Atala 1999a;
Atala et al. 1993b, 1994a, 1999; Atala and Lanza 2001; Atala and
Mooney 1997; Cilento et al. 1994; Fauza et al. 1998a, b; Godbey
and Atala 2002; Kershen and Atala 1999 a; Machluf and Atala 1998;
Oberpenning et al. 1999; Park et al. 1999; Yoo and Atala 1997; Yoo
et al. 1998a, b, 1999). The use of autologous cells avoids rejection,
and thus the deleterious side effects of immunosuppressive medica-
tions can be avoided.

One of the limitations of applying cell-based regenerative medi-
cine techniques towards organ replacement has been the inherent dif-
ficulty of growing specific cell types in large quantities. Even when
some organs, such as the liver, have a high regenerative capacity in
vivo, cell growth and expansion in vitro may be difficult. By study-
ing the privileged sites for committed precursor cells in specific or-
gans, as well as exploring the conditions that promote differentia-
tion, one may be able to overcome the obstacles that could lead to
cell expansion in vitro. For example, urothelial cells could be grown
in the laboratory setting in the past, but only with limited expansion.
Several protocols were developed over the last two decades which
identified the undifferentiated cells, and kept them undifferentiated
during their growth phase (Cilento et al. 1994; Liebert et al. 1997;
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Puthenveettil et al. 1999; Scriven et al. 1997). Using these methods
of cell culture, it is now possible to expand a urothelial strain from
a single specimen which initially covers a surface area of 1 cm? to
one covering a surface area of 4,202 m? (the equivalent area of one
football field) within 8 weeks (Cilento et al. 1994). These studies in-
dicated that it should be possible to collect autologous bladder cells
from human patients, expand them in culture, and return them to the
human donor in sufficient quantities for reconstructive purposes
(Cilento et al. 1994; Fauza et al. 1998 a; Freeman et al. 1997; Har-
riss 1995; Liebert et al. 1991, 1997; Lobban et al. 1998; Nguyen et
al. 1999; Puthenveettil et al. 1999; Rackley et al. 1999; Solomon et
al. 1998; Tobin et al. 1994). Major advances have been achieved
within the last decade on the possible expansion of a variety of pri-
mary human cells, with specific techniques that make the use of
autologous cells possible for clinical application.

3.3 Stem Cells

Most current strategies for tissue engineering depend upon a sample
of autologous cells from the diseased organ of the host. However,
for many patients with extensive end-stage organ failure, a tissue
biopsy may not yield enough normal cells for expansion and trans-
plantation. In other instances, primary autologous human cells can
not be expanded from a particular organ, such as the pancreas. In
these situations, pluripotent human embryonic stem cells are envi-
sioned as a viable source of cells, as they can serve as an alternative
source of cells from which the desired tissue can be derived. Com-
bining the techniques learned in tissue engineering over the past few
decades with this potentially endless source of versatile cells could
lead to novel sources of replacement organs.

Embryonic stem cells exhibit two remarkable properties: the abil-
ity to proliferate in a undifferentiated, but pluripotent state (self-re-
new), and the ability to differentiate into many specialized cell types
(Brivanlou et al. 2003). They can be isolated by immunosurgery
from the inner cell mass of the embryo during the blastocyst stage
(5 days postfertilization), and are usually grown on feeder layers
consisting of mouse embryonic fibroblasts or human feeder cells
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(Richards et al. 2002). More recent reports have shown that these
cells can be grown without the use of a feeder layer (Amit et al.
2003), and thus avoid the exposure of these human cells to mouse
viruses and proteins. These cells have demonstrated longevity in cul-
ture by maintaining their undifferentiated state for at least 80 pas-
sages when grown using current published protocols (Reubinoff et
al. 2000; Thomson et al. 1998).

Human embryonic stem cells have been shown to differentiate into
cells from all three embryonic germ layers in vitro. Skin and neurons
have been formed, indicating ectodermal differentiation (Reubinoff et
al. 2001; Schuldiner et al. 2000, 2001; Zhang et al. 2001). Blood, car-
diac cells, cartilage, endothelial cells, and muscle have been formed,
indicating mesodermal differentiation (Kaufman et al. 2001; Kehat
et al. 2001; Levenberg et al. 2002). And pancreatic cells have been
formed, indicating endodermal differentiation (Assady et al. 2001).
In addition, as further evidence of their pluripotency, embryonic stem
cells can form embryoid bodies, which are cell aggregations that con-
tain all three embryonic germ layers, while in culture, and can form
teratomas in vivo (Itskovitz-Eldor et al. 2000).

3.4 Therapeutic Cloning

Nuclear cloning, which has also been called nuclear transplantation
and nuclear transfer, involves the introduction of a nucleus from a
donor cell into an enucleated oocyte to generate an embryo with a
genetic makeup identical to that of the donor.

While there has been tremendous interest in the field of nuclear
cloning since the birth of Dolly in 1997, the first successful nuclear
transfer was reported over 50 years ago by Briggs and King (Briggs
and King 1952). Cloned frogs, which were the first vertebrates de-
rived from nuclear transfer, were subsequently reported by Gurdon
in 1962 (Gurdon 1962), but the nuclei were derived from nonadult
sources. In the past 6 years, tremendous advances in nuclear cloning
technology have been reported, indicating the relative immaturity of
the field. Dolly was not the first cloned mammal to be produced
from adult cells; in fact, live lambs were produced in 1996 using
nuclear transfer and differentiated epithelial cells derived from em-
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bryonic discs (Campbell et al. 1996). The significance of Dolly was
that she was the first mammal to be derived from an adult somatic
cell using nuclear transfer (Wilmut et al. 1997). Since then, animals
from several species have been grown using nuclear transfer technol-
ogy, including cattle (Cibelli et al. 1998), goats (Baguisi et al. 1999;
Keefer et al. 2002), mice (Wakayama et al. 1998), and pigs
(Betthauser et al. 2000; De Sousa et al. 2002; Onishi et al. 2000;
Polejaeva et al. 2000).

Two types of nuclear cloning, reproductive cloning and therapeu-
tic cloning, have been described, and a better understanding of the
differences between the two types may help to alleviate some of the
controversy that surrounds these revolutionary technologies (Colman
and Kind 2000; Vogelstein et al. 2002). Banned in most countries
for human applications, reproductive cloning is used to generate an
embryo that has the identical genetic material as its cell source. This
embryo can then be implanted into the uterus of a female to give
rise to an infant that is a clone of the donor. On the other hand, ther-
apeutic cloning is used to generate early stage embryos that are ex-
planted in culture to produce embryonic stem cell lines whose genet-
ic material is identical to that of its source. These autologous stem
cells have the potential to become almost any type of cell in the
adult body, and thus would be useful in tissue and organ replace-
ment applications (Hochedlinger and Jaenisch 2003). Some useful
applications would be in the treatment of diseases, such as end-stage
kidney disease, neurodegenerative diseases, and diabetes, for which
there is limited availability of immunocompatible tissue transplants.

Therefore, therapeutic cloning, which has also been called so-
matic cell nuclear transfer, provides an alternative source of trans-
plantable cells that theoretically may be limitless. Figure 1 shows
the strategy of combining therapeutic cloning with tissue engineer-
ing to develop tissues and organs. According to data from the Cen-
ters for Disease Control, it has been estimated that approximately
3,000 Americans die every day of diseases that could have been
treated with embryonic stem cell-derived tissues (Lanza et al. 2001).
With current allogeneic tissue transplantation protocols, rejection
is a frequent complication because of immunologic incompatibil-
ity, and immunosuppressive drugs are usually administered to treat
and hopefully prevent host-versus-graft disease (Hochedlinger and
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Fig. 1. Strategy for therapeutic cloning and tissue engineering

Jaenisch 2003). The use of transplantable tissue and organs derived
from therapeutic cloning may lead to the avoidance of immune re-
sponses that typically are associated with transplantation of nonauto-
logous tissues. As a result, with therapeutic cloning, the variety of
serious and potentially life-threatening complications associated with
immunosuppressive treatments may be avoided (Lanza et al. 1999).

3.5 Biomaterials for Regenerative Medicine

For cell-based tissue engineering, the expanded cells are seeded onto
a scaffold synthesized with the appropriate biomaterial. In tissue en-
gineering, biomaterials replicate the biologic and mechanical func-
tion of the native extracellular matrix (ECM) found in tissues in the
body by serving as an artificial ECM. As a result, biomaterials pro-
vide a three-dimensional space for the cells to form into new tissues
with appropriate structure and function, and also can allow for the
delivery of cells and appropriate bioactive factors (e.g., cell adhesion
peptides, growth factors), to desired sites in the body (Kim and
Mooney 1998). As the majority of mammalian cell types are ancho-
rage-dependent and will die if no cell-adhesion substrate is avail-
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able, biomaterials provide a cell-adhesion substrate that can deliver
cells to specific sites in the body with high loading efficiency. Bio-
materials can also provide mechanical support against in vivo forces
such that the predefined three-dimensional structure is maintained
during tissue development. Furthermore, bioactive signals, such as
cell-adhesion peptides and growth factors, can be loaded along with
cells to help regulate cellular function.

The ideal biomaterial should be biocompatible in that it is biode-
gradable and bioresorbable to support the replacement of normal tis-
sue without inflammation. Incompatible materials are destined for an
inflammatory or foreign-body response that eventually leads to rejec-
tion and/or necrosis. In addition, the degradation products, if produced,
should be removed from the body via metabolic pathways at an ade-
quate rate that keeps the concentration of these degradation products
in the tissues at a tolerable level (Bergsma et al. 1995). Furthermore,
the biomaterial should provide an environment in which appropriate
regulation of cell behavior (e.g., adhesion, proliferation, migration,
differentiation) can occur such that functional tissue can form. Cell
behavior in the newly formed tissue has been shown to be regulated
by multiple interactions of the cells with their microenvironment, in-
cluding interactions with cell-adhesion ligands (Hynes 1992) and with
soluble growth factors (Deuel 1997). In addition, biomaterials provide
temporary mechanical support that allows the tissue to grow in three
dimensions while the cells undergo spatial tissue reorganization. The
properly chosen biomaterial should allow the engineered tissue to
maintain sufficient mechanical integrity to support itself in early devel-
opment, while in late development, the properly-chosen biomaterial
should have begun degradation such that it does not hinder further tis-
sue growth (Kim and Mooney 1998).

Generally, three classes of biomaterials have been utilized for en-
gineering tissues: naturally-derived materials (e.g., collagen and algi-
nate), acellular tissue matrices (e.g., bladder submucosa and small
intestinal submucosa), and synthetic polymers [e.g., polyglycolic
acid (PGA), polylactic acid (PLA), and poly(lactic-co-glycolic acid)
(PLGA)]. These classes of biomaterials have been tested with re-
spect to their biocompatibility (Pariente et al. 2001, 2002). Natu-
rally-derived materials and acellular tissue matrices have the poten-
tial advantage of biological recognition. However, synthetic poly-
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mers can be produced reproducibly on a large scale with controlled
properties of their strength, degradation rate, and microstructure.

Collagen is the most abundant and ubiquitous structural protein in
the body, and may be readily purified from both animal and human
tissues with an enzyme treatment and salt/acid extraction (Li 1995).
Collagen implants degrade through a sequential attack by lysosomal
enzymes. The in vivo resorption rate can be regulated by controlling
the density of the implant and the extent of intermolecular crosslink-
ing. The lower the density, the greater the interstitial space and gen-
erally the larger the pores for cell infiltration, leading to a higher
rate of implant degradation. Collagen contains cell-adhesion domain
sequences (e.g., RGD) which exhibit specific cellular interactions.
This may assist to retain the phenotype and activity of many types
of cells, including fibroblasts (Silver and Pins 1992) and chondro-
cytes (Sams and Nixon 1995).

Alginate, a polysaccharide isolated from sea weed, has been used
as an injectable cell delivery vehicle (Smidsrod and Skjak-Braek
1990) and a cell immobilization matrix (Lim and Sun 1980) owing
to its gentle gelling properties in the presence of divalent ions such
as calcium. Alginate is relatively biocompatible and approved by the
FDA for human use as wound dressing material. Alginate is a fami-
ly of copolymers of D-mannuronate and L-guluronate. The physical
and mechanical properties of alginate gel are strongly correlated
with the proportion and length of polyguluronate block in the algi-
nate chains (Smidsrod and Skjak-Braek 1990).

Acellular tissue matrices are collagen-rich matrices prepared by
removing cellular components from tissues. The matrices are often
prepared by mechanical and chemical manipulation of a segment of
tissue (Chen et al. 1999b; Dahms et al. 1998; Piechota et al. 1998;
Yoo et al. 1998c). The matrices slowly degrade upon implantation,
and are replaced and remodeled by ECM proteins synthesized and
secreted by transplanted or ingrowing cells.

Polyesters of naturally occurring a-hydroxy acids, including PGA,
PLA, and PLGA, are widely used in tissue engineering. These poly-
mers have gained FDA approval for human use in a variety of applica-
tions, including sutures (Gilding 1981). The ester bonds in these poly-
mers are hydrolytically labile, and these polymers degrade by non-
enzymatic hydrolysis. The degradation products of PGA, PLA, and
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PLGA are nontoxic, natural metabolites and are eventually eliminated
from the body in the form of carbon dioxide and water (Gilding 1981).
The degradation rate of these polymers can be tailored from several
weeks to several years by altering crystallinity, initial molecular
weight, and the copolymer ratio of lactic to glycolic acid. Since these
polymers are thermoplastics, they can be easily formed into a three-
dimensional scaffold with a desired microstructure, gross shape and
dimension by various techniques, including molding, extrusion
(Freed et al. 1994), solvent casting (Mikos et al. 1994), phase separa-
tion techniques, and gas foaming techniques (Harris et al. 1998). Many
applications in tissue engineering often require a scaffold with high
porosity and ratio of surface area to volume. Other biodegradable syn-
thetic polymers, including poly(anhydrides) and poly(ortho-esters),
can also be used to fabricate scaffolds for tissue engineering with con-
trolled properties (Peppas and Langer 1994).

3.6 Tissue Engineering of Specific Structures

Investigators around the world, including our laboratory, have been
working towards the development of several cell types and tissues
and organs for clinical application.

3.6.1 Urethra

Various biomaterials without cells, such as PGA and acellular col-
lagen-based matrices from small intestine and bladder, have been used
experimentally (in animal models) for the regeneration of urethral tis-
sue (Atala et al. 1992; Bazeed et al. 1983; Chen et al. 1999 a; Kropp et
al. 1998; Olsen et al. 1992; Sievert et al. 2000). Some of these bioma-
terials, like acellular collagen matrices derived from bladder submuco-
sa, have also been seeded with autologous cells for urethral reconstruc-
tion. Our laboratory has been able to replace tubularized urethral seg-
ments with cell-seeded collagen matrices.

Acellular collagen matrices derived from bladder submucosa by
our laboratory have been used experimentally and clinically. In ani-
mal studies, segments of the urethra were resected and replaced with
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Fig. 2 A-D. Tissue engineering of the urethra using a collagen matrix. A Re-
presentative case of a patient with a bulbar stricture. B Urethral repair. Stric-
tured tissue is excised, preserving the urethral plate on the left side, and
matrix is anastomosed to the urethral plate in an onlay fashion on the right.
C Urethrogram 6 months after repair. D Cystoscopic view of urethra before
surgery on the left side and 4 months after repair on the right side

acellular matrix grafts in an onlay fashion. Histological examination
showed complete epithelialization and progressive vessel and muscle
infiltration, and the animals were able to void through the neoure-
thras (Chen et al. 1999a). These results were confirmed in a clinical
study of patients with hypospadias and urethral stricture disease (El-
Kassaby et al. 2003; Yoo et al. 1999). Decellularized cadaveric blad-
der submucosa was used as an onlay matrix for urethral repair in pa-
tients with stricture disease and hypospadias (Fig.2). Patent, func-
tional neo-urethras were noted in these patients with up to a 7-year
follow-up. The use of an off-the-shelf matrix appears to be benefi-
cial for patients with abnormal urethral conditions, and obviates the
need for obtaining autologous grafts, thus decreasing operative time
and eliminating donor site morbidity.

Unfortunately, the above techniques are not applicable for tubular-
ized urethral repairs. The collagen matrices are able to replace ure-
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thral segments only when used in an onlay fashion. However, if a tu-
bularized repair is needed, the collagen matrices should be seeded
with autologous cells to avoid the risk of stricture formation and
poor tissue development (De Filippo et al. 2002 a, b). Therefore, tu-
bularized collagen matrices seeded with autologous cells can be
used successfully for total penile urethra replacement.

3.6.2 Bladder

Currently, gastrointestinal segments are commonly used as tissues for
bladder replacement or repair. However, gastrointestinal tissues are de-
signed to absorb specific solutes, whereas bladder tissue is designed for
the excretion of solutes. Due to the problems encountered with the use
of gastrointestinal segments, numerous investigators have attempted
alternative materials and tissues for bladder replacement or repair.

The success of using cell transplantation strategies for bladder re-
construction depends on the ability to use donor tissue efficiently
and to provide the right conditions for long term survival, differen-
tiation, and growth. Urothelial and muscle cells can be expanded in
vitro, seeded onto polymer scaffolds, and allowed to attach and form
sheets of cells (Atala et al. 1993b). These principles were applied
toward the creation of tissue engineered bladders in an animal mod-
el that required a subtotal cystectomy with subsequent replacement
with a tissue-engineered organ in beagle dogs (Oberpenning et al.
1999). Urothelial and muscle cells were separately expanded from
an autologous bladder biopsy, and seeded onto a bladder-shaped bio-
degradable polymer scaffold. The results from this study showed
that it is possible to tissue engineer bladders, which are anatomically
and functionally normal. Clinical trials for the application of this
technology are currently being conducted.

3.6.3 Male Genital Tissues

Reconstructive surgery is required for a wide variety of pathologic
penile conditions, such as penile carcinoma, trauma, severe erectile
dysfunction and congenital conditions like ambiguous genitalia, hy-
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pospadias, and epispadias. One of the major limitations of phallic re-
constructive surgery is the scarcity of sufficient autologous tissue.
Phallic reconstruction using autologous tissue, derived from the pa-
tient’s own cells, may be preferable in selected cases.

The major components of the phallus are corporal smooth muscle
and endothelial cells. The creation of autologous functional and struc-
tural corporal tissue de novo would be beneficial. Autologous caverno-
sal smooth muscle and endothelial cells were harvested, expanded, and
seeded on acellular collagen matrices and implanted in a rabbit model
(Kershen et al. 2002; Kwon et al. 2002). Histologic examination con-
firmed the appropriate organization of penile tissue phenotypes, and
structural and functional studies, including cavernosography, caverno-
sometry, and mating studies, demonstrated that it is possible to engi-
neer autologous functional penile tissue. Our laboratory is currently
working on increasing the size of the engineered constructs.

3.6.4 Female Genital Tissues

Congenital malformations of the uterus may have profound implica-
tions clinically. Patients with cloacal exstrophy and intersex disor-
ders may not have sufficient uterine tissue present for future repro-
duction. We investigated the possibility of engineering functional
uterine tissue using autologous cells (Wang et al. 2003). Autologous
rabbit uterine smooth muscle and epithelial cells were harvested,
then grown and expanded in culture. These cells were seeded onto
preconfigured uterine-shaped biodegradable polymer scaffolds,
which were then used for subtotal uterine tissue replacement in the
corresponding autologous animals. Upon retrieval 6 months after im-
plantation, histological, immunocytochemical, and Western blot anal-
yses confirmed the presence of normal uterine tissue components.
Biomechanical analyses and organ bath studies showed that the
functional characteristics of these tissues were similar to those of
normal uterine tissue. Breeding studies using these engineered uteri
are currently being performed.

Similarly, several pathologic conditions, including congenital mal-
formations and malignancy, can adversely affect normal vaginal devel-
opment or anatomy. Vaginal reconstruction has traditionally been chal-
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lenging due to the paucity of available native tissue. The feasibility of
engineering vaginal tissue in vivo was investigated (De Filippo et al.
2003 b). Vaginal epithelial and smooth muscle cells of female rabbits
were harvested, grown, and expanded in culture. These cells were
seeded onto biodegradable polymer scaffolds, and the cell-seeded con-
structs were then implanted into nude mice for up to 6 weeks. Immu-
nocytochemical, histological, and Western blot analyses confirmed the
presence of vaginal tissue phenotypes. Electrical field stimulation stud-
ies in the tissue-engineered constructs showed similar functional prop-
erties to those of normal vaginal tissue. When these constructs were
used for autologous total vaginal replacement, patent vaginal structures
were noted in the tissue-engineered specimens, while the noncell-
seeded structures were noted to be stenotic (De Filippo et al. 2003 a).

3.6.5 Kidney and Muscle

We applied the principles of both tissue engineering and therapeutic
cloning in an effort to produce genetically identical renal, cardiac,
and skeletal muscle tissue in a large animal model, the cow (Bos
taurus; Lanza et al. 2002). Bovine skin fibroblasts from adult Hol-
stein steers were obtained by ear notch, and single donor cells were
isolated and microinjected into the perivitelline space of donor enu-
cleated oocytes (nuclear transfer). The resulting blastocysts were im-
planted into progestrin-synchronized recipients to allow for further
in vivo growth. After 12 weeks, cloned renal and muscle cells were
harvested, expanded in vitro, then seeded onto biodegradable scaf-
folds. The constructs, which consisted of the cells and the scaffolds,
were then implanted into the subcutaneous space of the same steer
from which the cells were cloned to allow for tissue growth.
Histologic examination of the cloned muscle constructs revealed
well-organized cellular organization with spindle-shaped nuclei
(Fig. 3A), and immunohistochemical analysis identified muscle fi-
bers within the implanted constructs. In addition, semiquantitative
RT-PCR and Western blot analysis confirmed the expression of mus-
cle-specific mRNA and proteins. Furthermore, histologic examina-
tion revealed extensive vascularization within the implants, which is
essential for the survival and future growth of the cloned tissue.
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Fig. 3A-E. Combining therapeutic cloning and tissue engineering to pro-
duce kidney and muscle tissue. A Retrieved cloned cardiac muscle tissue
shows a well-organized cellular orientation 6 weeks after implantation. B 1I-
lustration of the tissue-engineered renal unit. C Renal unit seeded with
cloned cells, 3 months after implantation, showing the accumulation of
urine-like fluid. D There was a clear unidirectional continuity between the
mature glomeruli, their tubules, and the polycarbonate membrane. E Elispot
analyses of the frequencies of T cells that secrete IFN-gamma after primary
and secondary stimulation with allogeneic renal cells, cloned renal cells, or
nuclear donor fibroblasts

The kidney is a complex organ with multiple cell types and a com-
plex functional anatomy that renders it one of the most difficult to re-
construct (Amiel and Atala 1999b; Auchincloss and Bonventre 2002).
Previous efforts in tissue engineering of the kidney have been directed
toward the development of extracorporeal renal support systems made
of biological and synthetic components (Aebischer et al. 1987; Amiel
et al. 2000; Humes et al. 1999; Ip et al. 1988; Joki et al. 2001; Lanza et
al. 1996; MacKay et al. 1998), and ex vivo renal replacement devices
are known to be life-sustaining. However, there would be obvious ben-
efits for patients with end-stage kidney disease if these devices could
be implanted long-term without the need for an extracorporeal perfu-
sion circuit or immunosuppressive drugs.

Cloned renal cells were seeded on scaffolds consisting of three
collagen-coated cylindrical polycarbonate membranes (Fig. 3B). The
ends of the three membranes of each scaffold were connected to ca-
theters that terminated into a collecting reservoir. This created a re-
nal neo-organ with a mechanism for collecting the excreted urinary
fluid (Fig. 3C). These scaffolds with the collecting devices were
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transplanted subcutaneously into the same steer from which the ge-
netic material originated, and then retrieved 12 weeks after implanta-
tion.

Chemical analysis of the collected urine-like fluid, including urea
nitrogen and creatinine levels, electrolyte levels, specific gravity, and
glucose concentration, revealed that the implanted renal cells pos-
sessed filtration, reabsorption, and secretory capabilities.

