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Preface 

The chapters that constitute this volume convey the excitement that accompa
nies the newest developments in hematopoietic stem cell transplantation. 
Some of the applications that stand to impact this field most significantly are 
based on recent advances in the biological sciences, as demonstrated by the 
chapters on gene therapy (Bachier and Deisseroth), on the detection of mini
mal residual disease using molecular techniques (Gribben and Schultze), and 
on the use of radioimmunoconjugates targeting lymphoma and leukemia
associated antigens (Matthews and colleagues). Others are the results of clini
cal observations - e.g., the association between graft-versus-host disease 
(GVHD) and durable remissions - that have led to creative clinical experi
ments such as donor leukocyte infusions (D LIs) (see the chapter by Porter and 
Antin). Attempts to unravel the biological events that underlie the responses 
seen in patients with relapsed chronic myelogenous leukemia treated with 
DLI are likely to provide the basis for future refinements in this clinical 
approach. Hopefully, improved response rates and reduced toxicity will result. 
The power of the immunologic response in controlling malignant disease is 
further underscored by Verma, Meehan, and Mazumder in their chapter on 
post-transplant immunotherapy. It is becoming evident that the complex 
immunologic process that results in clinical GVHD may be dissected and 
engineered to provide clinical benefits that include - in addition to its 
antineoplastic effects - the amelioration of its clinical manifestations. As 
discussed by Vogelsang in her chapter on GVHD, better control of GVHD 
with less global immunosuppression will facilitate the use of mismatched and 
unrelated donors as summarized in the chapter by Tricot. This area of inves
tigation perfectly illustrates the continued interplay between the laboratory 
and the clinic. The continued cross-fertilization of ideas between immunolo
gists, molecular biologists, and clinical investigators is likely to yield important 
advances in this field for years to come. 

The possible applications of stem cell transplantation continue to grow with 
the identification of alternative sources of stem cells and the potential to 
engineer and/or expand the graft. Although the use of unrelated and mis
matched donors continues to increase, the possibilities associated with umbili
cal cord blood transplantation described by Wagner are legion, especially if 



stem cells can be expanded ex vivo to provide grafts for full-sized adults. 
Laluppa and colleagues describe recent efforts to achieve this goal. Using 
techniques reviewed by Shpall et aI., in which contaminating malignant cells 
may be eliminated from autografts through positive selection, autologous 
transplantation may prove highly effective, especially when coupled with post
transplant immunotherapy. Some of these same methodologies have helped 
facilitate the use of autologous grafts for transplantation in patients with 
chronic myelogenous leukemia without allogeneic donors. This promising 
alternative is reviewed by Bhatia and McGlave. 

Advances in the supportive care of transplant patients, including the 
pre transplant identification of those at risk from pulmonary complications 
(see Crawford) and the use of cytokines (reviewed in exquisite detail in the 
chapter by Lazarus) to speed engraftment, have reduced morbidity and mor
tality to such a degree that it is appropriate to consider high-dose therapy and 
stem cell reconstitution in patients with nonmalignant diseases. The impres
sive advances that have occurred in transplantation for thalassemia are de
scribed by the pioneers in this area of investigation, Lucarelli and colleagues. 
The burgeoning field of transplantation for autoimmune disorders, including 
its immunobiological basis and soon-to-be realized clinical potential, is sum
marized by Burt. Continued progress in the use of high-dose therapy with stem 
cell rescue for the treatment of pediatric tumors - which derives in part from 
improved supportive care - is documented by Kletzel and Kim. 

The sobering voice of the health care economists (Westerman, Waters, and 
Bennett) brings us down to reality, underscoring the necessary limitations to 
our seemingly unbridled imagination. Cost-consciousness and financial savvy 
will need to be reflected in future study designs. Given the seemingly endless 
applications to our technology, strategies to ensure its cost-effectiveness will 
be necessary. Continued financial support for laboratory investigations and for 
the clinical experiments they generate will be required if we are to go forward. 
The foundation for many future advances has already been laid, as described 
in this volume, and it is incumbent upon us all to ensure their realization. 

-Jane N. Winter 

xiv 
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I 

Developments in Immuno-, Molecular, and Cell 
Biology: Implications for Clinical Stem Cell 

Transplantation 



1. Gene therapy of solid tumors and 
hematopoietic neoplasms 

Carlos R. Bachier and Albert B. Deisseroth 

The ultimate goal in cancer treatment is to identify and correct at the molecu
lar level the derangements that cause the various human malignancies. Impor
tant scientific discoveries about the mechanisms through which cancer 
develops are increasing the likelihood that the introduction of foreign genetic 
material into mammalian cells may be used as a primary method of therapy. 
Genetic modification of malignant and nonmalignant cells can be performed 
on the patient (in vivo) or on cells removed from the body (ex vivo) with 
subsequent reinfusion into the patient. Delivery systems in gene therapy strat
egies have included transduction mediated by retrovirus, adenovirus, lipo
somes, and direct injection of DNA (table 1). Genetic manipulations aimed at 
correcting disease processes at the molecular level have already been intro
duced into clinical trials. There are now over 100 cancer treatment trials 
involving gene transfer or antisense treatment, according to the records of 
regulatory committees worldwide. These trials involve both gene marking 
trials and trials based on the use of genetic modification designed for activa
tion of the immune system, chemoprotection of hematopoietic cells, or 
chemosensitization of tumor cells. The major obstacles to gene therapy in 
cancer have been selectivity, transduction frequencies, stability of transduc
tion, and effectiveness due to the complexity of genetic alterations found in 
human tumors. In this chapter, we will discuss the various delivery systems 
used in gene therapy strategies and the early results of clinical trials with these 
strategies, with emphasis on their application to high-dose chemotherapy 
approaches. 

Viral vector systems 

Retroviral vectors 

Initial gene therapy trials have utilized retroviral vector systems as a means of 
introducing foreign genetic material into normal and malignant cells. The first 
of these vectors was used in 1990 [1] for the treatment of a patient with severe 
combined immunodeficiency disease (SCID). This disease arises from the 

Jane N. Winter (ed.) BLOOD STEM CELL TRANSPLANTA TION. 1997. Kluwer Academic Publishers. ISBN 
0-7923-4260-7. All rights reserved. 



Table 1. Characteristics of delivery systems 

Vector 

Retrovirus 

Adenovirus 

Adeno-
associated 
virus 

Herpes 
simplex virus 
type I 

'Naked' 
DNA 

Liposome 

Advantages 

1 %-30% transduction frequency; 
permanent modification; infects 
hematopoietic cells and epithelial 
cells 

Infects epithelial cells at high 
frequency; cellular proliferation 
not required 

Stable; integrates into nondividing 
cells at a low frequency 

Infects wide range of cell types; very 
high titers; relatively prolonged 
expression of foreign genes 

No viruses involved; easy to use and 
develop 

No proliferation required 
No viruses involved 

Abbreviation: kb = kilobase. 

Disadvantages 

Unstable; low titre; must integrate 
into dividing cell for expansion; 
9-12-kb limit 

Does not infect marrow; 
immunogenic; temporary in its 
effect 

Small capacity for DNA (SKb); low 
titres; good for small scale only 

No integration into genome of 
infected cells; cytotoxic; difficult to 
develop due to complexity 

Low integration frequency; 
temporary expression 

Low frequency of modification; 
cytotoxic to certain cells 

absence of the adenosine deaminase gene, and the therapy was based on 
strategies designed to replace the missing gene [2]. Although the transduction 
efficiency was low, the percentage of genetically modified lymphocytes ap
peared to increase, perhaps due in part to the fact that the adenosine deami
nase cDNA conferred a selective growth advantage over the SCID peripheral 
blood lymphocytes. The therapy consisted of monthly infusions of the geneti
cally modified cells. The transduction methods used were based on the incuba
tion of the cell-free retroviral vector supernatants with the target cells for only 
six hours. Recent modifications in transduction conditions, which now involve 
cultivation of the target cells with the vector markers in the presence of 
hematopoietic growth factors and stromal cell monolayers, have increased 
transduction efficiencies. It is not yet known what effect these new transduc
tion conditions will have on the self-renewal capability of the genetically 
modified hematopoietic stem cells. 

Structure and replication cycle of wild-type retroviruses. The retrovirus has an 
envelope composed of an outer lipid membrane derived from the cell in which 
the vector is produced. This viral coat carries and maintains the viral genetic 
information composed of double-stranded RNA strands. Although retroviral 
vectors are composed of RNA, once inside a host cell this RNA is reverse 
transcribed into a complementary DNA copy. This 'cDNA' double-stranded 
product is then integrated into the host chromosomal DNA, where it is re
ferred to as a provirus [3] (figure 1). 

In these replication-competent retroviruses, the provirus encodes three 
viral proteins, namely, gag, pol, and env, which are responsible for stabiliza-

4 



reverse 

i:~-:I1f---(3-~n_te .. gr~~~:~1I.1C=_ 
viral 
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li~~ ..-- • genomic RNA 
viral structural 

proteins (6) 
production of o retroviral particles 

budding + 

Figure 1. Replication cycle of wild-type retroviruses. Steps in retroviral infection and replication 
include 1) receptor-mediated entry into the cytoplasm; 2) unfolding and reverse transcription of 
sRNA into dsDNA; 3) entry into nucleus and integration into the host DNA. The provirus then 
encodes genomic RNA and transcription of viral structure proteins (4,5). Retroviral particles are 
then assembled in the cytoplasm and exit the host cell to start a new cycle (6). 

tion of the viral RNA, the intraconversion of the RNA into cDNA, and the 
synthesis of outer proteins that form the coat of the virus. The provirus also 
contains the nontranscribed encapsidation sequence 'JI. This sequence is recog
nized by the packaging proteins to allow encapsidations into a viral particle. 
Finally, the proviral DNA is flanked by long terminal repeats (LTRs) that 
provide functions necessary for synthesis of the full-length viral genome. Once 
encapsidated, the infectious virus exits the cell to begin another cycle in other 
host cells [3). 

Replication-incompetent retroviral vectors. Partial deletion of retroviral gag, 
pol, and env replicative sequences has made it possible to insert genetic 
material into target cells and has prevented the synthesis of infectious 
retroviral competent particles [4). Several viral components necessary for 
replication of the provirus are provided by producer cell lines. These include 
the 'JI packaging sequence necessary for viral RNA recognition and 
encapsidation into viral particles, reverse transcriptase, integration signals, 
and viral promoters. These components are provided in trans to the provirus. 

5 
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Figure 2. Replication-incompetent retroviral vectors. Replication-incompetent retroviral vectors 
are produced by transfection into producing cell lines of retroviral plasm ids in which gag, pol, and 
env sequences are replaced with the gene of interest. Producing or packaging cell lines contain the 
missing structural genes but lack encapsidation sequences required for production of replication 
competent retrovirus. Plasmids with the gene of interest and a selectable marker are introduced 
(1) into packaging cell lines through different mechanical methods (electroporation, calcium
chloride transfection, or lipofection). Then the viral RNA is reverse transcribed and integrated 
into the producer cell line genome (2,3). Transcription of RNA sequences follows with production 
of retroviral vector particles accomplished by incorporation of packaging-cell-line-transcribed 
viral structural proteins (4,5). Finally, complete retroviral vector particles exit the cell. 

Commonly, the central structural genes (gag, pol, env) are replaced by the 
therapeutic gene of interest plus a marker gene that allows selection with 
drugs such as amino glycoside analogues. Various modifications of the basic 
structure of these vectors, such as inducible and noninducible nonviral pro
moters, expression of the gene of interest in the reverse orientation, and use of 
modified LTRs, have increased the utility of these vectors [3-8]. The viral 
vector is then introduced into a packaging cell line containing the missing 
structural genes in the chromosomal DNA, but lacking the RNA molecules 
capable of producing complete retroviral sequences. These producer cell lines 
make replication-incompetent vector particles capable of introducing genes 
into target cells (figure 2). 

Pitfalls and limitations. Drawbacks of retroviral vectors include the following: 
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1. Retroviral vectors have the potential to give rise to replication
competent retroviruses (RCRs) after homologous recombination. Modifica
tions such as removal of LTR and replacement with heterologous promoters, 
separation of gag-pol and env genes, and alteration of the cellular background 
of packaging and producing cell lines have decreased the incidence of RCRs 
[9]. 

2. Retroviral vectors can integrate the transgenes only into actively repli
cating cells. Modifications aimed at increasing retroviral transduction effi
ciency are under investigation. These include the creation of pseudotype 
vectors in which the best elements of different viruses are combined into one 
vector [10]. 

3. Retroviral transduction systems are not effective in introducing large 
DNA fragments (>8kb) into target cells. 

4. The retroviral coat proteins are unstable in the presence of serum pro
teins at 37°C. This limits the ability to achieve high-titre viral preparations. 

5. The ecotrophic and amphotrophic receptors for the retroviral coat pro
teins are present at low density on the plasma membrane. This also limits the 
transduction frequency. 

Adenoviral vectors 

The adenoviral vector is under investigation as a delivery system. It is possible 
to produce higher vector titres than is the case with retroviral vectors. Aden
oviral vectors can infect and express their transgenes in quiescent, nondividing 
cells without integration [11]. There are approximately 40 adenovirus sub
types, and in immunocompetent humans these cause only benign respiratory 
tract infections [12]. A concern with the use of adenoviral vectors in the 
immunodeficient host is that a replication-competent adenoviral vector could 
lead to an infection that would result in lethal hemorrhagic cystitis, hepatitis, 
or pneumonitis [13,14]. However, this process does not occur in the immuno
competent host, where hypersensitivity reactions to the adenoviral coat pro
teins are more prevalent. 

Wild-type adenoviral structure and cell cycle. Adenoviruses are icosohedral 
double-stranded DNA viruses, which do not contain a plasma membrane 
envelop like the retrovirus. Absence of a plasma membrane envelope makes 
them more stable than a retrovirus and less prone to complement-mediated 
lysis. The viral genome encodes approximately 30 mRNA. Transcription prod
ucts include the early (E1-E4) and late (E5) protein involved in the control of 
DNA replication, transcription, and structural protein synthesis, including 
capsid polypeptides and proteins that allow recognition of host cells [3]. After 
binding to host cells through its capsid fiber, the Penton protein, adenoviruses 
are internalized into endosomes (figure 3). Only cells with the aVj33 integrin 
receptor can take up the adenovirus. Notably, this integrin is not commonly 
found among hematopoietic cells with the capacity for self-renewal, perhaps 
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Figure 3. Wild-type adenovirus cell cycle. Adenoviruses gain access to host cells via the integrin 
receptor aV~4 (1). Acidic endosomes in the cytoplasms unfold and release the adenoviral DNA. 
The virion DNA then travels into the nucleus where transcription occurs without integration (2). 
Transcription and replication of early and late viral proteins and viral DNA are mediated by viral 
and host transcribed proteins (3,4,5). After a few hours from entry into the host cell, infectious 
virions are assembled, and the cells die releasing infectious particles (6). 

accounting for the difficulty in introducing the adenoviral genes into these 
early hematopoietic cells. The acidic pH of the endosome unfolds the capsid 
proteins, thus releasing the DNA [15]. The virion DNA travels into the 
nucleus, where transcription occurs without integration of the virus into the 
host chromosomal DNA. DNA replication is promoted through the expres
sion of both viral and cellular genes, including early and late viral proteins such 
as Ela and Elb. The adenovirus then controls the synthesis of cellular proteins 
in the infected cells; after a few hours, infectious virions are assembled into 
their capsids, and the cells die, releasing infectious particles [3]. Some of the 
proteins of the adenovirus are toxic to the cells, perhaps due in part to the 
suppression of endogenous gene expression. 

Adenoviral vectors. Within the adenovirus family, adenoviral types 2 and 5 
are the most extensively characterized [16]. Therefore, most adenoviral vec
tors have been constructed based on the backbone structure of these two 
SUbtypes. Deletion of part of the El sequence has allowed the construction of 
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Figure 4. Adenoviral vectors. Adenoviral vectors can be produced by homologous recombina
tion. Two defective plasmids, one of them with the gene of interest, are transfected into a producer 
cell line. They travel into the nucleus, and by homologous recombination, an adenoviral defective 
vector is produced. The desired recombinants are then identified by plaquing on 293 cells and 
screening for the presence of the gene of interest. 

replication-defective adenoviral vectors. These vectors are then grown in 
packaging cell lines, most notably the embryonic-kidney-derived cell line 293 
[3], which contain the El replicative functions in trans to the vectors. The gene 
of interest is typically cloned into a plasmid composed of an El deleted virus 
(AdS or Ad3). This plasmid is then transfected into 293 cells containing El 
sequences in which the recombinant DNA is replicated and packaged into 
infective adenoviral particles [17]. Alternatively, a plasmid carrying the gene 
of interest and El sequences is cotransfected into cells infected with adenovi
ral vectors [18]. Homologous recombination between the plasmid and the 
adenoviral vector will produce adenoviral defective vectors with the gene of 
interest (figure 4). 

Pitfalls and limitations. Although adenoviral vectors can infect quiescent cells 
and although the transfection efficiency of these vectors is usually higher than 
that of retroviral vectors, expression is short-lived for at least three reasons: 1) 
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the adenoviral vector is not integrated into host DNA; 2) the viral proteins 
stimulate an immune response against the cells infected by the vector; and 3) 
the vectors are directly toxic to the infected cells [19,20]. Thus, adenoviral 
vectors will be most suitable for genetic therapy programs that require only 
short-term expression, as in the case of chemosensitization. Offsetting this 
disadvantage is the very high frequency of infection and the high level of 
expression of adenoviral transgenes. Replacement strategies involving aden
oviral vectors will require repeated exposure to the adenoviral vector. 

Adeno-associated viral vectors 

Adeno-associated viral vectors are attractive for use in gene treatment be
cause of their long-term expression, especially in quiescent cells. However, this 
expression may arise from extrachromosomal vectors. In contrast to the aden
ovirus itself, which does not integrate into the host chromosomal DNA, the 
adeno-associated virus (AA V) integrates preferentially into chromosome 19 
[21]. The recombinant adeno-associated viral vector from which the REP and 
CAP genes have been removed randomly integrates into DNA but at very low 
frequency. Some controversy exists as to whether the integration frequency is 
as high as once thought; this apparent high frequency of integration, if not 
measured directly, may be due to long-term episomal expression of the 
transgene. Most authors report production lots with a low titre. Another 
limitation of the adenoviral vectors is the small capacity (5 kb) of these vectors 
for foreign DNA. 

Wild-type adeno-associated viral structure and replication. The wild-type 
adeno-associated virus type 2 has been extensively studied and characterized 
for use as a vector for genetic therapy. It does not belong to the adenovirus 
family, but to the parvovirus family. It requires cotransfection with a helper 
virus such as the adeno or herpes viruses, along with a plasmid that contains 
the AA V replicative functions, REP and CAP. The DNA viral wild-type 
genome is composed of two inverted terminal repeats (ITRs), three internal 
promoters (p3, p19, p40) and two open-reading frames (REP and CAP). CAP 
encodes viral protein, while REP directs viral replication [22] (figure 5). 

In the absence of a helper virus, AA V will integrate into host cells and 
remain latent. When provided with a helper virus, infectious particles are 
produced, and the virus enters a lytic cycle. E1A sequences from adenoviruses 
usually serve helper functions during replication and prior to exit from the 
host. 

AA V vectors. AA V vectors are constructed by deletion of the REP and CAP 
genes, followed by insertion of the gene of interest into this region. Similar to 
other vector systems, the modified AA V is transfected into packaging cell 
lines that provide the required CAP and REP sequences [22]. 
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Figure 5. Wild-type and viral vector particles. Viral vectors are produced by modification either 
by replacement (retroviral, adeno-associated virus) or intercalation (herpes simplex, adenovirus) 
of the gene of interest into the wild-type virus. 

Pitfalls and limitations. The major drawback in the use of AAV vectors is the 
cytolytic activity of REP protein when it is continuously expressed [22]. Fur
thermore, 40% to 80% of human adults have immunity to AA V, and expres
sion may be limited by a reduction in the numbers of infected cells resulting 
from immune destruction [23]. Finally, there are reports of modifications of 
host cells after infection with wild-type AAV strains [24]. 

Herpes simplex viral vectors 

Herpes simplex viral (HSV) vectors have been extensively studied for their 
potential application in the treatment of neurological disorders due to their 
tropism for central nervous system (CNS) tissue. The capacity for long-term 
expression in quiescent neuronal cells has made it an attractive delivery system 
for the CNS [25]. As in other viral systems, HSV molecular biology and 
structure is well known, facilitating construction of vectors and helper viruses. 
Finally, HSV vectors can integrate large sequences of DNA. 
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Wild-type herpes simplex viral structure and replication. HSV is a double
stranded DNA virus. It is icosahedral and has a surrounding protein layer 
(tegament) [26]. It has a large (>15 kb) genome encoding approximately 70 
genes [25]. The genome is composed of two sequences (Ul Us), flanked by 
inverted repeats. Wild-type replication of HSV occurs through the sequential 
transcription of early and late genes. Both lytic and latent phases exist. The 
latent state is unique to neuronal tissues. The maintenance of the latent state 
involves downregulation in the transcription of early genes [27]. 

Herpes simplex vector. Herpes simplex vectors can be constructed by engi
neering defective viruses or by homologous recombination. Defective viral 
vectors are constructed by cloning the gene of interest into an HSV amplicon 
plasmid containing sequences required for replication and packaging, the 
HSV origin of replication, and a packaging signal [28]. This plasmid is then 
used to infect a packaging cell line containing regulatory and structural genes 
required for viral replications. Both defective and helper virions are produced. 
The defective virions can be incorporated into host cells but cannot replicate 
in the absence of a helper virion. The defective and helper viruses cannot be 
physically separated. Alternatively, recombinant HSV vectors are constructed 
by inserting the gene of interest into a fragment of HSV [29]. This plasmid and 
wild-type HSV are cotransfected into a permissive cell line. Homologous 
recombination yields progeny virus consisting of parental wild-type virus and 
recombinant virions containing the gene of interest. The yield of recombinant 
virus is increased by using an excess of plasmid over viral DNA. 

Pitfalls and limitations. Drawbacks of HSV vectors include the potential for 
recombination between plasmid and viral sequences. In addition, there are 
potentially lethal and oncogenic effects of encoding toxic sequences and tran
scription factors. 

Cancer gene therapy 

Isolation of hematopoietic stem cells, genetic modification, and reinfusion 
after high-dose chemotherapy is at present the only way of achieving long
term systemic expression of genetically modified cells in humans. Therefore, 
stem cell transplantation forms the basis for many of the current clinical 
approaches to gene therapy. Several stem cell transplant gene therapy 
trials are currently underway. The goals of these trials are as follows: 1) 
chemoprotection of stem cells with potential applications for the delivery 
of missing factors and cytotoxic agents; 2) evaluation of the role of contaminat
ing cells in the graft as a source of relapse; 3) modulation of graft-vs.-host 
disease and graft-vs.-tumor effects; and 4) investigation of the local delivery 
of suicide genes for genetic chemosensitization and gene-mediated immune 
activation. 
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Gene marking trials 

The first clinical trials using genetically modified human cells studied the 
trafficking and persistence of various malignant and nonmalignant cells after 
in vitro retroviral transduction. The aims of these studies were 1) to deter
mine whether contamination of the infused autologous stem cell transplant 
with tumor or leukemia cells contributes to relapse; 2) to evaluate the 
reconstitutive capacity of blood vs. bone marrow stem cells following autolo
gous stem cell transplant; and 3) to test whether tumor-infiltrating lymphocyte 
(TIL) infused for therapy selectively home to the tumor tissue. 

Gene marking trials to determine the origin of relapse after peripheral blood or 
marrow autologous transplant. The delivery of high-dose chemotherapy regi
mens followed by autologous transplant have increased the disease-free sur
vival and overall survival in some hematologic malignancies and solid tumors. 
In some of these malignancies, the bone marrow can itself become infiltrated 
with tumor cells. Neoplastic involvement of the bone marrow has prevented 
the use of high-dose chemotherapy and stem cell rescue due to concerns 
regarding the role of the graft in relapse posttransplant. In follicular 
lymphomas, for example, Gribben and collaborators have shown that patients 
whose autografts are positive for the indolent lymphoma marker t(14;18) after 
immunopurging have a shorter disease-free survival following transplant than 
do patients in whom no residual lymphoma cells were detectable [30]. At the 
time of relapse, it is impossible to determine whether systemic therapy failed 
to eradicate all of the systemic disease, or whether infusion of neoplastic cells 
contributed to relapse. Gene marking trials are being used to tag or mark the 
infused cells so that at the time of relapse, the neoplastic cells can be tested for 
the retroviral transgenes. Positive tests for such cells would suggest that the 
relapse arises at least in part from the infused cells. Data concerning the origin 
of relapse after autologous transplants are available from five marking trials: 
two for acute myeloblastic leukemia (AML) [31-33], one for chronic myelog
enous leukemia (CML) [34-37], one for neuroblastoma [38], and one for 
multiple myeloma and breast cancer [39]. 

Transduction systems used in gene marking trials. The vectors in gene marking 
trials have utilized the murine Moloney leukemia virus long terminal repeat as 
a promoter and the neomycin phosphotransferase gene to mark normal he
matopoietic and malignant cells. This protein is absent in human cells and 
confers upon the infected cells resistance to the antibiotic neomycin and some 
of its analogues. As explained earlier, partial deletion of retroviral sequences 
makes these retroviruses replication incompetent, thus permitting their safe 
use in the introduction of foreign genetic material into mammalian cells. Most 
if not all of the transductions in these marking trials involved incubation of 
bone marrow stem cells in cell-free retroviral supernatants for six hours. These 
cells were then frozen until the day of the transplant when they were thawed 
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and infused back into the recipient to generate hematopoietic reconstitution. 
Transduction efficiencies were determined by polymerase chain reaction 
(PCR) amplification of retroviral sequences in blood and bone marrow after 
hematopoietic recovery and by measuring the number of colonies grown in 
semi-solid media after exposure to neomycin. Transduction efficiencies in 
these trials averaged between 1 % and 5%. Results from the trials of Brenner 
in AML and Deisseroth in CML showed that the relapsed cells contained the 
Neo viral marker, suggesting that the relapse arose, at least in part, from the 
infused cells. A similar result was also shown for auto grafts in neuroblastoma 
patients [38]. In addition, genetically modified cells have persisted in the 
normal hematopoietic popUlation, suggesting that cells with significant prolif
erative potential have been genetically modified in these trials. More recently, 
in an attempt at increasing transduction efficiencies, Dunbar and collaborators 
at the National Cancer Institute have used hematopoietic growth factors and 
a longer retroviral supernatant incubation period [39]. They analyzed the role 
of marrow and peripheral blood stem cells in relapse and their hematopoietic 
reconstitutive capacity following high-dose chemotherapy. Patients with 
breast cancer and multiple myeloma underwent peripheral blood progenitor 
cell and bone marrow collection. A fraction of these cells underwent CD34-
positive selection using the CellPro column. CD34-positive cells from the bone 
marrow and the peripheral blood were then incubated with either GINa or 
LNL6 retroviral vectors for 72 hours in the presence of growth factors. Differ
ences in the sequences of GINa and LNL6 allowed for semiquantification of 
marked cells after hematopoietic reconstitution. 

The authors were able to show that both peripheral blood and bone marrow 
stem cells can contribute to hematopoietic reconstitution. However, the fre
quency of the transduced cells that contained the neomycin marker was low 
and short-lived. Furthermore, the authors have not yet been able to document 
marker sequences in malignant cells at the time of relapse. It is possible that 
the use of hematopoietic growth factors could have driven cells into a differen
tiation pathway, thereby limiting their long-term reconstitutive capacity. 
Other factors determining the transduction efficiencies in these trials include 
damage to the stem cells' reconstitutive capability due to previous exposure to 
alkylating-agent chemotherapy. It can be concluded from these trials that 
bone marrow transplants may contribute at least in part to relapse in patients 
with CML, AML, and neuroblastoma. The degree to which malignant cells 
that are infused with the autograft rather than residual tumor cells surviving 
intensive systemic therapy contribute to relapse is unclear. 

These studies also showed that retroviral vectors are present in normal 
hematopoietic cells of all lineages, including myeloid and lymphoid cells, 
for up to 18 months, suggesting that an early hematopoietic progenitor was 
transduced. Additional gene marking trials, which are designed to test this 
question of origin of relapse, are ongoing in other malignancies, including 
non-Hodgkin's lymphoma, acute lymphoblastic leukemia, and breast cancer 
(table 2). 
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Table 2. Trials of replication-incompetent retroviruses for marking hematopoietic cells 

Goal 

Identification of the 
origin of relapse and 
evaluation of 
hematopoietic 
reconstitution of the 
autologous 
transplant, and the 
evaluation of 
purging 

In vivo trafficking of 
lymphocytes 

Comparison of the 
reconstitutive 
capability of 
peripheral blood 
and marrow 

Investigator (Institution) 

Brenner (St. Jude) 
Brenner (St. Jude) 
Deisseroth (M.D. Anderson) 
Deisseroth (M.D. Anderson) 
Deisseroth (M.D. Anderson) 
Schiining (Fred Hutchinson) 
Schiining (Fred Hutchinson) 
Schiining (Fred Hutchinson) 
Dunbar (NIH) 
Dunbar (NIH) 
O'Shaughnessy (NIH) 
Cornetta (Univ. of Indiana) 

Rosenberg (NIH) 
Lotze (Univ. of Pittsburgh) 
Economou (UCLA) 
Favrot, Merrouche (France) 
Heslop (St. Jude) 
Freedman (M.D. Anderson) 

Deisseroth (M.D. Anderson) 
Brenner (St. Jude) 
Dunbar (NIH) 
O'Shaughnessy (NIH) 
Schiining (Fred Hutchinson) 
Douer/Norris (USC) 
Bjorkstrand/Gahrton (Sweden) 

Disease 

AML 
Neuroblastoma 
CML 
CLL 
NHL 
Isograft 
HD/NHL 
Breast 
Myeloma 
CML 
Breast 
AML,ALL 

TILs (cancer) 
TILs (melanoma) 
TILs (renal cell, melanoma) 
TILs (cancer) 
Cytotoxic T lymphocytes 
TILs (ovarian) 

CML 
AML; breast 
Metastatic breast; myeloma 
Breast 
Breast; HD lymphoid malignancies 
Breast; lymphoma 
Myeloma 

Abbreviations: TILs, tumor infiltrating lymphocytes; ALL, acute lymphocytic leukemia; NHL, 
non-Hodgkin'S lymphoma; HD, Hodgkin's disease; CLL, chronic lymphocytic leukemia; CML, 
chronic myelogenous leukemia; AML, acute myelogenous leukemia. 

Tumor-infiltrating lymphocyte marking trials 

Novel treatment approaches in cancer include the ex vivo activation of lym
phocytes against malignant cells. Tumor cells express antigens including the 
MHC 1 molecules recognized by cytotoxic T -cells. Through recognition of 
these antigens, T-cells become activated, resulting in cytotoxic activity against 
tumor cells in part due to an increase in IL-2 production. If either the cellular 
cytoadhesion molecules CD28 or the T-cell receptor is not expressed by the 
lymphocytes, and if the B7 antigen is not present at sufficient density on 
the antigen-presenting (tumor) cells, the activated lymphocytes undergo 
apoptosis. This abrogates the lymphocyte response, possibly by eliminating 
the lymphocyte's capacity to recognize tumor cells, thus producing a state of 
anergy. 

Thus, cancer cells that have defective antigen presentation proteins or 
inadequate levels may produce a state of anergy, crippling the immune 
system's capacity to kill cancer cells. Studies have shown that MHC 1 antigens 
and B7 costimulatory molecules are present in tumor cells in suboptimal con-
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centrations for immune activation. Several workers have proposed the use of 
genetic modification to enhance the cellular immune response to cancer cells. 
These techniques have included isolation of lymphocytes infiltrating tumors, 
their expansion through exposure to IL-2, and reinfusion of these cells into 
patients with various malignancies. 

Cancer vaccine gene therapy trials 

Since the current vector systems modify only a percentage of the target cells, 
genetic modification of somatic cells for cancer control should ideally generate 
a durable systemic immune response on the basis of modification of a few cells. 
Examples of such strategies include 1) immunoenhancement based on tumor
specific and anti-idiotypic antibodies or through immune activation after expo
sure of effector cells to autologous tumors; and 2) subcutaneous inoculation of 
irradiated tumor cells that have been transfected with cytokines, costimulatory 
molecules, or MHC antigens [40,41]. Only minor responses were seen initially 
in a small fraction of the patients treated by Nabel who directly transferred 
DNA to the tumor cells. Therefore, alternative delivery systems are currently 
under study. 

Animal studies have shown that naked plasmid DNA containing 
neoantigens can elicit an immune response [42,43]. The mechanisms of uptake 
and internalization of plasmid DNA are not well known. At least in muscle 
cells, the process seems to be energy dependent. After uptake, plasmid DNA 
is internalized through T-tubules and delivered to the nucleus. Once in the 
nucleus, plasmid DNA persists as a nonepisomal molecule leading to dose
dependent and long-lived expression [44]. The mechanism by which plasmid 
DNA can elicit an immune response is even less well understood. It appears to 
involve co expression of transcribed proteins with MHC and costimulatory 
proteins. Tumor antigens such as carcinoembryonic antigen (CEA) or 
prostatic-specific antigen (PSA) could be used to enhance immune responses. 
This methodology may be a way of increasing host immune responses against 
tumor cells and is currently under study. 

Other strategies designed to enhance immune responses include the use of 
genetically modified tumor cells with viral vectors containing cytokines known 
to stimulate cytotoxic T-cells. There are now more than ten ongoing clinical 
trials in which cytokines such as IL-2, TNF, and interferon are overexpressed 
in tumor cells through the use of retroviral vectors [45-50] (table 3). These 
strategies produce local concentrations of proteins that promote the recruit
ment of accessory cells in the immune response. 

Chemotherapy sensitization genes 

Genes coding for proteins that activate chemotherapeutic agents may be used 
to increase the selectivity required to kill cancer cells without damaging nor
mal cells. A number of prodrugs that are nontoxic unless metabolized to toxic 
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Table 3. Immunotherapy clinical trials 

Disease 

Advanced Cancer 

Brain 

Colon 

Breast 

Prostate 

Lung 

Melanoma 

Renal 

Colon/renal melanoma 

Neuroblastoma 

Gene 

HLA-B7 
IL-2 

GM-CSF 
IL-4 
IL-12 
TNF 

IL-2 
IL-2/TGF-~2 
IGF-l Antisense 

IL-2 
CEA 
HLA-B7 

IL-2 

GM-CSF 

IL-2 

IL-2 

IL-4 

HLA-B7 

IFNy 

IL-2 
HLA-B7 
GM-CSF 

IL-7 

IL-2 
IFN 

Investigator (Institution) 

Nabel (U. Michigan) 
Rosenberg (NIH) 
Hersh (Arizona Cancer Center) 
Dranoff (Dana Farber) 
Lotze (Univ. of Pittsburgh) 
Lotze/Tahara(Univ. Pittsburgh) 
Rosenberg (NIH) 

Sobol/Royston (San Diego) 
BlacklFakhrai (UCLA) 
Ilan (Case Western Reserve) 

Sobol/Royston (San Diego) 
Curiel (Univ. of Alabama) 
Rubin (Mayo Clinic) 

Kim Lyerly (Duke University) 

Simons (Johns Hopkins) 

Mao (China) 
Cassileth (Univ. of Miami) 

Economou (UC Medical Center) 
Gansbacher (Sloan-Kettering) 
Osanto (Netherlands) 
Das Gupta (Univ. of Illinois) 
Cascinelli/Foa (Italy) 
Chang (Univ. of Michigan) 
Cascinelli/Fao (Italy) 
SznollFenton (NIH) 
Hersh (Arizona Cancer Center) 
Seigler (Duke University) 

Gansbacher (Sloan-Kettering) 
Vogelzang (Univ. Chicago) 
Simons (John Hopkins) 

Schmidt-Wolf (Germany) 

Brenner (St. Jude) 
Rosenblatt/Seeger (UCLA) 

Abbreviations: HLA, human leukocyte antigen; IL, interleuken; TNF, tumor necorsis factor; 
TGF, tumor growth factor; CEA, carcinoembryonic antigen; GM-CSF, granulocyte-macrophage 
colony stimulating factor; IFNy, interferon-gamma; IFN, interferon. 

intermediates by various enzymes are available for use. Some of the required 
enzymes are absent in both malignant and nonmalignant mammalian cells. 
Gene therapy approaches aimed at introducing these drug-converting or 
-activating enzymes into malignant cells could selectively sensitize cells with
out damaging normal cells that lack these genes. To achieve selectivity, these 
genes must be transfected so that only the malignant cells express the convert
ing enzyme. To date, most centers are exploring the use of herpes virus 
thymidine kinase and the bacterial cytosine deaminase genes in clinical trials 

17 



Table 4. Herpes virus thymidine kinase gene sensitization in 
cancer 

Disease Investigator (Institution) 

Brain tumor Eck/Alavi (Univ. of Pennsylvania Medical 
Center) 

Grossman (Baylor College of Medicine) 
Raffel/Culver (Children's Hospital Los 

Angeles) 
Kun (St. Jude Children Hospital) 
Oldfield (NINDS, DHHS) 
CulverlVan Gilder (Iowa Methodist Medical 

Center) 

Head and neck Gluckman/Stambrook (U. Cincinnati Medical 
Center) 

Melanoma Klatzmann (France) 

Carcinoma Oldfield (NINDS, DHHS) 

Mesothelioma Albelda (Univ. of Pennsylvania Medical 
Center) 

Ovary Freeman (Tulane University) 

involving drug sensitization (table 4). Both of these enzymes are from 
nonmammalian sources. A number of other prodrug sensitization strategies 
are under development in several centers. 

Thymidine kinase 

Thymidine kinase phosphorylates thymidine, providing enough substrate for 
DNA synthesis. The herpes-virus-family thymidine kinase phosphorylates 
not only thymidine but also guanosine analogues such as acyclovir and 
gancyclovir, which inhibit viral replication through the incorporation of a 
variant nucleotide into viral DNA. These drugs are commonly used in the 
treatment and prevention of viral infection. The phosphorylated substrates 
can mimic endogenous guanosine and are utilized for DNA synthesis. Al
though they can be incorporated into DNA, they prevent further elongation of 
DNA chains by DNA polymerase [51]. Administration of gancyclovir at low 
doses to cells transfected with HSV-TK genes is associated with a selective 
cytotoxic effect [52]. Furthermore, animal models in which HSV-TK
transfected tumors are systematically exposed to gancyclovir have shown 
significant reduction in tumor volume and prolongation of survival [53]. Inter
estingly, it has been shown that in a cell population composed of a mixture of 
cells expressing the HSV -TK and cells not expressing the HSV -TK, the cells 
lacking HSV-TK sequences also die after exposure to gancyclovir. This phe
nomenon has been termed the 'bystander effect.' Phosphorylated gancyclovir 
from neighboring cells can gain access to HSV-TK-negative cells either 
through uptake from the extracellular space or directly via intracellular gap 
junctions. The exact mechanism for this bystander effect is unknown. 
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Cytosine deaminase 

The enzyme cytosine deaminase deaminates cytosine to uracil. It also converts 
the relatively nontoxic 5-fluorocytosine (5-FC) into the cytotoxic compound 5-
fluorouracil. This enzyme is present in some fungi and bacteria but is absent in 
mammalian cells. Thus, 5-FC is used as a therapeutic agent to treat yeast and 
fungal infections. Introduction of cytosine deaminase into pancreatic and co
lon cancer cell lines sensitizes them to the toxic effects of 5-FC [54]. Using this 
strategy, enhanced cytotoxic activity has been demonstrated in animal models 
of xenograft tumors transfected with cytosine deaminase [55]. A trial of cy
tosine deaminase in colon cancer metastatic to liver, developed by Dr. Ronald 
Crystal, has been approved by the National Institutes of Health Recombinant 
DNA Advisory Committee. 

Suicide gene therapy trials 

Due to the difficulty in delivering viral vectors to different sites of metastasis, 
genetic chemosensitization approaches have been developed for the treatment 
of localized tumors at single primary sites. Primary CNS tumors are ideal 
candidates, since 1) they are restricted to the brain and are usually 
unresectable due to their location; 2) adjacent, normal CNS cells are quiescent 
and therefore unlikely to be transduced by retroviral vectors or affected by 
gancyclovir; and 3) not all tumor cells need to be transduced, since the by
stander effect may allow for untransduced cells to be eradicated. In fact, this 
bystander effect was first demonstrated in an animal model of brain gliomas 
[56]. The method of delivery in early trials using HSV-TK suicide genes for 
brain tumors included direct injection of producer cell lines containing the 
HSV-TK vector or infusion of retroviral or adenoviral vectors into the tumor 
bed to allow for increased and prolonged exposure to viral particles. Prelimi
nary results of HSV-TK gene therapy trials for brain tumors have shown 
partial tumor responses in some but not all patients, but a cure has not yet 
been achieved [57]. 

Other malignancies in which suicide HSV-TK gene therapy is undergoing 
clinical evaluation include ovarian cancer, melanoma, head and neck cancer, 
and mesotheliomas. At the University of Texas M.D. Anderson Cancer 
Center, we are evaluating, in collaboration with Dr. Ronald Crystal, an aden
oviral vector containing cytosine deaminase as a purging reagent to eradicate 
malignant epithelial cancer cells from stem cell auto grafts from breast cancer 
patients. Since nonhematopoietic cells, but not hematopoietic cells, can be 
infected with adenoviral vectors, this system ensures that only malignant cells 
will be transduced with the HSV-TK vector. In vitro experiments show that 
this system can kill transduced MCF-7 breast cancer cells after exposure to 
5-FC. Untransduced controls are unaffected by the exposure to the prodrug. 

Severe acute and chronic graft-vs.-host disease (GVHD) occurs in approxi
mately 20% to 40% of matched HLA identical siblings. Prophylaxis and 
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treatment consists mainly of ex vivo T-cell depletion of the marrow graft and 
posttransplant immunosuppression. The former is associated with an in
creased risk of graft rejection and a decrease in graft-vs.-Ieukemia effect 
(GVL), while the latter increases the risk of infections. Suicide genes are 
under investigation as modulators of GVL and GVHD. T-cells, expanded ex 
vivo and transduced with an HSV-TK/neo retrovirus, can be enriched by 
incubation in neomycin [58]. Exposure of these expanded and transduced cells 
to gancyclovir not only abolishes 80% of their growth but also completely 
inhibits allogeneic reactivity in vitro. This approach could allow for more 
effective treatment of GVHD while maintaining a GVL effect if patients 
receiving allografts with genetically modified T-cells are exposed to 
gancyclovir at the onset of acute or chronic GVHD. 

Antisense cancer gene therapy 

Disruption of translation or processing of mRNA transcripts from genes impli
cated in carcinogenesis forms the basis for antisense approaches to cancer 
gene therapy. The expression of mRNA implicated in malignant transforma
tion, such as c-myc, bcr-abl, bcl-2, p53, can be blocked by the binding of 
mRNA oligonucleotides to endogenously synthesized mRNA. Two ap
proaches have been developed: 1) direct infusion of antisense oligomers [59] 
or 2) transfection of vector systems encoding the antisense sequences [60] 
(table 5). Several obstacles must be overcome before antisense oligonucle
otides become clinically applicable for the treatment of human disease. 

DNA degradation. Mammalian cells protect themselves against foreign DNA 
and RNA with nucleases that degrade cytosolic phosphodiesters. Methods to 
render antisense sequences resistant to nucleases include phosphodiester 
backbone substitutions. Oligodeoxynucleotide analogues that substitute one 
of the phosphate oxygens, forming a resistant bond, are now available. 

Delivery and cell uptake. Antisense oligonucleotides delivered systematically 
must be water soluble, reach significantly high serum concentrations, and 

Table 5. Anti-oncogenes/antisense clinical trials 

Disease 

Lung 

Head and neck 

Colorectaliliver 

Breast 

CML 

Gene 

p53/K -ras (Antisense) 

p53 

p53 

c-fos/c-myc (Antisense) 

bcr/abl (Antisense) 
c-myb (Antisense) 

Investigator (Institution) 

Roth (M.D. Anderson Cancer Center) 

Clayman (M.D. Anderson Cancer Center) 

Venook/Warren (UCSF) 

Holt/Arteaga (Vanderbilt University) 

Bishop (Univ. of Nebraska Medical Center) 
Luger/Gewirtz (Univ. of Pennsylvania) 

Abbreviation: CML, chronic myelogenous leukemia. 
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gain access to tumor cells. Several studies on the pharmacokinetics of 
oligodeoxynucleotides have been reported in animal models. Some of the 
analogues previously mentioned are water soluble, and sufficient tissue con
centrations have been achieved after intravenous injection. The mean half-life 
in these animal models is 34 hours [61]. Other means of delivery includes 
direct infusion into tumors and systemic delivery via liposomal complexes. 

Tumor resistance. Even if antisense oligonucleotides bind and inhibit expres
sion of target mRNA, tumor growth may not be inhibited if multiple genetic 
lesions contribute to malignant transformation. For this reason, antisense 
approaches should be directed when possible to downstream regulators of 
oncogenic products. For example, c-fos acts downstream to regulate known 
proto-oncogene products such as c-src, c-vas, or c-raf. The potential applica
tion of c-fos inhibition has been demonstrated in an in vitro model. In this 
model, c-fos antisense was able to decrease c-fos mRNA and protein, to 
restore density-dependent growth arrest, and to reduce tumorigenicity on 
simian sarcoma-virus-infected NIH-3T3 cells [64]. Stimulation of this cell line 
with PDGF-like molecules leads to c-fos expression, which is necessary for the 
expression of the transformed phenotype. 

Hematopoietic chemoprotection 

Ex vivo expansion of hematopoietic progenitors and reinfusion after 
myeloblative chemotherapy may allow repetitive cycles of dose-intensive che
motherapy to be administered without the potential risk of permanent bone 
marrow aplasia. This approach may favorably impact the outcome of tumors 
with steep dose-response curves. A similar approach is under investigation 
whereby hematopoietic progenitors are made resistant to the effects of 
chemotherapy. 

The multiple drug resistant (MDR) gene encodes an energy-dependent 
170-kDa glycoprotein (p-glycoprotein) that transports chemotherapeutic 
agents out of cells. Expression of this glycoprotein is but one of many mecha
nisms by which cancer cells become resistant to the effects of chemotherapeu
tic agents such as anthracyclines, vinca alkaloids, and epipodophylotoxins. 
P-glycoprotcin has also been shown to be expressed at high levels in CD34+ 
bone marrow stem cells [63]. If this MDR gene can be further overexpressed 
in hematopoietic stem cells, these cells may become resistant to the effect of 
increasing doses of chemotherapeutic drugs. An animal model has already 
shown the potential benefits of this approach. Serial transplantation studies in 
mice transplanted with stem cells transduced with retroviral MDR vectors 
followed by several cycles of treatment with Taxol have shown that the num
ber of progenitors containing the transgene increase with each cycle of chemo
therapy. At the same time, their sensitivity to chemotherapy increased to the 
point of becoming virtually resistant to this agent. These early reports have 
stimulated the use of MDR retroviral chemoprotection in phase I clinical trials 
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Table 6. Chemoprotection for breast or ovarian cancer 

Tissue modified 

Bone marrow 

Peripheral blood stem cells 

Investigators (Institution) 

Kavanagh/Hanania/Deisseroth (M.D. Anderson Cancer Center) 
Hanania/Rahman/Holmes/Hortobagyi/Deisseroth 

(M.D. Anderson Cancer Center) 

O'Shaughnessy (NIH) 
Bank/Hesdorffer/Antman (Columbia University) 

in ovarian and breast cancer by groups in the United States and one in The 
Netherlands (table 6). With this strategy, women with advanced ovarian and 
breast cancer will undergo CD34-positive selection and transduction of these 
marrow or peripheral blood cells with a retroviral vector containing the MDR 
sequence. After high-dose myeloblative chemotherapy and reinfusion of 
modified hematopoietic progenitors, these patients will be exposed to increas
ing doses of Taxol, a drug active in breast and ovarian cancer. Treatment with 
chemotherapy in the early posttransplant stage is usually not well tolerated 
due to a decreased stem cell pool posttransplant. It is hoped that by protecting 
and enriching these modified stem cells, hematopoietic resistance will ensue. 
Other genetic strategies to increase resistance of hematopoietic cells in
clude retroviral transduction of a mutated dihydrofolate reductase gene to 
confer resistance to methotrexate or retroviral transduction of the enzyme 
alkyltransferase for resistance to nitrosureas [64,65]. No clinical trials using 
these two approaches have been submitted to NIH regulatory committees. 
Genetic chemosensitization, if successful, could be applied to the replacement 
of important proteins such as coagUlation factors and to the delivery of thera
peutic molecules by genetically modified hematopoietic cells followed by en
richment of these cells with agents such as Taxol, methotrexate, or alkylating 
agents. 

Future directions 

Although important advances have been made in the use of genetic modifica
tions for use in clinical trials, there are important obstacles that must be 
overcome before this strategy can be available for general use. Transduction 
efficiency must be improved. Newer systems including use of stromal cell 
monolayers, liposomal particles, and more efficient retroviral constructs may 
bring about higher transduction efficiencies. The problem of tumor selectivity 
and systemic delivery must be overcome to allow specific and widespread 
delivery of target sequences to tumor sites. Finally, gene therapy must be 
made accessible and economically feasible for general use, especially in these 
days of economic stringency. There has been significant controversy regarding 
the rapid proliferation of gene therapy clinical trials and the large amount of 
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money spent in these trials. This issue prompted the creation of an NIH
sponsored panel to evaluate present results and future directions of gene 
therapy studies. It is clear that more work needs to be done in the basic science 
of gene therapy. Nevertheless, the advances already achieved merit the con
tinuous investigation of certain gene therapy approaches in well-designed 
clinical studies. 
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2. Post-bone marrow transplant use of 
immunotherapy 

Udit N. Verma, Kenneth R. Meehan, and Amitabha Mazumder 

A wealth of information demonstrating the graft-vs.-Ieukemia (GVL) or graft
vS.-tumor (GVT) effect following allogeneic bone marrow transplant (BMT) 
has accumulated over the past few decades and suggests that immune mecha
nisms are important for eradication of residual disease in the recipient [1-3]. 
The lack of GVT effect after autologous BMT (ABMT), along with reinfusion 
of clonogenic tumor cells with the autologous graft, may be responsible for the 
increased relapse rate seen after ABMT as compared to allogeneic BMT 
[4]. Due to dose-limiting nonhematological toxicities of current autologous 
BMT preparative regimens, innovative therapeutic modalities are needed. 
Posttransplant immunotherapy provides an attractive strategy. 

Both tumor-specific and -nonspecific immunotherapeutic approaches have 
been evaluated for treatment of neoplastic disorders in experimental models 
and clinical trials, with variable results. The definition of oncogenes and their 
products and the discovery of several other antigenic molecules on tumor cells 
that are either aberrantly expressed or are products of mutated genes have 
paved the way for differentiating the tumor cell from 'self' [5-9]. This has led 
to renewed interest in the area of tumor-specific immunotherapy. 

In this chapter, we will review laboratory and clinical immunother
apeutic approaches pursued in bone marrow transplant settings to treat 
different neoplastic disorders, including solid tumors and hematological 
malignancies. 

Nonspecific immnnotherapy 

Innate immune defense mechanisms include cells, such as macrophages, non
MHC-restricted killer cells of either natural killer (NK) cell or T-cell origin, 
and activated NK (A-NK) or lymphokine activated killer (LAK) cells. In 
addition, several cytokines secreted by these cells, such as interferon-y (IFN-y) 
and tumor necrosis factor (TNF), demonstrate prominent antitumor activity. 
Antitumor responses have been generated in various tumor models by 1) in 
vitro activation of lymphoid cells with cytokines, antibodies (CD3), or lectins, 
2) direct in vivo administration of cytokines to stimulate antitumor effectors in 

Jane N. Winter (ed.) BLOOD STEM CELL TRANSPLANTA TION. 1997. Kluwer Academic Publishers. ISBN 
0-7923-4260-7. All rights reserved. 



vivo, or 3) a combination of these two approaches [10-16]. These strategies 
have demonstrated encouraging results in patients with melanoma and renal 
cell carcinoma in the nontransplant setting [17]. Currently, these approaches 
are being evaluated following both allogeneic and autologous bone marrow 
transplantation. 

The GVL effect observed after allogeneic bone marrow transplantation is 
well recognized. However, its full impact has only been recently appreciated 
due to the prevalence of T-cell depletion for the prevention of graft-vs.-host 
disease (GVHD) [18-20]. GVHD and GVL effects are caused by im
munocompetent cells contained in the graft that recognize major or minor 
histocompatibility antigens [21]. The mechanism for these processes has 
not been fully elucidated, but this has not precluded the development of 
clinical trials to obtain GVL activity by infusion of donor-specific leuko
cytes following allogeneic BMT [3,22]. It is conceivable that induction of 
autologous GVHD following ABMT may lead to GVLlGVT effect. Attempts 
to induce this autoimmune state (autologous GVHD/syngeneic GVHD) 
following ABMT to obtain preferential lysis of tumor cells are in progress 
[23]. 

Most of the immunotherapeutic trials following BMT have focused on 
augmentation of antigen nonspecific defenses and are discussed below. 

Interleukin-2 with or without LAK cells 

Human IL-2 is a 133-amino-acid-Iong 15.4-kD peptide primarily secreted by T 
cells [24]. The cytokine acts via a specific IL-2 receptor, consisting of a, ~, y 
subunits [25]. In addition to T-cell proliferation, IL-2 leads to activation and 
proliferation of NK cells, increasing their tumoricidal activity (A-NK/LAK 
cells) [26]. Other actions of IL-2 include augmentation of B-cell growth and 
immunoglobulin production, enhancement of IFN-y and TNF-~ production 
from T cells, IL-6 production by monocytes, modulation of histamine release 
by basophils, and upregulation of IL-2 receptors. 