Histologic examination of the retrieved implants revealed exten-
sive vascularization and self-organization of the cells into glomeruli-
and tubule-like structures. A clear continuity between the glomeruli,
the tubules, and the polycarbonate membrane was noted that allowed
the passage of urine into the collecting reservoir (Fig. 3D). Immuno-
histochemical analysis with renal-specific antibodies revealed the
presence of renal proteins; RT-PCR analysis confirmed the transcrip-
tion of renal specific RNA in the cloned specimens, and Western
blot analysis confirmed the presence of elevated renal-specific pro-
tein levels.

Since previous studies have shown that bovine clones harbor the
oocyte mitochondrial DNA (Evans et al. 1999; Hiendleder et al.
1999; Steinborn et al. 2000), the donor egg’s mitochondrial DNA
was thought to be a potential source of immunologic incompatibility.
Differences in mtDNA-encoded proteins expressed by cloned cells
could stimulate a T-cell response specific for mt-DNA-encoded minor
histocompatibility antigens when the cloned cells are implanted back
into the original nuclear donor (Fischer Lindahl et al. 1991). We used
nucleotide sequencing of the mtDNA genomes of the clone and fibro-
blast nuclear donor to identify potential antigens in the muscle con-
structs. Only two amino acid substitutions were noted to distinguish
the clone and the nuclear donor, and as a result, a maximum of two
minor histocompatibility antigens could be defined. Given the lack
of knowledge regarding peptide-binding motifs for bovine MHC class
I molecules, there is no reliable method to predict the impact of these
amino acid substitutions on bovine histocompatibility.

Oocyte-derived mtDNA was also thought to be a potential source
of immunologic incompatibility in the cloned renal cells. Maternally
transmitted minor histocompatibility antigens in mice have been
shown to stimulate both skin allograft rejection in vivo and cytotoxic
T lymphocytes expansion in vitro (Fischer Lindahl et al. 1991) that
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could prevent the use of these cloned constructs in patients with
chronic rejection of major histocompatibility matched human renal
transplants (Hadley et al. 1992; Yard et al. 1993). We tested for a
possible T-cell response to the cloned renal devices using delayed-
type hypersensitivity testing in vivo and Elispot analysis of interfer-
on-gamma secreting T-cells in vitro. Both analyses revealed that the
cloned renal cells showed no evidence of a T-cell response, suggest-
ing that rejection will not necessarily occur in the presence of
oocyte-derived mitochondrial DNA (Fig. 3E). This finding may re-
present a step forward in overcoming the histocompatibility problem
of stem cell therapy (Auchincloss and Bonventre 2002).

These studies demonstrated that cells derived from nuclear trans-
fer can be successfully harvested, expanded in culture, and trans-
planted in vivo with the use of biodegradable scaffolds on which the
single suspended cells can organize into tissue structures that are
genetically identical to that of the host. These studies were the first
demonstration of the use of therapeutic cloning for regeneration of
tissues in vivo.

3.6.6 Blood Vessels

Xenogenic or synthetic materials have been used as replacement
blood vessels for complex cardiovascular lesions. However, these
materials typically lack growth potential, and may place the recipi-
ent at risk for complications such as stenosis, thromboembolization,
or infection (Matsumura et al. 2003).

Tissue-engineered vascular grafts have been constructed using
autologous cells and biodegradable scaffolds and have been applied
in dog and lamb models (Shinoka et al. 1995, 1996, 1997, 1998;
Watanabe et al. 2001). The key advantage from using these auto-
grafts is that they degrade in vivo, and thus allow the new tissue to
form without the long-term presence of foreign material (Matsumura
et al. 2003).

Application of these techniques from the laboratory to the clinical
setting have begun, where autologous vascular cells were harvested,
expanded, and seeded onto a biodegradable scaffold (Shin’oka et al.
2001). The resultant autologous construct was used to replace a ste-



Tissue Engineering, Stem Cells, and Cloning 53

nosed pulmonary artery that had been previously repaired. Seven
months after implantation, no evidence of graft occlusion or aneu-
rysmal changes were noted in the recipient.

3.6.7 Cartilage

Full-thickness articular cartilage lesions have limited healing capaci-
ty and thus represent a difficult management issue for the clinicians
who treat adult patients with damaged articular cartilage (Hunter
1995; O’Driscoll 1998). Large defects can be associated with me-
chanical instability and may lead to degenerative joint disease if left
untreated (Buckwalter and Lohmander 1994; Buckwalter and Man-
kin 1998). Chondrocytes were expanded and cultured onto biode-
gradable scaffolds to create engineered cartilage for use in large os-
teochondral defects in rabbits (Schaefer et al. 2002). When sutured
to a subchondral support, the engineered cartilage was able to with-
stand physiologic loading and underwent orderly remodeling of the
large osteochondral defects in adult rabbits. Thus, the engineered
cartilage was able to provide a biomechanically functional template
that was able to undergo orderly remodeling when subjected to
quantitative structural and functional analyses.

Few treatment options are currently available for patients who suf-
fer from severe congenital tracheal pathology, such as stenosis, atresia,
and agenesis, due to the limited availability of autologous transplanta-
ble tissue in the neonatal period. Tissue engineering in the fetal period
may be a viable alternative for the surgical treatment of these prena-
tally diagnosed congenital anomalies, as cells could be harvested
and grown into transplantable tissue in parallel with the remainder
of gestation. Chondrocytes from both elastic and hyaline cartilage
specimens have been harvested from fetal lambs, expanded in vitro,
then dynamically seeded onto biodegradable scaffolds (Fuchs et al.
2002). The constructs were then implanted as replacement tracheal tis-
sue in fetal lambs. The resultant tissue-engineered cartilage was noted
to undergo engraftment and epithelialization, while maintaining its
structural support and patency. Furthermore, if native tracheal tissue
is unavailable, engineered cartilage may be derived from bone mar-
row-derived mesenchymal progenitor cells as well (Fuchs et al. 2003).
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3.7 Cellular Therapies
3.7.1 Bulking Agents

Injectable bulking agents can be endoscopically used in the treat-
ment of both urinary incontinence and vesicoureteral reflux. The ad-
vantages in treating urinary incontinence and vesicoureteral reflux
with this minimally invasive approach include the simplicity of this
quick outpatient procedure and the low morbidity associated with it.
Several investigators are seeking alternative implant materials that
would be safe for human use (Kershen and Atala 1999b).

The ideal substance for the endoscopic treatment of reflux and in-
continence should be injectable, nonantigenic, nonmigratory, volume
stable, and safe for human use. Toward this goal, long-term studies
were conducted to determine the effect of injectable chondrocytes in
vivo (Atala et al. 1993 a). It was initially determined that alginate, a
liquid solution of gluronic and mannuronic acid, embedded with
chondrocytes, could serve as a synthetic substrate for the injectable
delivery and maintenance of cartilage architecture in vivo. Alginate
undergoes hydrolytic biodegradation and its degradation time can be
varied depending on the concentration of each of the polysaccha-
rides. The use of autologous cartilage for the treatment of vesicoure-
teral reflux in humans would satisfy all the requirements for an ideal
injectable substance.

Chondrocytes derived from an ear biopsy can be readily grown
and expanded in culture. Neocartilage formation can be achieved in
vitro and in vivo using chondrocytes cultured on synthetic biode-
gradable polymers. In these experiments, the cartilage matrix re-
placed the alginate as the polysaccharide polymer underwent biode-
gradation. This system was adapted for the treatment of vesicoure-
teral reflux in a porcine model (Atala et al. 1994b). These studies
showed that chondrocytes can be easily harvested and combined
with alginate in vitro, the suspension can be easily injected cystosco-
pically, and the elastic cartilage tissue formed is able to correct vesi-
coureteral reflux without any evidence of obstruction.

Two multicenter clinical trials were conducted using the above
engineered chondrocyte technology. Patients with vesicoureteral re-
flux were treated at ten centers throughout the United States. The
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Fig. 4. Autologous chondrocytes for the treatment of vesicoureteral reflux.
Left: Preoperative voiding cystourethrogram of a patient with bilateral re-
flux. Right: Postoperative radionuclide cystogram of the same patient
6 months after injection of autologous chondrocytes

patients had a similar success rate as with other injectable sub-
stances in terms of cure (Fig.4). Chondrocyte formation was not
noted in patients who had treatment failure. The patients who were
cured would supposedly have a biocompatible region of engineered
autologous tissue present, rather than a foreign material (Diamond
and Caldamone 1999). Patients with urinary incontinence were also
treated endoscopically with injected chondrocytes at three different
medical centers. Phase 1 trials showed an approximate success rate
of 80% at both 3 and 12 months postoperatively (Bent et al. 2001).

3.7.2 Injectable Muscle Cells

The potential use of injectable, cultured myoblasts for the treatment
of stress urinary incontinence has been investigated (Chancellor et
al. 2000; Yokoyama et al. 1999). Labeled myoblasts were directly
injected into the proximal urethra and lateral bladder walls of nude
mice with a micro-syringe in an open surgical procedure. Tissue har-
vested up to 35 days postinjection contained the labeled myoblasts,
as well as evidence of differentiation of the labeled myoblasts into
regenerative myofibers. The authors reported that a significant por-
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tion of the injected myoblast population persisted in vivo. Similar
techniques of sphincteric-derived muscle cells have been used for
the treatment of urinary incontinence in a pig model (Strasser et al.
2003). The fact that myoblasts can be labeled and survive after in-
jection and begin the process of myogenic differentiation further
supports the feasibility of using cultured cells of muscular origin as
an injectable bioimplant.

The use of injectable muscle precursor cells has also been investi-
gated for use in the treatment of urinary incontinence due to irrever-
sible urethral sphincter injury or maldevelopment. Muscle precursor
cells are the quiescent satellite cells found in each myofiber that pro-
liferate to form myoblasts and eventually myotubes and new muscle
tissue. Intrinsic muscle precursor cells have previously been shown
to play an active role in the regeneration of injured striated urethral
sphincter (Yiou et al. 2003a). In a subsequent study, autologous
muscle precursor cells were injected into a rat model of urethral
sphincter injury, and both replacement of mature myotubes as well
as restoration of functional motor units were noted in the regenerat-
ing sphincteric muscle tissue (Yiou et al. 2003b). This is the first
demonstration of the replacement of both sphincter muscle tissue
and its innervation by the injection of muscle precursor cells. As a
result, muscle precursor cells may be a minimally invasive solution
for urinary incontinence in patients with irreversible urinary sphinc-
ter muscle insufficiency.

3.7.3 Endocrine Replacement

Patients with testicular dysfunction and hypogonadal disorders are
dependent on androgen replacement therapy to restore and maintain
physiological levels of serum testosterone and its metabolites, dihy-
drotestosterone and estradiol (Machluf et al. 2003). Currently avail-
able androgen replacement modalities, such as testosterone tablets
and capsules, depot injections, and skin patches may be associated
with fluctuating serum levels and complications such as fluid and
nitrogen retention, erythropoiesis, hypertension, and bone density
changes (Santen and Swerdloff 1990). Since Leydig cells of the
testes are the major source of testosterone in men, implantation of
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heterologous Leydig cells or gonadal tissue fragments have pre-
viously been proposed as a method for chronic testosterone replace-
ment (Tai et al. 1989; van Dam et al. 1989). But these approaches
were limited by the failure of the tissues and cells to produce testo-
sterone.

Encapsulation of cells in biocompatible and semipermeable poly-
meric membranes has been an effective method to protect against a
host immune response as well as to maintain viability of the cells
while allowing the secretion of desired therapeutic agents (De Vos
et al. 1997; Tai and Sun 1993). Alginate-poly-L-lysine-encapsulated
Leydig cell microspheres were used as a novel method for testoster-
one delivery in vivo (Machluf et al. 2003). Elevated stable serum
testosterone levels were noted in castrated adult rats over the course
of the study, suggesting that microencapsulated Leydig cells may be
a potential therapeutic modality for testosterone supplementation.

3.7.4 Angiogenic Agents

The engineering of large organs will require a vascular network of
arteries, veins, and capillaries to deliver nutrients to each cell. One
possible method of vascularization is through the use of gene deliv-
ery of angiogenic agents such as vascular endothelial growth factor
(VEGF) with the implantation of vascular endothelial cells (EC) in
order to enhance neovascularization of engineered tissues. Skeletal
myoblasts from adult mice were cultured and transfected with an
adenovirus encoding VEGF and combined with human vascular en-
dothelial cells (Nomi et al. 2002). The mixtures of cells were in-
jected subcutaneously in nude mice, and the engineered tissues were
retrieved up to 8 weeks after implantation. The transfected cells
were noted to form muscle with neovascularization by histology and
immunohistochemical probing with maintenance of their muscle vol-
ume, while engineered muscle of nontransfected cells had a signifi-
cantly smaller mass of cells with loss of muscle volume over time,
less neovascularization, and no surviving endothelial cells. These re-
sults indicate that a combination of VEGF and endothelial cells may
be useful for inducing neovascularization and volume preservation in
engineered tissue.
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3.7.5 Antiangiogenic Agents

The delivery of antiangiogenic agents may help to slow tumor
growth for a variety of neoplasms. Encapsulated hamster kidney
cells transfected with the angiogenesis inhibitor endostatin were
used for local delivery on human glioma cell line xenografts (Joki et
al. 2001). The release of biologically active endostatin led to signifi-
cant inhibition of endothelial cell proliferation and substantial reduc-
tion in tumor weight. Continuous local delivery of endostatin via en-
capsulated endostatin-secreting cells may be an effective therapeutic
option for a variety of tumor types.

3.8 Conclusions

Tissue engineering efforts are currently underway for virtually every
type of tissue and organ within the human body. As tissue engineer-
ing incorporates the fields of cell transplantation, materials science,
and engineering, personnel who have mastered the techniques of cell
harvest, culture, expansion, transplantation, as well as polymer de-
sign are essential for the successful application of this technology.
Various engineered tissues are at different stages of development,
with some already being used clinically, a few in preclinical trials,
and some in the discovery stage. Recent progress suggests that engi-
neered tissues may have an expanded clinical applicability in the fu-
ture as they represent a viable therapeutic option for those requiring
tissue replacement. More recently, major advances in the areas of
stem cell biology, tissue engineering, and nuclear transfer techniques
have made it possible to combine these technologies to create the
comprehensive scientific field of regenerative medicine.
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Bone marrow transplantation is accepted as an effective therapeutic
modality for genetic and acquired diseases of the hematopoietic sys-
tem. This cellular therapy is based on the principle that bone mar-
row contains hematopoietic stem cells that can repopulate the blood.
Over the past two decades, investigators have recognized that bone
marrow also contains mesenchymal progenitor cells that can give
rise to a variety of nonhematopoietic tissues, including bone carti-
lage, adipose, and muscle (Caplan 1991; Pittenger et al. 1999). In
principle, then, bone marrow transplantation, as a means of trans-
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planting both hematopoietic and mesenchymal cells, could be used
to treat disorders of mesenchymal tissues as well as those of the
blood.

Recently, several investigators have reported that bone marrow he-
matopoietic progenitors, possibly the hematopoietic stem cell, can
differentiate to multiple nonhematopoietic cells and tissues, derived
from any of the embryonic germ layers, invoking a controversial the-
ory of remarkable stem cell plasticity (Horwitz 2003; Krause et al.
2001; Krause 2002; Wulf et al. 2001). Regardless of whether the
bone marrow contains several unique stem cell populations, such
distinct hematopoietic and mesenchymal stem cells, or whether there
exists a single marrow stem cell with a broad differentiation poten-
tial, the range of disorders that could be treated with marrow cell
transplantation may be far greater than what is currently practiced.

We found the nonhematopoietic differentiation potential of mar-
row cells quite intriguing and sought to exploit this extraordinary ca-
pacity of marrow cells for the treatment of nonhematopoietic disor-
ders, and we selected osteogenesis imperfecta, a genetic disorder of
bone, as our model system.

4.1 Osteogenesis Imperfecta

Osteogenesis imperfecta (OI) is a genetic disorder of mesenchymal
cells, characterized by bony fractures and deformities, short stature,
and often a reduced life expectancy (Byers 1995; Sillence 1997).
The underlying defect is a mutation in one of the two genes,
COLIAI and COLIA2, that encode collagen type I, the major struc-
tural protein in bone. There is a wide variety in the severity of the
phenotype of the affected children. In the most mild form, Type I OI
according to the Sillence classification (Sillence 1997), mutations
are typically found in regulatory sequences resulting in decreased
expression of one of the two genes and an overall decrease in the
amount of normally structured collagen. These mutations may be
transmitted by autosomal dominant or autosomal recessive inheri-
tance patterns and the affected children have minimal problems with
fractures, no significant deformities, are generally of normal stature,
and have a normal life expectancy. In the more severe forms, Type
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II and Type III, spontaneous, new, autosomal dominant mutations
are typically found within one of the exons so that structurally de-
fective protein is expressed at reasonably normal levels. The protein
disrupts bone structure by a dominant negative mechanism. Children
with Type II OI exhibit 60% mortality in the first day of life, and
80% mortality in the first month of life. By 1 year, there is >99%
mortality (however, a few do survive). Children with Type III OI,
the most severe form to routinely survive infancy, have numerous
painful fractures, severe bony deformities, and markedly shortened
stature. The life expectancy of these patients, historically, was quite
short; however, with improved awareness, and improved supportive
medical/surgical care, many such patients will live a relatively long
life.

The severity of the phenotype of children with OI truly exists
along a spectrum, without unequivocal criteria to categorize a given
child. Although a genotype—phenotype correlation is approximate at
best (Byers et al. 1991; Wang et al. 1993), the specific mutation
clearly impacts the phenotype. However, the balance of normal and
mutated collagen, in this autosomal dominant disorder, also seems to
affect the phenotype (Constantinou et al. 1990). Thus, for a cell ther-
apy strategy to benefit these children, only low levels of mesenchy-
mal engraftment, sufficient to alter the balance of normal and mu-
tated collagen, are required to reduce the severity of the phenotype.

4.2 Overview of Clinical Trials

Our work on marrow cell therapy of OI has consisted of two clinical
trials (Fig. 1). The first protocol was designed to investigate whether
we could transplant unmanipulated bone marrow and attain me-
senchymal engraftment in the bones of the children with severe OI
(Horwitz et al. 1999). Then, we assessed whether this marrow cell
therapy benefited the children clinically (Horwitz et al. 2001). This
study was the first prospective trial of marrow transplantation fo-
cused on cells other than the hematopoietic cells. In the second pro-
tocol, we investigated whether we could transplant isolated marrow
mesenchymal cells (defined as the fibroblastic, nonhematopoietic
adherent cells) harvested from the original bone marrow donor and
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recreate the effects of the original bone marrow transplantation
(Horwitz et al. 2002). This later study was the first clinical trial of
allogeneic bone marrow mesenchymal cell transplantation.

Child with Severe

4 Osteogenesis Imperfecta
U ivulated BM Preparative
nmanipulate: i
Bone Marrow HLA Compatible Sib Regimen
Transplantation
\_ Child with Severe Ol
After BMT
Evaluate: Mesenchymal Engraftment
Bone Structure
Clinical Outcome
Child with Severe Ol Ongoin
s After BMT/Before MSC Infusion Folﬁ)w-gp

Isolated MSCs
Mesenchymal Cell Original BM Donor
Transplantation <

\ Child with Severe Ol
After BMT/MSC Infusion

Evaluate: Mesenchymal Engraftment
Clinical Outcome

Long-term Foliow-up

Fig. 1. Schematic overview of the clinical trials of mesenchymal cell thera-
py for children with severe osteogenesis imperfecta (OI)
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4.3 Bone Marrow Transplantation

Five children with severe OI (Sillence Type II or III) underwent
bone marrow transplantation (BMT) with unmanipulated bone mar-
row freshly harvested from HLA-compatible sibling donors (Horwitz
et al. 1999). There was no unusual or acceptable toxicity among
these patients. One child developed sepsis and transient pulmonary
insufficiency and another developed acute graft versus host disease
(GVHD). There was no other treatment-related toxicity including
chronic GVHD.

4.3.1 Mesenchymal Engraftment

Approximately 3 months after BMT, we obtained a bone biopsy
from the iliac wing and harvested osteoblasts in the laboratory. After
culture expansion of the cells, we verified the absence of hemato-
poietic contamination and analyzed the osteoblasts for the presence
of donor cells. If the donor-recipient pair was sex mismatched, we
assessed engraftment using fluorescence in situ hybridization (FISH)
for the X and Y chromosomes. If the donor-recipient pair was of the
same sex, we used an analysis of the variable number of tandem re-
peats (VNTR, a DNA polymorphism). Both are standard techniques
in hematopoietic stem cell transplantation.

We were able to demonstrate donor osteoblast engraftment in
three of five patients ranging from 1.2 to 2.0% of the total number
of osteoblasts isolated from the iliac wing biopsy. Although the level
of donor engraftment determined in our assay may seem low, we
were only able to assess the fraction of donor osteoblasts. Bone is
comprised of both osteoblasts and osteocytes, the latter being devel-
opmental derived from the former. In typical bone specimens, there
are tenfold more osteocytes than osteoblasts in bone (van der Plas et
al. 1994). Additionally, bone is quite heterogeneous and it is con-
ceivable that the epiphysis of long bones would contain a greater
fraction of donor cells than the iliac wing, which is the standard
site, and the most surgically accessible, for biopsy in the evaluation
of metabolic bone disease.
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4.3.2 Bone Histology

If mesenchymal engraftment were to affect the phenotype of the pa-
tient, we hypothesized that it should alter the microscopic structure
of the bone. Specimens of trabecular bone taken before transplant typ-
ically continued numerous disorganized osteocytes, enlarged lacunae
and relatively few osteoblasts. The bone had the characteristic appear-
ance of high bone turnover, including woven bone, which is character-
istic of OI and other metabolic bone disorders. Fluorescence micro-
scopy with tetracycline labeling showed disorganized formation of
new bone and poor mineralization. In contrast, specimens taken about
6 months after transplant showed a reduced number of osteocytes, lin-
early organized osteoblasts, and evidence of lamellar bone formation.
Thus, marrow mesenchymal cell engraftment in the bone is associated
with an improvement in bone formation and mineralization.

4.3.3 Clinical Outcome

For the evaluation of the clinical outcome, we assessed three measures:
growth velocity, bone mineral content, and fracture rate. These three
parameters were chosen because they can be objectively evaluated,
and because a therapy that can ameliorate these symptoms would cer-
tainly lessen the hardship faced by this population of patients.

Here, we will only consider the three patients in whom we docu-
mented osteoblast engraftment. Although we believe it is quite likely
that the other children also had osteoblast engraftment and sampling
error precluding our analysis from identifying donor cells, definitive
proof of engraftment is lacking. Similarly, we do not have definitive
proof of nonengraftment; therefore, those patients are inevaluable for
clinical outcome.

The patients showed a decreasing growth velocity over the first year
of life similar to our controls that were children with severe OI who
did not have any specific therapy over the duration of observation.
All three patients showed an acute acceleration of their growth veloc-
ity during the first 6 months after BMT. Subsequently the growth rates
slowed, but remained greater than controls. The patients showed an
increase of total body bone mineral content (TBBMC) measured by
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dual energy X-ray absorptiometry. The rate of gain in TBBMC among
these patients slightly exceeded that for weight-matched healthy chil-
dren and the last few measurements approached the lower limit of the
normal range. Although control data is not available for our measure-
ments of TBBMC, Ol is a disease of osteopenia; hence, we interpret
these findings as suggestive of clinical improvement of bone mineral-
ization. Finally, the rate of radiographically documented fractures
acutely decreased during the first 6 months after transplant compared
with the 6 months before transplant. Although the rate of fractures grad-
ually declines with age, an immediate reduction in the rate of fractures
is inconsistent with the natural history of OI, and most importantly,
controls showed a stable rate of fractures over age-matched interval.

This first trial of BMT for children with severe OI represented a
significant advancement in the development of cell therapy for OI
and other mesenchymal disorders; however, the children were not
sufficiently improved to consider BMT, as it is currently practiced,
to be a sole, complete therapeutic intervention.

4.4 Mesenchymal Cell Transplantation

In an effort to enhance the benefits observed after BMT, we devel-
oped a clinical study to test the hypothesis that isolated, allogeneic
marrow mesenchymal cells could be safely infused after allogeneic
BMT, and would benefit children with severe OI. To unequivocally
identify the marrow mesenchymal cells infused in this trial (com-
pared to cells that may persist after the original BMT) we “gene
marked” the cells by transduction with a retroviral vector. Further-
more, to investigate whether marrow mesenchymal cells could be ex-
panded ex vivo, and retain their biologic potential, we used a double
gene marking strategy in which minimally processed cells and ex-
panded cells were each transduced with a unique retroviral vector.

4.4.1 Marrow Mesenchymal Cell Processing

After the mesenchymal cells were isolated from bone marrow by ad-
herence to plastic, the cells were divided into two fractions and each
was transduced with one of the two retroviral vectors that may be
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distinguished by a PCR-based assay. One fraction was allowed to re-
main in culture for the minimal time required for isolation and trans-
duction, while the other was expanded over three passages. The
minimally maintained cell preparation was infused into the patients,
without a chemotherapy conditioning regimen, at a dose of 1x10°
cells/kg and the expanded mesenchymal cells were infused at an in-
tended dose of 5x10° cells/kg after about 2-3 weeks, again without
a conditioning regimen.

4.4.2 Engraftment

About 6 weeks after the cell infusions, we obtained a biopsy of
bone, and skin, and an aspirate of bone marrow and isolated osteo-
blasts, skin fibroblasts, and marrow stromal cells. We then used our
PCR assay to assess for engraftment of each cell population. In five
of the six patients, we were able to identify marked mesenchymal
cells in at least one of the tissues studied. Both minimally processed
cells and expanded cells engrafted. Ex vivo expansion may diminish
the osteogenic engraftment and/or differentiation potential of mar-
row mesenchymal cells; however, the limited data in this trial pre-
cludes a definitive conclusion of the effect of ex vivo expansion.

4.4.3 Clinical Outcome

All five children in whom we documented mesenchymal cell engraft-
ment showed an acute acceleration of their growth velocity in the first
6 months after the cell infusions compared with the 6 months immedi-
ately preceding the infusions. The outcome was most significant for
patients 1 and 2, who did not grow prior to the cell therapy, but whose
growth velocity accelerated to 94% and 67%, respectively, of the pre-
dicted growth velocity for age- and sex-matched children. There was
not an unambiguous improvement of the TBBMC after the mesenchy-
mal cell infusions. Since a chemotherapy-conditioning regimen was
not given to the children prior to the cell infusions, and the cells were
relatively pure compared to unmanipulated marrow (although still
quite heterogeneous), the growth velocity data, TBBMC data notwith-
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standing, formulates a compelling argument supporting the therapeutic
potential of marrow mesenchymal cells.

4.4.4 Immunology

Marrow mesenchymal cells have been reported to be immunologi-
cally privileged (Bartholomew et al. 2002; Di Nicola et al. 2002;
Horwitz 2003; Le Blanc et al. 2003). In our trial, we used two retro-
viral vectors, one that expressed neomycin phosphotransferase
(neo®), and one that did not express the encoded sequences. Interest-
ingly, in all the patients, we found only cells marked with the nonex-
pressing vector. This suggested that the neo® expressing cells were
immunologically attacked when they were infused into these immu-
nocompetent patients. In one patient, we were able to demonstrate,
using a chromium release assay, cytotoxic T-cell activity against
neo® expressing mesenchymal cells in contrast to mesenchymal cells
that were transduced with the nonexpressing vector. Mesenchymal
cells, therefore, seem to be subject to an immune response when ex-
pressing a foreign protein.

We also evaluated the patients for the antifetal bovine serum
(FBS) antibodies, since FBS was a component of the media through-
out the retroviral transduction and ex vivo expansion procedures.
Using an enzyme-linked immunosorbent assay (ELISA), we demon-
strated a greater than 100-fold increase in anti-FBS antibody titers in
postinfusion serum compared to the preinfusion serum in the patient
who did not show engraftment nor a clinical response. The remain-
ing patients did not show a change in anti-FBS antibody titers after
the infusions were completed. Although the lack of evidence of en-
graftment must be considered inconclusive as detailed above, these
observations taken together, suggest that this child had anti-FBS an-
tibodies that attacked the marrow mesenchymal cells, which pre-
cluded engraftment and thereby any clinical response. These data
further suggest that mesenchymal cells are subject to an immune re-
sponse when presenting a foreign antigen.
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4.5 Developmental Outcome

Although the clinical outcome parameters are critically important to
improving the life of children with severe OI, the capacity to en-
hance their motor development would also be of great benefit and
currently there are no therapeutic options. Bisphosphonate therapy
increases bone mineral density and decreases fractures, but does not
facilitate growth (Glorieux et al. 1998) and may have long-term, as
yet undescribed consequences for bone metabolism (Mashiba et al.
2000; Roldan et al. 1999). Surgical correction of bony deformities
and placement of intramedullary rods is advocated by many care-
givers and seems to be rather beneficial, but this intervention does
not decrease the fracture rate nor increase the capacity to walk,
which we consider a quite useful skill to improve the quality of life.

For children with OI, several studies have shown that the ability
to sit without support at 9 or 10 months of age predicts the patient’s
ultimate ability to walk (Daly et al. 1996; Engelbert et al. 2000;
Wilkinson et al. 1997). In our cohort of six patients, none could sit
without support at 10 months of age. Although these children are not
yet at physical maturity, two can walk independently, and one can
“cruise” around his home. Two children can stand and one has taken
some steps, but does not truly walk. The sixth child continues to
have significant deformities of his legs so that the bone geometry
likely precludes walking at this time.

4.6 Conclusions

Bone marrow cell therapy for nonhematopoietic disorders is extraor-
dinary promising, but such therapy is still in early development. We
believe that our work, begun in 1996, has established the proof of
principle: bone marrow cell therapy can be applied to nonhemato-
poietic disorders and especially to disorders of bone. In fact, a re-
cent paper reported that another genetic disorder of bone, hypophos-
phatasia, had been successfully treated with BMT and a subsequent
marrow stem cell infusion (Whyte et al. 2003). Still required, how-
ever, are methods that will promote long-term, tissue-specific prolif-
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eration and differentiation, thus ensuring maximum clinical benefits
from this cell-based treatment strategy.
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5.1 Immune-Based Therapies for CNS Injuries

Inflammation, although generally accepted as the body’s defense
mechanism, has received a bad reputation in the central nervous sys-
tem (CNS). It should be stressed, however, that inflammation is not
a single process, but involves cascades of processes mediated by nu-
merous compounds and factors (Hauben et al. 2000b). The function
of inflammation in acute or chronic insults to the CNS has long
been a matter of debate. Concepts such as the immune-privileged
status of the CNS, as well as observations such as the presence of
immune cells in the diseased CNS, have helped to foster the belief
that immune activity in the CNS is detrimental (Lotan and Schwartz
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1994). Many authors, for example, consider inflammation to be an
important mediator of secondary damage (Constantini and Young
1994; Dusart and Schwab 1994; Carlson et al. 1998; Fitch et al.
1999; Popovich et al. 1999; Mautes et al. 2000; Ghimikar et al.
2001). On the other hand, studies have shown that inflammation, by
promoting clearance of cell debris and secretion of neurotrophic fac-
tors and cytokines, may beneficially affect the traumatized spinal
cord. Macrophages and microglia promote axonal regeneration (Da-
vid et al. 1990; Perry and Brown 1992; Rapalino et al. 1998; Fitch
et al. 1999; Ousman and David 2001), and T cells mediate processes
of maintenance and repair, thus promoting functional recovery from
CNS trauma (Moalem et al. 1999; Hauben et al. 20004, b).

As more pieces are added to the puzzle it becomes increasingly
evident that to describe inflammation as a unified event that is
“good” or “bad” for the injured nerve is an oversimplification, be-
cause it presupposes a single (and deleterious) process rather than a
phenomenon with diverse manifestations. Inflammation is a series of
local immune responses that are recruited to cope with the enemies,
and its ultimate outcome depends upon how it is regulated.

It is also important to recognize that the beneficial effect of im-
mune activity might not come free of charge, i.e., it might come at
the expense of some neuronal loss or transient manifestation of auto-
immune disease symptoms. The net effect of inflammation depends
on the balance between cost and benefit, a ratio that should be eval-
vated only at steady state. Accordingly, at certain stages of the in-
flammatory cascade macrophage activity might be destructive, albeit
transiently. This might also explain the neuronal loss observed after
injection of zymosan (nontoxic yeast particles used to activate
macrophages and microglia) into the healthy rat CNS (Fitch et al.
1999), or injection of encephalitogenic T cells into naive Lewis rats,
known to be susceptible to experimental autoimmune encephalomye-
litis (EAE).

Thus, the injection of cells or agents that promote inflammatory
conditions in healthy animals might cause some tissue loss. The same
cells and agents, operating in the traumatized CNS, might promote
recovery (Hauben et al. 2000b) and reduce cavitation (Butovsky et
al. 2001), and although there is a price to pay (in terms of transient
EAE), the cost is outweighed by the benefit.



Immune-Based Cell Therapy 83
5.2 Spinal Cord Injury and Immune Intervention

Severe injury to the spinal cord causes irreversible loss of motor and
sensory functions of nerves below the lesion, as a result of the hos-
tility of the environment to regeneration of nerve fibers, as well as
the poor wound-healing capacity of the mature CNS. In addition to
the mechanical, chemical, or metabolic damage sustained as a result
of the primary insult, the affected tissue secretes substances in toxic
amounts, causing irreparable damage (‘“secondary degeneration”) to
neighboring neurons that escaped or survived the initial injury, and
leading to further functional loss.

The immune system plays a pivotal role in the healing of injured
tissues (Sicard 2002). Injury to the spinal cord evokes an acute local
inflammatory response, characterized by activation of resident mi-
croglia and infiltration of blood-borne leukocytes (Carlson et al.
1998; Schnell et al. 1999). The inflammatory response in different
individuals varies with respect to its time of onset and shut off, its
intensity, and its phenotype.

Research over the last few years has shown that there are several
local and systemic methods by which the immune response can be
boosted or modulated, leading to a more beneficial outcome (Rapa-
lino et al. 1998; Bethea et al. 1999; Bethea and Dietrich 2002;
Hauben and Schwartz 2003; Hofstetter et al. 2003). Modulation can
be achieved, for example, by incubating autologous macrophages
with peripheral nerve segments, thereby transforming them into a
wound-healing phenotype, and then injecting these activated macro-
phages into the injured nerve at the site of the lesion (Lazarov-
Spiegler et al. 1998). This procedure was found to lead to significant
motor recovery in rats with transected spinal cords.

In developing a feasible therapy for spinal cord injury, autologous
macrophages were used as the source of activating tissue. The phe-
notype and potency of macrophages activated by the skin were
tested in a rat model of severe spinal cord contusion, considered to
be representative of the human pathology of spinal cord injury. Like
the transection model, the contusion model leads to severe paralysis
with poor motor recovery in the absence of intervention. To simulate
the clinical use of macrophages as an autologous cell therapy for
spinal cord injury, activated macrophages prepared from spinally
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contused donor rats were administered to recipient rats 8-9 days
after injury (Bomstein et al. 2003).

The skin-activated macrophages that promoted spinal cord recov-
ery were found to express markers characteristics of antigen-present-
ing cells (APCs). Recent studies have shown that MBP-preloaded
dendritic cells (professional APCs) promote recovery from spinal
cord injury (Hauben et al. 2003). It is therefore possible that dendrit-
ic cells or the tissue-activated autologous macrophages are acting
similarly by providing the damaged tissue with adaptively-regulated
macrophages. This is in line with the observations that anti-MBP T
cells protect neurons from the consequences of an insult in rats or
mice subjected to spinal cord contusion, thus improving recovery
(Hauben et al. 2000b). Autoimmune helper T cells were also shown
to promote repair of CNS tissue after an aseptic injury but that
pathology develops if pathogen-related antigens are present (Hof-
stetter et al. 2003). Also of possible relevance to the mechanism of
action is the ability of skin-activated macrophages to generate brain-
derived neurotrophic factor (BDNF). There is evidence that immune
cells can be a source of neurotrophic factors (Moalem et al. 2000;
Barouch and Schwartz 2002).

5.3 Protective Autoimmunity:
A Physiological Response to CNS Insult

Early studies in rats, using a partial crush injury of the optic nerve
or severe spinal cord contusion as a model, showed that systemic in-
jection of T cells specific to myelin-associated peptides reduces the
postinjury loss of neurons and fibers. Thus, significantly more ret-
inal ganglion cells (RGCs) survive axonal injury in rats treated with
myelin-specific T cells than in rats treated with T cells specific to
an irrelevant antigen such as ovalbumin (OVA) or not treated at all
(Moalem et al. 1999). Similar findings were obtained for recovery of
motor activity after spinal cord contusion (Moalem et al. 1999; Hau-
ben et al. 2000a, b). It was further shown that the beneficial effect
of the autoimmune T cells in neural tissue is accompanied by better
preservation of the tissue and less cavity formation (Hauben et al.
2000b; Butovsky et al. 2001; Nevo et al. 2001).
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In studies aimed at determining whether the observed beneficial
effect is a physiological phenomenon, our group concluded that in-
jury to CNS myelinated axons spontaneously evokes a systemic T-
cell-mediated response that reduces the spread of damage. In the ab-
sence of T cells, recovery is worse (Kipnis et al. 2001; Yoles et al.
2001). Protection occurred even in cases where the autoimmune T
cells caused a transient autoimmune disease (Moalem et al. 1999;
Hauben et al. 2000a). Interestingly, some strains were less able than
others to spontaneously manifest a protective response, a phenome-
non that we attribute not to the presence of a destructive mechanism
but to the relative impotence of the protective mechanism (Kipnis et
al. 2001). Recently, we demonstrated that neonatally induced toler-
ance to myelin antigens reduces the adult rat’s ability to withstand
axonal injury, indicating that the T cell-dependent protection which
is spontaneously evoked in response to an injury to myelinated
axons is myelin specific (Kipnis et al. 2002 a, b). Paradoxically, after
a CNS insult, strains that are inherently more susceptible to autoim-
mune disease were more limited in their ability to spontaneously
manifest the T-cell-mediated neuroprotection.

This limitation in part reflects the efficacy of regulation of the
autoimmune response (Kipnis et al. 2000).

Other studies investigated whether a T-cell-mediated response is
spontaneously manifested also after an insult caused directly by glu-
tamate exposure, and if so, whether it can effectively protect the
affected site against the consequences of the insult (Schori et al.
2001). Intraocular injection of glutamate into the vitreous of mice
resulted in significantly higher glutamate toxicity if the mice were
deprived of T cells (Schori et al. 2001). As in the case of axonal in-
jury, strains differed in their ability to withstand the consequences of
the insult (Kipnis et al. 2001; Schori et al. 2001). Thus, T-cell depri-
vation hardly affected the postinjury neuronal loss in strains with
low constitutional resistance to glutamate toxicity, but caused sub-
stantial loss in more resistant strains. These studies (Kipnis et al.
2001; Schori et al. 2001) provided the first demonstration that local
coping mechanisms against glutamate insult are assisted by a sys-
temic immune response. The unexpected observation that the body’s
immune response can assist the overburdened local coping mecha-
nisms of the CNS led us to extend the traditional view of immune
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system function as protection against foreign invaders (such as mi-
croorganisms) to include protection against the toxicity of self-de-
rived compounds, i.e., against the enemy within (Schori et al. 2001,
2002; Schwartz and Kipnis 2002 a; Nevo et al. 2003; Schwartz et al.
2003). The strain-related dependence of glutamate-induced toxicity
was found to apply not only to the extent of toxicity but also to the
mechanism underlying the toxicity, as shown by the response to
treatment with receptor antagonists (Schori et al. 2002).

The discovery that glutamate toxicity is dependent in T cells spe-
cific to self-antigens prompted our group to search for a way to
boost this response as a means of reducing glutamate toxicity. On
the basis of our earlier experience with axonal injury of the optic
nerve (Fisher et al. 2001 a), the antigens we chose were proteins and
peptides associated with myelin. The results indicated, however, that
for stress sites containing no myelin, such as the eye (Schori et al.
2001; Mizrahi et al. 2002), this was not the right choice. In retro-
spect we realized that these antigens could not be effective, because
the T cells function only after homing to the site of damage and
becoming activated by encountering their relevant antigens there. It
was therefore not surprising to discover that the T-cell-dependent
resistance to intraocular glutamate toxicity could be boosted by vac-
cination with antigens that are abundantly expressed in the eye
(Mizrahi et al. 2002). An example of such an antigen is RI16,
derived from the interphotoreceptor retinoid binding protein (IRBP)
(Avichezer et al. 2000; Adamus and Chan 2002). This peptide is rec-
ognized as a contributory factor in the etiology of experimental auto-
immune uveitis (EAU), an ocular autoimmune disease. It therefore
seems that a peptide which boosts beneficial autoimmunity at the
site of stress is also potentially capable of inducing an autoimmune
disease at that site (Fauser et al. 2001). We found that protection
from glutamate toxicity in the rat eye is not restricted to IRBP, as
two other uveitogenic peptides, both derived from the retinal protein
S-antigen, exerted similar protective effects. Moreover, vaccination
with IRBP-peptide analogs designed to evoke an immune response
without causing EAU also increased RGC survival, indicating that
nonpathogenic antigens derived from a pathogenic peptide can be
used to protect RGCs from insult-induced death without risk of in-
ducing an autoimmune disease (Mizrahi et al. 2002).
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The same principle was found to apply in the case of damage to
CNS myelinated axons, where protective myelin antigens [such as
MBP or myelin oligodendrocyte glycoprotein (MOG)] were also as-
sociated with myelin-related autoimmune disease. In both cases,
nonpathogenic cryptic peptides derived from the same immunodomi-
nant proteins induced protective autoimmunity without inducing the
disease (Fisher et al. 2001 b; Mizrahi et al. 2002). These and other
observations support our proposed concept of protective autoimmu-
nity as the body’s own rigorously controlled mechanism of repair.
More recently, peripheral nerve injury and death of motor neurons
were found to be controlled by the same rules and to benefit from
immunization with peripheral nerve myelin but not with CNS mye-
lin (T. Mizrahi and M. Schwartz, unpublished observations).

In our view, the threatened tissue endangers some cells for the
purpose of saving others. We suggest that the relevant antigen
evokes an autoimmune response that, in the event of malfunction,
induces disease, but not necessarily in the directly threatened cells
such as the RGCs in EAU or myelinated CNS neurons in EAE.
Nevertheless, in the absence of appropriate regulation, the autoim-
mune response might eventually lead to neuronal loss as well. Accu-
mulating information indicates that autoimmune diseases in humans
are often accompanied by neuronal loss and an increase in glutamate
(Bjartmar et al. 2001; Bjartmar and Trapp 2001; De Stefano et al.
2001; Steinman 2001; Schwartz and Kipnis 2002 b).

5.4 Regulation of Protective Autoimmunity
and the Mechanism Underlying It

Our data show that proinflammatory autoimmune T helper cells
(Th1l) mediate protection against the consequences of CNS insults
(Kipnis et al. 2002a). Thus, paradoxically, the T cells that protect
against CNS insults have the same phenotype as those implicated in
the pathogenesis of autoimmune disease. The difference in their ef-
fects apparently lies in their regulation (Kipnis et al. 2002b), as well
as in the specificity of the response to epitopes within the same pro-
tein. Thus, whereas Thl cells specific to a cryptic epitope (Moalem
et al. 1999; Fisher et al. 2001a) or a modified pathogenic epitope
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(Hauben et al. 2001) are protective, Thl cells specific to a patho-
genic epitope within the same protein may be both protective and
destructive (Moalem et al. 1999; Fisher et al. 2001 a).

Prior to our studies, the prevailing notion was that the naturally
occurring regulatory T cells known as CD4*CD25" cells are part of
the mechanism that ensures tolerance to self-antigens, viewing toler-
ance as a state of nonresponsiveness. In our view, tolerance to self-
antigens implies ability to tolerate response to self-antigens without
developing autoimmune disease. Accordingly, the function of those
regulatory T cells is to allow autoimmune T cells (also known as ef-
fector T cells) to exist in a state of readiness in healthy individuals
for protective action should it be needed (Kipnis et al. 2002b;
Schwartz and Kipnis 2002a). When protective autoimmunity func-
tions properly (as in strains resistant to injurious conditions), the reg-
ulatory T cells apparently allow early selective activation of only
those autoimmune T cells that do not carry the risk of autoimmune
disease (Schwartz and Kipnis 2002a). Rats or mice of strains that
are resistant to autoimmune disease development, and that are de-
prived of CD4"CD25" regulatory T cells, are better able to with-
stand the consequences of optic nerve injury than normal EAE-resis-
tant strains. The increase in ability to withstand an insult (Schwartz
and Kipnis 2002a) after removal of CD4"CD25" cells is accompa-
nied by an increased likelihood of autoimmune disease development
(Shevach 2002). Recent studies suggest that when mice that are rela-
tively resistant to glutamate toxicity receive CD4"CD25" cells iso-
lated from wild-type matched controls, they lose the advantage of
resistance to the effects of both mechanical injury (Kipnis et al.
2002b) and glutamate toxicity (J. Kipnis et al. unpublished observa-
tions).

Interestingly, the efficacy of the autoimmune response in helping
the body to resist cancer development has also been linked to
CD47CD25" regulatory T cells. We postulate that regulatory T cells
are the cells that determine the risk/benefit ratio, i.e., that they allow
a protective antiself response to be manifested without running the
risk of autoimmune disease induction. When autoimmune effector
cells are needed for protective activity, their switch-on and switch-
off is controlled by the regulatory activity of the CD4"CD25" T
cells. We recently discovered that a stress-related compound pro-
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duced by the CNS can block the suppressive activity of regulatory T
cells, a prerequisite for recruiting an antiself response (J. Kipnis et
al. unpublished observations). This compound is a key player in the
most upstream event in the cascade of reactions needed to harness a
protective response.

In further studies of how the autoimmune T cells display their
protective effect, we observed that the microglia appear to act as an
intermediary between the systemic immune response and local toxic-
ity. This observation led us to view the microglia as stand-by cells,
potentially capable of displaying both immune activity and neural
activity as required. This further substantiates our assumption that
antiself T cells act as helper T cells (Thl) when called upon to do
so. We examined whether microglia, under stressful conditions, can
display dual activity, serving both as antigen-presenting cells (in the
context of the immune dialog), and as buffering cells (a nerve-re-
lated activity). Given our earlier results showing that after CNS in-
sult the injury site is depleted of astrocytes (the usual buffering
cells; Blaugrund et al. 1993) and repopulated by macrophages/micro-
glia (Hirschberg et al. 1994; Moalem et al. 1999; Butovsky et al.
2001), this seemed feasible. Moreover, our in vitro studies demon-
strated that, like antigen-presenting cells, microglia exposed to acti-
vated T cells show an increase in class II major histocompatibility
complex proteins and the costimulatory molecule B.7.2, as well as
an increased capacity for glutamate uptake (I. Shaked et al. unpub-
lished observations). The effect of T cells on buffering capacity
could be reproduced by adding interferon (IFN)-y (I. Shaked et al.
unpublished observations).

5.5 Dendritic Cells: A Therapeutic Imnmune Cell-Based
Therapy Linking Adaptive and Innate Immunity

Recognizing that recovery from spinal cord injury can be facilitated
by the boosting of a well-regulated local innate response, we exam-
ined the effectiveness of local injection of APCs (in the form of
bone marrow-derived dendritic cells) committed to myelin antigen
rather than systemic vaccination or injection of blood-borne mono-
cytes activated by the sciatic nerve. We found that the recovery of
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spinally injured rats injected with DCs pulsed with selected peptides
was significantly better than that of noninjected controls.

Since dendritic cells have a short life expectancy within the tis-
sue, local treatment with these cells might have an advantage over
vaccination in that they might activate an earlier (immediate) and
stronger response, which is local rather than systemic, and is of
short duration. As the inflammation required for recovery from
spinal cord injury is also transient, this approach is worth exploring
for clinical use. The use of dendritic cells to mediate a specific local
response is now being explored in other fields, such as cancer thera-
py. Their possible role in promoting recovery of the injured nervous
system represents a new approach.