LAK cells, induced by incubation of peripheral blood mononuclear cells 
with IL-2, lyse a variety of tumor cells, both in vitro and in vivo in an MHC 
unrestricted manner [26,27]. LAK cell activity mainly resides in activated NK 
cells with variable contribution from T cells and other cell types [28]. In vivo 
administration of LAK cells has demonstrated efficacy in several experimental 
models and clinical trials, particularly in patients with renal cell carcinoma and 
melanoma [29]. IL-2 alone may be effective due to induction of endogenous 
LAK activity and elaboration of tumor-inhibitory cytokines, such as IFN-y and 
TNF [30]. Murine studies suggest that IL-2 therapy is most effective in a 
situation of low tumor burden [31]. Due to the minimal residual disease status 
after transplantation, BMT offers an attractive setting for evaluation of IL-2 
therapy. The administration of IL-2 with or without LAK cell infusion is being 
evaluated both in the setting of autologous and allogeneic transplantation, 
with results summarized below. 
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Autologous BMT. Early anecdotal reports suggested that IL-2 administered 
after BMT induced responses in patients with advanced malignancies [32). 
Since then, early results from several phase IIII clinical trials have bee pub
lished [33-36). The dose and schedule of IL-2 therapy in these trials were 
variable. However, these results suggest that a lower dose of IL-2 therapy was 
well tolerated. At moderate to high dosages, toxicity was common but man
ageable in a nonintensive care setting. The spectrum of toxic effects was 
similar to that observed in non transplant settings. Although profound immune 
stimulation has been seen in these patients following treatment with IL-2, 
antitumor activity is still unproven. 

Gottlieb et a1. administered IL-2 to patients with acute myeloid leukemia 
(AML) or multiple myeloma in a phase I dose-escalation protocol [33). IL-2 
was started at 1.5 x 106 IU/m2/day, infused over six hours with doubling of the 
dose every 48 hours, until the maximum tolerated dose was determined. In one 
patient with AML, IL-2 therapy was started immediately after BMT resulting 
in severe toxicities requiring the cessation of treatment. In the subsequent nine 
treatment courses, IL-2 infusion was initiated after the neutrophil count 
reached 0.5 x 109/1. Mild to moderate toxicities were observed, which were 
manageable in a nonintensive care setting, with the dose up to 1.4-10.5 x 
106 IU per patient. Dose-limiting toxicity included hypotension, which re
sponded rapidly to cessation of IL-2. Blaise et a1. administered IL-2 to a cohort 
of 10 patients undergoing ABMT for various neoplastic disorders, including 
acute lymphocytic leukemia (ALL), AML, non-Hodgkins lymphoma (NHL), 
carcinomas of ovary or breast, and malignant thymoma [34). Conditioning 
regimens included high-dose chemotherapy or chemoradiotherapy. IL-2 was 
administered at 18 x 106 U/m2/day as a continuous infusion for six days, begin
ning a median 79 ± 12 days after BMT. Moderate toxicities occurred in all 
patients but were well tolerated. The predominant toxicities included involve
ment of skin, gastrointestinal tract, and liver. Changes in hemodynamic pa
rameters necessitated cessation of treatment on a few occasions. Ninety-one 
percent of the planned dose was administered. There were no toxic deaths. 
Although the study was small and with limited follow-up, at the time of 
reporting, five patients were in continuous CR at 8 to 10 months after BMT. 
Higuchi et a1. [35) exa'mined the role of IL-2 in inducing immunological 
changes in 16 patients undergoing ABMT for hematologic malignancies after 
high-dose chemotherapy or chemoradiotherapy. IL-2 was administered at a 
dose of 0.3-4.5 x 106 Hoffman La Roche Units (RU) (specific activity 1.2-1.5 
units/mg protein)/m2/day as a continuous infusion for five days beginning 14 to 
91 (median 33) days posttransplant. After five days of rest, a ten-day mainte
nance course (0.3 x 106 RU/m2/day) was administered. Most of the patients 
developed mild to moderate toxicities, including fever, rash, nausea, diarrhea, 
dyspnea, and weight gain. Toxicities were related to dose and rapidly reversed 
after completion of treatment. There was no mortality from IL-2-induced 
toxicities, and all patients received the prescribed IL-2 maintenance therapy. 
At the time of reporting, 9 of the 16 patients were in continuous CR for 7 to 
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23 months after BMT. Soiffer et al. have examined the role of prolonged 
infusion of low-dose IL-2 in inducing immunological changes with the aim of 
producing a G VT effect after ABMT for ALL, NHL, and carcinomas of breast 
and ovary [36]. IL-2 was initiated once engraftment was established, usually 
several months after BMT, at a dose of 2 x 105 RU/m2/day as a continuous IV 
infusion for 90 days. Toxicities were mild and included rash, dyspnea, weight 
gain, and hypothyroidism. Sixty-nine percent of the patients completed the full 
course of therapy, and most developed immunological changes suggestive of a 
GVT effect in vitro. 

Weisdorf et al. evaluated the role of IL-2 instituted immediately after BMT 
in phase I trial in 14 patients with ALL undergoing ABMT following cyclo
phosphamide (Cy) and total body irradiation (TBI) [37]. IL-2 was started on 
day +1 and administered by continuous IV infusion in a dose of 0.5 to 2.0 x 
106 RU/m2/day for four days a week for three weeks. Ten patients received IL-
2 therapy as planned, while four did not due to fever or respiratory distress. 
Serious toxicities occurred at the highest dose level of IL-2. Overall, patients 
treated with IL-2 experienced a shorter hospital stay (median 38 days) when 
compared to a control group of similar patients not receiving IL-2 (median 63 
days). However, two patients in this cohort of 14 patients died of toxicity 
attributed to IL-2 therapy. 

Preclinical and clinical studies have shown that the combination of IL-2 and 
LAK cells is associated with greater antitumor responses than treatment with 
either modality alone [29,38,39]. Significant endogenous LAK cell activity can 
be generated only with high doses of IL-2, which are toxic and poorly toler
ated. Animal studies have demonstrated that the increase in cure rate achieved 
by high-dose IL-2 therapy can be offset by an increased toxic mortality [39]. In 
the transplant setting, animal models show that a combination of IL-2 and 
LAK cells did not interfere with engraftment and induced a GVT effect in a 
syngeneic model of BMT for AML [31]. Thus, treatment with a combination of 
IL-2 and LAK cells may be more effective in eradicating minimal residual 
disease (MRD) and reducing relapse rates following autologous BMT. 

Fefer et al. recently reported the results of a phase Ib trial using IL-2 with 
or without LAK cells in 16 patients with malignant lymphoma undergoing 
ABMT [15,35]. IL-2 was administered at a median of 51 (21 to 91) days 
posttransplant. Five of 16 patients underwent leukapheresis on days 6 through 
8 following initial IL-2 therapy (3 x 106 RU/m2/day for five days). Lymphocytes 
were incubated with IL-2 for five days in vitro to generate LAK cells. A 
median of 136 x 109 LAK cells were infused per patient on days 12 to 14, and 
low-dose IL-2 (3 x 105 RU/m2/day) was administered on days 12 through 21. 
Leukapheresis was associated with severe thrombocytopenia despite aggres
sive platelet therapy. LAK cell infusions were generally well tolerated, with 
transient fever, rigors and dyspnea, which rapidly reversed. Other toxicities 
were similar to those occurring after IL-2 alone. Of the 16 patients treated, 11 
remain in CR at 6+ to 21+ months after BMT. In another study, the Seattle 
group reported the feasibility of using IL-2 alone or in combination with LAK 
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cells after autologous BMT for patients with AML in untreated first relapse or 
second remission [13]. The toxicities associated were comparable to previous 
trials [15,35]. However, collection of lymphocytes for LAK cell generation was 
associated with severe thrombocytopenia. Of the 14 patients treated on this 
trial, ten remain in continuous CR for 13+ to 48+ months. 

The use of IL-2 in the transplant setting has generally been evaluated in 
phase 1111 trials in patients who have received extensive prior therapy. Deter
mining the efficacy of IL-2 therapy in this situation is difficult and is further 
compounded by the fact that most studies are uncontrolled and have a short 
follow-up. However, two groups have recently published results from trials 
using IL-2 alone or in combination with LAK cells. Hamon et al. performed 
ABMT in 18 patients with AML in first remission conditioned with busulfan
Cy (BU-Cy) or with Cy-TBI followed by IL-2 [40,41]. Seven patients received 
IL-2 after ABMT in nonrandomized fashion (determined by the availability of 
IL-2), and 11 patients received ABMT alone without IL-2. Otherwise, groups 
were comparable in respect to age, white cell count at diagnosis, interval 
between diagnosis and treatment, and pretransplant chemotherapy. One pa
tient receiving IL-2 died of pulmonary edema. Of the remaining six patients, 
one has relapsed after a median follow up of 32 months (range 21 to 58), 
resulting in actuarial disease-free survival of 71 %. Of the 11 patients who did 
not receive IL-2 following autologous BMT, the actuarial disease-free survival 
after a median follow-up of 29 months (range 24 to 45) was 36%. 

In another study, Benyunes et al. analyzed the results of two trials using IL-
2 alone or IL-2 plus LAK cells after ABMT in 14 patients with AML in first 
relapse or a later stage [13]. One patient died of mUltiple organ failure during 
IL-2 therapy, three patients relapsed at four, five, and ten months following 
BMT, and ten patients remain in CR from 13+ to 48+ months (median 34 
months). The actuarial probability of relapse was 23% and the probability of 
survival was 71 %, which was superior to the outcome of the historical controls 
undergoing autologous BMT without IL-2. 

Allogeneic BMT. IL-2 can lead to exacerbation of GVHD by expansion and 
maintenance of allosensitized T cells and possibly NK cells. In experimental 
models, delayed institution of IL-2 treatment following allogeneic transplant 
potentiates GVHD [42,43]. However, early institution on the day of transplant 
has been associated with abrogation of GVHD [44,45]. It appears from these 
results that institution of IL-2 treatment after sensitization of alloreactive T 
cells may be associated with potentiation of GVHD, while early IL-2 may 
prevent or abort sensitization of unprimed alloreactive T cells. Mechanisms 
responsible for modulation of GVHD by IL-2 are not well understood. How
ever, induction of veto cell activity in the host may be responsible for such an 
effect. Veto cells suppress the generation of cytotoxic T lymphocytes (CTL) in 
an MHC-specific manner, with MHC specificity determined by the antigens 
expressed on the surface of veto cells themselves. Preclinical studies have 
shown that LAK cells are capable of mediating veto activity and therefore 
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could potentially reduce the incidence and severity of GVHD in allogeneic 
BMT [46]. IL-2 therapy following transplantation with T-cell-depleted alloge
neic bone marrow enhances veto activity in a mouse model [47]. Interestingly, 
this reduction in GVHD by posttransplant IL-2 therapy is not associated with 
a reduction in GVT effect induced by allogeneic T cells [44,45,48). These 
observations suggest a possible benefit of IL-2 therapy after allogeneic BMT. 
Administration of IL-2 four months after allogeneic BMT with non-T-cell
depleted bone marrow in a patient with neuroblastoma led to reactivation of 
GVHD. Cessation of IL-2 therapy and treatment with corticosteroids resulted 
in rapid resolution of GVHD [32]. More recently, Soiffer et al. administered 
IL-2 after allogeneic BMT with T-cell-depleted bone marrow to patients with 
NHL, AML, chronic myeloid leukemia (CML), or myelodysplastic syndrome 
(MDS) [36,49]. Low-dose IL-2 was initiated after engraftment and continued 
over a period of three months by continuous intravenous infusion. Toxicities 
were mild and consisted of fever, hypotension, nausea, vomiting, weight gain, 
and catheter infection. No patient developed GVHD. IL-2 induced a drop in 
platelet count and an increase in circulating eosinophils and lymphocytes, with 
a return of eosinophil count to normal approximately three months after 
cessation of IL-2. The increase in the lymphocyte popUlation was predomi
nantly due to an increase in NK cell number from 15% before therapy to 70% 
during therapy. These cells exhibited potent activity against both NK-sensitive 
and NK-resistant tumor targets. The antitumor activity of these cells rapidly 
fell to baseline levels after cessation of IL-2 therapy. Relapse rate and disease
free survival were determined in the 25 patients who completed at least four 
weeks of IL-2 treatment. The Cox proportional hazards regression model 
suggested that, compared with historical control patients without history of 
GVHD, patients treated with IL-2 had a lower risk of disease relapse (hazard 
ratio 0.34; range 0.14 to 0.82) and superior disease-free survival (hazard ratio 
0.39; range 0.18 to 0.87) [49]. 

Initially, there was concern that IL-2 after BMT would delay engraftment. 
Early studies demonstrated suppression of progenitor cell activity of bone 
marrow by LAK cells in vitro [50]. Subsequently, a large number of preclinical 
studies both in vitro and in vivo confirmed the absence of harmful effects of 
IL-2 and LAK cells on bone marrow [51,52]. However, most of the clinical 
trials employed IL-2 therapy after the recovery of peripheral blood counts 
following autologous BMT. These trials were designed to avoid both hemato
logic and nonhematologic toxicity in patients who had received high-dose 
chemotherapy or chemoradiotherapy. 

All the trials using IL-2 after autologous BMT have reported similar effects 
on hematologic parameters. In general, IL-2 treatment has been associated 
with a modest drop in hemoglobin levels, which could not be accounted for by 
blood loss from diagnostic testing [33,34]. However, since hemoglobin levels 
have generally been maintained above 10 gm/dl by red cell transfusions, it has 
been difficult to define the effect. Nonetheless, cessation of IL-2 was followed 
by increases in the levels of hemoglobin [35). Administration of IL-2 is accom-
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panied by an increase in circulating neutrophils in most patients [33,34,37]. 
Elevation of neutrophil counts has been related to the dose of IL-2 [35]. In all 
patients, neutrophil counts returned to baseline after cessation of IL-2. Ad
ministration of low doses of IL-2 for a prolonged period of time by Soiffer et 
al. was not accompanied by significant changes in circulating neutrophil levels 
but has been associated with a significant increase in eosinophil counts that has 
persisted for several days after cessation of IL-2 [36]. The study reported by 
Blaise et al. [34] showed a significant fall in neutrophil counts during the early 
phase of IL-2 treatment, with a subsequent rise. Nearly all studies have ob
served a slight initial fall in circulating lymphocytes followed by a significant 
rise in lymphocyte counts persisting above baseline levels for several days to 
weeks after discontinuation of IL-2 [33,34]. Some studies have shown an 
increase in both CD4+ and CD8+ lymphocytes, while others have observed a 
greater increase in CD8+ than in CD4+ lymphocyte popUlations [35]. Pro
longed infusion of low-dose IL-2 has been shown to significantly increase 
circulating NK cells while having no significant effect on the numbers of CD3 
cells [36]. Gottlieb et al. [33] and Blaise et al. [34] have reported a significant 
decrease in platelets during IL-2 therapy, with rapid return to normal levels 
after cessation of treatment. 

The exact mechanisms by which IL-2 stimulates myeloid cells have not been 
elucidated. IL-2 may induce demargination of neutrophils into the circulation; 
alternatively, myeloid precursors may be stimulated directly or indirectly by 
the release of other cytokines. Cancer patients receiving IL-2 therapy have 
been reported to have an increase in the number of circulating hematopoietic 
precursors in their peripheral blood, attributed to the release of cytokines, 
which stimulate hematopoiesis [53]. Administration of IL-2 to patients under
going autologous BMT has been reported to induce the expression of mRNA 
for GM-CSF, IL-3, IL-4, and IL-6 in mononuclear cells [54], which could result 
in induction of proliferation of myeloid precursors. 

IL-2 has been shown to restore proliferative T-cell responses in vitro and to 
improve immunologic function by direct induction of cellular changes 
and indirectly by stimulating release of other cytokines in vivo [55,56]. Follow
ing BMT, endogenously generated NK cells appear 4 to 6 weeks after BMT. 
These cells have been shown to be highly responsive to IL-2 both in vitro and 
in vivo [57]. During IL-2 therapy, circulating lymphocytes exhibit increased 
spontaneous activity against both NK-sensitive and NK-resistant tumor tar
gets and have been reported to inhibit the growth of autologous leukemic 
blasts in vitro [33]. Incubation of lymphocytes collected after IL-2 admin
istration with IL-2 in vitro has resulted in the generation of potent antitumor 
effector cells [34]. These data suggest that IL-2 induces a substantial increase 
in both LAK effector and LAK precursor cells. During IL-2 therapy, variable 
effects have been observed on the phenotype of circulating cells, including an 
increase in activated NK cells, CD8+ cytotoxic T cells, and T cells with activa
tion markers such as IL-2 receptor and Ia [36,37,58]. In addition to inducing 
significant changes in the cellular compartment, IL-2 has been reported 
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to exert an effect on the secretion of IFN and TNF, both possessing antitumor 
effects [59]. 

IL-2 also seems to alter the reactivity of the autologous lymphocytes regen
erating after autologous BMT. A preliminary study has shown that the admin
istration of IL-2 and LAK cells after autologous BMT resulted in infiltration of 
T cells in the skin, with the demonstration of histological changes consistent 
with cutaneous GVHD [60]. Since the occurrence of GVHD in allogeneic 
BMT has been associated with a GVL effect, it is possible that such a reaction 
in autologous BMT could reflect the induction of a GVL phenomenon. 
Whether or not the induction of autologous GVHD results in GVL remains to 
be determined. 

Interferons after BMT 

In addition to a direct cytotoxic effect on tumor cells [61], interferons act as 
strong immunomodulatory agents. IFN-a and IFN-y act either alone or with 
IL-2 as potent inducers of cytolytic activity of NK cells and monocytes [62]. 
Cell surface expression of different molecules on tumor cells including 
integrins (involved in cell adhesion) and MHC molecules is regulated by IFN
Y [63,64]. IFN-y upregulates MHC expression (both class I and class II) on a 
variety of tumor cell types [65-67]. Regulation of MHC is associated with 
increased immunogenicity of tumor cells, possibly mediated by improved an
tigen presentation by tumor cells. These properties make the interferons at
tractive molecules for immunotherapy. However, IFNs inhibit hematopoietic 
progenitor-cell proliferation [68]. Therefore, in most trials, IFN therapy has 
been instituted only after engraftment [69]. 

Several small, nonrandomized studies using IFN-a post ABMT have been 
performed in patients with CML, NHL, Hodgkins' disease, and multiple 
myeloma [70-77]. In these studies, the dose of IFN varied from 1 x 106 to 3 X 

106 U/day for 3 to 7 days in a week starting at hematological reconstitution. 
Side effects have been limited, ranging from mild constitutional symptoms to 
occasional hematological toxicity in the form of thrombocytopenia. Neloni et 
al. reported their results with use of IFN-a in 34 patients with CML trans
planted in chronic phase [78]. After a median follow-up of 13 months, 12 of 12 
patients who received IFN and 19 of 22 untreated patients were in CR. In 
another study [75], 13 CML patients in chronic phase and two patients in 
accelerated phase or blast crisis were treated with IFN-a following ABMT. 
Five of eight patients in first chronic phase were in complete hematological 
remission after 8 to 19 months, while 2 of 7 patients in second chronic phase or 
accelerated/blastic phase were in complete hematological remission after 
more than 16 months. Ascensao et al. reported results of IFN-a therapy in 58 
patients with NHL or Hodgkins disease [79]. After minimal follow-up of 19 
months, overall survival was 83%, with event-free survival at 64%. Attal et al. 
[77] reported progression-free survival of 53% at 33 months post-BMT in 
patients with multiple myeloma treated with IFN. These results indicate that 
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IFN-a can be used safely following ABMT. However, in the absence of large 
controlled randomized trials, valid conclusions for efficacy of treatment can
not be determined. 

After allogeneic BMT. IFN-a therapy has been employed in patients with 
CML in combination with donor leukocyte infusion as discussed below. 
Meyers et al. [70] evaluated IFN for patients with ALL. Treatment was insti
tuted after engraftment and continued for 80 days after transplant. This 
therapy led to significant reduction in the incidence of relapse at four years. 

CsA induced autologous GVHD 

GVHD is a common occurrence after allogeneic BMT and simulates many 
features of autoimmune diseases [80,81]. GVHD contributes to the GVL 
effect of allogeneic BMT and reduces relapse rates as compared to ABMT 
[1,82-84]. Glazier et al. [85] described the development of syngeneic GVHD 
after syngeneic or autologous transplantation in rats after brief treatment of 
these animals with cyclosporine (CsA). Since then, this autologous-immune 
phenomenon of CsA-induced GVHD has been studied extensively. 

Cytotoxic lymphocytes circulating in animals with GVHD lyse Ia+ tumor 
cells [86]. Tumor cells in different neoplastic disorders, particularly lymphoid 
tumors, express class II MHC antigens, and in other disorders MHC expres
sion can be induced by IFN. Tumor cells with class II MHC molecules can thus 
be susceptible to lysis by autoreactive lymphocytes induced by CsA therapy 
posttransplant [86,87]. Based on precursor clinical studies, this technique of 
inducing GVHD is being evaluated in clinical trials in an attempt to obtain 
GVHDJGVL effects following autologous transplantation [88,89]. CsA has 
been evaluated in phase IIII trials in patients with metastatic breast cancer, 
lymphoma, CML, and ANLL in dosages of 1-3.75 mgJkgJday from day 0 to day 
28. Most of the patients treated with CsA developed evidence of grade I-II 
cutaneous GVHD. However, visceral manifestations of GVHD were not ob
served. Decreased relapse rate and improved disease-free survival have been 
reported in a study on 14 patients with NHL when compared to historical 
controls [90]. In other studies, due either to the small number of patients or 
short follow-up, it is difficult to draw conclusions about the antitumor effect of 
this mode of therapy. 

IL-2 with IL-2-activated bone marrow or PBSC grafts 

Reinfusion of clonogenic tumor cells with the marrow and lack of a GVL 
effect are possible factors responsible for the higher relapse rates seen with 
ABMT than with allogeneic BMT [4,91,92]. Several methods have been used 
to remove malignant cells contaminating autologous marrow [93-95]. In vitro 
purging of the autograft may be critical, but the overall impact in decreasing 
relapse rate remains to be defined [4]. Recent studies favor the view that 
relapse following ABMT is predominantly the result of residual disease escap-
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ing the high-dose chemotherapy or chemoradiotherapy [96]. This could be due 
to the fact that the autograft lacks the GVL effect that plays a critical role in 
eradication of MRD or in maintaining tumor dormancy in allogeneic BMT 
[97]. The importance of the GVL effect and the immune mechanisms involved 
are corroborated by the fact that in the setting of allogeneic BMT, patients 
who receive T-cell-depleted grafts with or without GVHD after transplant 
have a higher risk of relapse than recipients of unmanipulated grafts without 
GVHD. Those patients who have GVHD have the lowest probability of 
relapse [98]. These data support an antileukemic effect independent of GVHD 
that is altered by T-cell depletion. In addition, it is clear that recipients of 
syngeneic transplants have a higher probability of relapse than patients receiv
ing allografts when conditioned with the same treatment regimen. In patients 
with CML, several investigators have demonstrated NK cell deficiency, which 
has led to attempts to induce GVL activity in vitro by generation of donor 
peripheral blood LAK cells that have been shown to kill recipient CML 
cells in 51Cr release assays and to selectively inhibit growth of recipient CML 
CFU-GM but not normal donor CFU-GM [99,100]. Such an effect may be 
clinically relevant, since it has been shown that the risk of relapse after BMT 
for CML was significantly increased in patients who failed to generate LAK 
cell lytic activity against host-derived CML targets as compared to those who 
did [101]. 

Current ABMT protocols do not have the immune capabilities of allogeneic 
bone marrow transplant. Therefore, it may be important to explore strategies 
aimed at in vitro purging of the autograft and to simultaneously induce a GVL 
effect. Our group [31,102] has demonstrated that IL-2-activated marrow has 
significant antitumor activity in vitro and in vivo. This property of marrow can 
be exploited to purge marrow of contaminating tumor cells [52] and, in addi
tion, to generate cytotoxic effector cells that can mediate a GVL effect in vivo. 
Thus, IL-2 incubation of the graft is a potential approach to therapy that might 
decrease relapse rates following ABMT. 

Studies with both murine and human bone marrow suggest that incubation 
of bone marrow cells with IL-2leads to generation of potent cytotoxic effector 
cells [52,102-105]. These effector cells, generated by IL-2, like LAK cells, lyse 
a wide variety of both NK-sensitive and NK-cell-resistant tumor cell targets in 
an MHC unrestricted manner. However, the cytolytic activity of these cells 
was found to be superior to that of LAK cells and was maintained for longer 
periods of time [102,106]. The in vivo antitumor effects of activated bone 
marrow were shown in a murine melanoma model in which transplant of IL-
2 incubated bone marrow followed by IL-2 treatment led to regression of 
pulmonary metastases consisting of drug- and radiation-resistant B16 and 
MCA tumors in mice [102,106]. Subsequently, similar observations were made 
in murine AML models [31,103]. In these studies, it was shown that transplan
tation with IL-2 activated bone marrow combined with posttransplant IL-2 
was associated with significant antitumor responses. These results are summa
rized in figure 1. As is apparent from figure 1, treatment with IL-2 following 
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Figure 1. Survival of mice with acute myeloid leukemia (AML) given IL-2-activated bone marrow 
and posttransplant IL-2 therapy. AML was induced in C57B1I6 mice by injection with 2 x 105 

C1498 cells. BMT was performed three days after injection of leukemic cells, and mice were 
reconstituted with fresh bone marrow (FBM) or IL-2-activated BM (ABM). Systemic IL-2 
therapy was started immediately following transplant in the groups shown and was continued for 
seven days. Pooled results from ten experiments are shown. There was significant improvement in 
survival of mice given ABM + IL-2 as compared to those given FBM (p < .001). 

transplantation with unmanipulated fresh bone marrow or transplantation 
with IL-2 activated bone marrow alone without posttransplant IL-2 led to a 
decrease in the cure rate. Again, in a comparable set of in vivo experiments, 
splenic LAK cells demonstrated far less antitumor activity than IL-2-activated 
bone marrow cells [106]. Further studies suggested that tumor eradication 
resulted when IL-2 was instituted immediately posttransplant in a state of 
minimal residual disease [103]. The superior antitumor effect seen with IL-2-
activated marrow and posttransplant administration of IL-2 may be due to the 
fact that effectors primed in vitro with high doses of IL-2 can maintain their 
cytotoxic potential in vivo with low serum levels of IL-2, and without undue 
toxicity [107]. Several studies suggest that to be successful, immunotherapeutic 
modalities must be instituted in a state of low tumor burden [108,109]. IL-2-
activated bone marrow followed by low-dose IL-2 has the advantage of medi
ating antitumor responses immediately following transplantation. The early 
institution of IL-2 may be necessary for in vivo survival and expansion of 
antitumor effector cells. 