5.6 A Therapeutic Vaccine for Neurodegenerative Diseases

In designing and developing therapy for acute or chronic neurode-
generative diseases, our approach is based in the concept that a
well-controlled autoimmune response, if directed against antigens re-
siding at the site of stress and expressed at the right time, can bene-
fit the stressed tissue without inducing an autoimmune disease.

Our experiments in rats and mice showed that vaccination with
the synthetic oligopeptide copolymer-1 (Cop-1; Arnon et al. 1996;
Aharoni et al. 1997; Sela and Teitelbaum 2001), apparently results
in low-affinity activation of a wide range of self-reactive T cells
(Hafler 2002; Kipnis and Schwartz 2002), and can boost the T cell
effect, achieving autoimmunity reminiscent of that conferred by
cryptic epitopes. Thus, after optic nerve injury or exposure to gluta-
mate toxicity, immunization of rats with Cop-1 protected their RGCs
from insult-induced death. This finding suggested that Cop-1 cir-
cumvents at least part of the tissue-specificity barrier, and encour-
aged us to examine whether this copolymer is effective in chronic
neurodegenerative conditions (Schori et al. 2001).

As the proposed therapy is based on a concept and not in indica-
tions, the same therapeutic approach can be applied in a wide range
of indications. As mentioned earlier, the vaccination is directed not
against the threatening compounds but against antigens residing in
the site of stress. Since Cop-1 circumvents the site-specificity barrier
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because of its ability to weakly cross-react with a wide range of
self-compounds, its use has been extended to numerous models, in-
cluding head trauma (Kipnis et al. 2003), amyotrophic lateral sclero-
sis (ALS) and acute motor dysfunction (Angelov et al. 2003), and
Huntington’s disease (H. Schori et al. unpublished observations).

Studies by our group and others have shown that glutamate parti-
cipates in ALS, a neurodegenerative condition in which at least part
of the motor neuron loss is attributable to a loss of glutamate trans-
porters (Maragakis and Rothstein 2001; Howland et al. 2002). This
finding prompted us to examine whether Cop-1 can protect motor
neurons in a mouse model of chronic ALS (Angelov et al. 2003).
The results suggest that Cop-1 vaccination, in a protocol different
from that currently approved and used for patients with multiple
sclerosis, can slow down ALS progression, thereby increasing the
life span of transgenic mice expressing the human SOD1 defective
gene. These results substantiate our hypothesis that autoimmune dis-
ease and neurodegenerative disorders are two extreme manifestations
of a common risk factor, and accordingly that therapy should be
based not on immune suppression but on immune modulation (Kip-
nis and Schwartz 2002).

5.7 Concluding Remarks

Our findings show that CNS homeostasis is controlled not only lo-
cally, but also systemically by the adaptive arm of the immune re-
sponse directed against antigens residing at the site of glutamate
stress. They also provide the first direct evidence that stress-induced
immune responses mediate an ongoing dialog between T cells and
CNS tissue. As glutamate is a key player in brain activity, and lack
of its proper regulation a key factor in cognitive, neural, psycho-
genic, and neurodegenerative disorders, the novel concept of im-
mune system participation in glutamate regulation might represent a
landmark in our understanding of how the body controls the brain
and the development of therapies, not only for an excess but also for
a deficiency of glutamate.



92 M. Schwartz

Acknowledgments. We thank S. Smith for editing the manuscript. M.S.
holds the Maurice and Ilse Katz Professorial Chair in Neuroimmunology.
The work was supported by Proneuron Ltd., Industrial Park, Ness-Ziona,
Israel and in part by grants from The Glaucoma Research Foundation and
The Alan Brown Foundation for Spinal Cord Injury awarded to M.S.

References

Adamus G, Chan CC (2002) Experimental autoimmune uveitides: multiple
antigens, diverse diseases. Int Rev Immunol 21:209-229

Aharoni R, Teitelbaum D, Sela M, Arnon R (1997) Copolymer 1 induces T
cells of the T helper type 2 that crossreact with myelin basic protein and
suppress experimental autoimmune encephalomyelitis. Proc Natl Acad
Sci 94:10821-10826

Angelov DN, Waibel S, Guntinas-Lichius O, Lenzen M, Neiss WF, Tomov
TL, Yoles E, Kipnis J, Schori H, Reuter A, Ludolph A, Schwartz M
(2003) Therapeutic vaccine for acute and chronic motor neuron diseases:
implications for ALS. Proc Natl Acad Sci 100:4790-4795

Arnon R, Sela M, Teitelbaum D (1996) New insights into the mechanism of
action of copolymer 1 in experimental allergic encephalomyelitis and
multiple sclerosis. J Neurol 243:S8-S13

Avichezer D, Chan CC, Silver PB, Wiggert B, Caspi RR (2000) Residues 1-20
of IRBP and whole IRBP elicit different uveitogenic and immunological
responses in interferon gamma deficient mice. Exp Eye Res 71:111-118

Barouch R, Schwartz M (2002) Autoreactive T cells induce neurotrophin
production by immune and neural cells in injured rat optic nerve: impli-
cations for protective autoimmunity. FASEB J 16:1304-1306

Bethea JR, Dietrich WD (2002) Targeting the host inflammatory response in
traumatic spinal cord injury. Curr Opin Neurol 15:355-360

Bethea JR, Nagashima H, Acosta MC, Briceno C, Gomez F, Marcillo AE,
Loor K, Green J, Dietrich WD (1999) Systemically administered interleu-
kin-10 reduces tumor necrosis factor-alpha production and significantly
improves functional recovery following traumatic spinal cord injury in
rats. J Neurotrauma 16:851-863

Bjartmar C, Trapp BD (2001) Axonal and neuronal degeneration in multiple
sclerosis: mechanisms and functional consequences. Curr Opin Neurol
14:271-278

Bjartmar C, Kinkel RP, Kidd G, Rudick RA, Trapp BD (2001) Axonal loss
in normal appearing white matter in a patient with acute MS. Neurology
57:1248-1252

Blaugrund E, Lavie V, Cohen L, Solomon A, Schreyer DJ, Schwartz M (1993)
Axonal regeneration is associated with glial migration: comparison between
the injured optic nerves of fish and rats. J Comp Neurol 330:105-112



Immune-Based Cell Therapy 93

Bomstein Y, Marder JB, Vitner K, Smirnov L, Lisaey G, Butovsky O, Fulga
V, Yoles E (2003) Features of skin-coincubated macrophages that pro-
mote recovery from spinal cord injury. J Neuroimmunol 142:10-16

Butovsky O, Hauben E, Schwartz M (2001) Morphological aspects of spinal
cord autoimmune neuroprotection: colocalization of T cells with B7-2
(CD86) and prevention of cyst formation. FASEB J 15:1065-1067

Carlson SL, Parrish ME, Springer JE, Doty K, Dossett L (1998) Acute in-
flammatory response in spinal cord following impact injury. Exp Neurol
151:77-88

Constantini S, Young W (1994) The effects of methylprednisolone and the gan-
glioside GM 1 in acute spinal cord injury in rats. J Neurosurg 80:97-111

David S, Bouchard C, Tsatas O, Giftochristos N (1990) Macrophages can
modify the nonpermissive nature of the adult mammalian central nervous
system. Neuron 5:463-469

De Stefano N, Narayanan S, Francis GS, Amaoutelis R, Tartaglia MC, Antel
JP, Matthews PM, Arnold DL (2001) Evidence of axonal damage in the
early stages of multiple sclerosis and its relevance to disability. Arch
Neurol 58:65-70

Dusart I, Schwab ME (1994) Secondary cell death and the inflammatory re-
action after dorsal hemisection of the rat spinal cord. Eur J Neurosci
6:712-724

Fauser S, Nguyen TD, Bekure K, Schluesener HJ, Meyermann R (2001) Dif-
ferential activation of microglial cells in local and remote areas of
IRBP1169-1191-induced rat uveitis. Acta Neuropathol (Berl) 101:565-571

Fisher J, Levkovitch-Verbin H, Schori H, Yoles E, Butovsky O, Kaye JE, Ben-
Nun A, Schwartz M (2001 a) Vaccination for neuroprotection in the mouse
optic nerve: implications for optic neuropathies. J Neurosci 21:136-142

Fisher J, Mizrahi T, Schori H, Yoles E, Levkovitch-Verbin H, Haggiag S,
Revel M, Schwartz M (2001b) Increased post-traumatic survival of
neurons in IL-6-knockout mice in a background of EAE susceptibility. J
Neuroimmunol 119:1-9

Fitch MT, Doller C, Combs CK, Landreth GE, Silver J (1999) Cellular and
molecular mechanisms of glial scarring and progressive cavitation: in
vivo and in vitro analysis of inflammation-induced secondary injury after
CNS trauma. J Neurosci 19:8182

Ghimikar RS, Lee YL, Eng LF (2001) Chemokine antagonist infusion pro-
motes axonal sparing after spinal cord contusion injury in rat. J Neurosci
Res 64:582-589

Hafler DA (2002) Degeneracy, as opposed to specificity, in immunotherapy.
J Clin Invest 109:581-584

Hauben E, Schwartz M (2003) Therapeutic vaccination for spinal cord in-
jury: Helping the body to cure itself. Trends Pharmacol Sci 24:7-12

Hauben E, Nevo U, Yoles E, Moalem G, Agranov E, Mor F, Akselrod S, Nee-
man M, Cohen IR, Schwartz M (2000a) Autoimmune T cells as potential
neuroprotective therapy for spinal cord injury. Lancet 355:286-287



94 M. Schwartz

Hauben E, Butovsky O, Nevo U, Yoles E, Moalem G, Agranov E, Mor F, Lei-
bowitz-Amit R, Pevsner E, Akselrod S, Neeman M, Cohen IR, Schwartz M
(2000b) Passive or active immunization with myelin basic protein promotes
recovery from spinal cord contusion. J Neurosci 20:6421-6430

Hauben E, Agranov E, Gothilf A, Nevo U, Cohen A, Smimov I, Steinman
L, Schwartz M (2001) Posttraumatic therapeutic vaccination with modi-
fied myelin self-antigen prevents complete paralysis while avoiding auto-
immune disease. J Clin Invest 108:591-599

Hauben E, Gothilf A, Cohen A, Butovsky O, Nevo U, Smimov I, Yoles E,
Akselrod S, Schwartz M (2003) Vaccination with dendritic cells pulsed
with peptides of myelin basic protein promotes functional recovery from
spinal cord injury. J Neurosci 23:8808-8819

Hirschberg DL, Yoles E, Belkin M, Schwartz M (1994) Inflammation after
axonal injury has conflicting consequences for recovery of function: res-
cue of spared axons is impaired but regeneration is supported. J Neuroim-
munol 50:9-16

Hofstetter HH, Sewell DL, Liu F, Sandor M, Forsthuber T, Lehmann PV,
Fabry Z (2003) Autoreactive T cells promote post-traumatic healing in
the central nervous system. J Neuroimmunol 134:25-34

Howland DS, Liu J, She Y, Goad B, Maragakis NJ, Kim B, Erickson J,
Kulik J, DeVito L, Psaltis G, DeGennaro LJ, Cleveland DW, Rothstein
JD (2002) Focal loss of the glutamate transporter EAAT2 in a transgenic
rat model of SOD1 mutant-mediated amyotrophic lateral sclerosis (ALS).
Proc Natl Acad Sci 99:1604-1609

Kipnis J, Schwartz M (2002) Dual action of glatiramer acetate (Cop-1) in
the treatment of CNS autoimmune and neurodegenerative disorders.
Trends Mol Med 8:319-323

Kipnis J, Yoles E, Porat Z, Cohen A, Mor F, Sela M, Cohen IR, Schwartz
M (2000) T cell immunity to copolymer 1 confers neuroprotection in the
damaged optic nerve: possible therapy for optic neuropathies. Proc Natl
Acad Sci USA 97:7446-7451

Kipnis J, Yoles E, Schori H, Hauben E, Shaked I, Schwartz M (2001) Neu-
ronal survival after CNS insult is determined by a genetically encoded
autoimmune response. J Neurosci 21:4564-4571

Kipnis J, Mizrahi T, Yoles E, Ben-Nun A, Schwartz M (2002 a) Myelin spe-
cific Thl cells are necessary for post-traumatic protective autoimmunity.
J Neuroimmunol 130:78-85

Kipnis J, Mizrahi T, Hauben E, Shaked I, Shevach E, Schwartz M (2002b)
Neuroprotective autoimmunity: naturally occurring CD4+CD25+ regula-
tory T cells suppress the ability to withstand injury to the central nervous
system. Proc Natl Acad Sci 99:15620-15625

Kipnis J, Nevo U, Panikashvili D, Alexanderovich A, Yoles E, Akselrod S,
Shohami E, Schwartz M (2003) Therapeutic Vaccination for closed head
injury. J Neurotrauma 20:559-569



Immune-Based Cell Therapy 95

Lazarov-Spiegler O, Solomon AS, Schwartz M (1998) Peripheral nerve-
stimulated macrophages simulate a peripheral nerve-like regenerative re-
sponse in rat transected optic nerve. Glia 24:329-337

Lotan M, Schwartz M (1994) Cross talk between the immune system and
the nervous system in response to injury: implications for regeneration.
FASEB J 8:1026-1033

Maragakis NJ, Rothstein JD (2001) Glutamate transporters in neurologic dis-
ease. Arch Neurol 58:365-370

Mautes AE, Weinzierl MR, Donovan F, Noble LJ (2000) Vascular events
after spinal cord injury: contribution to secondary pathogenesis. Phys
Ther 80:673-687

Mizrahi T, Hauben E, Schwartz M (2002) The tissue-specific self-pathogen is
the protective self-antigen: The case of uveitis. J Immunol 169:5971-5977

Moalem G, Leibowitz-Amit R, Yoles E, Mor F, Cohen IR, Schwartz M
(1999) Autoimmune T cells protect neurons from secondary degeneration
after central nervous system axotomy. Nat Med 5:49-55

Moalem G, Gdalyahu A, Shani Y, Otten U, Lazarovici P, Cohen IR,
Schwartz M (2000) Production of neurotrophins by activated T cells: im-
plications for neuroprotective autoimmunity. J Autoimmun 15:331-345

Nevo U, Hauben E, Yoles E, Agranov E, Akselrod S, Schwartz M, Neeman
M (2001) Diffusion anisotropy MRI for quantitative assessment of recov-
ery in injured rat spinal cord. Magn Reson Med 45:1-9

Nevo U, Kipnis J, Golding L, Shaked I, Neumann A, Akselrod S, Schwartz
M (2003) Autoimmunity as a special case of immunity: removing threats
from within. Trends Mol Med 9:88-93

Ousman SS, David S (2001) MIP-1alpha, MCP-1, GM-CSF, and TNF-alpha
control the immune cell response that mediates rapid phagocytosis of
myelin from the adult mouse spinal cord. J Neurosci 21:4649-4656

Perry VH, Brown MC (1992) Macrophages and nerve regeneration. Curr
Opin Neurobiol 2:679-682

Popovich PG, Guan Z, Wei P, Huitinga I, van Rooijen N, Stokes BT (1999)
Depletion of hematogenous macrophages promotes partial hindlimb re-
covery and neuroanatomical repair after experimental spinal cord injury.
Exp Neurol 158:351-365

Rapalino O, Lazarov-Spiegler O, Agranov E, Velan GJ, Yoles E, Fraidakis
M, Solomon A, Gepstein R, Katz A, Belkin M, Hadani M, Schwartz M
(1998) Implantation of stimulated homologous macrophages results in
partial recovery of paraplegic rats. Nat Med 4:814-821

Schnell L, Feam S, Klassen H, Schwab ME, Perry VH (1999) Acute inflam-
matory responses to mechanical lesions in the CNS: differences between
brain and spinal cord. Eur J Neurosci 11:3648-3658

Schori H, Kipnis J, Yoles E, WoldeMussie E, Ruiz G, Wheeler LA,
Schwartz M (2001) Vaccination for protection of retinal ganglion cells
against death from glutamate cytotoxicity and ocular hypertension: impli-
cations for glaucoma. Proc Natl Acad Sci 98:3398-3403



96 M. Schwartz: Immune-Based Cell Therapy

Schori H, Yoles E, Wheeler LA, Schwartz M (2002) Immune related mecha-
nisms participating in resistance and susceptibility to glutamate toxicity.
Eur J Neurosci 16:557-564

Schwartz M, Kipnis J (2002a) Autoimmunity in alert: naturally occurring
regulatory CD4+CD25+ T cells as part of the evolutionary compromise
between a “need” and a “risk.” Trends Immunol 23:530-534

Schwartz M, Kipnis J (2002b) Multiple sclerosis as a by-product of the fail-
ure to sustain protective autoimmunity: A paradigm shift. Neuroscientist
8:405-413

Schwartz M, Shaked I, Fisher J, Mizrahi T, Schori H (2003) Protective auto-
immunity against the enemy within: fighting glutamate toxicity. Trends
Neurosci 26:297-302

Sela M, Teitelbaum D (2001) Glatiramer acetate in the treatment of multiple
sclerosis. Expert Opin Pharmacother 2:1149-1165

Shevach EM (2002) CD4+CD25+ suppressor T cells: more questions than
answers. Nat Rev Immunol 2:389-400

Sicard RE (2002) Differential inflammatory and immunological responses in
tissue regeneration and repair. Ann NY Acad Sci 961:368-371

Steinman L (2001) Multiple sclerosis: a two-stage disease. Nat Immunol
2:762-764

Yoles E, Hauben E, Palgi O, Agranov E, Gothilf A, Cohen A, Kuchroo V,
Cohen IR, Weiner H, Schwartz M (2001) Protective autoimmunity is a
physiological response to CNS trauma. J Neurosci 21:3740-3748



6 Mesenchymal Stem Cells for the
Treatment of Hematological Malignancies

Role in Hematopoietic Stem Cell Transplantation
and Bone Marrow Failure

L. Fouillard
6.1 Introduction ............ . ... . ... 97
6.2 Mesenchymal Stem Cells in HSCT . ................. 98
6.2.1 In Vitro and Animal Data ... ........ ... ... ..... 98
6.2.2 Mesenchymal Stem Cells for HSCT in Human . . . ... ... .. 102
6.3 Mesenchymal Stem Cells for Bone Marrow Failure . . ... ... 104
6.4 Conclusion . ... .. ... ... ... 105
References . ... ... ... ... . .. . . .. 105

6.1 Introduction

Bone marrow consists of the hematopoietic stem cells (HSC) com-
partment and the microenvironment which regulates hematopoiesis.
The microenvironment consists of stromal cells, adipocytes, and os-
teoblasts, all derived from mesenchymal stem cells (MSC). There is
an increasing interest in MSC regarding cell therapy and HSC trans-
plantation (HSCT) for which the main indications are hematological
malignancies. MSC are also multipotential stem cells and have a
clinical potential in tissue repair.
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6.2 Mesenchymal Stem Cells in HSCT
6.2.1 In Vitro and Animal Data

Bone marrow MSC are isolated from bone marrow mononuclear
cells (MNC) in flasks in a long-term culture medium where they
form adherent cells, get a spindle shape, proliferate, and become
confluent. The adherent layer can be trypsinized and then passaged.

Quantitatively, bone marrow MSC represent only one cell for 10*-
10° bone marrow MNC. So far, in a regular bone marrow harvest for
HSCT, the graft has been shown to contain an average amount of MSC
of only 2-5x10°/kg of patient body weight (Devine et al. 2001).

These cells have a powerful replication capacity in vitro. Some
authors reported some time expansions up to 10'? corresponding to
about 40 generations (Deans and Moseley 2000). So far, from a 20-
30 ml bone marrow aspirate, the number of MSC isolated after ex-
pansion has been shown to reach 500 million after 21 days of cul-
ture (Deans and Moseley 2000), which corresponds approximately in
a patient of 70 kg body weight to a MSC graft of 7x10° MSC/kg of
patient body weight.

MSC phenotype (Deans and Moseley 2000) is characterized by the
expression of integrins and adhesion molecules involved in hemato-
poietic stem cell and T cell interactions. They express the surface pro-
teins SH2 and SH3, as well as the Thy1 antigen. MSC do not express
hematopoietic markers CD34 and CD45. Interestingly, the Strol anti-
gen defines a subpopulation of MSC precursor. In addition, MSC ex-
press the major histocompatibility complex class 1 (Fig. 1).

MSC can secrete either constitutively or after induction by interleu-
kin-1 hematopoietic growth factors as well as lymphopoietic cytokines
(Fig. 2). Therefore, MSC are involved in hematopoietic regulation and
differentiation, resulting in a pivotal role of the microenvironment to
support hematopoiesis (Deans and Moseley 2000). Interestingly, the
stromal-derived factor 1 (SDF1) is a chemoattractant factor which im-
proves the homing of HSC and promotes transmigration of CD34*
cells. SDF-1 also acts with thrombopoietin to enhance the develop-
ment of megakaryocytic progenitors (Jo et al. 2000).

MSC are also multipotential stem cells which can differentiate into
osteoblast, chondroblast, myoblast, marrow stromal cells, tenoblast, and
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adipocyte (all of mesodermal origin), as well as into cells of ectodermal
origin cells such as neuronal cells. This plasticity confers on these cells
a large potential in clinics (Pittenger et al. 1999; Prockop 1997).

In a fetal sheep model, this differentiation of human MSC was
shown to be specific to the site where MSC engrafted, for example,
differentiation into bone marrow stromal cells in bone marrow. This
site-specific differentiation was corroborated with a wide distribution
of MSC in different tissues, along with a long-term engraftment up
to 13 months (Liechty et al. 2000).

In a nonhuman primate model (Devine et al. 2001), systemic infu-
sion of autologous or allogeneic MSC after lethal irradiation was
followed by the detection of infused MSC in recipient bone marrow
up to 511 days in some animals receiving autologous MSC and up
to 76 days in animals receiving MSC from a MHC mismatch donor.
This study confirmed the capacity of intravenously infused MSC to
establish a long-term residence within the recipient bone marrow.

Stromal progenitor cells can also form a suitable microenviron-
ment to which HSC can home, engraft, proliferate, and differentiate.
This was shown in a fetal sheep model where human HSC were in-
jected along with autologous or allogeneic human MSC. The level
of human CD45" cells in the peripheral blood was higher compared
to fetal sheep which received HSC alone. This enhancement of en-
graftment persisted after birth until 12 months and even for over
3 years after transplant (Almeida-Porada et al. 2000). This study
showed as well that either autologous or allogeneic MSC were
equally effective to support engraftment of HSC.

Promotion of HSC engraftment by MSC was also observed in
some NOD/SCID mice model and nonhuman primate model (Devine
et al. 2001; Noort et al. 2002).

These studies also raised the problem of cell dose, HSC dose, and
MSC dose. First for HSC dose, the study on NOD/SCID (Noort et
al. 2002) showed that the most pronounced effect of human MSC on
bone marrow engraftment was observed after transplantation of a rel-
atively low dose of human CD34" stem cells, where with an injected
dose of 0.1x10° CD34" cells there was no difference in the level of
human CD45" cells between the group with and the group without
human MSC. This finding indicates that in clinics the benefit of
MSC could be more suitable for graft with a low dose of HSC.
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Then for MSC dose, in a study in nonhuman primate (Devine et
al. 2001), hematopoietic recovery following lethal irradiation was
faster when higher doses of MSC were infused. In fact, with a dose
of 3.6x10%kg of MSC, recovery on leucocytes was 34 days; recov-
ery on platelets was not reached. For a dose of 25x10°/kg of MSC,
recovery on leucocytes was faster (10 days) and recovery on plate-
lets was 15 days. This MSC dose effect was more recently suggested
in a study presented at the 2003 Experimental Hematology Associa-
tion (EHA) meeting in Lyon where NOD/SCID mice were injected
with two different doses of MSC (1x10° and 5x10° with CD34*
cells. The level of engraftment indicated by the percentage of
CD45" cells was higher with the highest dose of MSC. Conse-
quently, it means that in clinics the most efficient dose of MSC to
be infused in patients needs to be determined.

Beside the MSC dose effect, another concern was that of the subpop-
ulation of MSC according to their phenotype that could be used in
transplantation. In a NOD/SCID mice model the strol negative MSC
fraction had a better ability to support HSC engraftment than the more
immature strol positive MSC fraction (M. Benshidoum et al., manu-
script submitted). This finding may have some clinical applications.

All the studies mentioned above showed that MSC can home in
bone marrow and enhance engraftment of HSC.

Interestingly MSC have immunological effects that confer on
these cells a particular place in HSCT. Although the class I mole-
cule of the major histocompatibility complex is expressed on the
surface of MSC, there is no expression of Class II, Fas and Fas li-
gand, orcostimulatory molecules such as B7 and CD40. So far, MSC
have not been shown to induce a proliferative response when cul-
tured with allogeneic T lymphocytes. In addition, MSC can inhibit T
cell proliferation induced by allogeneic peripheral blood lympho-
cytes, dentritic cells, or Phytohemagglutinin (PHA). The suppression
of the mitogen response occurred in a dose-dependent fashion; the
inhibition increased with a higher dose of MSC. This inhibition was
independent of whether MSC were from the same source as the re-
sponder, the stimulator, or a third party (Di Nicola et al. 2002;
Bartholomew et al. 2002). Investigation of the mechanism underly-
ing MSC-mediated T cell suppression showed that cell-cell contact
was not mandatory. Inhibition was mediated by soluble factors pro-
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duced by MSC. Blocking studies with anti-TGFf1 and anti-HGF
monoclonal antibodies showed that the proliferative index was fully
restored when these two antibodies were used, indicating that these
two cytokines, TGFf1 and HGF, work in a synergistic manner to in-
hibit T cell proliferation (Di Nicola et al. 2002).

In vivo immunosuppressive activity of MSC was tested in baboons
receiving MSC intravenously from MHC mismatch baboon, along
with skin graft harvested from the MSC donor or a third party ba-
boon. Prolongation of skin survival from 7 days without MSC to
11 days with MSC was observed whatever the origin of the skin
graft. This indicated a nonspecific immunosuppressive effect (Bartho-
lomew et al. 2002). This induction of tolerance was in fact previously
suggested in a study wherein a mice model transplantation of allo-
geneic bone marrow within the donor microenvironment resulted in
less graft versus host disease (GVHD) (Gurevitch et al. 1999), and
in another study where transplantation of stromal cells in a mice mod-
el for autoimmune disease could prevent occurrence of the disease
(Ishida et al. 1994).

6.2.2 Mesenchymal Stem Cells for HSCT in Human

According to the in vitro and in vivo data showing that MSC can en-
hance engraftment of HSC and induce tolerance, the place for MSC
in HSCT is very promising:

1. In autologous HSCT to accelerate engraftment and to reduce graft
failure, allogeneic MSC being isolated preferably from a related
donor.

2. In allogeneic-related HSCT to improve engraftment, to reduce
graft failure, and to decrease incidence of GVHD, MSC being
isolated from the same donor of HSC.

3. In allogeneic-unrelated HSCT to improve engraftment, to reduce
graft failure, and to decrease GVHD, MSC being isolated prefer-
ably from a related donor.

There are clinical trials ongoing in North America; a prospective
study is being proposed within the association of the European Bone
Marrow Transplantation (EBMT) group, and a prospective study will
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start in 2004 in France within the French Society for Transplantation
and Cell Therapy (SFGM-TC).

A pilot study demonstrated the safety of ex vivo expansion and
infusion of autologous MSC in 15 volunteers (Lazarus et al. 1995).
Then, the same group reported on woman patients with breast can-
cer receiving high dose therapy followed by a combination of auto-
logous peripheral blood stem cell transplantation (PBSCT) and auto-
logous MSC (Kog et al. 2000). The dose of MSC ranged from 1 to
2.2x10 to 6/kg. Hematopoietic recovery was rapid on neutrophils,
but these patients received G-CSF in the posttransplant period. Inter-
estingly, recovery was rapid on platelets with a median of 8.5 days.
No adverse event was reported.

In these two studies, autologous MSC were infused. Then, allo-
geneic MSC were used because of the immunological properties of
MSC and because of studies showing that the microenvironment was
altered by chemotherapy and radiotherapy in patients.

A phase I study was presented in 2001 at the EBMT meeting by
Lazarus and coworkers and reported preliminary results of 30 pa-
tients with high risk hematological malignancies receiving a combi-
nation of allogeneic HLA-identical sibling HSCT with an escalating
dose of allogeneic MSC from the same donor. The dose of MSC
was 1, 2.5, or 5x10°kg. Hematopoietic recovery was rapid, no graft
failure was noted, and 23 patients had no or grade 1 acute GVHD,
suggesting a benefit of MSC on the incidence acute GVHD.

In 2002 at the American Society of Hematology (ASH) meeting,
phase I and phase II clinical trial results were presented regarding
eight patients who received a combination of an unrelated cord
blood transplant with MSC transplantation from a haploidentical par-
ent was reported by MacMillan and coworkers at the 2002 ASH
meeting. The median dose of MSC infused was 2.1x10°kg. Neutro-
phil recovery was rapid, no graft failure was noted, and acute
GVHD occurred in three patients. Despite the low incidence of
GVHD and no graft failure, it is difficult to draw any definitive con-
clusions from this study because of the low number of patients.

Although preliminary results from these phase I and II studies are
encouraging, it is obvious that results from prospective comparative
studies are needed to evaluate the benefit of MSC on engraftment,
graft failure, and GVHD after HSCT.
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6.3 Mesenchymal Stem Cells for Bone Marrow Failure

The plasticity of MSC confers on these cells a place in the field of
tissue repair and regenerative medicine. Alteration of bone marrow
stroma can be induced by chemotherapy and radiotherapy. In addi-
tion to the enhancement of engraftment and induction of tolerance,
this makes MSC of further interest with regard to HSCT in regener-
ating a suitable microenvironment. MSC can contribute in repairing
a defective microenvironment.

Severe aplastic anemia (SAA) is an autoimmune disease where
the stroma usually functions normally. However, damage in the
microenvironment has been reported in a subset of SAA patients
(Holmberg et al. 1994).

We have reported a patient with a refractory end stage SAA
(Fouillard et al. 2003) who received two consecutive doses of allo-
geneic MSC in order to reconstitute a defective bone marrow stro-
ma, to stimulate hypothetical residual HSC by a local production of
hematopoietic growth factor, and to benefit from the immunosup-
pressive properties of MSC on the autoimmune mechanism of SAA.
Bone marrow analyses showed bone marrow stroma improvement
and the presence of allogeneic MSC in the recipient bone marrow,
suggesting engraftment.

Changes in bone marrow stroma were documented by bone mar-
row biopsies. Before MSC infusion, biopsy showed no hematopoiet-
ic tissue, interstitial hemorrhage, edema, adipocytic necrosis, and no
stromal cell as suggested by the absence of positive cell with vimen-
tin immunostaining. After MSC infusion, although there was no re-
covery of hematopoietic tissue, interstitial hemorrhage, edema, and
adipocytic necrosis were not observed and stromal spindle shape
cells were visible with vimentin immunostaining.

A chimerism study was performed by real-time polymerase chain
reaction (PCR) and was done from two whole bone marrow samples
harvested after the first infusion and after the second infusion. The
SRY gene primer was used to detect donor male DNA in the female
recipient. Presence of SRY gene was detected in whole bone marrow
after both MSC infusions. The level of positive signal was low but
higher after the second infusion and above the 10 pg control male
DNA.
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Actually, previous studies in human have already revealed that
the level of chimerism of allogeneic MSC was always low, suggest-
ing that a low level of engraftment is sufficient to induce a biologi-
cal and clinical effect. In humans, detection of allogeneic MSC
infused in children with osteogenesis imperfecta did not exceed 1%
despite an improvement in growth velocity (Horwitz et al. 1999) and
was between 0.4% and 2% in patients with leukodystrophy and Hur-
ler disease despite biological improvement (Koc et al. 2002).

In this patient with SAA it is conceivable that donor MSC engrafted
at a low level and then, through cytokine production, recruited recip-
ient residual MSC which proliferated to repopulate the stroma.

The role of MSC in marrow failure including SAA requires
further study.

6.4 Conclusion

Allogeneic MSC have a fully therapeutic potential in HSCT and pos-
sibly in bone marrow failure. However, there are still some questions.

The therapeutic dose of MSC needed in clinics is still unknown.
Repetitive infusion of MSC might be necessary to maintain the ther-
apeutic effect and to get a sufficient level of chimerism. MSC are
immunosuppressive, can induce tolerance, and decrease GVHD; ac-
tually these immunological effects might be deleterious on the graft
versus tumor effect. The place of allogeneic MSC from unique do-
nors needs to be evaluated. The place of genetically modified MSC
in HSCT also needs to be evaluated.
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7.1 In Vitro Control of the Proliferation
and Differentiation of Hematopoietic Stem Cells

The recent development of techniques permitting the selection of
hematopoietic progenitors and our knowledge of the growth factors
specifically involved in the proliferation of certain cell lines have
made it possible to envisage the ex vivo production of hematopoietic
cell populations for grafting or transfusion purposes (white cells,
megakaryocyte and erythroid precursors). These cells can in fact be
amplified through the proliferation of a very small number of stem
cells from blood, bone marrow, or placenta.

Over the past few years, considerable interest has emerged for the
expansion of hematopoietic cells (Emerson 1996). The field of appli-
cation is potentially vast:
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1. Either to increase the number of primitive stem cells in grafts
containing insufficient numbers of these cells, as is the case for
cord blood grafts in adults, or to reduce the quantity of cytapher-
esis stem cells required when their grafting is proposed as a purge
in hemopathies and certain cancers; the objective here is clearly
to amplify the primitive compartment.

2. Or to increase the number of mature cells in order to reduce the
duration of aplasia; the objective is then to induce a massive dif-
ferentiation of the progenitor compartments.

3. Or to produce cells of specific lineages like megakaryocytes or
erythroid precursors.

In this regard, cord blood presents certain advantages with respect to
the two other sources: it contains sufficient hematopoietic progeni-
tors (Broxmeyer et al. 1992) to enable successful grafting in chil-
dren (Gluckman et al. 1989; Kurtzberg et al. 1996) and sometimes
in adults (Laporte et al. 1996), while these progenitors give rise to
larger colonies in vitro (Broxmeyer et al. 1991) and have a greater
expansion capacity (Mayani et al. 1993).

Dexter et al. (1981) were the first to discover a possibility of ery-
throid differentiation in a long-term murine culture system in the
presence of anemic mouse serum. Chelucci et al. (1995) obtained a
similar result in cultures of purified stem cells using high concentra-
tions of EPO and low concentrations of GM-CSF and IL-3, but
nevertheless without achieving the final differentiation of enucleated
erythrocytes.

Malik et al. (1998) have developed a model of human erythrocyte
production in sickle cell disease patients based on the expansion of
hematopoietic stem cells (HSC) from cord blood, bone marrow, and
peripheral blood. The hemoglobin present in the cells amplified
from CD34" bone marrow cells was of adult or neonatal type with f§
chains and a very small proportion of y chains after 18-21 days of
culture. When 10° CD34" cells/ml were cultured in IMDM medium
in the presence of 10 U/ml EPO, 0.001 ng/ml GM-CSF, and 0.01 U/
ml IL-3, under 5% CO, at 37°C, a population strongly enriched in
reticulocytes and erythrocytes was obtained but with a low level of
amplification. According to the authors, this model is intended for
study of the physiopathology of hemoglobinopathies.
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Freyssinier et al. (1999) have more recently established a protocol
allowing the expansion in large numbers of a pure population of ery-
throid progenitors from cord or peripheral blood in three purification
and amplification steps. This protocol is based on an initial 7-day
culture of HSC in the presence of an IL-3/IL-6/SCF cytokine cock-
tail, subsequent purification of the CD36" early erythroid progeni-
tors produced in culture, and finally secondary culture of the puri-
fied CD36" progenitors in the presence of an IL-3/IL-6/SCF/EPO
cocktail. After 7 days of secondary culture, these authors obtained a
population of erythroblasts and enucleated erythrocytes. The acces-
sion to a purified, amplified population of erythroid progenitors,
demonstrated by this group, represents a valuable tool for study of
the normal regulation of erythropoiesis.

Our team has developed a procedure for the in vitro amplification
of erythrocyte precursors from CD34" HSC derived from cord blood
(Neildez-Nguyen et al. 2002). The cells are cultured in a specific
medium according to a three-step amplification protocol: a first step
from day O to day 7 in the presence of 3 cytokines, stem cell factor
(SCF), Flt3 ligand, and thrombopoietin, chosen to stimulate the pro-
liferation of primitive stem cells, followed by a second step also of
7 days in the presence of EPO, insulin growth factor-1 (IGF-1) and
SCF, cytokines targeting the erythroid progenitors, and a third step
as of day 15, in the presence of EPO and IGF-1, which promote the
differentiation of erythroid precursors. After 17 days of culture, the
increase in the number of cells with respect to day 0 reaches on an
average 200,000-fold (50,000-280,000), with 96% of the cells being
erythroblast precursors and 4% reticulocytes. These culture condi-
tions selectively amplify the erythroid progenitor compartment at the
beginning of culture, as shown by the peak in the number of these
progenitors (colony-forming unit-erythroid, CFU-E) at day 10, a
peak which diminishes progressively to become undetectable by
day 17. The hemoglobin produced under such conditions is mainly
of fetal type and completely functional with regard to the capture
and release of oxygen. However, although the expansion obtained in
vitro reaches considerable levels, the small proportion of enucleated
cells is not compatible with the desired therapeutic application.

Different complementary assays have concerned the physicochem-
ical conditions during culture. The proliferation and differentiation



112 L. Douay

of erythrocytes can in fact be influenced by variations in the pH of
the medium (McAdams et al. 1996, 1997). Thus, a low pH (7.1) in-
creases the clonogenic capacity of BFU-E by ninefold relative to a
pH of 7.6 and fluctuations of as little as 0.2 units above physiologi-
cal levels are deleterious. The erythroid differentiation therefore in-
creases between pH values of 6.95 (no colonies) and 7.6 (maximum
hemoglobinization). The oxygen concentration is another critical pa-
rameter which alters the effects of growth factors on the myeloid
lineages (Laluppa et al. 1998) and, for example, 2.5 times more he-
moglobinized cells are produced in the presence of EPO under a
20% as compared to a 5% oxygen atmosphere.

Hence, whatever the approach considered, none as yet permits
one to obtain in vitro at the same time a very high level of amplifi-
cation of the progenitors/precursors and an almost total terminal
enucleation.

7.2 Enucleation:
A Complex and Poorly Understood Phenomenon

During their maturation, erythroblast precursors present specific
morphological and biochemical characteristics. A study of immature
murine erythroblasts infected with Friend virus has reproduced this
differentiation in vitro (Koury and Bondurant 1992). Successively,
one may distinguish proerythroblasts with a large nucleus and nu-
cleoli, basophilic erythroblasts presenting a condensed nuclear chro-
matin and less clearly visible nucleoli, polychromatophilic type I
and II erythroblasts in which the nucleoli are practically invisible,
reticulocytes, and finally erythrocytes. Cells on the point of enuclea-
tion have an excentric nucleus and display an accumulation of
hemoglobin, while the free nuclei are surrounded by a thin layer of
cytoplasm and generally an intact plasma membrane.

The process of enucleation and thus the final stage of maturation
leading to the formation of red blood cells has not been described to
date. This complex mechanism involves a certain number of ele-
ments susceptible to be controlled in cultures in vitro.
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7.2.1 Macrophages and Emp-1 Protein

In the bone marrow the erythroblasts are located in clumps around
macrophages. The latter are in close contact with each erythroblast
through pseudopods and the entire clump forms an erythroblast is-
land. The macrophages phagocyte the nuclei expelled during matura-
tion of the erythroblasts. These erythroblast islands have been repro-
duced in vitro from peripheral blood cells cultured in the presence
of EPO and of medium conditioned with the lineage 5637 (Hanspal
and Hanspal 1994; Hanspal et al. 1998). After 4-5 days, the erythro-
blast clusters are harvested and recultured and during this second
phase of culture, erythroblast islands appear (7-8 days). After 7—
10 days, the cells surrounding the macrophages are at the proerythro-
blast, basophilic normoblast stage. After 12—13 days, one observes
late erythroblasts with a majority of benzidine-positive cells, while
enucleation occurs after 14 days of this secondary culture.

The importance of the macrophage/erythroblast contact has been
well demonstrated in this system. In fact, in the absence of macro-
phages, the number of erythroblasts diminishes and these cells dif-
ferentiate but do not enucleate. Moreover, the cell proliferation and
maturation are reduced in the presence of conditioned medium
alone. This contact involves in particular the protein Emp-1, which
is expressed by both macrophages and erythroblasts and enables
their homophilic adherence. Emp-1 is specific for macrophage/ery-
throblast attachment but can bind to heparin. The enucleation of
cord blood erythroblasts has been observed in cultures containing
erythroblast islands and it can occur in the presence of GM-CSF. It
is nevertheless not possible to envisage the presence of macrophages
in a product destined for transfusion, although addition of Emp-1
protein might allow one to “mimic” the contact with macrophages.

7.2.2 TGFp-1

Whereas TGFf-1 has a negative impact on early erythropoiesis
(BFU-E and CFU-E), it plays a positive role in terminal maturation.
Its effect has been demonstrated in cultures of the erythrocyte line-
age UT-7 whose growth is dependent on erythropoietin (Zermati et
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al. 2000a). If TGFp-1 is added to the culture medium, it increases
the formation of hemoglobinized cells in the presence of EPO. Its
action does not however involve the erythropoietin pathway. A study
performed in CD36" cells selected after amplification has likewise
revealed an influence of TGFf-1 on cell maturation (Zermati et al.
2000b). Although it slows the proliferation of these cells, it acceler-
ates and increases their erythrocyte differentiation (more rapid ex-
pression of GPA, appearance of hemoglobin, enucleation). TGFf-1
could be used to promote the enucleation of erythroblasts in vitro.
Nevertheless, in view of its deleterious effect on cell growth and via-
bility, it should be added after cell expansion.

7.2.3 Fibronectin

Erythrocytes are able to adhere to fibronectin, a protein of the extra-
cellular matrix synthesized by stromal cells (Patel and Lodish 1986).
This adhesion is indispensable for the maturation of murine erythro-
leukemic cells (Patel and Lodish 1987). The fibronectin receptors,
VLA-4 and VLA-5, are expressed by immature human erythroblast
precursors (Rosemblatt et al. 1991) and the importance of the adhe-
sion of erythroid precursors to fibronectin has been demonstrated in
vivo (Hamamura et al. 1996) and in vitro (Davies and Lux 1989).
Since erythroblasts continue to express the fibronectin receptors up
until the reticulocyte stage, it would seem logical that their adhesion
to this protein should form part of the final maturation process.
Thus, in order to promote the enucleation of erythroblasts generated
in vitro, it would probably be of interest to culture the cells on a ma-
trix of fibronectin. Our culture system nevertheless requires heparin
and binding of this protein to fibronectin would prevent adhesion of
erythroblasts to the matrix.

7.2.4 The Cytoskeleton

The cytoskeleton is rearranged during enucleation and certain pro-
teins play an important role in its organization and in ensuring the
plasticity of the cells (for a review see Davies and Lux 1989). Spec-
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trin is responsible for the flexibility of the erythrocyte membrane.
The latter contains two glycoproteins which associate with the cyto-
skeleton: protein 3 (an anionic transporter) and glycophorin C. The
cytoplasmic domain of protein 3 is linked to ankryn, itself linked to
f-spectrin, while the cytoplasmic tail of this protein can also bind to
hemoglobin. Glycophorin C is linked through protein 4.1 to the
complex spectrin/actin/protein 4.1. Culture of MEL cells on fibro-
nectin enhances the expression of band 3 protein, spectrin, and an-
kyrin (Davies and Lux 1989). After enucleation, these proteins are
sequestered in the cytoplasm of reticulocytes and likewise of normal
erythroblasts. A study performed in human erythroblasts describes
well the distribution and possible functions of some of these proteins
in the course of maturation and enucleation (Koury and Bondurant
1992). During enucleation, a very intense labeling is visible between
the nucleus and reticulum. Spectrin is still found in the cytoplasm of
mature cells and remains associated with the plasma membrane of
reticulocytes, while filamentary actin (F-actin) is also present in the
mature cytoplasm. Use of drugs interfering with these proteins has
shown that only F-actin is involved in enucleation.

7.3 In Vivo Fate of the Erythroblast Precursors Produced
In Vitro

Since erythroid precursors are incapable, under certain conditions in
vitro, of continuing their maturation as far as the production of enu-
cleated red blood cells, we determined the fate of these populations
after their transfusion in vivo into nonobese diabetic severe com-
bined immunodeficient (NOD/SCID) mice, an animal model classi-
cally used to analyze the in vivo reconstitution of human HSC
(Neildez-Nguyen et al. 2002). It was decided to graft the cells ob-
tained on day 10 of culture, which consist of 93% of erythroid pre-
cursors but still have a high proliferative capacity, as shown by their
large content of CFU-E. Grafts containing 30x 10° cells, previously
incubated with the fluorescent marker carboxyfluorescein succinyl
ethanolamine (CFSE), were transfused into sublethally irradiated
NOD/SCID mice. The following observations were made:
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1. CFSE" cells were detectable in the liver, spleen, bone marrow,
lungs and blood of the animals, but were not destroyed in the liv-
er or spleen.

2. In the blood, they completed in 4 days their terminal maturation
into enucleated red blood cells, a maturation which was accompa-
nied by amplification of the number of cells by about 100-fold.

3. The enucleated CFSE" cells were erythrocytes expressing the D
antigen of the Rhesus system, like those of the cord blood from
which the initial CD34" cells were derived.

4. The hemoglobin present in these red blood cells was of adult type
and perfectly functional. One may conclude in simple terms from
this model that these precursors had found in vivo the conditions
permitting their concomitant proliferation and enucleation.

7.4 A Quantitative Challenge for Use in Transfusion

In this aim of producing red blood cells by cell culture, the objec-

tive today is undoubtedly to attempt to combine two properties: the

high proliferative capacity of cord blood HSC and the aptitude of
erythroid precursors derived from bone marrow to complete in vitro
their final maturation into enucleated erythrocytes.

One may already envisage a clinical application of the erythroid
precursors produced according to the protocol described above. Thus:
1. 10° CD34* cells (corresponding to 1/4 or 1/3 of the content in the

blood collected from a standard umbilical cord vein) are capable
of producing 5-10x10° erythroid precursors, which will subse-
quently continue their amplification and differentiation in vivo after
transfusion to reach a total of 5-10x10"" red blood cells, equivalent
to 3-5 times the normal daily quantity synthesized in humans.

2. The transfusion of erythroid precursors produced ex vivo from
CD34" cord blood cells could provide a transfusion support com-
parable to that of standard red blood cell concentrates (RBCC). In
fact, if one considers that an RBCC contains an average of
2x10" erythrocytes and increases hemoglobin levels in the re-
ceiver by an average of 1g, one may estimate as 1-2x10'" the
number of erythrocyte precursors to be transfused to obtain an in-
crease in hemoglobin of 0.5-1 g in the receiver.
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3. The production of several red blood cell units from a single cord
blood donation would reduce the risks of contamination by
viruses or nonconventional agents.

4. Cord blood is a readily available source of HSC.

This work therefore proposes a new technology for the large scale

production of erythroid cells which has potential interest for transfu-

sion purposes, insofar as it has been shown for the first time that

erythroid precursors generated ex vivo in large quantities conserve a

capacity to terminate their maturation in vivo to reach the stage of

mature red blood cells containing functional adult hemoglobin.

If these results are confirmed in humans, in other words if these nu-
cleated erythroid precursors are not destroyed in the spleen or liver of
the receivers, one could then envisage the constitution of banks of cord
blood for the production of red blood cells of particular phenotypes.
There exist in fact, in transfusion medicine, situations which cannot
be resolved due to the nonavailability of compatible erythrocyte
units, due to a complex polyimmunization of the receiver.