Similar to results with murine bone marrow, short-term (24-hour) activa
tion with IL-2 of normal human marrow was associated with generation of 
potent cytotoxic effector cells. However, studies conducted with leukemic 
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marrow show reduced cytotoxicity dependent on the degree of leukemic infil
tration of the marrow [110]. Whether this finding is a quantitative phenom
enon due to a decreased proportion of cytotoxic precursors in the infiltrated 
marrow or a qualitative defect is unclear. It is possible that both factors may 
be responsible. However, since most patients are transplanted in remission, 
the effect of leukemic infiltration may not be relevant in most clinical 
circumstances. 

In addition to the generation of cytotoxic effector cells that mediate GVT 
effects in vivo, eradication of contaminating tumor cells in the graft while 
maintaning the capacity to reconstitute hematopoiesis is critically important 
for successful application of this strategy. Therefore, both these parameters 
were evaluated with human and murine bone marrow. Short-term culture of 
bone marrow with IL-2 was associated with significant clearing of contamin
ating leukemic cells [52). Increasing duration of bone marrow culture, regard
less of the presence or absence of IL-2, was associated with a decline in the 
number of clonogenic hematopoietic cells. However, at 24 hours, there was 
generation of potent cytotoxicity with maintenance of the intial number of 
hematopoietic clonogenic cells [111]. In murine models, transplantation with 
IL-2-activated bone marrow was associated with similar reconstitution kinetics 
to that of fresh bone marrow [31,111]. These studies suggested that IL-2 
activation of the autograft for 24 hours can lead to in vitro purging and 
generation of effector cells capable of mediating a GVT effect without loss of 
hematopoietic precursors. 

It has been shown in variety of hematological malignancies that neoplastic 
cells undergo preferential loss in comparison with normal hematopoietic cells 
during long-term culture (LTC) of the bone marrow [112,113]. These investi
gations, coupled with studies evaluating the mechanisms of selective loss of 
neoplastic cells in LTC [114,115], suggest that the culture environment in LTC 
could provide a selective growth disadvantage for neoplastic cells [116]. This 
property of LTC provides a rationale for application of in vitro purging of 
marrow from patients with hematological malignancies. Potent NK cells and 
other cells capable of killing tumor cells can be generated in LTC of marrow 
in the presence of IL-2 [117], providing a further strategy for purging and 
activation of marrow. In the presence of IL-2, long-term marrow cultures may 
lead to more complete eradication of tumor cells and provide sufficient time 
for generation of more potent cytotoxic effector cells, provided the LTC could 
be maintained for a long period of time without compromising the reconstitut
ing potential of marrow. 

We have shown that cytotoxic effector cells generated by IL-2 in LTC (1-
3 weeks) lyse a variety of tumor cell lines in vitro [118). Prolonging the 
duration of IL-2 exposure in culture leads to a progressive increase in cytotox
icity. However, the number of hematopoietic precursors declines after peaking 
at day 7. At day 7, the number of normal hematopoietic clonogenic cells was 
higher than in the starting marrow inoculum [118]. These results indicated that 
marrow cultured for seven days with IL-2 can be successfully used for trans-
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plantation. In a model of in vitro purging, it was observed that IL-2 incubation 
in LTC could successfully purge marrow with 10% contaminating tumor cells 
[118]. Studies performed with marrows from patients with CML indicate that 
LTC with IL-2 leads to eradication of PhI metaphases [118]. The feasibility of 
LTC of bone marrow autografts with IL-2 with the aim of purging and gener
ating cytotoxic effectors has also been demonstrated by Klingemann et al. 
[119,120]. Earlier, several groups demonstrated that LAK cells preferentially 
lyse contaminating neoplastic cells present in bone marrow and that these 
LAK cells can be used for in vitro purging [51,121]. IL-2 activation of marrow 
provides a possible advantage over LAK cell purging because it is a single-step 
procedure that also leads to generation of effector cells that can mediate in 
vivo reactivity against tumor in the presence of low-dose IL-2. 

Peripheral blood stem cell (PBSC) transplantation is associated with faster 
immunohematopoietic recovery and possibly less risk of contamination by 
tumor cells as compared to marrow [112,123]. PBSCs are mobilized by cyto
toxic chemotherapy and/or myeloid growth factors (GM-CSF or G-CSF) 
[124,125]. There may be both qualitative and quantitative effects on IL-2 
responsive cells under these conditions [126]. We have examined the capacity 
of chemotherapy- and growth-fact or-mobilized PBSCs to generate antitumor 
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Figure 2A. Cytotoxicity of IL-2-activated PBSCs and the effect of cryopreservation. Fresh PBSCs 
were activated with 6000lU/mi of IL-2, and cytotoxicity was assessed as such (fresh, activated; A) 
or after freezing and thawing (activated, frozen; B). Frozen PBSCs from the same harvests were 
activated and cytotoxicity was tested (C) along with the activated frozen and thawed sample. Data 
are percentage cytolysis (mean + SEM) of A375 at an E: T ratio of 50: 1 from a representative 
experiment. 
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Figure 2B. Effect of IL-2 activation of PBSCs on the number of clonogenic cells. The number of 
clonogenic cells was assayed at baseline and after 24 hours of culture, with and without IL-2. 
Shown are total number of day-14 colonies (CFU-GM, BFU-E, CFU-GEMM) per flask (input: 
1 x 10' cells). Data represent mean + SEM from 12 experiments with PBSCs from different 
patients. The number of colonies per flask was derived by the number of colonies per 1 x 105 plated 
cells in semisolid medium and cellular output from the flask after 24 hours of activation. 

cytotoxic effector cells in vitro [127]. IL-2 activation of chemotherapy and 
growth factor mobilized PBSCs from patients with different neoplastic disor
ders leads to generation of potent cytotoxic effector cells without loss of 
hematopoietic progenitors. Results obtained with PBSC from breast cancer 
patients are shown in figure 2A and 2B. As shown in figure 2A, a decrease in 
cytotoxicity was seen after freezing IL-2-activated PBSC; however, cytotoxic
ity comparable to fresh IL-2-activated PBSC was obtained by IL-2 activation 
of cryopreserved PBSC. These results suggested feasibility of performing IL-
2 activation of cryopreserved PBSC. Further experiments showed that the 
cytotoxicity achieved from growth-factor-mobilized PBSCs was equal to or 
higher than that achieved from bone marrow. These studies suggested that it 
should be possible to use PBSCs from patients with different neoplastic disor
ders for generation of cytotoxic effector cells by IL-2 activation. 

Based on our preliminary studies discussed above, phase 1111 clinical trials 
are in progress at our center in patients with different neoplastic disorders to 
evaluate the feasibility of administering IL-2-activated auto grafts following 
high-dose chemoradiotherapy. Systemic IL-2 is administered to patients after 
transplantation. Sixty-one patients with breast cancer have been transplanted 
with PBSCs mobilized with rhG-CSF and chemotherapy (either Cy (5 gms/m2 ) 
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or paclitaxel (200-300 mg/m2 over 24 hours)). The patient population consisted 
of patients with high-risk stage II (n = 21), stage III (n = 15), and stage 
IV disease (n = 25). Salient clinical features, treatment, schedule, hematopoi
etic reconstitution, and toxicity data are summarized in table 1. Of the 61 
patients, 10 patients had resistant disease at the time of transplantation, with 
the remaining patients demonstrating either partial or complete response. 
After high-dose chemotherapy with carboplatin and Cy, PBSCs incubated 
for 24 hours with IL-2 were reinfused. IL-2 administration was initiated on the 
day of transplantation (day 0). The initial five patients received only IL-2-
activated PBSC, while subsequent patients received IL-2 initially at a dose of 
6 x lOsIU/m2/day by continuous infusion starting on day 0 and continuing for 
five days. As shown in table 1, subsequent groups of patients received increas
ing doses and durations of IL-2. The maximal tolerated dose was 1.8 x 106 IU/ 
m2/day administered over four weeks. 

Rapid hematopoietic reconstitution was achieved in all patients. The aver
age number of days required both for the absolute neutrophil count to reach 
0.5 x 109/1 for three days and for the platelet count to be maintained at 20,000 
x 109/1 for three days is given in table 1. 

IL-2-activated PBSC transplantation followed by systemic IL-2 therapy was 
associated with frequent but tolerable side effects. Not all the toxicities could 
be attributed to IL-2 alone; some may be the result of the combination of 
chemotherapy and IL-2. Systemic toxicities seen in this group of patients 
involving any organ system are given in table 1. The most prominent toxicities 
included a mild elevation of liver function tests (60 of 61 patients), diarrhea (58 
of 61 patients), nausea/vomiting (59 of 61 patients), and the development of a 
skin rash (29 of 61 patients). Seventeen patients developed pulmonary compli
cations. Fourteen patients experienced a mild decrease in arterial oxygen
ation. Three patients required ventilatory assistance, with two subsequently 
discharged form the hospital. The remaining patient died during hospitaliza
tion due to a non traumatic subdural hematoma. Fifteen patients experienced 
transient cardiac symptoms generally manifesting as rhythm disturbances. 
Eighteen patients developed renal abnormalities with mild elevation of blood 
urea nitrogen or creatinine. 

A unique and interesting phenomenon was the development of autologous 
GVHD. All patients underwent weekly skin biopsies while hospitalized. 
Liver and/or gastrointestinal biopsies were performed when clinically indi
cated to evaluate the incidence of autologous GVHD. Although these data 
are presently being evaluated, we have observed autologous GVHD of the 
skin manifested as a diffuse erythematous rash developing initially on the 
trunk and back and then extending to involve all four extremities. GVHD 
was documented pathologically, and the rash improved within days of discon
tinuing the IL-2. No patient received corticosteroid for management of 
GVHD. 

Follow-up is too short to determine the possible impact of IL-2-activated 
PBSC transplantation on relapse and survival in these patients. However, 
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the development of autologous GVHD, successful hematopoietic recon
stitution, and lack of undue toxicities suggest that we may have been 
successful in altering the immune status of autologous marrow and PBSCs. It 
remains to be determined if these immunological effects will translate into 
clinical benefit due to a possible associated autologous graft-vs.-tumor effect. 
However, these initial results with IL-2-activated PBSCs clearly demonstrate 
the feasibility of such an approach in patients with poor-prognosis solid 
tumors. 

Donor leukocyte infusions (DLI) 

The GVL effect of allogeneic BMT seems to be critically dependent on mature 
T cells contained in allogeneic grafts. In an effort to induce GVHD and thus 
augment the GVL effect posttransplant in relapsed patients, peripheral blood 
mononuclear cells (PBMNCs) from the original bone marrow donors have 
been infused into these patients [128]. This approach seems to be promising 
mainly for patients with CML. Helg et al. [129] reported successful reinduction 
of complete hematological, cytogenetic, and molecular remission in two re
lapsed patients who were in chronic stable phase at initiation of leukocyte 
infusions and IFN-a therapy. The third patient, treated in accelerated phase, 
died with bone marrow aplasia 39 days following PBMNC infusion. Similar 
results were reported by Drobyski et al. [130] and Porter et al. [3]. In a limited 
number of small trials, results with DLI have not been as impressive in other 
hematological malignancies. These results have been further confirmed in a 
large multicenter trial reported recently [128]. In this study, patients with 
CML, AML, polycythemia vera (PV), MDS, and ALL were treated with DLI. 
Again, the best results were seen in CML patients in whom therapy was 
started early, when the patients were in cytogenetic relapse or stable 
hematological relapse. 

Considerable toxicity is associated with DLI, the most common being 
GVHD and bone marrow aplasia. In the study by Kolb et al. [128] mentioned 
above, 79 of 133 patients (59%) developed GVHD. In 55 patients (41 %), the 
GVHD was grade II or higher, and myelosuppression was a common side 
effect; 50% of CML patients who were in hematological relapse with a mixed 
chimerism developed myelosuppression. On the contrary, patients with cyto
genetic relapses or with chemotherapy-induced remission were less prone to 
this effect, and only 4 of 34 patients developed myelosuppression. These 
findings suggest that myelosuppression in these patients is the result of sup
pression of recipient-derived hematopoiesis. It remains to be seen whether the 
infusion of donor cells and the resultant immune response selectively suppress 
the neoplastic clone or if the recipient-derived type of hematopoietic cells are 
indiscriminately eliminated. Six deaths were attributable to myelosuppression, 
and four additional patients died of combined myelosuppression and GVHD. 
In most of the other patients, myelosuppression reversed spontaneously or 
after a boost with donor marrow without immunosuppressive therapy. Similar 
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side effects have been reported in other studies. This topic is discussed in 
greater detail in the chapter by Porter and Antin in this volume. 

Tumor-specific immunotherapy 

The development of effective cancer vaccines for treatment of established 
tumors or for tumor prevention remains a goal, but decades of efforts in this 
direction have not been very encouraging. Active, specific immunotherapy in 
patients with different tumors has been attempted by several investigators 
[131-136]. Vaccines consisting of irradiated autologous or allogeneic tumor 
cells, tumor celllysates, or purified tumor antigens in combination with differ
ent immunological adjuvants have been used to immunize these patients, with 
encouraging results obtained in patients with melanoma, colon cancer, and 
lung cancer [5,137-140]. 

There is compelling evidence from experimental systems and anecdotal 
clinical reports that at least some tumors are immunogenic and that systemic 
antitumor immunity plays a role in eradication or control of tumor growth or 
metastasis. The immune repertoire of persons with cancer contains Band T 
cells that recognize antigens expressed by autologous cancer cells [141]. Sev
eral immunogenic molecules have been defined on cancer cells, including 
products of mutated oncogenes and different differentiation antigens [141]. 
Although most of these antigens are expressed on normal cells, aberrant 
expression on tumor tissues, due to either quantitative or qualitative alter
ations, makes these immunogenic [137]. Despite a detectable immune re
sponse against tumor cells, tumor progression can be explained by inherently 
weak immunogenicity of tumor antigens [137]. However, studies in experi
mental models suggest that even weakly immunogenic cancers can be rejected 
by the host's immune response after effective immunization [142,143]. 

Several methods have been employed to make tumor cells more immuno
genic, including culturing tumor cells with IFN-y to upregulate MHC mol
ecules and transfecting with genes of costimulatory molecules and cytokines 
such as IL-2 and IFN-y [64,134,139,143-145]. In experimental systems, all 
these strategies have enhanced the immunogenic potential of tumor cells. One 
encouraging finding has been that antitumor immunity induced by modified 
tumor cells extends to wild-type tumor as well [146]. Host factors may be 
important determinants of the outcome of immunization, especially in the 
context of immunotherapy. Immunosuppression in a tumor-bearing host can 
be the result of several known factors, such as a defective CD3 complex in T 
cells [147], elaboration of cytokines such as TGF-I3, and other undefined 
factors [148]. The magnitude of immunosuppression parallels the tumor bur
den [149]. Therefore, chances of success with immunotherapy are improved if 
it is applied in a state of minimal residual disease, such as after BMT. Several 
other variables associated with BMT may enhance the success of immuno
therapy in this setting, including elimination of suppressor cells and disruption 
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of the architectural integrity of residual tumor by the conditioning regimen, 
thus making the tumor more susceptible to damage by immune effector 
mechanisms. However, the phenomenon of general immune suppression asso
ciated with BMT may be a potential concern. Most of the studies addressing 
the immunosuppression occurring post-BMT have looked only at nonspecific 
functions of the majority of Band T cells, which are de novo differentiating 
cells [150,151). In contrast to these studies, there are reports of successful 
transfer of immunity to different viral and bacterial antigens by BMT, sug
gesting the presence of 'carry-over' memory cells [152,153]. Further, immunity 
can be boosted by posttransplant immunization [154). As far as antitumor 
immunity is concerned, animals show a state of higher resistance to tumor 
uptake after transplant as compared to normal mice [155]. In addition, the 
occurrence of the GVL effect with GVHD suggests that, in spite of im
munosuppression associated with BMT, effective antitumor mechanisms 
are operative. This evidence suggests that, although there is immuno
suppression associated with BMT, it is not so great as to preclude antitumor 
immunotherapy. 

Kwak et al. demonstrated the transfer of humoral anti-idiotypic response 
with resultant protective immunity to a murine B-cell tumor [156). Our results 
in B16 murine melanoma suggest that antitumor immunity can be successfully 
transferred by BMT [157]. Mice transplanted with immune bone marrow 
reject fresh tumor, and in tumor-bearing animals this leads to a potent antitu
mor effect. Our preliminary results in the same model suggest that bone 
marrow from animals that are not fully immune to the tumor elicit more 
potent immunity in secondary recipients after BMT. Thus, BMT may repre
sent an ideal situation for application of immunotherapeutic techniques. In 
addition, there is possibility of in vitro manipulation of bone marrow before 
reinfusion into the host to augment induced immune responses by procedures 
such as in vitro sensitization. 

Despite these possible advantages associated with the application of immu
notherapeutic strategies post-BMT, efforts in this direction have been limited. 
So far no results have been published evaluating the role of tumor-specific 
immunotherapy in the setting of ABMT. Recently, Kwak et al. reported the 
successful transfer of myeloma idiotype-specific immunity from an actively 
immunized bone marrow donor [158]. A normal sibling bone marrow donor 
was immunized with two doses of myeloma IgG (idiotype) conjugated to KLH 
and emulsified in an adjuvant. Tumor-specific immunity in the form of 
lymphoproliferative responses was noted in the recipient at days 30 and 60 
posttransplant. A CD4+ cell line of donor origin was developed from the 
recipient's peripheral blood mononuclear cells, and this proliferated in re
sponse to immunizing antigen. The patient was clinically well with a stable M 
component two years posttransplant. The report suggests that it may be pos
sible to transfer tumor-specific immunity by bone marrow transplantation. 
These results, in conjunction with earlier work in experimental models, should 
provide the basis for evaluation of this strategy in larger clinical trials. 
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Conclusions 

Immunotherapy as a treatment modality for neoplastic disorders has been 
attempted for several decades, with periods of enthusiasm and disillusion
ment. The application of this strategy in the transplant setting is relatively new. 
Several approaches are being evaluated, and results published thus far make it 
difficult to draw valid conclusions. Donor leukocyte infusions appear promis
ing for patients with relapsed CML. In other disorders, efficacy is yet to be 
established. In the future, early institution of DLI for patients who are in early 
relapse should decrease the incidence of bone marrow aplasia and 
increase the likelihood of achieving complete remission. In vitro sensitization 
of donor lymphocytes with recipients' cells may potentiate efficacy. It is 
unclear whether the GVL effect observed in these patients is part of a gener
alized GVH allogeneic response or is selectively directed towards the recipi
ents' hematopoietic stem cells or, more specifically, towards the neoplastic 
clone. Delineation of these mechanisms will raise further possibilities of 
selective augmentation of donor lymphocyte clones reactive with neoplastic 
cells from the recipient by various strategies, such as immunization of donor 
or in vitro sensitization of donor marrow with neoplastic cells or antigens. 
Cytokine modulation of autologous grafts, particularly with IL-2, is being 
explored by our group and others. Early results look promising in terms 
of feasibility of approach and induction of autologous GVHD. Planned ran
domized trials will answer the question about antitumor efficacy. Several 
other cytokines, including IL-4, IL-7, IL-12, and other stimulators of T cells 
and NK cells, synergize with IL-2 in some of its action. This finding raises the 
possibility of using a combination of different biological response modifiers 
and decreasing the toxicity associated with high-dose therapy with single 
agents. 

Effective induction of tumor-specific immune responses to prevent or treat 
established disease is the goal of the tumor immunobiologist. Advances in 
understanding tumor-associated antigens, antigen processing, MHC binding 
and presentation, regulation of MHC expression, and further characterization 
of professional antigen-presenting cells such as dendritic cells should provide 
novel methods to induce immunity. The mechanism of tumor-induced immu
nosuppression and the mechanisms by which tumor cells evade immune 
mechanisms are still undefined. TGF-~ is one of the most potent immunosup
pressive factors known to be elaborated by tumor cells. Neutralization of these 
factors might improve the outcome of immunotherapy. Our results in a murine 
melanoma model indicate that a combination of IL-2 with anti-TGF-~ anti
body induces potent antitumor effects in conditions when neither of the agents 
is effective alone. Further experiments need to be conducted to determine 
whether neutralization of TGF-~ can be used to augment the immunization 
potential of different whole tumor cell vaccines. Tumor-specific immuno
therapy has not been explored to any significant extent in the transplant 
setting. Allogeneic BMT provides an ideal situation for such a technique, 
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provided that potent, yet safe, immunogens and immunization strategies can 
be defined. Thus, immunization of normal allogeneic donors will overcome 
some of the problems associated with immunization of the patients, such as 
tolerance to self-tumor antigens and tumor-induced immunosuppression. 
Failure to reconstitute antitumor immunity in the face of posttransplant im
munodeficiency and development of GVHD remains a major concern. How
ever, techniques of mature T-cell add-back can circumvent the immune 
deficiency problem. In vitro manipulation of donor marrow or peripheral 
blood lymphocytes (PBLs) to enrich for tumor-reactive clones may enhance 
the GVL effect. 

The majority of potential candidates for BMT do not receive allogeneic 
grafts for a multiplicity of reasons. Therefore, it becomes important to develop 
strategies for immunization of the tumor-bearing host. In this situation, it is 
important to develop novel ways to break tolerance to the tumor by immuni
zation and by counterbalancing tumor-induced immunosuppressive mecha
nisms. Vaccination with genetically modified tumor cells (e.g., transfected with 
MHC, costimulatory molecules, and/or different cytokines) or with recombi
nant vectors expressing tumor antigens holds promise. Methods have been 
developed to culture and expand dendritic cells from hematopoietic stem cells. 
Tumor-antigen pulsed or transfected dendritic cells can be used for in vivo 
immunization. It would be interesting to see whether the same system can be 
used to sensitize autologous bone marrow grafts in vitro before reinfusion into 
patients. 

References 

1. Barrett AJ, Horowitz MM, Gale RP, et al. Marrow transplantation for acute lymphoblastic 
leukemia: factors affecting relapse and survival. Blood 74:862-871, 1989. 

2. Champlin R. Graft-versus-Ieukemia without graft-versus-host disease: an elusive goal of 
bone marrow transplantation. Semin Hematol 29:46-52, 1992. 

3. Porter DL, Roth MS, McGarigle C, Ferrara JL, Antin JH. Induction of graft-versus-host 
disease as immunotherapy for relapsed chronic myeloid leukemia. N Engl J Med 330:100-
106, 1994. 

4. Brenner MK, Rill DR, Moen RC, et al. Gene-marking to trace origin of relapse after 
autologous bone-marrow transplantation. Lancet 341:85-86, 1993. 

5. Quan WD Jr., Mitchell MS. Immnnology and immunotherapy of melanoma. Cancer Treat 
Res 65:257-277, 1993. 

6. Morton DL.Active immunotherapy against cancer: present status. Semin Oncol13:180-185, 
1986. 

7. Wang RF, Robbins PF, Kawakami Y, Kang XQ, Rosenberg SA. Identification of a gene 
encoding a melanoma tumor antigen recognized by HLA-A31-restricted tumor-infiltrating 
lymphocytes. J Exp Med 181:799-804, 1995. 

8. Bernhard H. Karbach J, Wolfel T, et al. Cellular immune response to human renal-cell 
carcinomas: definition of a common antigen recognized by HLA-A2-restricted cytotoxic 
T-Iymphocyte (CTL) clones. Int J Cancer 59:837-842,1994. 

9. Van der Bruggen P, Bastin J, Gajewski T, et al. A peptide encoded by human gene mage-3 
and presented by HLA-A2 induces cytolytic T lymphocytes that recognize tumor cells 
expressing MAGE-3. Eur J Immunol 24:3038-3043, 1994. 

47 



10. Whittington R, Faulds D. Interleukin-2: a review of its pharmacological properties and 
therapeutic use in patients with cancer. Drugs 46:446-514, 1993. 

11. Ghosh AK, Cerny T, Wagstaff J, Thatcher N, Moore M. Effect of in vivo administration of 
interferon gamma on expression of MHC products and tumor associated antigens in patients 
with metastatic melanoma. Eur J Cancer Clin Oncol 25:1637-1643, 1989. 

12. Hirte HW, Clark DA, O'Connell G, Rusthoven J, Mazurka J. Reversal of suppression of 
lymphokine-activated killer cells by transforming growth factor-beta in ovarian carcinoma 
ascitic fluid requires interleukin-2 combined with anti-CD3 antibody. Cell ImmunoI142:207-
216, 1992. 

13. Benyunes MC, Massumoto C, York A, et al. Interleukin-2 with or without lymphokine
activated killer cells as consolidative immunotherapy after autologous bone marrow trans
plantation for acute myelogenous leukemia. Bone Marrow Transplant 12:159-163, 1993. 

14. Simpson C, Seipp CA, Rosenberg SA. The current status and future applications of 
interleukin-2 and adoptive immunotherapy in cancer treatment. Semin Oncol Nurs 4:132-
141, 1988. 

15. Fefer A, Benyunes M, Higuchi C, et al. Interleukin-2 +/- lymphocytes as consoli dative 
immunotherapy after autologous bone marrow transplantation for hematologic malignan
cies. Acta Haematol89 (Suppl1):2-7, 1993. 

16. Pavletic Z, Benyunes MC, Thompson JA, et al. Induction by interleukin-7 of lymphokine
activated killer activity in lymphocytes from autologous and syngeneic marrow transplant 
recipients before and after systemic interleukin-2 therapy. Exp HematoI21:1371-1378, 1993. 

17. Rosenberg SA. Immunotherapy of cancer using interleukin 2: current status and future 
prospects. Immunol Today 9:58-62, 1988. 

18. Champlin R. T-cell depletion for allogeneic bone marrow transplantation: impact on graft
versus-host disease, engraftment, and graft-versus-leukemia. J Hematother 2:27-42, 1993. 

19. Bron D. Graft-versus-host disease. Curr Opin On col 6:358-364, 1994. 
20. Noga SJ, Hess AD. Lymphocyte depletion in bone marrow transplantation: will modulation 

of graft-versus-host disease prove to be superior to prevention? Semin OncoI20:28-33, 1993. 
21. Champlin R. Immunobiology of bone marrow transplantation as treatment for hematologic 

malignancies. Transplant Proc 23:2123-2127, 1991. 
22. Boiron JM, Cony-Makhoul P, Mahon FX, Pigneux A, Puntous M, Reiffers J. Treatment of 

hematological malignancies relapsing after allogeneic bone marrow transplantation. Blood 
Rev 8:234-240, 1994. 

23. Kennedy MJ, Vogelsang GB, Jones RJ, et al. Phase I trial of interferon gamma to potentiate 
cyclosporine-induced graft-versus-host disease in women undergoing autologous bone mar
row transplantation for breast canncer. J Clin OncoI12:249-257, 1994. 

24. Smith KA. Interleukin-2: inception, impact, and implications. Science 240:1169-1176, 1988. 
25. Waldmann TA, Pastan IH, Gansow OA, Junghans RP. The multichain interleukin-2 recep

tor: a target for immunotherapy. Ann Intern Med 116:148-160, 1992. 
26. Grimm EA, Mazumder A, Zhang HZ, Rosenberg SA. Lymphokine-activated killer cell 

phenomenon. Lysis of natural killer-resistant fresh solid tumor cells by interleukin 2-
activated autologous human peripheral blood lymphocytes. J Exp Med 155:1823-1841, 1982. 

27. Lotze MT, Grimm EA, Mazumder A, Strausser JL, Rosenberg SA. Lysis of fresh and 
cultured autologous tumor by human lymphocytes cultured in T-cell growth factor. Cancer 
Res 41:4420-4425, 1981. 

28. Chadwick BS, Miller RG. Heterogeneity of the lymphokine-activated killer cell phenotype. 
Cell Immunol132:168-176, 1991. 

29. Rosenberg SA, Lotze MT, Yang JC, et al. Experience with the use of high-dose interleukin-
2 in the treatment of 652 cancer patients. Ann Surg 210:474-484, 1989. 

30. Rosenberg SA. Karnofsky memorial lecture. The immunotherapy and gene therapy of 
cancer. J Clin Oncol1O:180-199, 1992. 

31. Charak BS, Brynes RK, Groshen S, Chen SC, Mazumder A. Bone marrow transplantation 
with interleukin-2-activated bone marrow followed by interleukin-2 therapy for acute my
eloid leukemia in mice. Blood 76:2187-2190, 1990. 

48 



32. Favrot MC, Floret D, Negrier S, et al. Systemic interleukin-2 therapy in children with 
progressive neuroblastoma after high dose chemotherapy and bone marrow transplantation. 
Bone Marrow Transplant 4:499-503, 1989. 

33. Gottlieb DJ, Brenner MK, Heslop HE, et al. A phase I clinical trial of recombinant 
interleukin 2 following high dose chemo-radiotherapy for haematological malignancy: appli
cability to the elimination of minimal residual disease. Br J Cancer 60:610-615, 1989. 

34. Blaise D, Olive D, Stoppa AM, et al. Hematologic and immunologic effects of the systemic 
administration of recombinant interleukin-2 after autologous bone marrow transplantation. 
Blood 76:1092-1097, 1990. 

35. Higuchi CM, Thompson JA, Petersen FB, Buckner CD, Fefer A. Toxicity and 
immunomodulatory effects of interleukin-2 after autologous bone marrow transplantation 
for hematologic malignancies. Blood 77:2561-2568, 1991. 

36. Soiffer RJ, Murray C, Cochran K, et al. Clinical and immunologic effects of prolonged 
infusion of low-dose recombinant interleukin-2 after autologous and T -cell-depleted alloge
neic bone marrow transplantation. Blood 79:517-526, 1992. 

37. Weisdorf DJ, Anderson PM, Blazar BR, Uckun FM, Kersey JH, Ramsay NK. Interleukin 2 
immediately after autologous bone marrow transplantation for acute lymphoblastic leuke
mia - a phase I study. Transplantation 55:61-66, 1993. 

38. Papa MZ, Mule JJ, Rosenberg SA. Antitumor efficacy of lymphokine-activated killer cells 
and recombinant interleukin 2 in vivo: successful immunotherapy of established pulmonary 
metastases from weakly immunogenic and nonimmunogenic murine tumors of three district 
histological types. Cancer Res 46:4973-4978, 1986. 

39. Peace DJ, Cheever MA. Toxicity and therapeutic efficacy of high-dose interleukin 2. In vivo 
infusion of antibody to NK-1.1 attenuates toxicity without compromising efficacy against 
murine leukemia. J Exp Med 169:161-173, 1989. 

40. Gottlieb DJ, Prentice HG, Heslop HE, et al. Effects of recombinant interleukin-2 adminis
tration on cytotoxic function following high-dose chemo-radiotherapy for hematological 
malignancy. Blood 74:2335-2342, 1989. 

41. Hamon MD, Prentice HG, Gottlieb DJ, et al. Immunotherapy with interleukin 2 after 
ABMT in AML. Bone Marrow Transplant 11:399-401, 1993. 

42. Sprent J, Schaefer M, Gao EK, Korngold R. Role of T cell subsets in lethal graft-versus-host 
disease (GVHD) directed to class I versus class II H-2 differences. I. L3T4+ cells can either 
augment or retard GVHD elicited by Lyt-2+ cells in class I different hosts. J Exp Med 
167:556-569, 1988. 

43. Malkovsky M, Brenner MK, Hunt R, et al. T-cell depletion of allogeneic bone marrow 
prevents acceleration of graft-versus-host disease induced by exogenous interleukin 2. Cell 
Immunol 103:476-480, 1986. 

44. Sykes M, Abraham BS, Harty MW, Pearson DA. IL-2 reduces graft-versus-host disease and 
preserves a graft-versus-leukemia effect by selectively inhibiting CD4+ T cell activity. J 
Immunol 150:197-205, 1993. 

45. Sykes M, Harty MW, Szot GL, Pearson DA. Interleukin-2 inhibits graft versus host disease 
promoting activity of CD4+ cells while preserving CD4- and CD8- mediated graft versus 
leukemia effects. Blood 83:2560-2569, 1994. 

46. Azuma E, Kaplan J. Role of lymphokine-activated killer cells as mediators of veto and 
natural suppression. J Immunol 141:2601-2606, 1988. 

47. Nakamura H, Gress RE. Interleukin-2 enhancement of veto suppressor cell function in 
T-cell-depleted bone marrow in vitro and in vivo. Transplantation 49:931-937, 1990. 

48. Sykes M, Romick ML, Sachs DH. Interleukin-2 prevents graft-versus-host disease while 
preserving the graft-versus-leukemia effect of allogeneic T cells. Proc Natl Acad Sci USA 
87:5633-5637, 1990. 

49. Soiffer RJ, Murray C, Gonin R, Ritz J. Effect of low-dose interleukin-2 on disease relapse 
after T-cell-depleted allogeneic bone marrow transplantation. Blood 84:964-971, 1994. 

50. Fujimori Y, Hara H, Nagai K. Effect of lymphokine activated killer cell fraction on the 
development of human hematopoietic progenitor cells. Cancer Res 48:534-538, 1987. 

49 



51. van den Brink MRM, Voogt PJ, Marijt WAF, van Luxemburg-Heys SAP, Van Rood 
JJ, Brand AA. Lymphokine activated killer cells selectively kill tumor cells in bone 
marrow without compromising bone marrow stem cell function in vitro. Blood 74:354-560, 
1989. 

52. Charak BS, Malloy B, Agah R, Mazumder A. A novel approach to purging of leukemia by 
activation of bone marrow with interleukin-2. Bone Marrow Transplant 6:193-198, 1990. 

53. Schaafsma MR, Fibbe WE, van der Harst D, et al. Increased numbers of circulating hemato
poietic progenitor cells after treatment with high dose interleukin-2 in cancer patients. Br J 
Haematol 76:180-185, 1990. 

54. Heslop HE, Bello-Fernandez C, Reittie JE, et al. Interleukin 2 infusion after autologous 
bone marrow transplantation or chemotherapy enhances hematopoietic regeneration (ab
stract). Blood 76 (Suppll):544a, 1990. 

55. Bosly AE, Staquet PJ, Doyen CM, Chatelain BJ, Humblet YP, Symann ML. Recombinant 
human interleukin-2 restores in vitro T-cell colony formation by peripheral blood mono
nuclear cells after autologous bone marrow transplantation. Exp Hematol 15:1048-1054, 
1987. 

56. Borradori L, Hirt A, Baumgartner C, Morell A. Influence of exogenous interleukin-2 on the 
proliferation of lymphocytes from normal donors and from patients after autologous bone 
marrow transplantation. Acta Haematol 77:129-134, 1987. 

57. Reittie JE, Gottlieb D, Heslop HE, et al. Endogenously generated killer cells circulate after 
autologous and allogeneic bone marrow transplantation but not after chemotherapy. Blood 
73:1341-1358,1989. 

58. Bosly A, Guillame T, Brice P, et al. Effects of escalating doses of recombinant human 
interleukin-2 in correcting functional T-cell defects following autologous bone marrow trans
plantation for lymphomas and solid tumors. Exp Hematol 20:962-968, 1992. 

59. Heslop HE, Gottlieb DJ, Bianchi ACM, et al. In vivo induction of y interferon and tumor 
necrosis factor by interleukin-2 infusion following intensive chemotherapy or autologous 
bone marrow transplantation. Blood 74:1374-1380, 1989. 

60. Massumoto C, Sale G, Benyunes M, et al. Cutaneous GVHD associated with IL-2 + LAK 
therapy after autologous bone marrow transplantation (ABMT) for hematologic malignan
cies (abstract). Proc Am Soc Clin Oncol11:825a, 1992. 

61. Price G, Brenner MK, Prentice HG, Hoffbrand A V, Newland AC. Cytotoxic effects of 
tumor necrosis factor and gamma interferon on acute myeloid leukemia blast cells. Br J 
Cancer 55:287-290, 1987. 

62. Herberman RB, Ortaldo JR, Montovani A, Hobbs DS, Kung HF, Pestka S. Effect of human 
recombinant interferon on cytotoxic activity of natural killer (NK) cells and monocytes. Cell 
ImmunoI67:160-167,1982. 

63. Guadagni F, Schlom J, Johnston WW, et al. Selective interferon-induced enhancement of 
tumor-associated antigens on a spectrum of freshly isolated human adenocarcinoma cells. J 
Nat! Cancer Inst 81:502-512, 1989. 

64. Jabrane-Ferrat N, Faille A, Loiseau P, Poirier 0, Charron D, Calvo F. Effect of gamma 
interferon on HLA c1ass-I and II transcription and protein expression in human breast 
adenocarcinoma cell lines. Int J Cancer 45:1169-1176,1990. 

65. Giacomini P, Fisher PB, Duigou GJ, Gambari R, Natali PG. Regulation of class II MHC 
gene expression by interferons: insights into the mechanism of action of interferon (review). 
Anticancer Res 8:1153-1161, 1988. 

66. Boyer CM, Dawson DV, Neal SE, et al. Differential induction by interferons of major 
histocompatibility complex-encoded and non-major histocompatibility complex-encoded 
antigens in human breast and ovarian carcinoma cell lines. Cancer Res 49:2928-2934, 1989. 

67. Nouri AM, Hussain RF, Dos Santos A V, Gillott DJ, Oliver RT. Induction of MHC antigens 
by tumour cell lines in response to interferons. Eur J Cancer 28A:l110-1115, 1992. 

68. Carlo Stella C, Cazzola M. Interferons as biologic modulators of hematopoietic cell prolif
eration and differentiation. Haematologica 73:225-237,1988. 

50 



69. Bilgrami S, Silva M, Cardoso A, Miller KB, Ascensao JL. Immunotherapy with autologous 
bone-marrow transplantation: rationale and results. Exp Hematol 22:1039-1050, 1994. 

70. Meyers JD, Flournoy N, Sanders JE, et al. Prophylactic use of human leukocyte interferon 
after allogeneic marrow transplantation. Ann Intern Med 107:809-816, 1987. 

71. Winston DJ, Ho WG, Schroff RW, Champlin RE, Gale RP. Safety and tolerance of recom
binant leukocyte a interferon in bone marrow transplant recipients. Antimicrob Agents 
Chemother 23:846-851, 1983. 

72. McGlave PB, Arthur D, Miller WJ, Lasky L, Kersey J. Autologous transplantation for CML 
using marrow treated ex vivo with recombinant human interferon gamma. Bone Marrow 
Transplant 6:115-120, 1990. 

73. Lo Coco F, Mandelli F, Diverio D, et al. Therapy-induced Ph1 suppression in chronic 
myeloid leukemia: molecular and cytogenetic studies in patients treated with alpha-2b IFN, 
high-dose chemotherapy and autologous stem cell infusion. Bone Marrow Transplant 6:253-
258, 1990. 

74. Higuchi W, Moriyama Y, Kishi K, et al. Hematopoietic recovery in a patient with acute 
lymphoblastic leukemia after an autologous marrow graft purged by combined hyperthermia 
and interferon in vitro. Bone Marrow Transplant 7:163-166, 1991. 

75. Kantarjian HM, Talpaz M, Le Maistre CF, et al. Intensive combination chemotherapy and 
autologous bone marrow transplantation leads to the reappearance of Philadelphia chromo
some-negative cells in chronic myelogenous leukemia. Cancer 67:2959-2965, 1991. 

76. Klingemann HG, Grigg AP, Wilkie-Boyd K, et al. Treatment with recombinant interferon 
(alpha-2b) early after bone marrow transplantation in patients at high risk for relapse. Blood 
78:3306-3311, 1991. 

77. Attal M, Huguet F, Schlaifer D, et al. Intensive combined therapy for previously untreated 
aggressive myeloma. Blood 79:1130-1136, 1992. 

78. Neloni G, De Fabritiis P, Alimena G, et al. Autologous bone marrow or peripheral blood 
stem cell transplantation for patients with chronic myeloid leukemia in chronic phase. Bone 
Marrow Transplant 4 (Suppl 4):92, 1989. 

79. Ascensao JL, Miller KB, Tuck D, et al. Immunotherapy with interferon-alpha-2b (IFN) 
following autologous bone marrow transplantation (ABMT) for lymphomas: an update 
(abstract). Proc Am Soc Clin OncoI12:380, 1993. 

80. Graze PR, Gale RP. Chronic graft versus host disease: a syndrome of disordered immunity. 
Am J Med 66:611-620, 1979. 

81. Deeg HJ, Storb R. Acute and chronic graft versus host disease: clinical manifestations, 
prophylaxis, and treatment. J Nat! Cancer Inst 76:1325-1328,1986. 

82. Wei den PL, Sullivan KM, Fluornoy N, Storb R, Thomas ED. Antileukemic effect of graft
versus-host disease in human recipients of allogeneic-marrow grafts. N Eng J Med 300:1068-
1073,1979. 

83. Butturini A, Bortin MM, Gale RP. Graft-versus-leukemia following bone marrow transplan
tation. Bone Marrow Transplant 2:233-242, 1987. 

84. Chopra R, Goldstone AH, Pearce R, et al. Autologous versus allogeneic bone 
marrow transplantation for non-Hodgkin's lymphoma: a case controlled analysis of the 
European Bone Marrow Transplant Group registry data. J Clin Oncol 10:1690-1695, 
1992. 

85. Glazier AD, Tutschka PJ, Farmer ER, Santos GW. Graft-versus-host disease in cyclosporine 
A treated rats following syngeneic and autologous bone marrow reconstitution. J Exp Med 
158:1-8, 1983. 

86. Hess AD, Horwitz L, Beschorner WE, Santos GW. Development of graft-versus-host 
disease-like syndrome in cyclosporine-treated rats after syngeneic bone marrow transplanta
tion. 1. Development of cytotoxic T lymphocytes with apparent polyclonal anti-Ia specificity, 
including autoreactivity. J Exp Med 161:718-730, 1985. 

87. Hess AD, Jones RC, Santos GW. Autologous graft-versus-host disease: mechanism and 
potential therapeutic effect. Bone Marrow Transplant 12 (Suppl 3):S65, 1993. 

51 



88. lones Rl, Vogelsang GB, Hess AD, Farmer ER, Mann R, Geller PB, Piantadosi S, Santos 
GW. Induction of graft versus host disease after autologous bone marrow transplantation. 
Lancet 1:754-757, 1989. 

89. Yeager AM, Vogelsang GB, 10nes Rl, Farmer ER, Altomonte V, Hess AD, Santos GW. 
Induction of cutaneous graft-versus-host reaction by administration of cyclosporine to pa
tients undergoing autologous bone marrow transplantation for acute myeloid leukemia. 
Blood 79:3031-3035, 1992. 

90. Santos GW. Autologous graft vs host disease (abstract). Exp HematoI19:463, 1991. 
91. Gribben lG, Freedman AS, Neuberg D, et al. Immunological purging of marrow assessed by 

PCR before autologous bone marrow transplantation for B cell lymphoma. N Engl 1 Med 
325:1525-1533,199l. 

92. Ringden 0, Horowitz MM. Graft-versus-leukemia reactions in humans. The Advisory Com
mittee of the International Bone Marrow Transplant Registry. Transplant Proc 21:2989-
2992, 1989. 

93. Rosenfeld C, Shadduck RK, Przepiorka D, Mangan KF, Colvin M. Autologous bone marrow 
transplantation with 4-hydroperoxycyclophosphamide purged marrows for acute 
nonlymphocytic leukemia in late remission or early relapse. Blood 74:1159-1164,1989. 

94. Pole lG, Gee A, lansen W, Lee C, Gross S. Immunomagnetic purging of bone marrow: a 
model for negative cell selection. Am 1 Pediatr Hematol On col 12:257-261, 1990. 

95. Vogler WR, Berdel WE, Olson AC, Winton EF, Heffner LT, Gordon DS. Autologous bone 
marrow transplantation in acute leukemia with marrow purged with alkylysophospholipids. 
Blood 80:1423-1429, 1992. 

96. Uckun FM, Kersey lH, Vallera DA, et al. Autologous bone marrow transplantation in high 
risk remission T-lineage acute lymphoblastic leukemia using immunotoxins plus 4-
hydroperoxycyclophosphamide for marrow purging. Blood 76:1723-1733, 1990. 

97. Truitt RL, Horowitz MM, Atasoylu AA, Drobyski WR, 10hnson BD, LeFever AV. Graft
versus-leukemia effect of allogeneic bone marrow transplantation: clinical and experimental 
aspects of late leukemia relapse. In Stewart THM, Wheelock EF (eds), Cellular Immune 
Mechanisms and Tumor Dormancy. Boca Raton: CRC Press, 1992, pp. 111":128. 

98. Horowitz MM, Gale RP, Sondel PM, et al. Graft-versus-leukemia reactions after bone 
marrow transplantation. Blood 75:555-562, 1990. 

99. Chang WC, Hsiao MH, Pattengale PK. Natural killer cell immunodeficiency in patients with 
chronic myelogenous leukemia. IV. Interleukin-l deficiency, gamma-interferon deficiency 
and the restorative effects of short term culture in the presence of interleukin-2 on natural 
killer cytotoxicity, natural killer-target binding and production of natural killer cytotoxic 
factor. Nat Immunol Cell Growth Regul 10:57-70, 1991. 

100. Mackinnon S, Hows 1M, Goldman 1M. Induction of in vitro graft-versus-leukemia activity 
following bone marrow transplantation for chronic myelogenous leukemia. Blood 76:2037-
2045,1990. 

101. Hauch M, Gazzold MV, Small T, et al. Anti-leukemia potential of interleukin-2 activated 
natural killer cells after bone marrow transplantation for chronic myelogenous leukemia. 
Blood 75:2250-2262, 1990. 

102. Agah R, Malloy B, Kerner M, Mazumder A. Generation and characterization of IL-2 
activated bone marrow cells as a potent graft versus tumor effector in transplantation. 1 
Inimunol 143:3039-3099, 1989. 

103. Charak BS, Brynes RK, Katsuda S, Groshen S, Chen S-C, Mazumder A. Induction of graft 
versus leukemia effect in bone marrow transplantation: dosage and time schedule depen
dency of interleukin 2 therapy. Cancer Res 51:2015-2020, 1991. 

104. Charak BS, Agah R, Gray D, Mazumder A. Interaction of various cytokines with 
interleukin-2 in the generation of killer cells from human bone marrow: application in 
purging of leukemia. Leuk Res 15:801-810, 1991. 

105. Keever CA, Pekle K, Gazzola MV, Collins NH, Gillio A. NK and LAK activities from 
human bone marrow progenitors. 1. The effects of interleukin-2 and interleukin-l. Cell 
ImmunoI126:211-226, 1990. 

52 



106. Agah R, Malloy B, Kerner M, Girgis E, Bean P, Twomey P, Mazumder A. Potent 
graft antitumor effect in natural killer-resistant disseminated tumors by transplantation 
of interleukin-2-activated syngeneic bone marrow in mice. Cancer Res 49:5959-5963, 
1989. 

107. Lotze MT, Matory YL, Ettinghausen SE, et al. In vivo administration of purified human 
interleukin-2: half life, immunologic effects, and expansion of peripheral lymphoid cells in 
vivo with recombinant IL-2. J Immunol135:2865-2875, 1985. 

108. Kedar E, Klein E. Cancer immunotherapy: are the results discouraging? can they be im
proved? Adv Cancer Res 59:245-322, 1992. 

109. Mitchell MS. Combining chemotherapy with biological response modifiers in the treatment 
of cancer. J Nat! Cancer Inst 80:1445-1450, 1988. 

110. Charak BS, Brynes RK, Chogyoji M, Kortes V, Tefft M, Mazumder A. Graft versus leuke
mia effect of interleukin-2-activated bone marrow: correlation with eradication of residual 
disease. Transplantation 56:31-37, 1993. 

111. Charak BS, Agah R, Brynes RK, Chogyoji M, Groshen S, Chen S-C, Mazumder A. 
Interleukin-2 (IL-2) and IL-2-activated bone marrow in transplantation: evaluation from a 
clinical perspective. Bone Marrow Transplant 9:479-486, 1992. 

112. Coulombel L, Kalousek D, Eaves CJ, Gupta CM, Eaves A. Long-term marrow 
culture reveals chromosomally normal hematopoietic progenitor cells in patients with Phila
delphia chromosome-positive chronic myelogenous leukemia. N Engl J Med 308:1493-1498, 
1983. 

113. Hogge DE, Coulombel L, Kalousek DK, Eaves Cl, Eaves AC. Nonclonal hemopoietic 
progenitors in a G6PD heterozygote with chronic myelogenous leukemia revealed after 
long-term marrow culture. Am J Hematol 24:389-394, 1987. 

114. Coulombel L, Eaves CJ, Kalousek DK, Gupta C, Eaves Ac. Long term marrow culture of 
cells from patients with acute myelogenous leukemia. 1 Clin Invest 75:961-969, 1985. 

115. Firkin FC, Birner R, Farag S. Differential action of diffusible molecules in long term culture 
on proliferation of leukemic and normal hematopoietic cells. Br J Hematol 84:8-15, 1993. 

116. Udomsakdi C, Eaves CJ, Swolin B, Reid DS, Barnett MJ, Eaves AC. Rapid decline of 
chronic myeloid leukemic cells in long term culture due to a defect at the leukemic stem cell 
level. Proc Natl Acad Sci 89:6192-6196, 1992. 

117. Lotzova E, Savary CA. Generation of NK cell activity from human bone marrow. 1 Immunol 
139:279-284, 1987. 

118. Verma UN, Bagg A, Brown E, Mazumder A. Interleukin-2 activation of human bone 
marrow in long term cultures: an effective strategy for purging and generation of anti-tumor 
cytotoxic effectors. Bone Marrow Transplant 13:115-123,1994. 

119. Klingemann HG, Deal H, Reid D, Eaves CJ. Pre-clinical evaluation of a bone marrow 
autograft culture procedure for generating lymphokine-activated killer cells in vitro. Can 1 
Infect Dis 3:123B-127B, 1992. 

120. Klingemann HG, Deal H, Reid D, Eaves Cl. Design and validation of a clinically applicable 
culture procedure for the generation of interleukin-2 activated natural killer cells in human 
bone marrow autografts. Exp HematoI21:1263-1270, 1993. 

121. Long GS, Cramer DV, Harnaha JB, Hiserodt lC. Lymphokine-activated killer (LAK) cell 
purging of leukemic bone marrow: range of activity against different hematopoietic neo
plasms. Bone Marrow Transplant 6:169-177,1990. 

122. Chao N, Schriber J, Grimes K, et al. Granulocyte colony-stimulating factor 'mobilized' 
peripheral blood progenitor cells accelerate granulocyte and platelet recovery after high 
dose chemotherapy. Blood 81:2031-2035,1993. 

123. To LB, Roberts MM, Haylock DN, et al. Comparison of hematological recovery times and 
supportive care requirements of autologous recovery phase peripheral blood stem cell trans
plants, autologous bone marrow transplants and allogeneic bone marrow transplants. Bone 
Marrow Transplant 9:277-284, 1992. 

124. Kessinger A, Armitage 10. The evolving role of autologous peripheral stem cell transplan
tation following high-dose therapy for malignancies. Blood 77:211-213, 1991. 

53 



125. Kessinger A, Bierman P, Vose J, Armitage JO. High-dose cyclophosphamide, carmustine, 
and etopside followed by autologous peripheral stem cell transplantation for patients with 
relapsed Hodgkin's disease. Blood 77:2322-2325, 1991. 

126. Liu K-Y, Akashi K, Harada M, Takamatsu Y, Niho Y. Kinetics of circulating hematopoietic 
progenitors during chemotherapy-induced mobilization with or without granulocyte colony
stimulating factor. Br J Haematol 84:31-38, 1993. 

127. Verma UN, Areman E, Dickerson SA, Kotula PL, Sacher R, Mazumder A. Interleukin-2 
activation of chemotherapy and growth factor mobilized peripheral blood stem cells for 
generation of cytotoxic effectors. Bone Marrow Transplant 15:199-206, 1995. 

128. Kolb KJ, Schattenberg A, Goldman JM, et al. Graft-versus-leukemia effect of donor lym
phocyte transfusions in marrow grafted patients. Blood 86:2041-2050,1995. 

129. Helg C, Roux E, Beris P, et al. Adoptive immunotherapy for recurrent CML after BMT. 
Bone Marrow Transplant 12:125-129, 1993. 

130. Drobyski WR, Keever CA, Roth MS, et al. Salvage immunotherapy using donor leukocyte 
infusions as treatment for relapsed chronic myelogenous leukemia after allogeneic bone 
marrow transplantation: efficacy and toxicity of a defined T-cell dose. Blood 82:2310-2318, 
1993. 

131. Mitchell MS, Harel W, Kan-Mitchell J, et al. Active specific immunotherapy of melanoma 
with allogeneic ceillysates. Rationale, results, and possible mechanisms of action. Ann N Y 
Acad Sci 690:153-166, 1993. 

132. Berd D, Maguire HC Jr., McCue P, Mastrangelo MJ. Treatment of metastatic melanoma 
with an autologous tumor-cell veccine: clinical and immunologic results in 64 patients. J Clin 
Oncol 8:1858-1867, 1990. 

133. Hanna MG Jr., Ransom JH, Pomato N, et al. Active specific immunotherapy of human 
colorectal carcinoma with an autologous tumor cell/Bacillus Calmette-Guerin vaccine. Ann 
NY Acad Sci 690:135-146, 1993. 

134. Gilboa E, Lyerly HK, Vieweg J, Saito S. Immunotherapy of cancer using cytokine gene
modified tumor vaccines. Semin Cancer Bioi 5:409-417, 1994. 

135. Barth A, Hoon DS, Foshag LJ, et al. Polyvalent melanoma cell vaccine induces delayed
type hypersensitivity and in vitro cellular immune response. Cancer Res 54:3342-3345, 
1994. 