The transfusion of erythroblast precursors would have several ad-
vantages:

1. At the level of transfusion efficacy, the injection of cells which
will give rise within a few days to a population of red blood cells
homogeneous in age could significantly improve the transfusion
rhythm and in the long term decrease the iron overload of poly-
transfused patients by reducing the number of transfusions.

2. At the level of transfusion safety, cord blood presents an obvious
advantage as it is less susceptible to be contaminated by viruses
which are not systematically tested (EBV, CMYV, B19), or by
emerging agents whose transmission in the blood remains hypo-
thetical.

3. At the level of transfusion indications, one may reasonably envi-
sage the development of cord blood banks for rare phenotypes.

4. At the level of the perspectives, this study phase using cord blood is
a preliminary stage indispensable for the future development of sys-
tems using peripheral blood stem cells for autologous applications.

It is not intended here to propose an alternative to classical transfu-
sion, but rather a complementary approach which now requires eval-
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uation of its feasibility and interest in transfusion medicine for
future therapeutic applications, while awaiting the day when it will
probably be possible to produce authentic red blood cells.
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8.1 Introduction

Epstein-Barr virus (EBV) is associated with a range of malignant
pathologies, each of which has a characteristic pattern of expression
of viral latency genes (Heslop et al. 1996; Rooney et al. 1995,
1998). In Type 3 latency, essentially all viral latency proteins are ex-
pressed and the infected cells are highly immunogenic. This type of
tumor therefore only occurs in immunocompromised patients (for
example, after stem cell transplantation) and is associated with dif-
fuse lymphoproliferative disease and immunoblastic B-cell lympho-
ma. In Type 2 latency, the less immunogenic EBV latency proteins
are present [such as latent membrane protein of EBV (LMP)1 and
LMP2, and EBNAI1] and tumors with this latency pattern (e.g.,
Hodgkin’s disease and nasopharyngeal carcinoma) may be found in
immunocompetent patients. Type 1 latency produces the least immu-
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nogenic tumors (e.g., Burkitt lymphoma) expressing EBNA1 protein
and BARFO transcripts. This article summarizes our experience over
the past 8 years in developing T-cell therapies to prevent and treat
EBV malignancies associated with viral latency Types 3 and 2.

8.2 Type 3 Latency:
Posttransplant Lymphoproliferative Disease

Epstein-Barr virus is a frequent cause of morbidity and mortality
after transplantation. The frequency of the complication depends on
the type of transplant and the degree of host immunosuppression,
but in transplants of the small bowel or stem cell transplants of T-
lymphocyte-depleted unrelated donor marrow, 20% or more of pa-
tients may be afflicted. EBV-associated problems after transplanta-
tion are due to uncontrolled proliferation of B cells with a Type 3 la-
tency EBV gene expression. Because highly immunogenic viral la-
tency proteins are present, the infected B cells are only able to sur-
vive and proliferate because of the patient’s profound immunodefi-
ciency. The disease may present acutely with fever, lymphadenopa-
thy (superficial or visceral), hepatosplenomegaly, and hemorrhage
from the gut or bladder due to erosion of infiltrating submucosal tu-
mor. Occasionally the presentation is more insidious, occurring
many months or even years after the transplant itself. Diagnosis is
made from history and clinical and imaging evidence of lymphade-
nopathy and hepatosplenomegaly, a high LDH and — most specifical-
ly — from detection of a high level of EBV DNA in circulating cells
or present in plasma. Recently, anti-CD20 MADb (Rituximab) has
been shown to be effective in treating this disease, but resistant tu-
mors are observed and the disease may recur.

An alternative treatment approach is to use virus-specific cyto-
toxic T lymphocyte (CTL) infusions. These are prepared from the
stem cell donor or from the solid organ transplant recipient by cul-
turing T lymphocytes with donor/patient B-lymphocytes that have
been transformed into lymphoblastoid cell lines (LCL) by exposure
to a laboratory strain of Epstein-Barr virus. These LCL express the
same pattern of antigens as the tumor in the patients, allowing CTL
to be developed after 4—-6 weeks of culture. The CTL are capable of
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specifically recognizing the target antigens on the EBV-positive tu-
mor cells. Importantly, it is possible to generate these EBV-specific
T-cell lines even from patients who are receiving immunosuppres-
sive agents including tacrolimus and Cyclosporin A (CSA). In more
than 300 patients, we have established such lines with >98% suc-
cess and similar results are now being obtained in other centers na-
tionally and internationally. It is also possible to obtain EBV-specific
T-cell lines from pediatric patients who are themselves EBV-nega-
tive, although this requires an extra selection step. This is a useful
advance, since EBV-negative children receiving organs from EBV-
positive donors have a high risk of developing EBV lymphoproli-
feration. Finally, we can genetically mark a small proportion of the
CTL before infusion so that we can track them and determine their
performance and fate in vivo (Heslop et al. 1996; Rooney et al.
1995, 1998).

These EBV-specific CTL have now successfully been given to pa-
tients after stem cell and solid organ transplantation. Their behavior
is somewhat different in each group of patients. Following stem cell
transplantation, infusion of as few as 10’ CTL/m? is followed by a
rapid in vivo expansion of virus-specific cells and an equally rapid
return of raised EBV DNA levels to normal, in the 20% of patients
who had viral DNA levels indicative of potential posttransplant lym-
phoproliferative disease (PTLD). None of 57 patients who received
CTL as prophylaxis developed PTLD compared with 12% of con-
trols. CTL also produced complete remissions in three patients with
early PTLD and in two of three patients with bulky disease, all of
whom received CTL as treatment. After solid organ transplantation,
expansion in vivo is more gradual — perhaps because of the contin-
ued administration of immunosuppressive drugs, or because of the
less “proliferative” environment. Nonetheless, after 2-3 injections of
cells, a progressive rise in EBV-specific CTL can be measured by
tetramer analysis, and this is associated with progressive control of
EBV disease. Adverse events have proved minor, and have been lim-
ited to inflammatory changes at the sites of disease, in liver and
lungs.
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8.3 Type 2 Latency: Hodgkin’s Disease

The malignant cells from 40% of cases of Hodgkin’s disease also carry
EBV and are potential targets for EBV-specific CTL. Unlike PTLD,
which occurs only in patients with severe immune dysfunction, Hodg-
kin tumors develop and grow in patients who have a functional im-
mune response to EBV. This capability is explained by the potent im-
mune evasion strategies displayed by Hodgkin Reed-Sternberg (H-RS)
cells (Poppema et al. 1995). They do not produce the immunodominant
EBV proteins that make PTLD tumor cells highly immunogenic, ex-
pressing only four of the nine EBV latency proteins, LMP1, LMP2,
EBNAI, and BARFO (Levitskaya et al. 1995; Herbst et al. 1991; Rick-
inson 1994). They also secrete cytokines and chemokines such as
transforming growth factor (TGF)-f, IL-10, TARC, and IL-13 that in-
activate professional antigen-presenting cells (APC), directly inhibit T
cells and create a Th2 environment, which favors antibody production
and inhibits Thl CTL (Poppema et al. 1995; Hsu et al. 1993).

To determine whether “conventional” EBV-CTL are effective in
Hodgkin’s disease, 13 patients with EBV-positive HD received LCL-
activated, gene-marked, EBV-specific CTL on two phase 1 dose
escalation studies (Roskrow et al. 1998; Heslop et al. 2000; Smith et
al. 1995). The studies were designed to enroll 3—6 patients on each
of three dose levels of 4x10° CTL per m? 1.2x10* CTL per m?,
and 3x10® CTL per m”. Eight patients received CTL as therapy for
active disease after second or third relapse; six patients on dose lev-
el one, and two on dose level two. Five patients received CTL as ad-
juvant therapy after autologous stem cell rescue; three on dose level
one, and two on level two. All blood was obtained with informed
consent on locally and/or federally approved protocols.

The CTL used were genetically marked using a retrovirus vector
containing the marker gene, neo, which allows us to determine the
persistence and fate of the infused CTL.

EBV-specific CTL lines reactivated and expanded using the auto-
logous LCL as APC, could be established from all patients, includ-
ing those with bulky relapsed disease. CTL that could recognize
EBV antigens actually present on HD cells (such as LMP1 and
LMP2) were present, albeit with low frequency (<5%), in four of
five EBV-specific CTL lines examined.
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Immunological monitoring using a limiting dilution culture assay,
and later Elispot and tetramer analysis, showed that the frequency of
EBV-specific CTL increased by about one log, by 4 weeks after in-
fusion, as measured in culture assays, while analysis of the fre-
quency of LMP2a peptide tetramer-specific CTL increased up to
100-fold (Roskrow et al. 1998). Virus load, as measured by either
standard or real time PCR was high in only one patient, but became
undetectable in this patient and was reduced in most patients in
whom virus load was detectable (Roskrow et al. 1998). This finding
was important, since the only virus gene thought to be expressed in
virus-infected, circulating normal B cells is thought to be LMP2, in-
dicating that an LMP2-specific component was functional in vivo.

In situ marker gene-analysis demonstrated gene-marked CTL in a
mediastinal tumor in one patient and in a malignant pleural effusion
in a second patient, showing that CTL could home to sites of malig-
nancy, despite the Th2 tumor environment (Roskrow et al. 1998;
Gottschalk et al. 2002). Further, the marker gene could be detected
for up to 10 months in patient peripheral blood using real time PCR
amplification. Clinically, CTL produced resolution of B symptoms
in three of four patients. Of eight patients who received CTL as ther-
apy, one patient developed progressive disease and received only
one infusion, one patient died of tumor erosion through a pulmonary
artery 2 months after infusion, and five patients with relapsed dis-
ease had mixed tumor responses and survived 10-15 months after
CTL infusion. The eighth patient survived for 18 months with stable
disease and then had an allogeneic stem cell transplant with donor-
derived CTL. He remains alive and well. Four of five patients who
received CTL as adjuvant therapy post-SCT are alive and well
8 months to 2 years after CTL infusion. The fifth patient died of pro-
gressive disease, 3 months after CTL infusion.

8.4 Improving the Efficacy of Infused CTL

We are following a number of strategies to improve these outcomes.
First we are continuing to dose escalate the number of CTL we
give, although it is unlikely that this approach alone will prove bene-
ficial. More productively, we are increasing the frequency of tumor
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reactive (i.e., LMP1 or LMP2 antigen-specific) T cells within the
CTL lines. Recombinant adenovectors can express transgenic LMP2
in dendritic cells (DC), and transduced DC mature normally in re-
sponse to maturation factors. When used to stimulate autologous pe-
ripheral blood mononuclear cells (PBMC) from patients and normal
individuals, Ad-LMP2a-transduced DC reactivate LMP2-specific
CTL, even from individuals who did not respond to LMP2 presented
by the autologous LCL (Gahn et al. 2001). These CTL kill target
cells expressing transgenic LMP2 from a vaccinia virus vector as
well as LCL, which naturally express LMP2. A clinical protocol to
use LMP2-specific CTL for the treatment of relapsed Hodgkin’s dis-
ease has now been initiated.

Even LMP2-specific CTL may be unable to function optimally in
the Hodgkin tumor environment of inhibitory cytokines. Therefore,
we are also generating CTL that are genetically resistant to tumor-
derived inhibition. The most potently inhibitory cytokine secreted by
H-RS cells is TGF-f. When cultured in the presence of TGF-p,
EBV-specific CTL failed to proliferate, failed to secrete cytokines
such as GM-CSF and p-IFN, and downregulated perforin, resulting
in loss of cytotoxic activity (Bollard et al. 2002). Expression of a
transgenic dominant-negative TGF-f receptor (Wieser et al. 1993) in
CTL by transduction with a recombinant retrovirus vector rendered
CTL resistant to the negative effects of TGF-f (Bollard et al. 2002).
Thus transduced CTL continued to grow, to secrete GM-CSF and y-
IFN in response to antigenic stimulation, and killed EBV-infected
target cells in the presence of concentrations of TGF-f that were in-
hibitory to vector-transduced CTL. These genetically modified CTL
will require prolonged testing in animal models, since it is possible
that loss of homeostatic pathways or overexpression of cytokines
may allow uncontrolled proliferation of transduced T cells. We think
this unlikely, because CTL are subject to multiple homeostatic path-
ways, such as Fas and Trail apoptotic pathways, as well as their de-
pendence on the presence of antigen and growth factors (Lenardo et
al. 1999). If our murine model continues to demonstrate the safety
of TGF-f-resistant CTL, we will progress to clinical trials.

A second strategy of H-RS cells is to recruit Th2 cells, which can
be seen surrounding each tumor cell like a bodyguard and creating a
cytokine environment hostile to Thl CTL (Skinnider and Mak
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2002). IL-12 is a critical Thl cytokine that determines the Th-type
of the immune response and that has potent antitumor activity. We
have transduced CTL lines with a fusion protein composed of the a
and f§ chains of IL-12 connected by a flexible linker (Anderson et
al. 1997). Functional IL-12 is secreted at levels several logs higher
than from untransduced CTL, resulting in an increase in the expres-
sion of Thl cytokines and a decrease in the expression of Th2 cyto-
kines). IL-12, specifically targeted to tumor tissues using CTL, may
overcome the dose-limiting toxicity of systemic recombinant human
IL-12 used in clinical trials (Leonard et al. 1997). Intratumoral IL-
12 may have several lines of antitumor activity. First, CTL express-
ing IL-12 may be resistant to the Th2 environment, second, IL-12
has potent direct antitumor effects, and third, IL-12 may break down
the protective Th2 environment and destroy the tumor, even without
direct cytolysis (Voest et al. 1995; Lucey et al. 1996).

8.5 Type 2 Latency: Nasopharyngeal Carcinoma

Nasopharyngeal carcinoma (NPC) is an epithelial tumor, and many pa-
tients with advanced stage disease fail to respond to conventional treat-
ment. Even in the responders, relapse occurs in approximately 40%,
and the standard treatment modalities of radiotherapy and chemother-
apy are accompanied by severe long-term side effects including sec-
ondary malignancies. Since virtually all undifferentiated NPC are as-
sociated with Type 2 latency EBYV, this type of tumor is an attractive
candidate for immunotherapy targeted against tumor-associated EBV
antigens. We have been successful in generating autologous EBV-spe-
cific CTL lines for NPC patients using our standardized method. As in
Hodgkin’s disease, previous exposure of NPC patients to radio- and
chemotherapy does not prevent patient CTL lines expanding at similar
rates as compared to those of healthy donors, indicating the feasibility
of this approach. Adoptive transfer of EBV-specific CTLs has proven
safe in all ten NPC patients treated. In six patients with refractory or
relapsed disease, CTL infusion resulted in three complete response,
one partial response, and stabilization of disease for >6 months in
two cases. These results are promising and indicate the potential anti-
tumor activity of EBV-specific CTLs in this patient group, but also
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suggest that, as in Hodgkin’s disease, the T cells will need to be better
targeted and made resistant to immune evasion strategies, possibilities
we are now assessing.

8.6 Conclusion

At present, CTL are being used only in patients with advanced
relapsed malignancies. As their safety and efficacy becomes better
established we may expect their introduction earlier in the course of
therapy where they may reduce the short- and long-term toxicities of
standard radio- and chemotherapies. Further understanding of the
ways in which immune evasion strategies can be counteracted in
Hodgkin’s disease may also be applied to the many other human
tumors that are potentially immunogenic and use similar immune
evasion strategies.
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9.1 Introduction

The most compelling evidence that lymphocytes mediate an antitumor
effect comes from studies where allogeneic donor lymphocyte infu-
sions (DLI) have been used to treat relapse of myeloid leukemia after
allogeneic BMT (Giralt and Kolb 1996; Kolb and Holler 1997; Kolb et
al. 1995, 1996; Antin 1993). Lymphocyte transfusion from the original
bone marrow (BM) donor induces both hematological and cytogenetic
responses in approximately 70%—-80% of patients with CML in
chronic phase (CP) (Kolb et al. 1996). A complete cytogenetic re-
sponse is usually obtained between 1 and 4 months after DLI (van
Rhee et al. 1994), and approximately 80% of responders will achieve
reverse transcriptase-polymerase chain reaction (RTPCR) negativity
for the bcr-abl translocation [the fusion product of the t(9;22) translo-
cation found in CML] within a mean of 6 months (van Rhee et al.
1994). Acute myelogenous leukemia (AML) is also susceptible to
the graft-versus-leukemia (GVL) effect, with 15%—40% of patients ob-
taining remission with DLI alone (Collins et al. 1997). While signifi-
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cant graft-versus-host disease (GVHD) occurs in 50% of patients
treated with DLI, and disease response occurs in 90% of CML pa-
tients, 55% of patients who do not experience GVHD also have dis-
ease response (Giralt and Kolb 1996; Kolb and Holler 1997). This
demonstrates that GVL is separable from GVHD in some patients,
and several potential antigens that drive the donor’s lymphocyte re-
sponse preferentially against the leukemia have been identified. There
is also evidence of an autologous immune response against both CML
and AML, which is directed against some of the same antigens. Remis-
sions after DLI for AML are generally not as durable as those obtained
in chronic phase CML, which may reflect the rapid kinetics of tumor
growth outpacing the kinetics of the developing immune response as
well as a potentially less immunogenic target cell. However, if more
antigens could be determined, and if large numbers of antigen-specif-
ic cytotoxic T lymphocytes (CTLs) could be elicited via vaccination
strategies, it would allow for development of leukemia-specific thera-
pies.

To understand the nature of vaccine-induced T cell immunity, we
will first review some of the principles of antigen recognition and
highlight a recent discovery that has aided our ability to study T cell
interactions. T cells recognize peptide antigens that are presented on
the cell surface in combination with major histocompatibility com-
plex (MHC) antigens. Peptides derived from cytoplasmic proteins
that are 8—11 amino acids in length bind in the groove of class I
MHC molecules and are transported via the endoplasmic reticulum
to the cell surface. Larger peptides, typically 12—18 amino acids in
length, that are derived from the processing of extracellular proteins,
bind class I MHC molecules and are presented to T cells on the
cell surface. Both peptide/MHC-I and peptide/MHC-II are recog-
nized by the heterodimeric T cell receptor (TCR) and CD8 or CD4
T lymphocytes, respectively, with weak affinity and rapid off rates.
Points of contact between the TCR and the peptide/MHC surface in-
clude surface amino acids contributed by the two a-helical domains
of the MHC molecule that flank the peptide antigen binding pocket
as well as amino acids from the peptide itself.

Our understanding of the nature of antigen-specific T cell re-
sponses has been greatly improved by the discovery that antigen-spe-
cific TCR can be reversibly labeled with soluble peptide/MHC tetra-



Peptide Vaccination of Myeloid Leukemia 133

mers (Altman et al. 1996). Peptide antigen, 2 microglobulin and
the MHC-I heavy chain are folded together and, via a biotinylation
signal sequence at the C-terminus of the MHC-I heavy chain, are
linked covalently to streptavidin in a 4:1 molecular ratio. When the
streptavidin molecule is linked to a fluorescent dye such as phyco-
erythrin, the resulting peptide/MHC tetramers can be used to identi-
fy antigen-specific T cells by FACS analysis because of their higher
binding avidity to the cognate TCR. Using tetramers, it has been de-
termined that up to 45% of all peripheral circulating T cells may be
specific for a single dominant antigen at the height of an immune re-
sponse to EBV infection (Callan et al. 1998) and similar dominance
may be seen during other viral infections (Komanduri et al. 1998,
2001). Tetramers have also been used to study immune responses to
tumor antigens (Lee et al. 1999), and they have also aided in their
discovery (Molldrem et al. 2000).

9.2 Potential Target Antigens

Various methods have been used to determine the nature of the tar-
get antigens involved in leukemia immunity. For instance, tissue-re-
stricted minor histocompatibility antigens (mHA) that are derived
from proteins expressed only in hematopoietic tissue have been
shown to be the targets of alloreactive T cells (Murata et al. 2003;
den Haan et al. 1995, 1998; Warren et al. 1998; Dolstra et al. 1997).
These mHA often result from polymorphic differences between do-
nor and recipient in the coding regions of peptide antigens that bind
within the groove of MHC molecules and are recognized by donor T
cells. Recently, however, a newly described mHA was found to re-
sult from differential expression in donor and recipient due to a gene
deletion (Murata et al. 2003). Heterologous T cell clones that dem-
onstrate alloreactivity toward mHA have been established from
patients with severe GVHD following BMT with an HLA-matched
donor (Faber et al. 1995a, b, 1996; van der Harst et al. 1994). Some
of these mHA-specific CTL clones react only with hematopoietic-
derived cells, suggesting tissue specificity (Faber et al. 1996), and
therefore potentially shared antigens on leukemia. In one study,
GVHD correlated closely with differences in the minor antigen
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HA-1 in HLA-identical sibling transplants (Goulmy et al. 1996). Ex-
pression of two human mHAs, identified as HA-1 and HA-2, is con-
fined to hematopoietic tissues, and HA-2 was identified as a peptide
derived from the nonfilament-forming class I myosin family by
using mHA-reactive CTL clones to screen peptide fractions eluted
from MHC class I molecules (den Haan et al. 1995). While this
methodology has successfully defined the first CTL alloantigens, it
is labor intensive and it is unclear whether CTL specific for any mi-
nor antigens identified thus far convey only leukemia-specific immu-
nity without concomitant GVHD. Immunization of leukemia patients
after allogeneic stem cell transplant (vaccination by proxy) with
mHA may promote GVL and reduce GVHD if appropriate hemato-
poietic-restricted mHA could be targeted (such as HA-1 or HA-2).
In a recent report of 3 CML patients that received DLI after relapse,
however, GVHD occurred in each patient concomitant to a rise in
HA-1- or HA-2-specific CTL and cytogenetic remission, albeit grade
2 or less (Marijt et al. 2003). Perhaps more importantly, a practical
limit of immunotherapy targeting these mHAs is that only 10% of
individuals would be expected to have the relevant HA-1 alternate
allele, and less than 1% would have the HA-2 alternate allele, which
makes donor availability quite limiting.

An alternative immunological method to determine leukemia-spe-
cific CTL epitopes has been applied to determine whether BCR-
ABL fusion region peptides could be used to elicit CML-specific T
cell responses. Using this method, peptides are synthesized based
upon an “educated guess” strategy about which proteins are poten-
tial target antigens for a selective antileukemia CTL response. The
proteins are then examined for short peptides that fit the binding
motif of the most common HLA alleles. These peptides are then
synthesized, HLA binding is confirmed, and peptide-specific CTL
responses are elicited in vitro. Since BCR-ABL is present in nearly
all Philadelphia chromosome-positive CML patients, it is thought to
represent a potentially unique leukemia antigen. The ABL coding se-
quences upstream (5') of exon II and chromosome 9 are translocated
to chromosome 22 and fused in-frame with the BCR gene down-
stream (3') of exon III, resulting in the most common chimeric
mRNA transcript (b3a2), which is translated into a chimeric protein
(p210B“®4BLy Translation of b3a2 mRNA results in the coding of a
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unique amino acid (lysine) within the fusion region. Some HLA-A2,
-A3, -A22, and BS8-restricted overlapping peptides inclusive of this
lysine could bind to their respective HLA alleles and could be used
to elicit T cell proliferative responses when the peptide was either
pulsed onto HLA-matched normal antigen presenting cells or onto
HLA-BS8 positive CML cells (Dermime et al. 1995; Bocchia et al.
1995, 1996). However, when the b3a2 peptides were used to elicit
b3a2-specific T lymphocyte lines in vitro, the resulting T cells could
not specifically lyse fresh CML cells which had not previously been
pulsed with the peptide (Bocchia et al. 1996). This could be due to
a low affinity of the peptide-specific CTL or the peptide may not be
processed or presented in CML cells. More recently, however, b3a2-
specific CTL were identified in the peripheral blood of chronic-
phase CML patients using soluble b3a2 peptide/MHC tetramers
(Clark et al. 2001). Although the tetramer-positive CTL from the pa-
tients were not examined for their ability to kill autologous CML
target cells, b3a2-specific CTL elicited in vitro from healthy donors
were able to kill CML cells. This suggests that bcr-abl fusion pep-
tides may also be targets of CTL immunity.