136. Plaksin D, Porgador A, Vadai E, Feldman M, Schirrmacher V, Eisenbach L. Effective anti
metastatic melanoma vaccination with tumor cells transfected with MHC genes and/or 
infected with newcastle disease virus (NDV). Int J Cancer 59:796-801,1994. 

137. Finn OJ. Tumor-specific immune responses and opportunities for tumor vaccines. Clin 
Immunol Immunopathol 71:260-262, 1994. 

138. Mastrangelo MJ, Schultz S, Kane M, Berd D. Newer immunologic approaches to the treat
ment of patients with melanoma. Semin Oncol 15:589-594, 1988. 

139. Pardo II DM. Cancer vaccines. Trends Pharmacol Sci 14:202-208, 1993. 
140. Golumbek P, Levitsky H, Jaffee L, Pardoll DM. The antitumor immune response as a 

problem of self-nonself discrimination: implications for immunotherapy. Immunol Res 
12:183-192, 1993. 

141. Houghton AN. Cancer antigens: immune recognition of self and altered self. J Exp Med 
180:1-4,1994. 

142. Johnston D, Bystryn Jc. Immunogenicity and tumor protective activity of B16 melanoma 
vaccines. Mol Biother 1:218-222, 1989. 

143. Sainouchi R, Terata N, Kodama M. The induction of enhanced antitumor effect against a 
nonimmunogenic tumor by highly immunogenic variants obtained by mutagen treatment. 
Jpn J Cancer Res 79:1247-1253, 1988. 

144. Guadagni F, Roselli M, Schlom J, Greiner JW. In vitro and in vivo regulation of human 
tumor antigen expression by human recombinant interferons: a review. Int J Bioi Markers 
9:53-60,1994. 

145. Pardoll DM. New strategies for enhancing the immunogenicity of tumors. Curr Opin 
Immunol 5:719-725, 1993. 

54 



146. Vanky F, Stuber G, Rotstein S, Klein E. Auto-tumor recognition following in vitro induction 
of MHC antigen expression on solid human tumors: stimulation of lymphocytes and genera
tion of cytotoxicity against the original MHC-antigen-negative tumor cells. Cancer Immunol 
Immunother 28:17-21,1989. 

147. Mizoguchi H, O'Shea JJ, Longo DL, Loeffler CM, McVicar DW, Ochoa AC. Alterations in 
signal transduction molecules in T lymphocytes from tumor-bearing mice. Science 258:1795-
1798,1992. 

148. Sulitzeanu D. Immunosuppressive factors in human cancer. Ady Cancer Res 60:247-267, 
1993. 

149. Deckers PJ, Davis RC, Parker GA, Mannick JA. The effect of tumor size on concomitant 
immunity. Cancer Response 33:33-39, 1973. 

150. Verma UN, Mazumder A. Immune reconstitution following bone marrow transplantation. 
Cancer Immunol Immunother 37:351-360,1993. 

151. Roberts MM, To LB, Gillis D, et al. Immune reconstitution following peripheral blood stem 
cell transplantation, autologous bone marrow transplantation and allogeneic bone marrow 
transplantation. Bone Marrow Transplant 12:469-475, 1993. 

152. Han Y, Nagler A, Shouval D, et al. Development of antibodies to hepatitis B virus surface 
antigen in bone marrow transplant recipient following treatment with peripheral blood 
lymphocytes from immunized donors. Clin Exp Immunol 97:299-302, 1994. 

153. Ljungman P, Lewensohn-Fuchs I, Hammarstrom V, et al. Long-term immunity to measles, 
mumps, and rubella after allogeneic bone marrow transplantation. Blood 84:657-663, 1994. 

154. Hammarstrom V, Pauksen K, Azinge J, Oberg G, Ljungman P. Pneumococcal immunity and 
response to immunization with pneumococcal vaccine in bone marrow transplant patients: 
the influence of graft versus host reaction. Support Care Cancer 1:195-199, 1993. 

155. Kwak LW, Grand LC, Williams RM. Radiation-induced augmentation of host resistance to 
histocompatible tumor in mice. Detection of a graft antitumor effect of syngeneic bone 
marrow transplantation. Transplantation 51:1244-1248, 1991. 

156. Kwak LW, Campbell M, Levy R. Idiotype vaccination post-bone marrow transplantation for 
B-celilymphoma: initial studies in a murine model. Cancer Detect Prev 15:323-325, 1991. 

157. Verma UN, Hodgson J, Brown E, Mazumder A. Anti-tumor immunity to B16 murine 
melanoma: induction, transfer, and generation of a graft versus tumor effect by syngeneic 
bone marrow transplantation with an immune graft. (Submitted.) 

158. Kwak LW, Campbell MJ, Czerwinski DK, Hart S, Miller RA, Levy R. Induction of immune 
responses in patients with B-cell lymphoma against the surface-immunoglobulin idiotype 
expressed by their tumors. N Engl J Med 327:1209-1215, 1992. 

55 



3. Graft-versus-Ieukemia effect of allogeneic bone 
marrow transplantation and donor mononuclear 
cell infusions 

David L. Porter and Joseph H. Antin 

Allogeneic bone marrow transplantation (BMT) has proven to be curative for 
many patients with hematologic malignancies. Myeloablative doses of chemo
therapy, with or without radiotherapy, are administered to patients, and nor
mal hematopoiesis is restored with the infusion of normal donor bone marrow. 
Yet despite intensive conditioning therapy, many patients have residual dis
ease that can result in recurrent leukemia. The prevalence of these residual 
leukemic cells is most evident after syngeneic BMT, when there is a high 
relapse rate. However, allogeneic bone marrow transfers not only normal 
hematopoietic elements but also mature alloreactive immune cells that may be 
capable of reacting against a host's residual leukemia. Increasing evidence 
suggests that this is an important immunologic mechanism that contributes to 
the success of transplantation by eradicating residual disease. This phenom
enon is referred to as the graft-vs.-leukemia (GVL) effect. Hence, as suggested 
by Mathe, allogeneic BMT can be considered a successful form of 'adoptive 
immunotherapy' [1]. 

As supportive care after BMT has become more sophisticated and success
ful, relapse has become a major cause of treatment failure. The conditioning 
regimens currently in use in most allogeneic transplant protocols are already 
administered at near maximal tolerated doses, and it is unlikely that further 
dose intensification will have a significant impact on relapse rates. Until re
cently, the only curative option for patients who relapse after allogeneic trans
plant has been a second BMT, but this option is successful for only a minority 
of patients. There is a clear need to develop more effective and safer strategies 
to deal with minimal residual disease and relapse. This need has led to exten
sive efforts designed to enhance the GVL effects of allogeneic donor cells to 
prevent, as well as to treat, relapsed leukemia after allogeneic BMT. 

Defining the GVL reaction in animal models 

The first description of a GVL reaction in mice was provided by Barnes and 
colleagues [2,3]. In their experiments, leukemic mice received a subablative 
dose of radiation followed by transplantation with either syngeneic or alloge-
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neic bone marrow. Only the recipients of syngeneic marrow died from recur
rent leukemia. Barnes et al. postulated that the antileukemic effect was due to 
'a process of immunity' provided by the allogeneic marrow, now referred to as 
the 'GVL' effect. Interestingly, the allogeneic marrow recipients tended to die 
of a 'wasting syndrome' now recognized as graft-vs.-host disease (GVHD); 
this was the first report to highlight the intimate relationship between GVL 
and GVHD. 

Since these early experiments, the GVL reaction has been studied in detail 
in murine models of transplantation, and has been reviewed elsewhere [4,5]. 
While these experiments are extremely useful in modeling GVL, the results 
must be interpreted with caution. Conclusions about the magnitude of GVL 
and about the effector cells responsible for GVL or GVHD may depend on 
the leukemia model studied, specific experimental conditions, and the degree 
of major histocompatability complex (MHC) variation between donor and 
host. In addition, many murine leukemias are virally induced, and it can be 
difficult to distinguish specific antiviral immunity from GVL. Ultimately, most 
murine experiments are performed under conditions that are unlikely to have 
direct clinical application. Nevertheless, these important models form the 
basis for many subsequent clinical trials and will be reviewed briefly. 

It is generally accepted that donor T cells mediate not only acute GVHD [6] 
but also GVL reactivity in murine models [5,7,8]. For instance, depletion of T 
cells from the donor graft results in loss of both G VHD and G VL [9-11]. It is 
also clear that under appropriate experimental conditions in mice, GVL activ
ity can be separated from undesirable GVHD toxicity. Bortin and colleagues 
first showed it was possible to dissociate GVL and GVHD in an MHC
matched, but minor-antigen-mismatched, donor-host combination (CBA into 
AKR, H_2k compatible) [12]. In this model, GVL activity is enhanced without 
an increase in GVHD if the donor (CBA) is preimmunized with allogeneic 
(AKR) leukemic or nonleukemic cells, followed by adoptive transfer of donor 
cells to leukemic AKR mice. Preimmunization with H-2-incompatible cells 
induced GVL but also enhanced GVHD toxicity. 

These preliminary findings have led to extensive experiments by Truitt and 
colleagues designed to separate and identify specific GVL and GVHD effector 
mechanisms; much of this work has been reviewed [4]. GVL reactivity in this 
system can be reliably induced only when the donor is preimmunized against 
minor-mismatched (non-H-2-encoded) antigens. When different strain combi
nations are analyzed, quantitative differences in GVL reactivity are seen, 
implying that specific minor antigenic differences, or the number of mis
matched antigens, may influence GVL [4]. Furthermore, in this alloim
munization model, CD4+ cells are primarily responsible for GVHD, while 
CD8+ T cells possess the majority of cytolytic, GVL activity [4]. Subsequent 
experiments demonstrate that CD4+ cells are required for maximal GVL 
reactivity induced by the CD8+ T-cell population [11]. The finding that both 
CD4+ and CD8+ lymphocytes contribute to GVL is consistent with other 
murine models of transplantation [10,13]. 
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In a fully mismatched model of BMT (A/J into B10 across major histocom
patibility barriers), Sykes and colleagues have shown that GVHD and GVL 
are also separable and induced by different lymphocyte populations [S]. Simi
lar to the findings described above, the CD4+ subset of donor T cells primarily 
mediate GVHD, while the CDS+ T cells are necessary for the GVL effects 
[14]. In a different strain combination (A/J into BALB/c), both CD4+ and 
CDS+ contribute to GVL reactivity [15]. 

To further dissociate GVL and GVHD, Sykes et al. have shown that a 
short course of IL-2 administration can minimize GVHD while preserving 
GVL, largely through selective inhibition of the CD4+ T cells [S,14]. IL-2 is a 
potent inducer of NK-cell activity and has been used in other model systems 
to augment GVL reactivity [16,17]. While there are few data definitively 
implicating NK cells as direct effectors of GVL in mice, it seems likely that 
MHC-unrestricted mechanisms would contribute to GVL. Notably, in one 
study, depletion of NK cells from the allogeneic graft did not influence GVL 
reactivity [1S]. While IL-2 may induce other effector mechanisms [14], NK
cell activation is likely to be an important component of the observed GVL 
effect. 

These models emphasize the complexity of the GVL reaction. It is most 
likely that more than one cell population or effector mechanism is responsible 
for GVL, and different effectors may be of varying importance depending on 
the model system under investigation. It is true that murine models may not 
always be directly applicable to clinical use, but they will continue to serve as 
a guide in designing future clinical trials. 

GVL in clinical transplantation 

Until recently, the evidence for a significant GVL reaction in clinical BMT has 
been largely circumstantial and based on several important, but indirect obser
vations (table 1). These observations also begin to identify potential mecha
nisms underlying GVL reactivity, and form the basis for developing innovative 
approaches to immunotherapy designed to enhance and manipulate the GVL 
reaction for clinical benefit. 

Table I. Indirect evidence for a GVL reaction in clinical BMT 

• Abrupt withdrawal of immunosuppression, or a flare of graft-vs.-host disease, may induce 
complete remissions in some patients with relapsed leukemia after BMT (anecdotal) . 

• Syngeneic BMT is associated with a higher risk of relapse than allogeneic BMT. 

• Graft-vs.-host disease after BMT is associated with a lower risk of relapse. 

• T-cell depletion of the donor bone marrow results in an increased risk of relapse, especially 
for patients with CML. 
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Remission after relapse can be induced by a flare of GVHD or 
withdrawal of immune suppression 

Anecdotal reports describe patients with relapsed leukemia after allogeneic 
BMT that reenter at least transient remission after a flare of GVHD [19]. For 
patients who relapse while receiving immunosuppressive therapy, withdrawal 
of immunosuppression may induce a flare of GVHD and also induce complete 
remissions [20-22]. While abrupt discontinuation of immunosuppressive 
therapy is a simple maneuver as a first attempt at restoring GVL reactivity, 
unfortunately, it is anticipated that only occasional patients will respond. 

Syngeneic marrow grafts are associated with increased relapse rates 

Leukemia relapse rates are increased after syngeneic BMT when compared to 
matched sibling transplantation [23]. A recent update of the Seattle experi
ence analyzed over 800 patients transplanted with advanced leukemia (ALL 
or ANLL in second or greater complete remission or relapse) and noted that 
the relapse rate was 62% for 785 recipients of allogeneic grafts compared to 
75% for 53 recipients of syngeneic grafts (p < 0.0001) [24]. A more dramatic 
difference in relapse rates was noted in a multicenter analysis of patients 
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Figure 1. Probability of relapse after allogeneic bone marrow transplantation. Data are presented 
for 2254 patients reported to the International Bone Marrow Transplant Registry. Reprinted with 
permission from Horowitz et al. [27]. 
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transplanted for AML in first remission [25]; the relapse rate for 31 recipients 
of syngeneic marrow grafts was increased almost threefold when compared 
with 339 recipients of allogeneic grafts (actuarial probability of relapse: 59 ± 
20% vs 18 ± 4%). 

These finding are consistent with the large retrospective analyses from the 
International Bone Marrow Transplant Registry (IBMTR) [26,27] (figure 1). 
This analysis demonstrated that the relapse rate after syngeneic BMT was 
higher than the relapse rate for similar patients receiving matched sibling 
grafts who experienced no GVHD [27]. Since recipients of syngeneic marrow 
experience no GVHD, the allogeneic graft may provide an important GVL 
effect independent of GVHD [26,27]. 

This high relapse rate associated with syngeneic marrow grafting is noted 
both in standard-risk and high-risk patients [24,25,27]. However, analysis of 
syngeneic BMT also suggests that the magnitude of the GVL effect may be 
disease specific and may be dependent on both the diagnosis and disease 
activity at the time of BMT. For instance, while syngeneic transplantation 
results in higher relapse rates for patients with CML and AML, no increase in 
the relapse rate for patients with ALL in first remission has been observed 
[26]. 

It has been suggested that the higher relapse rate after syngeneic BMT may 
be in part related to other GVL-independent factors. For instance, although 
the conditioning regimens for syngeneic and allogeneic BMT tend to be simi
lar, recipients of matched sibling marrow grafts typically receive GVHD pro
phylaxis that typically includes methotrexate, while recipients of syngeneic 
grafts receive no GVHD prophylaxis. However, the relatively low total dose 
of methotrexate makes it unlikely that this therapy contributes to the 
antileukemic effect of allogeneic BMT. Another improbable concern is that 
the high relapse rate is actually due to de novo donor-derived leukemia; this 
might be impossible to distinguish from the recipients' original leukemia in 
syngeneic twins. 

GVHD is protective against relapse 

Patients who develop GVHD after allogeneic BMT have a lower risk of 
relapse when compared to similar patients who do not experience GVHD. 
This finding suggests that GVHD and GVL are similar or at least overlapping 
processes. This association was first noted in patients transplanted with ad
vanced leukemia (AML or ALL in relapse, CML in accelerated phase or blast 
crisis, or patients in remission but at high risk of relapse) [23,28,29], and is 
found for patients transplanted earlier in the disease course [27,30]. Both acute 
and chronic GVHD appear to be protective against relapse [27,28]. Results 
from the IBMTR analysis for 2254 patients transplanted with 'early leukemia' 
(AML or ALL in first remission or CML in chronic phase) are shown in figure 
1 and demonstrate that the risk of relapse after BMT is lowest in patients 
experiencing acute and chronic GVHD, and that patients with either acute 
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or chronic GVHD have a lower relapse rate than patients without GVHD 
[27]. 

There also appears to be disease and stage specificity for the magnitude of 
the GVL effect associated with GVHD. The Seattle data demonstrated a 
significant GVL effect associated with GVHD for patients with ALL or AML 
transplanted in relapse, while no protection against relapse was noted for 
patients transplanted in remission [31]. For patients with CML, acute or 
chronic GVHD was associated with a GVL effect and protection from relapse 
only when BMT was performed for advanced-phase CML, but not for chronic
phase disease [28]. The IBMTR analysis also demonstrated disease specificity 
for GVL associated with GVHD; for recipients of unmanipulated donor mar
row grafts, acute GVHD protected against relapse for patients with ALL, 
while the combination of acute and chronic GVHD was protective against 
relapse for patients with ALL, AML, and CML [27]. 

Depletion of donor T cells results in increased relapse rates 

It has been well established that the donor T cells included in the bone marrow 
graft are in large part responsible for acute GVHD. This finding has led to 
numerous trials confirming that depletion of T cells from the donor graft is 
one of the most successful means of limiting the incidence and severity of 
GVHD after allogeneic BMT [32-38]. Unfortunately, while T-cell depletion is 
associated with lower transplant-related morbidity and mortality, improved 
survival rates have not been reliably demonstrated [30,37,39-41]. This has 
been due, in large part, to a reciprocal increase in the subsequent relapse 
rate, as well as graft failure and other complications in these patients. These 
findings are strong, though indirect, evidence that implicate donor T cells as 
important effectors for the GVL effect associated with allogeneic marrow 
transplantation. 

The GVL effect provided by donor T cells also exhibits disease specificity; 
the increase in relapse rate after T-cell depletion has been most dramatic in 
patients with CML where the incidence of relapse is as high as 50%, compared 
to 10%-20% when unmanipulated donor marrow is transplanted [27,30,41]. 
the IBMTR analysis reported that patients with CML receiving T-cell
depleted marrow grafts have a relative risk of relapse of 6.91 when compared 
to a reference group of patients receiving unmanipulated marrow who develop 
no GVHD [27]. 

Treatment of relapsed leukemia after allogeneic BMT 

Relapse after allogeneic BMT remains a significant cause of treatment failure. 
Previously, the only definitive and curative option for patients who relapsed 
after allogeneic BMT was second marrow transplantation. Although second 
transplants may be curative for a minority of patients, they are associated with 
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very high morbidity, relapse, and mortality rates [42-44]. As described above, 
abrupt withdrawal of immunosuppression may induce remission for a small 
number of patients [20,21]. Some patients with relapsed CML have achieved 
complete remissions with the use of IFN-a alone, although, with relatively 
short follow-up, many of these patients have exhibited recurrent disease 
[45,46]. The inadequacies of these therapeutic approaches for relapse highlight 
the need for safer, more effective therapy for this group of patients. 

Donor MNC infusions for relapsed CML 

Given the evidence that donor lymphocytes are important mediators of GVL, 
it was logical to test whether the infusion of donor mononuclear cells (MNCs) 
could directly induce a GVL reaction without the need for second BMT. Kolb 
et al. first showed that complete cytogenetic remissions (in three patients with 
relapsed CML after allogeneic BMT) occurred by treatment with IFN-a and 
the infusion of MNC collected by leukapheresis of the original transplant 
donor [47]. This was the first reported demonstration of a direct GVL reaction 
in the clinical setting. Since this initial report, these results have been con
firmed and expanded on by several investigators, and adoptive immuno
therapy with donor MNC infusions has been used to treat over 100 patients 
worldwide for relapsed CML. At Brigham and Women's Hospital, 19 patients 
with relapsed CML have been treated with a combination of IFN-a and donor 
MNC infusions as diagrammed in figure 2. Patients receive up to 5 million 
units/M2 of IFN-a for 6 to 12 weeks prior to donor MNC infusions. As would 
be anticipated, this short course of IFN-a did not result in a significant cytoge
netic response in any patient [48]. Donor MNCs are collected by leukapheresis 
and immediately infused unmanipulated once weekly for four weeks without 
the use of GVHD prophylaxis. Patients who develop acute GVHD prior to 
subsequent infusions would not receive additional donor MNC, although in 
our series, GVHD did not limit the number of infusions received by any 
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Figure 2. Treatment protocol for adoptive immunotherapy to treat relapsed chronic myelogenous 
leukemia used at Brigham and Women's Hospital. Reprinted with permission from Porter et al. 
[48]. 
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patient. A median MNC dose of 4.2 x 108 MNC/kg (range 0.8-8.4) was 
administered; 10 of 14 patients treated with chronic phase relapse (12 pa
tients), cytogenetic relapse (1 patient) or molecular relapse (1 patient) had a 
complete response. The magnitude of the response is highlighted by the fact 
that all patients with a complete cytogenetic response had no detectable cells 
containing the bcr/abl mRNA transcript as assayed by reverse transcription 
and polymerase chain reaction (RT-PCR). this technique is capable of 
detecting one CML cell in 106 normal cells [49]. Therefore, assuming that 
clinical relapse of CML represents a minimum leukemia cell burden of 

Table 2. Adoptive immunotherapy for relapsed CML 

Complete Complete 
Disease MNCdose cytogenetic molecular 

Author [ref) N status IFN-a (l0'/kg) response response 

Kolb [47) 3 CP: 3 3 4.4-7.4 3/3 ND 
Bar [51) 6 CP: 6' 4 0.34-5.2 5/6 4/6 
Drobyski [52) 8 CP: 6b 3 2.6--4.0' 6/6 5/6 

APIBC: 2 1 112 0/2 
Helg [53) 3 CP: 3' 3 3.8-12.3 3/3 2/2 
Hertenstein [54) 8 CP: 6 0 3.0-5.5 3/6 3/6 

AP/BC: 2 012 0/2 
van Rhee [57) 14 CP: 12d 0 0.6-10.0 10/12' 8/12 

AP/BC: 2 012 0/2 
Porter [48) 18g CP: 13 14 0.9-8.4 9/13 9/13 

APIBC: 5 0/5 0/3 
Collins [56) 6 CP 4 ns 1.2-16.4 3/4 3/4 

APIBC 2 012 0/2 
Mackinnon [58) 22 CP" 18 l' 0.16-16.2 15/16 14/17 

AP 4 0.25-17.9 113 113 

TOTAL 88 CP: 71 29/88 0.16-16.4 57/69 (82%) 48/66 (73%) 
AP/BC: 17 0.25-17.9 2/16 (12.5%) 1/14 (7%) 

'One patients had a cytogenetic relapse only. 
bThese patients were clinically in chronic phase, although the authors classified them as 'acceler
ated phase' due to complex chromosomal abnormalities. Because the majority of patients who 
relapse after allogeneic BMT have complex chromosomal abnormalities (personal observation), 
we have classified these patients as chronic phase unless other criteria are present. 

'One patient had a cytogenetic relapse only. 
d Seven patients had hematologic relapse, 5 had cytogenetic relapse only, and two had a molecular 
relapse only. 

'This number refers to number of T lymphocytes infused. 
'Seven of ten CRs occurred in patients with cytogenetic or molecular relapse only. Three of seven 
patients in hematologic relapse achieved cytogenetic remission. 

g Seventeen of these patients have been reported in abstract form as referenced. One patient is 
previously unreported. 

"Ten of these patients had hematologic relapse in chronic phase, six had cytogenetic relapse only, 
and two had molecular relapse only. 

'One patient was pretreated with IFN. Three other patients received IFN after donor MNC 
infusions had failed to induce a response alone. 

Abbreviations: AP, accelerated phase; BC, blast crisis; CP, chronic phase; MNC, mononuclear 
cell; IFN, interferon; nd, not done; ns, not stated. 
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approximately 1012 cells, this GVL reaction is responsible for at least a six-log 
cell kill [50]. No responses occurred in our series in patients with more ad
vanced CML. 

Similar results have been achieved by several groups [47,48,51-59], and the 
results of therapy for 88 patients reported in the literature are summarized in 
table 2. Although the treatment protocols vary slightly among institutions, 
there is a consistent complete cytogenetic and molecular response rate of 70% 
to 80% for patients treated with either early (cytogenetic or molecular) or 
chronic-phase relapse. Patients with more advanced disease (accelerated 
phase or blast crisis) are unlikely to respond. A similar summary of 84 patients 
treated with relapsed CML reported to the European Group for Blood and 
Marrow Transplantation (EBMT) includes some, but not all, of these patients, 
and overall results are similar [60]. 

The remissions induced by donor MNC infusions for patients with CML are 
durable. At Brigham and Women's Hospital, one of the ten patients who had 
achieved a complete molecular remission had a subsequent relapse of CML. 
The median follow-up for these ten patients is 169 weeks. Recently, Kolb et al. 
reported that 3 of 54 patients treated for cytogenetic or hematologic relapse of 
CML developed recurrent leukemia, while 3 of 5 patients responding with 
advanced phases of CML subsequently relapsed [60]. These findings are sig
nificant given that relapse rates after second BMT for relapsed CML may be 
as high as 43% to 58% [43,44]. It is unknown why the GVL reaction after 
donor MNC infusions should be more sustained than that after second BMT, 
but these results are intriguing and lend strong support for the role of donor 
MNC infusions to treat relapsed CML. 

Toxicity of adoptive immunotherapy for patients with relapsed CML 
(table 3) 

Pancytopenia and bone marrow aplasia. Pancytopenia with marrow aplasia is 
a major complication of donor MNC infusions. Many patients experience at 
least transient absolute neutropenia and thrombocytopenia, and may be de
pendent on platelet and blood transfusions; aplasia and cytopenias have con-

Table 3. Toxicity after donor MNC infusions 

• GVHD 
Acute 
Chronic 
• Infections 
Bacterial, fungal, viral 

Related to neutropenia and marrow aplasia 
Related to immunosuppression used to treat GVHD 

• Pancytopenia 
Bleeding (thrombocytopenia) 
Infections 
Transfusion requirements 
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tributed significantly to morbidity and have resulted in the death of several 
patients. 

Marrow aplasia presumably results from destruction of the host leukemia 
cells prior to recovery of normal donor hematopoiesis. This hypothesis is 
supported by the observation that patients treated with donor MNC infusions 
for cytogenetic or molecular relapse rarely experience pancytopenia (unpub
lished observation and [60]. In addition, although the clinical findings are 
reminiscent of transfusion-associated GVHD (TA-GVHD) [61], unlike TA
GVHD, marrow aplasia is usually transient. Patients relapsing after allogeneic 
BMT, unlike patients who develop GVHD after a transfusion, presumably 
have an adequate number of donor stem cells, either persisting from the 
transplant or infused with the donor MNC fraction, that restore hematopoiesis 
after aplasia. 

Occasionally marrow aplasia has been persistent [48,52,62], although this 
condition has been successfully reversed with the infusion of additional donor 
bone marrow in some patients [48,52] (figure 3). It is unknown why some 
patients spontaneously recover hematopoiesis and others do not, although it is 
not related simply to an absolute lack of normal donor stem cells. Figure 3 
diagrams the response of a patient who had detectable normal donor hemato
poiesis prior to donor cell infusions but was not protected against aplasia; 
following the GVL response, all detectable hematopoiesis was of donor origin, 
yet marrow hypoplasia and pancytopenia persisted. Marrow recovery did not 
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Figure 3. Response to adoptive immunotherapy for a patient with relapsed chronic myelogenous 
leukemia. Acute GVHD was associated with cytoreduction and a drop in the WBC (solid arrow), 
followed by complete remission (closed circles). Additional donor bone marrow was infused on 
day 186 to correct persistent marrow aplasia (open arrow) and was followed by prompt hemato
poietic recovery. '0' represents a positive test for the presence of bcr/abl mRNA by reverse 
transcription and polymerase chain reaction (RT-PCR). 'e' represents a negative RT-PCR test 
and complete molecular remission. Reprinted with permission from Porter et al. [48]. 
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occur until the infusion of additional donor bone marrow, suggesting that the 
number of donor stem cells may have been insufficient to sustain normal 
hematopoietic function. Furthermore, the stem cells contained in the periph
eral blood leukapheresis product were necessarily inadequate to sustain 
hematopoiesis. Recent reports suggest that similar donor MNC products 
collected by leukapheresis are a sufficient source of stem cells for allogeneic 
BMT [63-65], but these studies use G-CSF mobilized peripheral blood MNC. 
Future studies using G-CSF mobilized donor MNC for adoptive immuno
therapy might therefore be appropriate in an attempt to limit the complication 
of marrow aplasia. 

Graft-vs. -host disease. Most studies have identified an association of acute and 
chronic GVHD with response to donor MNC infusions [66-68] (table 4). 
However, despite the relatively high number of T cells administered without 
the use of GVHD prophylaxis, the severity of GVHD has generally been mild 
to moderate. Approximately 36% to 40% of patients develop no acute 
GVHD, and another 15% to 30% have grade I acute GVHD (table 5). Twenty 
percent to 50% of patients may have grade II-IV acute GVHD, but in our 
experience, this disease is typically responsive to immunosuppressive therapy. 
A recent analysis of 141 patients from 26 North American centers treated with 
donor MNC infusions for relapse of a variety of diseases found a 96% inci
dence of acute GVHD and 78% incidence of chronic GVHD in 49 complete 
responders. Only 35% and 13% of 92 patients who did not achieve complete 
remission had acute and chronic GVHD, respectively [66]. 

In contrast to most published series, a recent study from Memorial Sloan 
Kettering shows no relationship between response and acute GVHD, 
although the development of chronic GVHD correlated with complete remis
sion [58]. Potential explanations for these findings include 1) a relatively low 
dose of donor MNC was administered to many of their patients, which might 
limit GVHD; 2) half of their complete responders were treated with low tumor 

Table 4. Association of GVHD with clinical response to adoptive 
immunotherapy for patients with relapsed CML' 

N=83 

GVHD 
No GVHD 

Response (66/83) 

51166 (77%) 
15/66 (23%) 

No response (17/83) 

3/17b (18%) 
13/17 (76%) 

'Data are compiled from nine reports in which the association of 
GVHD and response could be determined [47,48,51-54,57-59]. 

Seven patients are included from our unpublished data. The 
majority of patients responding had complete cytogenetic and/or 
molecular remissions after donor mononuclear cell infusions, al
though several patients classified as responders for the purpose of 
this analysis died before remission could be documented. 

bOne patient was not evaluable. 
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Table 5. GVHD occurring after donor mononuclear cell infusions 

Acute Acute 
GVHD GVHD Acute GVHD Chronic GVHD 

Disease N grade 0 grade 1 grade II-IV limited/extensive 

CML 90 38 26 26 Limited: 17/65 (26%) 
(42%) (29%) (29%) Extensive: ] 2/65 (18%) 

Acute Leukemia, 50 18 7 25 Most not reported 
MDS, MM, NHL, (36%) (14%) (51 %) 
HD 

Total 140 56 33 51 
(40%) (24%) (36%) 

Data for CML patients is compiled from eight reports in which details on GVHD were available 
[47,51-55,57-59,62]. Data for patients with diseases other than CML are compiled from eight 
reports in which details on GVHD were available [56,92-97,126]. Abbreviations: CML, chronic 
myelogenous leukemia; GVHD, graft-vs.-host disease; HD, Hodgkin's disease; MDS, 
myelodysplasia; MM, multiple myeloma; NHL, non-Hodgkin's lymphoma. 

Table 6. Mortality associated with adoptive immunotherapy for 
relapsed CMU 

Deaths 16/60 (27%) 
• Therapy Related: 10/60 (17%) 

GVHD 5/60 (8%) 
CMLCP: 3/48 
Advanced CMLb 2/12 

Marrow aplasia 4/60 (7%) 
and/or infection: 

CMLCP: 3/48 
Advanced CML: 1/12 

Other 1/60 (2%) 
CMLCP 1/48 

• Disease Progression 6/60 (10%) 
CMLCP: 0/44 
Advanced CML: 6/12 

'These data represent a compilation of patients from seven centers 
that have reported outcome and cause of death in patients receiv
ing donor MNC infusions for relapsed CML [47,48,51-53,57,127]' 
and includes several previously unpublished cases treated at our 
institution. 

h Advanced CML refers to patients with accelerated phase or blast 
crisis CML [48,52] or greater than second chronic phase [54]. 

Abbreviations: CML, chronic myelogenous leukemia; CP, chronic 
phase. 

burdens (cytogenetic or molecular relapse), which may influence subsequent 
GVHD; or 3) the treatment protocol included sequential escalation of donor 
MNC infusions over time, which may also influence subsequent development 
of acute GVHD. 
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GVHD after donor MNC infusions has generally been responsive to immu
nosuppressive therapy, and the mortality rate from GVHD has been low 
(table 6). Although 5 % to 8 % of patients may die from direct complications of 
GVHD, another 7% to 12% may die from infectious complications, either 
related to marrow aplasia or immune suppression as therapy for treatment of 
GVHD; the overall treatment-related mortality after MNC infusions may be 
as high as 20% (table 6). This result is still favorable compared to the antici
pated 40% or higher treatment-related mortality associated with second BMT 
[43]. In the future, the early administration of donor bone marrow to rescue 
patients from marrow aplasia [48,52], and the development of strategies to 
limit GVHD without sacrificing GVL as highlighted below, should result in 
even lower morbidity and mortality from donor MNC infusions. 

The role of interferon for GVL induction 

The contribution of IFN-a to successful adoptive immunotherapy has gener
ated discussion in the literature [58,68,69]. The use of IFN-a alone results in 
complete cytogenetic remission for patients with untreated CML [70-72] and 
relapsed CML after allogeneic BMT [42,45,46]. However, it is unlikely that the 
short course of IFN-a used in most adoptive immunotherapy trials results in 
significant cytogenetic remissions, and molecular remissions from the use of 
IFN-a are rare [46,73]. Clearly, the use of IFN-a is not an absolute require
ment for remission induction, since many patients have achieved complete 
responses after donor MNC infusions without the simultaneous use of IFN-a 
[52,54,57,58,60,68] (see table 2). However, it is notable that some patients 
failing to respond to donor MNC infusion entered complete remission only 
after the addition of IFN-a [58]. It is possible that IFN-a may influence the 
tempo of the GVL reaction and shorten the interval required for complete 
remission [69], although this hypothesis is not supported by all studies [58]. 
Ultimately, the importance of IFN-a to the GVL reaction, remission duration, 
and survival will have to be determined by further trials and longer follow-up. 

While it is unknown how IFN-a may influence the GVL reaction, there are 
several biological properties of this cytokine that make it a logical adjunct to 
adoptive immunotherapy. It has known antiproliferative effects and causes 
cytoreduction prior to cellular therapy. In addition, IFN-a may increase the 
expression of several important cell surface antigens, such as HLA class I and 
II molecules [74,75] and the adhesion molecule LFA-3 [76] on leukemic cells; 
these changes could make leukemia cells better targets for cellular immuno
therapy. IFN-a may also influence production of other important cytokines 
[77] and effector cells to further influence the GVL reaction. 

Is there a dose-response relationship for donor MNC and GVL? 

No correlation between MNC dose and GVHD or GVL has yet been noted, 
and the cell dose used to induce a GVL response has varied greatly among 
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published reports (table 2). It is possible that most patients already receive 
MNC doses above a theoretical 'threshold' and that a dose-response relation
ship would be identified at lower MNC doses. For instance, one recent report 
suggests that a low MNC dose (as low as 107 cells/kg) may retain antileukemic 
effects while limiting clinically evident GVHD, particularly for patients with 
only minimal residual disease (cytogenetic or molecular relapse [58]). This 
finding may suggest an important relationship between the number of effector 
and target cells; patients with only minimal disease may achieve remission with 
fewer donor cells than patients with larger leukemia cell burdens. Fewer 
numbers of effector cells in these patients may not induce clinically apparent 
GVHD. However, it is also likely that differences in minor histocompatibility 
antigens, in addition to the leukemia cell burden, will have a significant influ
ence on the number of MNCs required to induce both GVL and GVHD. 

Is GVL separable from GVHD? 

The majority of patients who respond to donor MNC infusions also develop 
acute or chronic GVHD (tables 4, 5), suggesting that GVL and GVHD are 
overlapping processes. For patients with relapsed CML, approximately 77% 
of responding patients develop clinical evidence of GVHD, while 23% of 
responders have no evidence of GVHD (table 4). It is of interest that some 
patients enter remission without clinical evidence of acute GVHD, suggesting 
that, at least in some cases, clinical GVHD and GVL may be distinct processes 
[54,57,58,60]. However, other factors may be involved in limiting GVHD in 
this setting. In a recent report from Memorial Sloan Kettering, only 1 of 22 
patients treated with donor MNC infusions experienced acute GVHD [58]. 
These patients were treated with sequential escalating doses of donor MNCs 
until remission was achieved, and seven of these patients received less than 
108 MNC/kg. As discussed, it is possible that a quantitative threshold exists 
below which clinical GVHD is not evident, while the GVL reaction still 
occurs. It is notable that 8 of 16 patients entering molecular remission were 
treated at a time of low leukemia cell burden (cytogenetic or molecular re
lapse), and received the lowest cell doses in this study (lor 2 infusions of 1.5 
x 107 to 1.4 x 108 MNc/kg). If an important effector-target ratio exists, fewer 
numbers of donor MNC would be needed to eradicate fewer leukemia cells 
while limiting generalized all ore activity. Hence clinical GVHD may be sepa
rable from clinical GVL. This does not explain why the majority of the other 
patients in this study, who received cell doses comparable to other reported 
patients, had a very low incidence of acute GVHD. Hypothetically, the strat
egy of sequential escalation of donor MNC doses could induce allogeneic 
tolerance without effecting the GVL response. It is also possible that for some 
responding patients who have no GVHD, donor MNC are targeting only 
leukemia-specific antigens or minor histocompatibility antigens that are 
present only on host hematopoietic or leukemia cells; a more generaliged 
GVHD reaction would therefore be absent. It can be hoped that these intrigu-
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ing data may lead to experiments that will provide a better understanding of 
the GVL reaction, and ultimately lead to the more effective and safer use of 
allogeneic immunotherapy. 

Future approaches to posttransplantation immunotherapy 

The potent GVL effect induced by unmanipulated donor MNC infusions has 
been conclusively demonstrated. Newer approaches to adoptive immuno
therapy that are currently under investigation may preserve GVL reactivity 
while limiting toxicity. One such strategy is the administration of donor MNCs 
depleted of effectors suspected of causing GVHD. In bone marrow transplan
tation, donor grafts depleted of CD8+ cells may be associated with less GVHD 
than unmanipulated marrow grafts and yet retain GVL properties when com
pared to pan-T-ceU-depleted marrow [78]. Studies of CD8+ depleted donor 
MNC infusions are currently under way and suggest that GHVD can be 
minimized; conclusions regarding the GVL effects will await further follow
up [79]. 

Another approach that may enhance the efficacy of and limit toxicity from 
donor MNC infusions is to administer donor cells prior to clinical relapse. 
Patients with minimal residual disease treated with lower doses of donor MNC 
may be at less risk for marrow aplasia or GVHD as described above [58]. Since 
patients with minimal residual disease who are at high risk for clinical relapse 
can be reliably identified by sequential positive PCR tests for bcr/abl mRNA 
transcripts [80], a logical strategy would be to administer donor MNC at the 
time of PCR positivity for bcr/abl mRNA but before hematologic relapse. 

Ultimately, the best approach to relapse is prevention, and it may be pos
sible to design transplant strategies that augment GVL at the time of BMT to 
reduce subsequent relapse rates.The Seattle group attempted to augment 
GVL at the time of BMT for a group of high-risk patients with acute leukemia 
by withholding GVHD prophylaxis [81,82]. While they found that the inci
dence of significant acute GVHD was increased, no decrease in relapse rate 
was identified. A similar trial withholding GVHD prophylaxis did show an 
improvement in relapse rate and survival [83], although follow-up was short; it 
remains possible that this approach will benefit a small group of patients, 
although toxicity is expected to be significant. 

An analogous study reported by the Seattle group attempted to enhance 
GVL by manipulating GVHD rater than by just withholding prophylactic 
therapy [84]. Patients with advanced leukemia undergoing allogeneic BMT 
received one of three regimens: standard GVHD prophylaxis with a long 
course of methotrexate (control arm), a short course of methotrexate, or the 
short course of methotrexate plus the addition of donor buffy-coat cells given 
at the time of BMT. The two arms that resulted in enhanced GVHD (short 
MTX or donor buffy-coat infusions) failed to show an improvement in either 
relapse or overall survival, in part due to the increase in non-relapse-related 
mortality seen in these patients. This finding does not exclude the possibility 
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that manipulation of GVL and GVHD at the time of BMT is effective. For 
instance, the patient population and the timing of the immune manipulation 
may be critical; patients with advanced leukemia at high risk for relapse may 
not be the appropriate group to study. Regardless, any strategy anticipated to 
enhance toxicity from GVHD at the time of BMT should be approached with 
extreme caution. 

The timing of GVHD and GVL induction in relation to BMT may be 
critical. For instance, while the studies described above failed to demonstrate 
lower relapse rates or improved survival, this was in part due to the increased 
toxicity of GVHD induction. Recent data suggest that the toxicity from 
GVHD may be minimized if dissociated from the other acute toxicities of 
transplantation (e.g., toxicity related to the conditioning regimen, tissue dam
age, and infections) [85]. In dogs, allogeneic lymphocytes can be administered 
safely after chimerism has been established [86]. In mice, the administration of 
donor lymphocytes at the time of BMT results in severe GVHD; when donor 
lymphocytes are given 21 days after the conditioning therapy, they retain 
significant GVL effects without inducing severe GVHD [87]. Similar findings 
have been noted in other murine models [88], and it has been postulated that 
this limited toxicity may be due to the separation of the cytokine phases that 
occur after BMT [85,89]. 

The use of delayed GVL induction with donor MNC infusions to prevent 
relapse after BMT is now being tested clinically, and results show that this 
approach can be taken without excessive toxicity. Slavin and colleagues have 
developed a protocol of incremental T-cell repletion after T-cell-depleted 
allogeneic BMT [89,90]. Escalating doses of donor T cells are given to patients 
beginning on day +1 (recipients of Campath-1M-treated grafts) or day +28 
(recipients of Campath-1G-treated grafts) and repeated weekly or monthly. T
cell reinfusions resulted in an increase in the risk of GVHD, but no effect on 
event-free survival could be demonstrated. Donor T-cell reinfusions resulted 
in a nonstatistically significant trend toward lower relapse rates only in recipi
ents of Campath-1M-treated marrow. A similar study has recently been initi
ated at the NIH with incremental doses of donor T cells administered 
beginning 30 days after BMT [91]. Significant acute GVHD has not occurred 
in five patients reported to date, and longer follow-up will determine the 
ultimate effect on GVL and relapse. Taken together, the experimental and 
clinical data suggest that posttransplantation cellular immunotherapy can be 
performed safely and effectively, but optimization of patient selection, cell 
dose, and timing of administration may all serve to enhance the potential GVL 
effects. 

Adoptive immunotherapy for relapse of diseases other than CML 

Donor MNC infusions appear to be less effective for patients who relapse after 
allogeneic BMT with diseases other than CML, although for some patients, a 
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Table 7. Adoptive immunotherapy for relapse of diseases other 
than CML 

North 
Disease America [66] EBMT [60] Total 

AML 6/40 (15%) 5/17 (29%) 11157 (19%) 
ALL 3/15 (20%) 0112 (0%) 3/27 (11 %) 
MDS 3/6 (50%) 114 (20%) 4/10 (40%) 
NHL 0/8 (0%) NR 0/8 (0%) 
Multiple myeloma 2/5 (40%) NR 2/5 (40%) 

definitive GVL effect can be induced and sustained remissions will be 
achieved [92-98]. Data compiled from 26 North American transplant centers, 
or from the EBMT, suggest that the approximately 15%-30% of patients 
treated for relapsed AML and 0%-20% of patients treated for relapsed ALL 
will reenter remission [60,66] (table 7). In addition, several patients with 
relapsed myelodysplasia and multiple myeloma have responded, although the 
small number of patients treated precludes definitive conclusions regarding 
the efficacy for these diseases. No lasting responses have yet been reported for 
relapsed lymphoma or CLL. The toxicity of donor MNC in this group of 
patients is similar to that seen in patients treated with CML. Given the poor 
outcome anticipated for relapsed patients undergoing a second BMT [42-44], 
an initial trial of adoptive immunotherapy is a reasonable alternative for these 
patients. 

The lower response rate to donor MNC infusions in these patients com
pared to patients with CML is consistent with a large retrospective analysis of 
BMT that demonstrates that donor lymphocytes are most important for the 
GVL effects against CML [27]. This finding further implies that the immuno
logic properties of the tumor cells strongly influence GVL. For instance, it is 
possible that leukemia-specific antigens effect the GVL reaction. The bcr/abl 
protein would be a likely candidate antigen. In mice, T-cell-specific immunity 
to the bcr/abl peptide can be demonstrated [99], although the clinical signifi
cance of this finding is uncertain. It is also possible that disease specificity is 
determined by minor histocompatibility antigens expressed on some leukemia 
cells and not others. It should be noted, however, that the median time to 
response for patients with CML is approximately 8 to 14 weeks after donor 
MNC infusions [48,58], and some patients with relapsed acute leukemia will 
not survive long enough to benefit from GVL induction. 

What are the effector cells responsible for GVL reactivity? 

The identity of the effector mechanisms responsible for GVL induction re
mains an enigma, and it is likely that several mechanisms are involved. As 
discussed above, the majority of evidence implicates donor T cells as vital 
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effectors of GVL, and both MHC-restricted and MHC-unrestricted cell
mediated immune responses have been implicated in GVL reactivity. In mu
rine models, donor T cells are important for GVL [7,10], and several model 
systems implicate CD8+ T cells as important mediators of GVL in mice 
[4,8,14]. Other models using different strain combinations demonstrate that 
both CD4+ and CD8+ cells contribute to GVL induction [10,11,13,15]. MHC
unrestricted mechanisms may also be important mediators of GVL, and the 
GVL effect of allogeneic BMT is dependent on NK/LAK cell activity in 
certain systems [100]. 

As in murine models, most evidence from clinical BMT suggests that both 
donor-derived T cells and NK cells may be important mediators of the GVL 
reaction. T-cell depletion of the donor graft, when used as GVHD prophy
laxis, results in a significant increase in relapse rates, especially for patients 
with CML [27,30,40,41,101]. The fact that most strategies for T-cell purging 
leave other potential effector cells intact (i.e., NK cells) [32,33,40] further 
supports the role of T cells as mediators of GVL. It is not yet known which 
specific T-cell subset is required for GVL induction, although CD4+ cells are 
likely candidates. Selective CD8+ depletion of the donor graft for patients 
with CML has resulted in a low incidence of GVHD and a low incidence of 
relapse, indicating that at least for CML, CD8+ T cells may not be necessary 
for GVL induction. After allogeneic BMT, it has been reported that higher 
numbers of circulating cytotoxic T-cell precursors directed against the 
patient's leukemia may correlate with relapse-free survival, and some patients 
will have CD4+ cells circulating after BMT that specifically lyse cryopreserved 
leukemic cells in vitro [102,103]. Furthermore, donor T-cell populations have 
been identified with specific cytolytic activity against allogeneic leukemia cells 
[104,105]. Sosman et al. have further isolated and characterized these cells as 
phenotypically CD3+, CD4+, and <x/~ T-cell receptor-positive and have dem
onstrated cytolytic activity specifically against allogeneic leukemic but not 
nonleukemic targets [105]. 

There is significant evidence suggesting that NK cells are active participants 
in the GVL reaction in clinical BMT. Since NK cells generally have the 
capacity to lyse the CML-derived cell line K562 in vitro, it is logical to suspect 
that they may play an important role in GVL induction. After BMT, the 
number and activity of NK cells is typically increased in the peripheral blood 
[106,107], and NK-cell isolates can be identified that will lyse cryopreserved 
host leukemia cells [106,108,109]. Nk cells isolated after BMT have also been 
shown to inhibit leukemic progenitor colony growth [110]. In addition, the use 
of IL-2 after BMT, which stimulates NK-cell number and activity, may result 
in lower relapse rates, presumably due to enhanced GVL activity [88,111,112] 
(see below). 

It is presumed that similar effector cells are responsible for the potent GVL 
reaction that occurs when donor mononuclear cells are administered to treat 
patients who relapse after allogeneic BMT, although no formal proof exists for 
this assumption. Most groups administer unfractionated donor mononuclear 
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cell preparations that contain all lymphocytes, NK cells, and other MNC 
populations. Similar to data after BMT, there is evidence that the T-cell 
fraction is important for GVL after MNC infusions. Bunjes et al. detected an 
increase in host-reactive T-helper precursor cells in five patients who re
sponded to donor MNC infusions for relapsed CML [113]. The one patient 
who failed to respond had no detectable increase in the frequency of T-helper 
precursor cells. This group noted no consistent increase in host-reactive cyto
toxic T-cell precursors in the responding five patients. Lymphocyte profiles for 
two patients treated with donor MNC infusions for relapsed CML were ana
lyzed by Jiang et al.; an increase in cytotoxic T-cell precursor frequency against 
cryopreserved host leukemia cells relative to host lymphocytes was noted in 
both patients following donor cell infusions [109]. In this analysis, NK-cell 
activity initially decreased but recovered to levels higher than preinfusion 
values, and this change preceded evidence of GVL. The significance of these 
phenotypic changes is unclear, but future analysis may help determine which 
MNC subsets are important for GVL induction. 

One approach that will help identify important effector cells for GVL 
induction will be the selective infusion or depletion of donor MNC popula
tions used to treat relapse. Trials are already underway using CD8+ depleted 
donor MNC infusions to treat relapse of CML; initial results suggest that 
CD8+ depleted MNC infusions will minimize GVHD and still retain GVL 
activity [79]. The effect of CD8+ depletion on the magnitude and duration 
of the GVL potential of donor MNC infusions will have to await further 
follow-up. 

Cytokine-mediated immunotherapy 

It is becoming increasing clear that GVHD results from a complex interaction 
of effector cells and cytokines [85]; it is also likely that qualitative and quanti
tative changes in cytokine production will influence the GVL reaction. 
Interleukin-2 (IL-2) has been studied in some detail due to the ability of this 
molecule to augment the immune system [114] and enhance NK-cell number 
and function. Initial studies provide substantial indirect evidence to suggest 
that IL-2-activated NK cells may be important determinants for GVL reactiv
ity. NK cells will lyse tumor cells in vitro, and this activity is augmented by in 
vitro incubation with IL-2 [106,110]. Early after autologous or allogeneic 
BMT, activated lymphocytes can be isolated from patients that will lyse NK
resistant targets [107,115]. In addition, NK-cell number and activity is in
creased in the peripheral blood of patients after BMT [106,107], and for 
patients with CML transplanted with T-cell-depleted marrow grafts, the ability 
of IL-2-stimulated peripheral blood MNCs to lyse leukemic targets may corre
late with protection from relapse [106]. 

Reports of clinical trials now demonstrate that varying doses of IL-2 can be 
safely administered to patients after autologous BMT, and initial results have 
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been encouraging [33,88,116,117]. After T-cell-depleted allogeneic BMT, the 
administration of low-dose IL-2 (200,000-500,000 units/M2) has been safe and 
can reliably result in up to a tenfold increase in the number of circulating NK 
cells [111]. These data suggest that relapse rates may be lower in the patients 
receiving low-dose IL-2 when compared to similar patients not treated with 
post-BMT immunotherapy, suggesting that IL-2 may be capable of restoring 
GVL reactivity. It is notable that IL-2 in this setting has not resulted in an 
exacerbation of GVHD, perhaps because at these doses, NK cells may be 
selectively activated without additional T-cell stimulation [111]. The optimal 
timing and dose of IL-2 will need to be further defined, and ultimately, the 
results of randomized trials will be useful to elucidate the impact of post-BMT 
IL-2-mediated immunotherapy. 

Adoptive immuuotherapy for nonrelapse complications 
after allogeneic BMT 

Defective-ceIl-mediated immunity after allogeneic BMT, particularly when 
the marrow graft has been depleted of donor T cells, may limit the success of 
BMT due to complications other than leukemic relapse. T-cell-depleted mar
row grafts have been associated with an increase in Epstein-Barr-virus
associated B-cell lymphoproliferative disorders (BLPD) [32,118]. These ag
gressive lymphomas are typically of donor origin and presumably arise due to 
uncontrolled proliferation of EBV-infected B cells in the absence of appropri
ate virus-specific cytotoxic T lymphocytes. They are characteristically unre
sponsive to standard therapy and are most often fatal in the setting of 
allogeneic BMT [119]. Donor MNCs have been used to successfully induce 
complete remissions in several patients with BLPD, presumably due to resto
ration of cell-mediated immunity [120,121]. Unfortunately, several of these 
patients experienced severe complications from the infusion of unselected 
donor lymphocytes. An elegant strategy to limit toxicity from GVHD in this 
setting has been described that uses donor lymphocytes transfected with the 
herpes virus thymidine kinase (HSV-TK) gene. Expression of HSV-TK con
fers sensitivity of these cells to gancyclovir. These cells have induced remis
sions of BLPD, and subsequent administration of gancyclovir has resulted in 
the resolution of complicating GVHD [122,123]. Recently, Rooney et al. 
described the generation of EBV -specific T cells from allogeneic marrow 
donors and showed that administration of up to 1 X 108 cells is safe and may be 
effective therapy for controlling proliferation of EBV-infected B cells [124]. 

Undoubtedly, the use of donor lymphocytes to restore defective-cell
mediated immunity will undergo further evaluation for a variety of posttrans
plantation complications. For instance, donor MNC infusions have been used 
effectively to reverse a life-threatening adenoviral infection after allogeneic 
BMT [125]. The ability to modify cells with appropriate 'suicide' genes and to 
generate and transfer antigen-specific donor lymphocytes may ultimately 
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broaden the application of adoptive immunotherapy for use in a variety of 
infectious and malignant complications. 