To adapt what has been learned about immunity against solid tumor
antigens to the study of myeloid leukemia antigens, we studied mye-
loid-restricted proteins that are highly expressed in the leukemia rela-
tive to normal hematopoietic progenitors. Myeloid leukemias express a
number of differentiation antigens associated with granule formation.
An example of an aberrantly expressed tumor antigen in human leuke-
mia is proteinase 3 (Pr3), a 26 kDa neutral serine protease that is stored
in primary azurophil granules and is maximally expressed at the pro-
myelocyte stage of myeloid differentiation (Sturrock et al. 1992; Chen
et al. 1994; Muller-Berat et al. 1994). Pr3 and two other azurophil
granule proteins, neutrophil elastase and azurocidin, are coordinately
regulated and the transcription factors PU.1 and C/EBPa, which are
responsible for normal myeloid differentiation from stem cells to
monocytes or granulocytes, are important in mediating their expres-
sion (Zhang et al. 2002). These transcription factors have been impli-
cated in leukemogenesis (Behre et al. 1999), and Pr3 itself may also be
important in maintaining a leukemia phenotype since Pr3 antisense oli-
gonucleotides halt cell division and induce maturation of the HL-60
promyelocytic leukemia cell line (Bories et al. 1989).
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We have also studied another myeloid-restricted protein, myelo-
peroxidase (MPO), a heme protein synthesized during very early
myeloid differentiation that constitutes the major component of neu-
trophil azurophilic granules. Produced as a single chain precursor,
myeloperoxidase is subsequently cleaved into a light and heavy
chain. The mature myeloperoxidase enzyme is composed of two
light chains and two heavy chains (Borregaard and Cowland 1997)
that produce hypohalous acids central to the microbicidal activity of
neutrophils. Importantly, MPO and Pr3 are both overexpressed in a
variety of myeloid leukemia cells including 75% of CML patients,
approximately 50% of acute myeloid leukemia patients, and approxi-
mately 30% of myelodysplastic syndrome patients (Dengler et al.
1995).

What may be critical for our ability to identify T cell antigens in
these proteins is the observation that Pr3 is the target of autoimmune
attack in Wegener’s granulomatosis (Franssen et al. 1996) and MPO
is a target antigen in patients with small vessel vasculitis (Borre-
gaard and Cowland 1997; Brouwer et al. 1994; Franssen et al.
2000). There is evidence for both T cell and humoral immunity in
patients with these diseases. Wegener’s granulomatosis is associated
with production of cytoplasmic antineutrophil cytoplasmic antibodies
(cANCA) with specificity for Pr3 (Williams et al. 1994), while mi-
croscopic polyangiitis and ChurgStrauss syndrome are associated
with the production of perinuclear ANCA (pANCA) antibodies with
specificity for MPO (Jennette et al. 2001; Savige et al. 1999). T
cells taken from affected individuals proliferate in response to crude
extracts from neutrophil granules and to the purified proteins
(Brouwer et al. 1994; Ballieux et al. 1995). These findings suggest
that T cell responses against these proteins might be relatively easy
to elicit in vitro using a deductive strategy to identify HLA-re-
stricted peptide epitopes. Based on this hypothesis, we identified
PR1, an HLA-A2.1-restricted nonamer derived from Pr3, as a leuke-
mia-associated antigen (Molldrem et al. 1996, 1997, 1999, 2000) by
first searching the length of the protein using the HLA-A2.1 binding
motif, the most prevalent HLA allele. Peptides predicted to have
high affinity binding to HLA-A2.1 were synthesized, confirmed to
bind, and then used to elicit peptide-specific cytotoxic T lympho-
cytes (CTL) in vitro from healthy donor lymphocytes.
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We have found that PR1 can be used to elicit CTL from HLA-
A2.1* normal donors in vitro, and that T cell immunity to PRI is
present in healthy donors and in many patients with CML that are in
remission. These PR1-specific CTL show preferential cytotoxicity
toward allogeneic HLA-A2.1" myeloid leukemia cells over HLA-
identical normal donor marrow (Molldrem et al. 1996). In addition,
PR1-specific CTL inhibit colony-forming unit granulocyte-macro-
phage (CFU-GM) from the marrow of CML patients, but not CFU-
GM from normal HLA-matched donors (Molldrem et al. 1997), sug-
gesting that leukemia progenitors are also targeted.

Using PR1/HLA-A2 tetramers to detect CTL specific for PR1
(PR1-CTL), we found a significant correlation with cytogenetic re-
mission after treatment with interferon-a and the presence of PRI-
CTL (Molldrem et al. 2000). Somewhat surprisingly, PR1-CTL were
also identified in the peripheral blood of some allogeneic transplant
recipients who achieved molecular remission and who had converted
to 100% donor chimerism. PRI/HLA-A2 tetramer-sorted allogeneic
CTL from patients in remission were able to kill CML cells but not
normal bone marrow cells in 4-h cytotoxicity assays, thus demon-
strating that the PR1 self-antigen is also recognized by allogeneic
CTL (Molldrem et al. 2000). These studies have established PR1 as
a human leukemia-associated antigen and they established that PR1-
specific CTL contribute to the elimination of CML (Molldrem et al.
2000).

Recently, we found another peptide, referred to as MY4, a 9 amino
acid peptide derived from MPO that binds to HLA-A2.1, can be used
to elicit CTL from HLA-A2.1" normal donors in vitro (Braunschweig
et al. 2000). MY4-specific CTL show preferential cytotoxicity toward
allogeneic HLA-A2.1" myeloid leukemia cells over HLA-identical
normal donor marrow (Braunschweig et al. 2000). MY4-specific
CTL also inhibit CFU-GM from the marrow of CML patients, but
not CFU-GM from normal HLA-matched donors. Like PR1, MY4 is
therefore a peptide antigen that can elicit leukemia-specific CTL.

Several other HLA-restricted epitopes have been identified as po-
tentially relevant leukemia-associated antigens. The Wilm’s tumor
antigen-1 (WT1) has emerged as a very potent immunogen contain-
ing multiple unique HLA-restricted epitopes (Azuma et al. 2002;
Bellantuono et al. 2002; Gao et al. 2000; Scheibenbogen et al. 2002;
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Oka et al. 2000), and it may also be a marker of minimal residual
disease since it is aberrantly expressed in both myeloid and lym-
phoid acute leukemia (Bergmann et al. 1997a,b; Brieger et al.
1995). Various surface molecules on leukemia cells, such as CD45,
present on all hematopoietic cells, and CD33 and CD19 on myeloid
and lymphoid cells, respectively, have also been studied by deduc-
tive means to uncover potentially immunogenic epitopes (Chen et al.
1995; Raptis et al. 1998; Amrolia et al. 2002). While some HLA-re-
stricted epitopes have been identified, it is unclear if any of these
are leukemia-associated antigens. The method of serologic screening
of cDNA expression libraries with autologous serum (SEREX) has
also been used to identify MAGE-1 and to confirm WT1 as poten-
tial leukemia-associated antigens, although there may be some con-
troversy whether the MAGE proteins are expressed in leukemia
blasts (Chambost et al. 2001).

In addition to these tissue-restricted epitopes in myeloid leuke-
mias, other potential antigens that might be useful as target antigens
in vaccine therapies include the idiotypes associated with lymphoid
malignancies, such as immunoglobulin idiotypes and the CDR3 vari-
able region associated with the TCR. Furthermore, antigens that are
aberrantly expressed in most tumors such as telomerase and
CYPIBI1 contain epitopes that are recognized by CTL in vitro,
which preferentially kill tumor cells, but not normal cells. Other
potential targets include antigens from virus-induced hematological
malignancies, such as the EBV antigens.

9.3 Clinical Trial

The PR1 peptide is undergoing phase I/II study, and the single pep-
tide epitope is combined with incomplete Freund’s adjuvant and
GM-CSF and administered every 3 weeks for a total of three total
vaccinations. Patients with AML, CML, and MDS are eligible, and
the first nine patients were reported at the annual American Society
of Hematology meeting in 2002. To judge whether a clinical re-
sponse was due to the vaccine, eligible patients were required to
have progression, relapse, or 22nd CR (AML patients only) prior to
vaccination. Immune responses, measured using PR1/HLA-A2 tetra-



Peptide Vaccination of Myeloid Leukemia 139

mers, were noted in five of the patients and clinical remissions were
noted in four of these patients. Notably, the TCR avidity of the vac-
cine-induced PR1-specific CTL was higher in the clinical responders
than in the nonresponders, and durable molecular remissions were
noted in two refractory AML patients that were followed for
8 months to nearly 3 years.

9.4 Conclusion

In summary, we are beginning to learn more about the nature of the
antigens targeted by T cells that mediate autologous antileukemia
immunity and those that are the targets of the GVL effect. Some
self-antigens might also be the targets of alloreactive CTL, as we
have shown for PR1. If more antigens were identified, logical immu-
notherapy strategies such as vaccines or adoptive cellular therapies
could be tested in patients. Obstacles to this approach remain, how-
ever. We must identify which of the hematopoietic tissue-restricted
peptides are recognized by T cells and we must improve our under-
standing of the nature of peripheral T cell tolerance so that we
might break immune tolerance to certain peptide determinants with-
out causing potentially destructive autoimmunity. In the future, allo-
geneic stem cell transplantation is likely to evolve as a platform for
delivering antigen-specific adoptive cellular therapies and for post-
transplant vaccination strategies where donor CTL are elicited in the
recipient. Both autologous and allogeneic transplant may reset T cell
homeostasis and allow a more complete T cell repertoire to emerge
postgrafting that could be further expanded selectively against tumor
antigens by vaccination posttransplant, as in a vaccination by proxy
therapy in the case of allogeneic transplantation.
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10.1 Introduction

Allogeneic hematopoietic cell transplantation (HCT) is a potentially
curative therapy for a variety of malignant and nonmalignant hemato-
logical diseases (Thomas et al. 1999; Atkinson 2000). Conventional
HCT is composed of three major components. The first is the admin-
istration of marrow ablative conditioning regimens which may consist
of high-dose chemotherapy with or without maximally tolerated doses
of total body irradiation (TBI) and are aimed at both eradicating under-
lying diseases and suppressing the hosts’ immune systems to accept
the allografts. The second is infusion of the allografts to rescue pa-
tients from the lethal marrow toxicity of the conditioning regimens.
The third consists of postgrafting immunosuppression or T-cell deple-
tion of the grafts to control graft-versus-host disease (GVHD). Condi-
tioning regimens for conventional HCT have been intensified to the
limits of organ tolerance in order to optimize disease eradication. Con-
sequently, serious toxicities to organs such as gut, lung, kidney, heart,
and liver have been observed which, additionally, have limited the
ability to deliver adequate doses of postgrafting immunosuppression
needed for control of GVHD. Also, myeloablation and immunosup-
pression caused by the conditioning regimens set the stage for serious
infections. These toxicities have limited conventional HCT to relative-
ly young patients who are in good medical condition. As a result, very
few patients older than 50 years and virtually none older than 60 years
have been treated by allogeneic HCT (Molina and Storb 2000). This
age restriction is unfortunate since the median ages of patients with
most candidate diseases for HCT, e.g., acute and chronic leukemias,
myelodysplasia (MDS), multiple myeloma (MM), and lymphomas,
range from 65 to 70 years (Table 1). Also, in many cases medical co-
morbidities precluded treatment with allogeneic HCT even in younger
patients (Thomas et al. 1999; Atkinson 2000).

Early in the history of HCT, it became apparent that even the
most intense conditioning regimens may not be able to eradicate all
hematological malignancies (Thomas et al. 1975). As early as 1979,
graft-versus-tumor (GVT) effects via donor T cells were described
as being as or even more powerful than the conditioning regimens in
controlling and preventing disease recurrence after allogeneic HCT
(Weiden et al. 1979, 1981 a, b; Horowitz et al. 1990).
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Table 1. Patient ages at diagnoses and at HCT (Molina and Storb 2000)

Median patient ages (years)

Recent allogeneic HCT recipients

(FHCRC)
At diagnosis

Disease Related donor Unrelated donor (SEERS)
CML 40 36 67

AML 28 33 68

NHL 33 35 65

MM 45 45 70

CLL 51 46 71

HD 29 28 34

MDS 40 41 68
Overall 40 (n=1428) 35 (n=1277)

HSCT, hematopoietic stem cell transplantation; FHCRC, Fred Hutchinson
Cancer Research Center; SEERS, Surveillance, Epidemiology and End
Results; CML, chronic myeloid leukemia; AML, acute myeloid leukemia;
NHL, non-Hodgkin’s lymphoma; MM, multiple myeloma; CLL, chronic lym-
phocytic leukemia; HD, Hodgkin’s disease; MDS, myelodysplastic syndrome.

Given the limiting toxicities of conventional conditioning regi-
mens and the observed powerful GVT effects, a number of investiga-
tors have developed reduced-intensity conditioning regimens that are
less toxic and rely more heavily on GVT effects for gradual disease
eradication. The Seattle group, with the help of preclinical studies in
a canine model, developed a truly nonmyeloablative conditioning
regimen with acceptable toxicities suitable for elderly and/or medi-
cally unfit patients who previously were ineligible for HCT.

10.2 GVT Effect

As early as 1956, Barnes et al. using a murine model of leukemia,
concluded that high-dose conditioning regimens alone were inade-
quate to completely eradicate all cancer cells and that the antitumor
effect of hematopoietic cell allografts contributed to cure of malig-
nancy (Barnes et al. 1956). Burchenal et al. showed that extremely
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Fig. 1. Disease-free survivals of patients with hematological malignancies
given cyclophosphamide and TBI, HLA-matched related HCT, and MTX for
GVHD prevention. Shown are data in patients with and without acute and
chronic GVHD. (From Weiden et al. 1981¢)

high doses of TBI, far higher than those tolerated by human pa-
tients, were needed to kill the last tumor cells in a murine leukemia
model (Burchenal et al. 1960). In 1965, Mathé et al. coined the term
adoptive immunotherapy to describe this phenomenon (Mathé et al.
1965). In 1979 and 1981, the Seattle transplant team provided practi-
cal proof for Mathé’s hypothesis by showing that the probability of
leukemic relapse was significantly less in patients with acute or
chronic GVHD compared to patients without GVHD and those with
syngeneic donors (Fig. 1; Weiden et al. 1979, 1981c). These obser-
vations were subsequently confirmed by others (Sullivan et al. 1989;
Horowitz et al. 1990). The important roles of T-cells in securing en-
graftment and effecting GVT effects were illustrated by findings in
patients given T-cell-depleted grafts (Martin et al. 1985; Goldman et
al. 1988; Gale et al. 1989; Marmont et al. 1991). These patients had
less GVHD, but higher rates of graft rejection and disease relapse.
Further evidence for a role of donor T-cells in controlling leukemia
came from observations by Kolb et al., who induced cytogenetic re-
missions in three patients with relapsed chronic myeloid leukemia
(CML) after allogeneic HCT by using donor lymphocytes infusions
(DLI; Kolb et al. 1990). Others confirmed the effectiveness of DLI
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in larger numbers of patients (Kolb et al. 1995; Slavin et al. 1995;
Collins et al. 2000). GVT reactions were presumed to be directed at
polymorphic minor histocompatibility antigens including hemato-
poietic antigens on normal and malignant marrow cells (reviewed in
Goulmy 1997; Riddell and Greenberg 1999). Efforts are under way
to better define those polymorphic minor antigens and establish
more effective adoptive immunotherapy.

10.3 Preclinical Data from a Canine Model

Principles obtained from studies of HCT in random bred dogs have
been successfully translated to the setting of human patients. Canine
studies have also formed the basis for some of the clinical investiga-
tions on nonmyeloablative conditioning regimens.

10.3.1 Development of the Nonmyeloablative Conditioning

10.3.1.1 Concept

The concept of nonmyeloablative conditioning was based on two
facts and two hypotheses. The two facts were that T-cells mediate
both host-versus-graft (HVG) and GVH reactions after HCT in the
major histocompatibility complex-identical setting. The first hypo-
thesis was that the HVG reaction could be controlled by the same
immunosuppressive agents that were used to alleviate GVHD. A sec-
ond hypothesis was that allografts could create their own marrow
spaces through GVH reactions. Consequently, we speculated that
much of the toxic and myeloablative conditioning could be effec-
tively replaced by optimal posttransplant immunosuppression.

10.3.1.2 Doses of TBI Needed for Dog Leukocyte Antigen-Identical
Marrow Engraftment Without Postgrafting Immunosuppression

Using gradually de-escalated single doses of TBI to condition dogs
for dog leukocyte antigen (DLA)-identical marrow grafts, we found
that graft rejections increased in inverse proportions to the TBI
doses used (Storb et al. 1989). After a single dose of 920 cGy, 95%
of dogs showed sustained engraftment in the absence of postgrafting
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Table 2. TBI doses required for engraftment of DLA-identical marrow with-
out postgrafting immunosuppression

Doses of TBI (cGy)?* Dogs studied Sustained Autologous
(n) engraftment (%) recovery (%)

920 Immunosuppressive 21 95 0

800 5 80 0

700 5 60 0

600 23 52 17

450 Myeloablative 39 41 36

and supralethal

2 Delivered at 7 cGy/min from two opposing *°Cobalt sources.

Table 3. Marrow toxicity of TBI in dogs not rescued by subsequent HCT
grafts

Single dose of TBI (cGy)* Surviving dogs (n)/dogs studied (r)
400 Myeloablative and supralethal 1/28
300 7/21
200 Sublethal 17/18
100 12/12

2 Delivered at 10 or 7 cGy/min from two opposing “°Cobalt sources.

immunosuppression while after a dose of 450 cGy, which was still
myeloablative and supralethal, only 41% of dogs achieved sustained
engraftment; the remainder experienced graft rejection and either
died from marrow aplasia (23%) or survived with autologous mar-
row recovery (36%; Table 2).

10.3.1.3 TBI Marrow Toxicity

In order to define lethal and sublethal TBI doses, de-escalating ra-
diation doses were given to dogs under intensive supportive care, but
without rescue by HCT. Only 1 of 28 dogs survived after 400 cGy
TBI. In contrast, 200 cGy were found sublethal with 17 of 18 dogs
surviving with spontaneous hematopoietic recovery (Table 3). After
200 cGy TBI, a median granulocyte nadir of 750/ul was reached by
day 20 before recovery, which was complete by day 40. The median
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platelet nadir of 7,500/ul was reached between days 15 and 24 be-
fore recovery, which was complete by day 50.

10.3.1.4 Engraftment and Mixed Chimerism Using Low-Dose
TBI and Postgrafting Immunosuppression

A first study evaluated the usefulness of postgrafting immunosup-
pression after DL A-identical marrow grafts in dogs conditioned with
450 cGy TBI (Yu et al. 1995). Three groups of dogs were studied
(Table 4). High-dose steroids, previously used by other investigators
in human patients (Kernan et al. 1989), were given from day -5 to
day 32 to five dogs. All five rejected their grafts; three died from
marrow aplasia and two survived with autologous marrow recovery.
Next, cyclosporine (CSP) 10 mg/kg bid was given from day —6 to —1
to nine dogs. All nine rejected their allografts, with six dying early
and three surviving with endogenous marrow recovery. In contrast,
all seven dogs given CSP at 15 mg/kg twice daily (bid) from day —1
to day 35 had sustained grafts. Two of the dogs had mixed chimer-
ism and five converted to full donor chimerism. None of the seven
developed GVHD. This experiment provided proof for the ability of
postgrafting immunosuppression to control both GVH and HVG re-
actions. Since similar engraftments rates in dogs not given immuno-
suppression were only achieved using 920 cGy TBI conditioning, the
effect of postgrafting CSP could be equated to 470 cGy TBI condi-
tioning.

Subsequent studies extended the initial observations and asked
whether sustained hematopoietic grafts from DLA-identical litter-
mates could be achieved after a sublethal TBI dose of 200 cGy
(Storb et al. 1997; Table 5). CSP alone was ineffective in establish-
ing sustained engraftment and all four dogs rejected their allografts
after 4 weeks but survived with autologous marrow recovery. In six
dogs, methotrexate (MTX) at a dose of 0.4 mg/kg per day on days 1,
3, 6, and 11 was added to CSP; these two drugs have previously
been shown to be effective in controlling acute GVHD in dogs and
humans (Deeg et al. 1982; Storb et al. 1986). Two of five evaluable
dogs achieved stable mixed chimerism and three rejected their allo-
grafts. We had previously shown that the combination of CSP and
mycophenolate mofetil (MMF) was highly synergistic for GVHD
control (Yu et al. 1998). Twelve dogs were given 200 cGy TBI be-
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Table 5. Marrow grafts from DLA-identical littermates after conditioning
with sublethal TBI doses and postgrafting immunosuppression

TBI Postgrafting No. of dogs Duration of mixed

dose immuno- chimerism (weeks)

(cGy)  suppression Studied Sustained

engraftment

200  CSP° 4 0 4,4, 4,4

200 MTX ¢/CSP® 6 3 2,7, 11, >8°,
>134, >134

200 MMFY/CSP® 12 11 12, >25, >34, >49,
>55, >56, >62,
>63, >73, >104,
>130, >130

100 MMEFEY/CSP® 6 0 3,3, 10, 10, 10, 12

4 Delivered at 7 ¢cGy/min.

P CSP, 15 mg/kg bid PO on days —1 to 35.
°MTX, 0.4 mg/kg IV on days 1, 3, 6, and 11.
4 MMEF, 10 mg/kg bid SC on days 0-27.

¢ Euthanized because of papillomatosis.

fore and MMF, 10 mg/kg bid subcutaneously (SC), on days 0-27
along with CSP after HCT. Sustained mixed chimerism was ob-
served in 11 of the 12 dogs studied with observation periods ranging
from 25 to 130 weeks, without GVHD (Storb et al. 1997). However,
when the dose of TBI was reduced to 100 cGy, all studied six dogs
rejected their allografts after 3—12 weeks.

Surviving stable mixed chimeras were found to have normal im-
mune function as assessed by in vitro lymphocyte responsiveness to
alloantigens and concanavalin A, peripheral blood T4/T8 ratios, and
humoral antibody responses to sheep red blood cells (Storb et al.
1997). In addition, mixed chimeric dogs accepted skin grafts from
their marrow donors, while third party skin grafts were rejected.

Study results confirmed the hypothesis that successful allografts
could be achieved by substituting postgrafting immunosuppression
for most of the high-dose conditioning regimen.

Mixed donor/host hematopoietic chimerism could be converted
into full donor chimerism by infusion of donor lymphocytes that
were sensitized to minor histocompatibility antigens of the host
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Fig. 2. Sustained engraftment. Granulocyte and platelet changes in dog E131
conditioned with 200 cGy TBI, given a marrow graft from a DLA-identical
littermate on day O and postgrafting immunosuppression with mycopheno-
late mofetil/cyclosporine (MMF/CSP) for no more than 35 days. The bottom
panel shows the results of testing for (CA), dinucleotide repeats of donor
and recipient cells before transplantation (lanes 1 and 2) and recipient cells
after marrow transplantation (lanes 3 to 12). (From Storb R et al. 1997, with
permission)

(Georges et al. 2000; Fig. 2). This finding demonstrated that mixed
chimerism established by nonmyeloablative conditioning might be
used as a platform for adoptive immunotherapy in patients with
hematological malignancies.

In a more recent study, sirolimus (rapamycin) was successfully
substituted for MMF. Five of six evaluable dogs given 200 cGy TBI,
DLA-identical marrow grafts and a combination of sirolimus and
CSP achieved stable mixed hematopoietic chimerism (Hogan et al.
2003).
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10.3.2 Defining the Role of Pretransplant TBI:
Creation of Marrow Space Versus Host Immunosuppression

In order to distinguish whether the role of 200 cGy was to create
marrow space for grafts to home or served to provide host immuno-
suppression, the following experiment was carried out. Six dogs
were given 450 cGy irradiation restricted to the central cervical,
thoracic, and upper abdominal lymph node chain, DLA-identical
marrow grafts, and postgrafting MMF/CSP (Storb et al. 1999a).
Four of six dogs studied showed sustained engraftment. As early as
6 weeks after HCT, donor cells were found in nonirradiated marrow
spaces. Also, donor engraftment was documented in nonirradiated
lymph nodes. Dogs had minimal hematological toxicities with plate-
let nadirs around 100,000/pl and granulocyte nadirs around 3,000-
5,000/ul (Fig. 3). These findings were in keeping with the notion
that low-dose TBI provided host immunosuppression and that grafts
could create their own marrow space. They raised the possibility
that low-dose TBI could be replaced by more specific and less toxic
targeted T-cell suppression.

10.3.3 Recent Developments of Targeted T-Cell Therapy

One study explored the use of the fusion peptide CTLA 4Ig, which
blocks T-cell costimulation through the B7-CD28 signal pathway.
Marrow recipient T cells were activated with intravenous (IV) injec-
tions of donor peripheral blood mononuclear cells (PBMC), 1x10°
cells’kg per day, along with administration of CTLA4lg, 4 mg/kg
per day IV, followed by postgrafting MMF/CSP. All six dogs studied
had initial engraftment of DL A-identical marrow and four of the six
became stable mixed chimeras (Storb et al. 1999b).

Another study employed a mononuclear antibody to the canine
T-cell receptor af, which was coupled to a short-lived (¢;,,=46 min)
a-emitting radionuclide, 2"*Bismuth (*'*Bi) (Bethge et al. 2003). All
four dogs, given between 3.7 and 5.6 *"°Bi mCi/kg before and
MMF/CSP after DLA-identical marrow HCT, showed sustained
long-term engraftment.
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Fig. 3. Hematologic changes (fop panel) and chimerism analysis results
(bottom panel) in a dog conditioned with 450 cGy radiation to cervical, tho-
racic, and upper abdominal lymph nodes before DLA-identical marrow
grafts. (From Storb et al. 1999 a)

10.4 Clinical Application of Nonmyeloablative
Conditioning for HCT

The clinical nonmyeloablative HCT approach was based on the pre-
clinical canine studies. Using this regimen, multicenter studies were
conducted by collaborators located at the Fred Hutchinson Cancer
Research Center, University of Washington Medical Center, Chil-
dren’s Hospital and Regional Medical Center, and Veterans Adminis-
tration Medical Center, all in Seattle, WA, United States; Stanford
University, Palo Alto, CA, United States; City of Hope National
Medical Center, Duarte, CA, United States; University of Leipzig,
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Germany; University of Colorado, Denver, CO, United States; Uni-
versity of Torino, Italy; University of Arizona, Tucson, AZ, United
States; Baylor University, Dallas, TX, USA; University of Utah, Salt
Lake City, UT, United States; Oregon Health Sciences University,
Portland, OR, United States; and, more recently, the Medical Col-
lege of Wisconsin, Milwaukee, WI, United States; and Emory Uni-
versity, Atlanta, GA, United States. Patients on these trials were
either elderly or had significant organ comorbidities rendering them
ineligible for conventional HCT. Many of them had failed preceding
myeloablative autologous or allogeneic HCT.

10.4.1 Initial Clinical Experience with HLA-Matched Sibling HCT

The first clinical study of the nonmyeloablative conditioning in-
cluded 45 patients with hematological malignancies. The condition-
ing regimen was identical to that developed in the canine model and
consisted of 200 cGy TBI (7 cGy/min) given as a single fraction on
day O, with postgrafting immunosuppression of MMF [15 mg/kg or-
ally (PO) bid from days 0-27] in combination with CSP (6.5 mg/kg
PO bid from day —1 to +35 =*taper to day +56; McSweeney et al.
2001). G-PBMC were collected from HLA-identical sibling donors
and administered within 4 h of TBI.

The nonmyeloablative regimen was well tolerated. More than half
of the eligible patients received their transplants in the outpatient
clinical setting. No patient experienced regimen-related painful mu-
cositis, severe nausea and vomiting, pulmonary toxicity, cardiac tox-
icity, hemorrhagic cystitis, or new-onset alopecia. Mild to moderate
nausea and diarrhea due to MMF/CSP were common. Serum creati-
nine elevations to twice baseline values occurred in 59% of patients
because of targeting high serum CSP levels, and resolved in most
cases. One MM patient with pre-existing renal dysfunction (serum
creatinine 2.3 mg/dl) required hemodialysis. Reversible hyperbiliru-
binemia to more than 10 mg/dl occurred in three patients because of
pre-existing liver cirrhosis, concurrent amphotericin B treatment, and
isolated liver GVHD.

All 45 patients had initial engraftment, however nine of them
(20%) rejected their grafts after discontinuation of immunosuppres-
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sion between 2 to 4 months after HCT. Graft rejection was nonfatal
in all cases and was followed by autologous hematopoietic recovery
similar to the canine observations. Lack of preceding intensive che-
motherapy and diagnosis of CML were the main two pretransplant
factors predicting graft rejection in this group of patients. Low do-
nor T-cell chimerism at day 28 predicted rejections.

Of 36 patients, 17 (47%) developed acute GVHD, which was grade
Il in 13 (36%), and grade III in four (11%), and grade IV in none. In
most cases, it responded to continuation of CSP and a standard dose of
methylprednisolone. Nineteen of 31 evaluable patients developed
chronic GVHD requiring systemic immunosuppressive therapy.

Of 36 patients with sustained engraftment, 25 were alive, with 19
(53%) in complete remission (CR), two in partial remission (PR),
and four without responses. With a median follow-up of 417 (range
310 to 769) days, 30 of 45 patients (66.7%) were alive. Twelve pa-
tients (26.7%) died from disease progression and three from nonre-
lapse mortality (NRM).

10.4.2 Addition of Fludarabine and Recent Update
of Nonmyeloablative HCT from HLA-Matched Related Donors

In order to increase pretransplant host T-cell immunosuppression and
prevent graft rejection, Fludarabine at 30 mg/m*/d on days —4, -3,
and -2 was added to the 200 cGy TBI conditioning regimen (Fig. 4).
In yet other patients, mostly with advanced MM, autologous HCT
following melphalan was first carried out to decrease the disease
burden.

Results, presented at two national meetings, included data from 253
patients with hematological malignancies (including updates on the
first 45 reported patients) with a median age of 54 years (range 18—
73) (Sandmaier et al. 2001 b, 2002). Of those, 58 patients were condi-
tioned with 200 cGy TBI alone, 118 with fludarabine in addition to
TBI (FLU/TBI), and 77 received 200 cGy TBI after cytoreductive
autografts (auto/allo). Eighty-eight patients had MM, 40 non-Hodg-
kin’s lymphoma (NHL), 37 MDS/myeloproliferative syndromes
(MPS), 27 chronic lymphocytic leukemia (CLL), 24 acute leukemia
(AL), 20 CML, and 17 Hodgkin’s disease (HD). Transplants were
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Fig. 4. Nonmyeloablative regimen for HCT from HLA-matched related donors

well tolerated with relatively mild hematological changes, and most
patients not developing severe neutropenia or thrombocytopenia.
Red blood cell and platelet transfusion requirements were signifi-
cantly lower in recipients of the nonmyeloablative regimen when com-
pared to recipients of conventional HCT (Weissinger et al. 2001). Also,
the incidence of cytomegalovirus (CMV) disease was reduced in the
first 100 days compared to a matched cohort of recipients of conven-
tional HCT (Junghanss et al. 2002 a), and bacterial infections were sig-
nificantly less frequent (Junghanss et al. 2002b).

Median percentages of donor T-cell chimerism on days 28, 56,
and 84 were higher among auto/allo and Flu/TBI patients compared
to TBI patients (P<0.005). Also, graft rejection rates were signifi-
cantly lower among Flu/TBI (3%) and auto/allo (0%) patients
(P=0.001; P=0.0001) compared to TBI patients (17%). Incidences
of acute GVHD were comparable between the three patient groups
with overall incidences of 31% grade II, 10% grade III, and 5%
grade IV in stably engrafted patients. Forty-one percent of patients
experienced chronic GVHD.

An increase in NRM was seen among FLU/TBI patients, mainly
due to infections and pulmonary events, as compared to TBI patients
(P=0.02). Such an increase was not seen among auto/allo patients.
With a median follow-up of 387 (range 100 to 1,497) days, the 2-
year overall survival (OS) rates were: TBI=55%; FLU/TBI=39%;
auto/allo=66%. Potent GVT effects were suggested by the observa-
tion of relatively high rates of CR, at the molecular level in patients
with CML and CLL, and the morphological level in patients with
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AML, ALL, MDS, MM, NHL, and HD. CRs were usually achieved
after immunosuppression was tapered and increased donor chimer-
ism was seen. For example, CML patients achieved CR at a median
of 5.5 months following HCT (Sandmaier et al. 2001 a). Two tenta-
tive conclusions were drawn. The first was that cytoreductive auto-
grafts before 200 cGy TBI conditioning in patients with NHL and
MM were well tolerated and eliminated the risk of graft rejection.
The second was that the gain of improved engraftment rates in the
FLU/TBI group might be offset by higher rates of NRM leading to
lessen OS (P=0.03). It followed that the addition of fludarabine
should be reserved for patients at high risk for rejection.

10.4.3 Nonmyeloablative Conditioning and HCT
with HLA-Matched Unrelated Donors

Encouraged by the success of HCT with HLA-matched related donors,
a multi-institutional study of 10/10 HLA-antigen-matched, unrelated
donors was initiated in January 2000 (Niederwieser et al. 2003; Maris
et al. 2003). Eighty-nine patients were transplanted after conditioning
with fludarabine, 30 mg/m? per day x3 days, and 200 cGy TBI. Com-
pared to HLA-matched, related recipients, postgrafting immunosup-
pression with MMF and CSP was extended to 40 and 100 days, with
subsequent tapers to days 96 and 180, respectively (Fig. 5). Donor-re-
cipient matching was done by intermediate resolution DNA typing to a
level at least as sensitive as serology for HLA-A, B, and C, and by
high-resolution techniques for HLA-DRB1 and DQB1 (Petersdorf et
al. 1998). Twenty-one patients had MDS, 12 patients AML, 5 patients
ALL, 14 patients CML, 13 patients NHL, 7 patients MPS, 5 patients
CLL, 4 patients HD, 7 patients MM, and 1 patient Waldenstrom
macroglobulinemia. All patients were ineligible for conventional
HCT, 46 because of age, 27 due to failed preceding high-dose HCT,
and 16 because of medical comorbidities. Seventy-one patients re-
ceived G-PBMC and 18 marrow grafts.

Median patient age was 53 years (range 5-69). Seventy-nine per-
cent of patients showed sustained engraftment while 21% rejected
their grafts. In multivariate analysis, graft failure was higher in mar-
row graft recipients (P=0.003) and in those without preceding che-
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motherapy (P=0.003). Donor T-cell chimerism was higher among
G-BPMC recipients compared to marrow recipients at days 28
(P=0.02), 56 (P=0.01), and 84 (P=0.08). Donor T-cell chimerism
less than 50% at day 28 predicted graft rejection (P=0.001) and re-
lapse (P=0.05).

Grades II, III, and IV acute GVHD occurred in 43%, 9%, and 2%
of patients with stable engraftment respectively. Chronic GVHD re-
quiring therapy occurred in 40 patients.

Cumulative probabilities of NRM were 11% at day 100 and 16% at
1 year, respectively. With a median follow-up of 13 months (range
5.7-28.4), 42 patients were alive with 69% of them in CR, 12% in
PR, and 19% had either stable disease, disease progression, or relapse.

The probability of 1-year OS was 52%, with a trend towards bet-
ter survival among G-BPMC recipients compared to marrow recipi-
ents (P=0.13). One-year progression-free survival (PFS) was 38%,
with significantly better PFS among G-PBMC compared to marrow
recipients (44% versus 17%, P=0.02; Fig. 6). Better 1-year PFS and
OS rates were observed in patients with B-cell malignancies (53%
and 73%, respectively) than in those in patients with AL, CML, or
MDS/MPS. While low disease risk, <5% blasts at time of HCT, fe-
male donor, no prior transfusions, and CD3" cell dose > median
were all predictive factors for improved OS, the use of G-PBMC
and <5% blasts at time of HCT predicted better PFS.

Given these findings, G-PBMC has become the standard hemato-
poietic cell source for subsequent unrelated donor nonmyeloablative
HCT protocols.
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Fig. 6. Kaplan-Meier product estimates of progression-free survival of pa-
tients given G-PBMC (n=71) or marrow grafts (n=18) from HLA-matched
unrelated donors. (From Maris et al. 2003, with permission)

10.5 Reduced-Intensity HCT Results from Other Centers

Others have developed reduced-intensity regimens that have retained
both substantial antitumor effects and some of the toxicities of high-
dose regimens. Typically, combinations of a purine analogue, alky-
lating agents, and/or monoclonal antibodies were used. Although
one of the main aims was to provide sufficient immunosuppression
for donor engraftment and subsequent GVT effects, investigators
have typically used conditioning agents with wide activities against
hematological malignancies in order to prevent tumor progression
while awaiting the GVT effects.

10.5.1 M.D. Anderson Cancer Center

Investigators in Houston have explored multiple reduced-intensity
regimens that were aimed at tumor-specific cytoreduction of the un-
derlying malignancies. Most of these regimens resulted in successful
engraftment with achievement of complete and durable chimerism
(Giralt et al. 1997a,b). They used fludarabine/cyclophosphamide
and rituximab (anti-CD20 humanized monoclonal antibody) condi-
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tioning for HLA-identical sibling HCT, and reported disease-free
survival rates of 84% at 2 years in patients with low-grade NHL
(Khouri et al. 2001). One report summarized three subsequent trials
using different doses of melphalan in combination with fludarabine
or cladribine in patients with advanced myeloid leukemia (Giralt et
al. 2001). The study showed better engraftment with 2-year OS and
PFS rates of 28% and 23%, respectively. However, the melphalan/
cladribine arm was closed prematurely because of a high incidence
of day-100 NRM (87.5%).

In other studies, 4 patients with MDS and 37 patients with AML
were conditioned with fludarabine/busulfan for HCT from related
donors, and fludarabine/busulfan/ATG for HCT from unrelated or 1-
HLA-antigen-mismatched, related donors. Twenty patients had grade
II-IIT mucositis. One-year OS and PFS were better for patients trans-
planted in CR (83% and 70%, respectively) than for those trans-
planted with active disease (30% and 25%, respectively; de Lima et
al. 2002).

The fludarabine/melphalan regimen was also used for HCT from
either related (n=13) or unrelated (n=9) donors in 22 patients with
MM (Giralt et al. 2002). Seventeen patients engrafted with full do-
nor chimerism, and 7 achieved CR. OS and PFS at 2 years were
30 £11% and 19+9%, respectively.

Twenty-five patients with advanced HD were conditioned with
either fludarabine/melphalan (n=12) or fludarabine/cyclophospha-
mide *ATG (n=13) for HCT from related or unrelated donors.
GVHD prophylaxis was tacrolimus and MTX.

Day 30-100 chimerism indicated 100% donor-derived engraft-
ment in the fludarabine/melphalan arm and 58% in the fludarabine/
cyclophosphamide +ATG arm. With a median follow-up of
10 months (1-51), 9 patients died (8 of them in the fludarabine/cy-
clophosphamide +ATG arm) and 16 patients (64%) were alive with
9 in remission (Anderlini et al. 2002).

Finally, a retrospective analysis was reported comparing results in
88 patients receiving fully ablative (53 TBI-based and 35 busulfan-
based) conditioning and 57 patients receiving fludarabine/melphalan
or fludarabine/busulfan reduced-intensity regimens before unrelated
donor HCT for treatment of MDS/AML. ATG was added to the
preparative regimen in 48% of the cases. At HCT, patients receiving
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reduced-intensity regimens were significantly older (median age 53
vs. 37 years, P<0.0001) and had more primary refractory disease
(37% vs. 21%, P=0.05) compared to patients receiving fully ablative
conditioning. Patients in both groups had similar acute (58% vs.
52%), chronic GVHD (49% vs. 48%) and NRM (51% vs. 46%). The
2-year OS and PFS rates for all patients were 26% and 23%, respec-
tively. Reduced-intensity regimens were not associated with statisti-
cally significant survival advantages in univariate or multivariate
analyses (Anagnostopoulos et al. 2002).

10.5.2 Hadassah University Hospital

Investigators in Jerusalem developed a conditioning regimen com-
posed of fludarabine (30 mg/m?x6) and busulfan (8 mg/kg) + peri-
transplant ATG at 40 mg/kg and postgrafting CSP (Slavin et al.
1998). Twenty-six patients received this regimen followed by HLA-
identical sibling HCT, despite absence of clear contraindications for
conventional HCT. Median patient age was 31 years (range 1-61).
These patients had less advanced diseases than those in the M.D.
Anderson studies. Eight patients had CML, six in first chronic
phase, one in accelerated phase, and one had juvenile CML. Ten pa-
tients had AL, eight in first CR and two in second CR. Two patients
had NHL, one had MDS with excess blasts, and one had MM. Four
patients had nonmalignant hematological diseases. Patients had high
engraftment (100%) and excellent OS (85%) and PFS (81%) rates.

They also reported 100% engraftment rates with this regimen in
23 heavily treated patients with malignant lymphoma (19 had NHL
and 4 had HD; Nagler et al. 2000). Seven patients died of NRM and
six of relapse. At 37 months OS and PFS were both 40%.

Recently, a good risk group of patients, with CML in first chronic
phase and a median age of 35 years, received the same conditioning
followed by related (n=19) or unrelated (n=5) donor HCT. All pa-
tients engrafted, with six showing transient mixed chimerism pro-
gressing to full donor chimerism. This group of patients showed 0%
100 day NRM with OS and PFS rates of 85+8% (Or et al. 2003).
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10.5.3 Universities of Dresden and Berlin, Germany

Investigators at the University of Dresden transplanted 42 patients with
hematological malignancies using a regimen similar to that developed
in Jerusalem. Fludarabine (30 mg/m”x5), busulfan (6.6 mg/kg, admi-
nistered IV), and ATG (10 mg/kg) were followed by unrelated donor
HCT and postgrafting immunosuppression composed of either CSP,
MTX/CSP, or MMF/CSP (Bornhauser et al. 2001). Twelve patients re-
ceived HLA-mismatched unrelated donor grafts and nine patients re-
ceived partially T-cell-depleted grafts (CD34™" selection). Graft failure
was observed in 21% of patients with higher incidences in CML pa-
tients and recipients of HLA-mismatched grafts. Day 100 NRM was
12%. Fourteen patients died of relapsing disease. The 1-year PFS rate
was better among patients with lymphoid malignancies (50%) com-
pared to patients with more advanced hematologic malignancies
(20%). Recently, investigators at the University of Berlin used the
same conditioning regimen to transplant 30 patients with progressive
or relapsing CLL from related (n=15) or unrelated (n=15) donors.
At 2-year follow-up, 11 patients were in CR and another 13 in PR
with NRM of 15%. The probability of OS and PFS were 79% and
61%, respectively (Schetelig et al. 2002).

10.5.4 National Institutes of Health

Childs et al. reported full donor chimerism and disease regression in
10/14 patients, with hematological malignancies or renal cell carcino-
ma, using a conditioning regimen composed of cyclophosphamide
(120 mg/kg) and fludarabine (125 mg/m?) followed by related donor
allografts and postgrafting immunosuppression with CSP (Childs et
al. 1999). Later, they described the use of this regimen in 19 patients
with metastatic renal cell carcinoma refractory to cytokine therapy
(Childs et al. 2000). Impressively, ten patients showed regression of
their metastatic diseases with three achieving CR and seven showing
PR. These results suggested GVT effects against an otherwise incurable
solid tumor. Recently, they have shown that pretransplant chemothera-
pies and increased CD34™ cell doses in the allografts facilitated engraft-
ment in patients with metastatic solid tumors (Carvallo et al. 2004).



166 M.L. Sorror, R. Storb
10.5.5 Massachusetts General Hospital

In part based on preclinical murine studies (Pelot et al. 1999) and in
part based on decades of experience with a similar regimen in pa-
tients with aplastic anemia, investigators in Boston have used high-
dose cyclophosphamide and peritransplant ATG with or without thy-
mic irradiation for transplanting patients with refractory hematologi-
cal malignancies with HLA-matched or -mismatched related marrow
grafts (Sykes et al. 1999; Spitzer et al. 2000). The regimen was
aimed both at tumor cytoreduction and development of mixed chi-
merism, with or without subsequent DLI. Two of 5 patients receiv-
ing HLA-haploidentical HCT showed sustained mixed chimerism
and disease responses (Sykes et al. 1999). Using the same regimen
with HLA-matched related HCT, 18 of 20 patients showed pro-
longed mixed chimerism and fourteen patients showed evidence of
disease responses. DLI was successful in converting mixed chimer-
ism to full donor chimerism and in optimizing GVT effects. At a
median follow-up of 445 days, 52% of the patients were alive with
35% in CR (Spitzer et al. 2000).

In another study, the investigators showed that this regimen was
tolerated by patients who failed previous autologous HCT. Nine of
13 patients developed grade II-IV GVHD. The 2-year OS and PFS
probabilities were 45% and 37.5%, respectively (Dey et al. 2001).

In a subsequent study with HLA-matched related donor HCT, G-
PBMC were substituted for marrow. G-PBMC ensured more rapid
and robust T-cell recovery, less transfusion requirements, lower inci-
dence of graft failure, and a higher rate of spontaneous full donor
chimerism but with a higher incidence of acute GVHD when com-
pared to marrow allografts (Dey et al. 2002).

In an attempt at overcoming the risk of acute GVHD with HLA-
haploidentical HCT, the Boston team explored ex vivo T-cell deple-
tion through CD34" cell selection of G-PBMC. All 4 studied pa-
tients achieved initial mixed chimerism without GVHD; however, all
four subsequently lost their grafts. DLI was able to convert host T-
cell chimerism to full donor chimerism with grade I GVHD in 1 pa-
tient and no GVHD in another (Spitzer et al. 2002).
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10.5.6 University College of London, England

Investigators at University College of London have conditioned pa-
tients with a combination of fludarabine (150 mg/m?), melphalan
(140 mg/m?), and Campath-'"H monoclonal antibody (100 mg) for
G-PBMC and marrow transplantation from HLA-identical siblings
and HLA-matched and -mismatched unrelated donors (Kottaridis et
al. 2000; Chakraverty et al. 2002). Postgrafting immunosuppression
included mostly CSP alone, but sometimes MTX was added. Cam-
path-'H is a humanized anti-CD52 monoclonal antibody that de-
pleted T-cells and to a lesser extent natural killer (NK) cells. How-
ever, its long half-life and persistence in the circulation at time of
the HCT resulted in depletion of T-cells and NK cells in the allo-
grafts. Both studies showed very low rates of acute GVHD. NRM
was acceptable in both studies with PFS rates of 57% and 67% re-
spectively.

Recently, the investigators updated their results in disease-specific
HCT. In 94 patients with NHL, 76% achieved full donor chimerism
with 1-year NRM of 17%. PES and OS rates were 58% and 64%, re-
spectively. Not surprisingly, NRM, PES, and OS rates were all better
in patients with low-grade NHL (8%, 70%, and 80%) compared to
those with high-grade NHL (33%, 36%, and 33%; Morris et al.
2002). With a median follow-up of 26 months (range 2-49), the ac-
tuarial 4-year OS rate for all patients was 64% with 58% PFS.

Outcomes were less favorable in 27 ALL patients with 2-year
NRM and OS rates of 23% and 31%, respectively and 49% of pa-
tients showing disease progression (Martino et al. 2003).

Twenty good-risk MM patients received the same regimen fol-
lowed by related or unrelated donor HCT. NRM was 15% and dis-
ease responses were modest with two patients in CR, four in PR,
two with minimal responses, six without change, three with progres-
sive disease, and three unevaluable. Consistent with results of past
studies of T-cell depletion following myeloablative conditioning, re-
sponse durations were short (less than 12 months in 5 patients) and
late relapses/progressions occurred reflecting delayed immune recon-
stitution as a consequence of T-cell and NK-cell depletion with
Campath-"H. Two-year estimated OS and PFS rates were 71% and
30%, respectively (Peggs et al. 2003).
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