Summary 

The significance and potency of GVL can no longer be argued. It is very clear 
that an allogeneic bone marrow graft provides an important GVL component 
critical to the success of BMT for many patients. The extraordinary success of 
donor MNC infusions to treat relapse after BMT shows that it is now possible 
to manipulate the GVL reaction to treat leukemia. The identity of the effector 
cells and target antigens remains unclear, but no doubt future experiments will 
begin to dissect out the complex cellular and cytokine interactions that medi
ate GVL reactivity. It also remains unclear whether GVL is distinct from 
GVHD; ultimately, the ability to harness GVL without excessive toxicity from 
GVHD will be a central challenge in BMT and cellular immunotherapy. There 
is now an excellent opportunity to understand the detailed mechanisms of 
GVL and to begin to design clinical strategies to harness the potent GVL 
effects of allogeneic donor cells for greater therapeutic benefit. 
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4. Graft-versus-host disease: implications from basic 
immunology for prophylaxis and treatment 

Georgia B. Vogelsang 

Graft-vs.-host disease (GVHD) continues to be a major complication after 
allogeneic bone marrow transplantation, especially with the increasing use of 
unrelated and mismatched donors. To understand how best to prevent GVHD 
and to treat GVHD should prophylaxis fail, it is necessary to have a good 
understanding of the underlying immunology of GVHD. There has been 
recent progress in understanding two basic aspects of the immune response in 
GVHD - the immunologic target and the effector mechanisms. First, the 
target of the immune response in GVHD has been identified as histocompat
ibility antigens possessed by the host but not the donor. Recognition of self 
antigens in GVHD has been documented, showing that GVHD is more than 
simple alloreactivity. Second, the effector mechanism in GVHD was initially 
thought to be direct cytotoxicity by alloreactive T cells. Cytokines are now 
known to playa central role in mediating many of the clinical and experimen
tal manifestations of GVHD. 

Immuuologic background 

Graft-vs.-host disease was originally called 'secondary disease' to differentiate 
it from the radiation sickness and aplasia occurring after total body irradiation 
[1]. Mice receiving syngeneic transplants recovered normally. Animals receiv
ing allogeneic transplants developed erythroderma, wasting, diarrhea, and 
jaundice, and ultimately died of 'secondary disease.' Skin biopsies of these 
animals showed vacuolar alteration of the basilar epidermis and dyskeratotic 
epithelial cells in the epidermis or hair follicle. As the disease advanced, the 
vacuoles at the basement membrane progressed to cleft and frank subepider
mal bulla formation. In the liver, lymphocytic infiltration and necrosis of the 
small bile ducts were seen. Crypt necrosis leading to eventual mucosal denu
dation was seen in the intestinal tracts of animals with GVHD [1]. Further 
experimental work showed that F1 hybrid recipients given parental 
haploid en tical marrow developed secondary disease, but parental strain re
cipients given F1 hybrid marrow did not [2]. These observations led to the 
conclusion that secondary disease was due to recognition of host histocompat-
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ibility antigens by donor (graft) lymphocytes - hence the name graft-versus
host disease [3]. Billingham summarized these observations by defining the 
classical requirements for GVHD [3]. These requirements were the following; 
1. The graft must contain immunologically competent cells. 
2. The host must possess important transplantation alloantigens that are lack

ing in the donor graft, so that the host appears foreign to the graft and is 
therefore capable of stimulating it antigenically. 

3. The host itself must be incapable of mounting an effective immunological 
reaction against the graft, at least for sufficient time for the latter to manifest 
its immunological capabilities; that is, it must have the security of tenure. 

The immunologic recognition and response seen in GVHD were felt to be due 
to histocompatibility differences between the donor and recipient. This classic 
concept of GVHD as delineated by Billingham accounted for the GVHD seen 
both after marrow transplantation and in immunoincompetent individuals 
receiving unirradiated blood products. The manifestations of GVHD in the 
animals were duplicated in the initial human transplants. This construct also 
accounted for the therapeutic approaches used for GVHD. The original 
agents used for prophylaxis and treatment of GVHD were lymphocytotoxic 
agents (i.e., steroids, methotrexate, cyclophosphamide, and antithymocyte 
globulin) used to destroy cytotoxic T cells. 

There were several cases reported of patients who received syngeneic or 
autologous transplants and developed clinical GVHD [4-6]. In most cases, 
the GVHD involved the skin only. In a few cases, multi organ disease with 
involvement of the liver and/or gut was observed [5]. These cases were at first 
attributed to unirradiated blood products or severe infections such as CMV
mimicking GVHD. Over time, however, a more subtle explanation was appre
ciated. GVHD in these patients arose from recognition of self antigens. The 
development of an animal model of autologous GVHD allowed new insights 
into the complexity of GVHD. 

Autologous GVHD 

Glazier et al. initially described an animal model of autologous GVHD [7]. 
Rats given total body irradiation followed by syngeneic transplants and 
cyclosporine would develop a syndrome that clinically and histologically re
sembles allogeneic GVHD. The possibility of strain drift accounting for this 
observation was discounted by performing autologous transplants in which the 
animals were allowed to reconstitute from a single shielded limb [8]. In both 
cases (animals receiving syngeneic marrow or animals undergoing autologous 
reconstitution), the animals developed autologous GVHD, as shown by 
erythroderma and histology consistent with GVHD. Further laboratory work 
has shown that autologous GVHD is directed against an apparent public 
determinant of the MHC class II [9,10]. Monoclonal antibodies against class II 
antigens blocked this recognition (in vitro and in vivo), whereas monoclonal 
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antibodies to class I antigens were ineffective. Paradoxically, the cells initially 
involved in this reaction were CDS positive, whereas class-II-restricted T cells 
belong to the CD4 subset. As the disease progressed, both CD4 and CDS 
positive cells were involved in the reaction. 

The concept of autoreactive T cells was not new. However, this study was 
the first demonstration of an auto-aggression syndrome due to the failure to 
recognize autologous MHC antigens. The requirements for induction of this 
syndrome have been elucidated elsewhere [11-14]. Thymic damage was criti
cal for its development. Animals who were thymectomized or in whom the 
thymuses were shielded during total body irradiation failed to develop this 
syndrome. Second, total body irraditation was very important, primarily be
cause of the thymic damage induced and the elimination of a peripheral host 
resistance mechanism (see below). Third, cyclosporine was also needed to 
induce this syndrome in the majority of animals. 

Cyclosporine has many complicated effects on the thymus. Cyclosporine 
ablates the thymic medulla and depletes reticuloepithelial cells within the 
cortex [15-17]. Class II expression is markedly reduced within the medulla 
[1S]. T-cell differentiation is significantly affected by cyclosporine [1S-22]. 
Thymocytes expressing the a/~ T-cell receptor and single positive CD4 and 
CDS cells are reduced. Immature CD4 CDS double-negative and CD4 CDS 
dOUble-positive thymocytes are increased, implying a maturational arrest. 
These immature cells have been detected in the peripheral circulation. The 
normal mechanism of clonal deletion of self-reactive T cells is inhibited by 
CsA, again resulting in release of autoreactive cells into the peripheral im
mune system [1S,21]. 

This disorder is not as simple as production of an aut ore active cell. For the 
disease to be expressed, autoreactive cells need to be present and the normal 
peripheral autoregulatory mechanisms need to be interrupted. Autologous 
GVHD can be adoptively transferred from animals receiving posttransplant 
cyclosporine into fresh irradiated recipients. If normal splenocytes are added, 
the secondary recipients do not develop autologous GVHD [9,10]. Animals 
receiving cyclosporine alone, without a transplant, can be shown to develop 
autocytotoxic T cells in increased numbers, which can cause autologous 
GVHD if the animals remain on cyclosporine for prolonged periods of time 
more than six months [23]. Thus, there is both the need for an autocytotoxic 
cell and disruption of normal regulatory mechanisms for autologous GVHD to 
develop clinically. 

Recent work has centered on the thymic repertoire involved in autologous 
GVHD. The same limited repertoire of V~ S.5 and V~ 10 cells that has been 
implicated in spontaneously occurring or in genetically determined autoim
mune disorders in the rat has also been implicated in autologous GVHD [24]. 
Cells bearing these markers are expressed in much higher frequencies in 
animals with autologous GVHD, suggesting that much of this disorder is 
clonally regulated [25,26]. Depletion of these cells from effector splenocytes 
inhibits the ability to adoptively transfer this syndrome. 
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Autologous GVHD may playa role in both acute and chronic GVHD 
occurring after an allogeneic transplant [27-29]. The intra thymic and 
peripheral conditions that result in autologous recognition occur after both 
autologous and allogeneic BMT. Animals receiving allogeneic major histo
compatibility complex (MHC) mismatched transplants do not develop GVHD 
while maintained on cyclosporine. Upon cyclosporine withdrawal, the major
ity of animals will develop the clinical manifestation and histological manifes
tations of acute GVHD. Could the GVHD seen in the allogeneic recipient 
include an autologous GVHD component? To answer this question, cells from 
animals developing GVHD were adoptively transferred into irradiated recipi
ents of the host and donor strain. If the GVHD seen after withdrawal of 
cyclosporine was purely allogeneic, donor strain animals should not develop 
GVHD. However, if there was an autologous component, animals of both the 
donor and host strain would be expected to develop GVHD. The results were 
indeed surprising: both donor and host strains developed GVHD, implicating 
an autologous component to the GVHD after immunosuppression with 
cyclosporine [27]. Finally, there is intriguing data to suggest that the chronic 
GVHD seen after allogeneic transplant may be related to poor/dysfunctional 
immunologic recovery akin to autologous GVHD. The same VP repertoire is 
expressed in experimental chronic GVHD (without cyclosporine therapy) as 
in autologous GVHD, suggesting that chronic GVHD includes an autoim
mune component [28]. This hypothesis is supported by the recent demonstra
tion of class-II-specific donor antidonor auto reactive T cells in humans and in 
mice with chronic GVHD [29]. Should this finding of a restricted T-cell reper
toire be confirmed in human GVHD (either acute or chronic), one exciting 
application would be the use of monoclonal antibodies with binding restricted 
to certain V regions to treat GVHD. This should provide more specific therapy 
with less global immunosuppression. 

Autologous GVHD is currently being investigated clinically for its poten
tial antitumor effects. Animal models of autologous GVHD have shown that 
the effector cells of autologous GVHD are capable of recognizing tumor cells 
with MHC class II antigens [30]. Uncontrolled clinical trials have shown prom
ising results, with lower relapse rates in patients developing autologous 
GVHD [31-35]. Randomized trials are just starting to verify that there is 
indeed a benefit to autologous GVHD. 

Cytokines and GVHD - Overview 

GVHD was first conceived of as a T-cell-mediated disease. The cellular injury 
in GVHD was thought to be due to infiltration of target tissues by effector 
cells with resultant destruction. This explanation for the destruction seen 
in GVHD was based on the frequent observation of lymphocytes accompany
ing dying cells (satellitosis) in the skin of patients or animals with GVHD. 
Consequently, it was concluded that the target cell was being destroyed by 
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the effector celL However, immunohistochemical analysis has shown that 
many, but not all, of these cells are phenotypically natural killer cells 
rather than mature T cells [36]. These observations have been confirmed by 
electron microscopy. Many investigators have rethought GVHD based on 
these findings. A new model of the effector phase of GVHD has been pro
posed [37]. GVHD is seen as a 'cytokine storm.' Cytokines are initially re
leased during the preparative regimen, and then this process is perpetuated by 
T -cell recognition of histocompatibility antigens. The cytokines released start 
a positive feedback loop that results in the actual disease/destruction in 
GVHD. 

The cytokine model of the effector phase of GVHD accounts for many of 
the observations that have been made about this process and has already led 
to new lines of therapy. This model proposes that damage to host tissues 
occurring during chemotherapy, radiotherapy, and infection results in release 
of inflammatory cytokines such as tumor necrosis factor -<X (TNF -<X) and IL-l. 
These cytokines cause increased MHC expression and upregulate other adhe
sion molecules. The recognition of recipient/donor differences by alloreactive 
T cells in the donor graft is increased because of the increased recipient 
expression of MHC and adhesion molecules. The reactive donor T cells then 
proliferate and secrete cytokines, most particularly IL-2. The cytokines then 
activate additional donor T cells and mononuclear cells. Macrophages are 
induced to secrete IL-1 and TNF-<x. The cytokines will stimulate both 
autoreactive and alloreactive T cells. Patients developing either spontaneous 
or cyclosporine-induced autologous GVHD do so during lymphocyte recov
ery, again adding substantial credibility to the existence of this cascade. Thus, 
an inflammatory response involving multiple cytokines is established, recruit
ing additional cells into the response and damaging more tissue. The resulting 
cytokine cascade eventually produces the clinical manifestations of the syn
drome called graft-versus-host disease. Several factors, including gut decon
tamination, the use of a sterile environment, and the administration of IV 
immunoglobulin, all of which have been found to decrease the incidence of 
GVHD, interrupt this cascade [38,39]. In part, lymphocyte depletion of a 
marrow graft may decrease GVHD by temporarily removing the lymphocytes 
necessary to maintain the cytokine cascade. These observations raise the 
question of whether delaying the infusion of all a reactive T cells until after the 
initial cytokine wave (arising from damage from the preparative regimen) is 
over would prevent GVHD while maintaining a graft-versus-Ieukemia effect. 
Increased relapse rates observed after lymphocyte depletion of marrow grafts 
have largely negated the anti-GVHD benefit of these manipulated marrow 
grafts. Maintaining the graft-versus-Ieukemia effect while eliminating or re
ducing GVHD has remained an elusive goaL Animal experiments suggest that 
delayed infusion of lymphocytes may achieve this goal by interrupting the 
cytokine cascade [40]. Delayed infusion of normal donor cells after MHC
matched bone marrow transplantation provides an antileukemic reaction 
without GVHD. 
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IL-2 was considered to be critical in the development of GVHD even 
before the concept of a cytokine cascade had been proposed to explain the 
clinical manifestations of GVHD. IL-2 was one of the first cytokines to be 
identified and was found to be critical in T-cell activation. Cyclosporine, an 
agent that inhibits IL-2 secretion, inhibits experimental GVHD and has been 
shown to be useful in multiple studies of clinical prophylaxis of GVHD, 
especially when combined with methotrexate and/or steroids [41-44]. Much of 
the early work on the importance in cytokines concentrated on the influence of 
IL-2. Recent studies have emphasized the importance of IL-2 as an initiating 
agent in GVHD. Several groups have shown that the precursor frequency of 
antihost-specific IL-2-producing cells predicts for GVHD in HLA identical 
sibling transplants [4S-47]. The prominence of IL-2 as the presumed (but now 
disputed, as discussed below) pivotal cytokine in GVHD also meant that some 
of the first trials using anticytokine therapy were directed against IL-2. Herve 
et al. used an anti-IL-2 receptor monoclonal antibody to treat steroid
resistant, severe GVHD. Although frequently not sustained, responses were 
seen in over 80% of patients [48]. Recent work has concentrated on the use of 
humanized anti-IL-2-receptor monoclonal antibodies [49]. Media reports have 
suggested that these trials are not going to show the desired benefits; however, 
lessons learned from studies using humanized monoclonal antibodies should 
have significant implications for other monoclonal antibody trials. 

Another line of evidence for the involvement of IL-2 in GVHD is the 
effectiveness of cyclosporine in the treatment of experimental and clinical 
GVHD [41-44]. Cyclosporine inhibits IL-2 production and, at higher concen
trations, expression of the IL-2 receptor [22]. 

The important role of TNF-a in GVHD has become apparent from two 
lines of evidence. In experimental animal models, TNF-a was found to be an 
important mediator of the disease, and its production was increased [SO]. 
When infused into animals, TNF has many effects that mimic the effects 
of GVHD. These include cachexia, runting, hematopoietic failure, 
erythroderma, diarrhea, alveolar damage, and ultimately, death. Treatment of 
animals with anti-TNF antibodies can blunt or prevent many of the findings 
found in GVHD. Clinical studies have confirmed these results and again 
emphasized the interactive nature of the multiple events occurring during 
marrow transplantation with GVHD [Sl]. Investigators found that TNF-a 
levels were increased in patients with GVHD and in patients with hepatic 
toxicity (veno-occlusive disease of the liver) from the preparative regimen. 
One clincial study has examined the use of anti-TNF-a monoclonal antibodies 
in severe steroid-resistant GVHD [S2]. As predicted by the cytokine cascade 
model, responses in these heavily pretreated patients were short-lived. Block
ing a mediator with a monoclonal antibody would be expected to affect the 
disease only during exposure to the reagent. Since multiple cytokines would be 
released, a multiprong approach using multiple anticytokine reagents would 
be expected to have a more profound influence and potentially induce com
plete responses. Similarly, for these agents to be maximally effective, they 
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would have to be used early in GVHD, before wholesale activation of the 
immune system occurs. 

Recognition that TNF plays an important role in GVHD has led to the 
study of several agents that may decrease TNF production. The best known is 
pentoxifylline, a xanthine derivative, that downregulates TNF-a production in 
vitro. Unfortunately, the initial pilot data supporting the use of this agent in 
preventing toxicity, both from preparative regimens and GVHD, have not 
been reproduced in a large randomized study [53,54]. Recent studies have 
shown that thalidomide may also be exerting its influences in treatment and 
prevention of GVHD, partially through inhibition of TNF-a production by 
stimulated monocytes [55]. 

Another cytokine to achieve considerable attention is IL-l. IL-l is a 
cytokine produced by monocytes. Studies with a transplant model that uses 
mice of different strains with minor histocompatibility antigen differences 
have shown that IL-1 may be the critical effector molecule in GVHD [56]. 

IL-2 mRNA was upregulated only during the first week posttransplant 
in this model. IL-l and, to a lesser degree, TNF were found to be increased 
during GVHD. Inhibition of IL-1 by an IL-1 receptor antagonist prevented 
severe GVHD in this animal model. Because of these observations, phase 
IIII trials using an IL-1 receptor antagonist for patients with steroid
resistant GVHD have been undertaken and show very encouraging early 
results. 

Although the role of interferon in the cytokine cascade has not clearly been 
elucidated, the interferon most likely to be involved in GVHD is gamma 
interferon. Gamma interferon may be induced during the initial injury caused 
by chemotherapy and/or infection. Interferon has been found to be increased 
in patients and in animal models of GVHD [57,58]. Gamma interferon may 
function by upregulating histocompatibility antigens and inducing release of 
TNF [59]. Gamma interferon primes macrophages to release TNF after expo
sure to lipopolysaccharide (LPS). LPS is a potent trigger for induction of 
experimental GVHD, and endogenous LPS has been detected in the serum of 
animals with lethal GVHD [59]. Thus, LPS represents another component in 
the cascade that results in GVHD. 

Certainly, many other cytokines may be important in GVHD. However, 
other cytokines such as IL-6, IL-4, IL-8, and IL-10 have not been thoroughly 
studied in GVHD. The potential role of other cytokines, as well as the inter
action among cytokines and different T-cell subsets (especially Th1 and Th2), 
needs further delineation. Experimental animal data suggest that the Th2 
subpopulation of CD4+ lymphocytes (which produces IL-4 and IL-lO) pre
vents LPS-induced, TNF-mediated lethal GVHD [60]. In these animals, there 
was suppression of gamma interferon mRNA, reduction of TNF levels in the 
serum, increased IL-4 mRNA, and decreased CD8+ lymphoid engraftment. In 
certain experimental animal models in which GVHD is mediated by CD4+ 
cells, it has been observed that administration of IL-2 actually reduced mortal
ity from GVHD; this effect may be due to generation of Th2 cells [61]. These 
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data suggest that Th2 cells may playa major role in establishing tolerance after 
marrow transplant. 

Thus, a model can be constructed showing the interactive nature of 
cytokines that have been implicated in GVHD. Many of the effects of GVHD 
are caused directly by the cytokines themselves (TNF being the primary 
example) or by secondary activation of bystander cells such as NK cells, which 
may cause much of the cytotoxic damage seen in GVHD. 

The view of GVHD has changed significantly over the last few years. The 
targets of immune recognition and the effector mechanisms are much more 
complex than previously appreciated. However, this very complexity has 
shown many new ways of preventing and treating GVHD. These more specific 
maneuvers are not only likely to lead to better control of GVHD but to less 
global immunosupression. These therapies should result in improved survival 
and should facilitate the increasing use of mismatched/unrelated donors. 
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5. The detection of minimal residual disease: 
implications for bone marrow transplantation 

John G. Gribben and Joachim L. Schultze 

The source of relapse in patients who achieve complete clinical remission is 
residual cancer cells that number below the limits of detection using standard 
diagnostic techniques. Therefore, considerable effort has been made over the 
past decade to develop new techniques that have greatly increased the sensi
tivity of detection of small numbers of residual neoplastic cells. In particular, 
the identification of specific gene rearrangements and chromosomal transloca
tions in neoplastic cells has permitted the development of sensitive molecular 
techniques that are capable of detecting minimal residual disease. With the 
development of these more sensitive techniques, especially by the application 
of peR technology, the presence of residual neoplastic cells in patients in 
complete clinical remission, commonly called minimal residual disease 
(MRD), has been demonstrated clearly. It seems obvious to patients that if 
residual cancer cells can still be detected, then additional therapy is necessary 
for cure; nevertheless, the data demonstrating that detection of MRD using 
peR-based techniques is associated with increased risk of relapse has been 
difficult to establish. In certain disease states, such as chronic myelogenous 
leukemia, there are now sufficient data demonstrating that detection of MRD 
is associated with a poor enough prognosis to merit experimental treatment 
approaches on the basis of detection of disease by peR techniques alone. If 
this can be established in other malignancies, then molecular biologic tech
niques will become an essential part of staging and follow-up of patients and 
will redefine our concept of complete remission. 

Assays for the detection of minimal residual disease 

A variety of techniques have been used to detect MRD in different clinical 
settings. The tissue sites most often used to assess MRD are peripheral blood 
and bone marrow. Of course, other factors are also important in assessing the 
likelihood of successfully detecting residual cancer cells in these tissue sources. 
Neoplastic infiltration of bone marrow or peripheral blood is rare in some 
tumors, such as testicular or ovarian cancers; more common in non-Hodgkin's 
lymphoma and in solid tumors such as small cell lung cancer, neuroblastoma, 
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Table 1. Sensitivity of tumor cell detection in bone marrow 

Method of detection 

Morphologic analysis 
Aspirate 
Biopsy 

Flow cytometric analysis 
Southern blot analysis 
Fluorescence in situ hybridization 
Immunohistochemistry of cytospins 
Clonogenic assay 
Polymerase chain reaction 

Sensitivity 

5% 
5% 
1-5% 
1% 
1% 
0.01% 
0.001% 
0.0001 % 

Number of tumor cells 
required to be detected 
in 1010 total marrow cells 

5 x 10' 
5 X 108 

1-5 X 108 

1 X 108 

1 X 108 

1 X 106 

1 X 105 

1 X 104 

and breast cancer; and invariable in the leukemias. Histological assessment of 
bone marrow aspirates and biopsies is used to determine whether patients with 
leukemia have achieved complete remission and whether patients with other 
malignancies have evidence of bone marrow infiltration. The limit of detection 
of marrow infiltration by histologic examination is 5%. The techniques most 
widely used to detect MRD in patients in complete clinical remission are 
shown in table 1. 

Clonogenic assays 

Sensitive culture techniques were the first assays to demonstrate clearly that 
malignant cells could be grown from bone marrow that had no morphologic 
evidence of infiltration. Lymphoma cell lines could be established from the 
morphologically normal marrows of 17% of patients with undifferentiated 
lymphoma [1]. Using a sensitive liquid culture technique, 50% of patients with 
Burkitt's lymphoma and morphologically normal marrows had occult marrow 
involvement [2]. Similarly, residual acute lymphoblastic leukemia cells were 
detected by culture techniques from the bone marrows of children in complete 
clinical remission [3]. Up to one third of patients with intermediate and high
grade non-Hodgkin's lymphoma have clonogenic lymphoma cells in morpho
logically normal marrow at the time of autologous bone marrow harvest [4]. 
Culture assays are capable of detecting a malignant cell in up to 105 normal 
cells. These assays should be used in collaboration with assays that indicate 
the clonal population is indeed the malignant population, since 
there may be growth of clonal populations of nonmalignant cells, including 
Epstein-Barr-virus-transformed lymphoblastoid cells [4]. The major disad
vantage of these assays is their low plating efficiency. In addition, we know 
little regarding the optimal requirements for clonogenic tumor cell growth. 
Once more is known about the biology of the stromal cell/tumor cell interac
tions, clonogenic culture systems should become applicable to a wider variety 
of tumor types. 
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In disease settings such as breast cancer, immunohistochemistry is a useful 
adjunct to detect the presence of infiltrating breast cancer cells. Fluorescent 
activated flow analysis has the potential to greatly increase the level of 
detection of marrow contamination and, in specialized hands, has been re
ported to be a very sensitive technique to detect tumor contamination. How
ever, this technique is handicapped by the lack of true tumor-specific 
monoclonal antibodies and relies on the detection of an increase in the per
centage of cells expressing antigens that occur on tumor cells but only rarely 
on normal cells. 

Molecular biologic techniques to assess minimal residual disease 

The underlying principle for the application of molecular biologic techniques 
to the diagnosis and detection of cancers is the detection of a clonal population 
of cells. Tumor-specific DNA sequences occur at the sites of nonrandom 
chromosomal translocations and are candidates for detection by PCR amplifi
cation if the sequences at the sites of the chromosomal breakpoints are known. 
Because of the specific nature of gene rearrangements occurring at the antigen 
receptors, the lymphoid malignancies have been studied most extensively. 
Since B- and T-cell malignancies undergo antigen-receptor gene rearrange
ments, their clonal progeny have the identical antigen-receptor rearrangement 
[5]. Initially, the most widely used molecular biologic technique was DNA 
restriction fragment analysis with Southern blot hybridization. This technique 
is capable of detecting neoplastic cell infiltration [5]. DNA hybridization 
techniques have confirmed that residual cancer cells could indeed be detected 
in the peripheral blood of patients who were judged to be in complete 
clinical remission by established diagnostic criteria [6]. DNA restriction frag
ment analysis with Southern blot hybridization with Ig and T-cell receptor 
(TCR) probes has demonstrated the presence of clonal lymphoid popUlations 
in the majority of lymphoid neoplasms, including acute and chronic leukemias, 
myeloma, non-Hodgkin's lymphoma, angioimmunoblastic lymphadenopathy, 
and some cases of Hodgkin's disease [7-9]. Although these techniques repre
sented a major advance in minimal disease detection, they only increased the 
level of detection of minimal disease to the 1 % level and were labor intensive 
to perform. 

Polymerase chain reaction 

More recently, the sensitivity of detection of minimal residual disease has been 
greatly increased with the development of the polymerase chain reaction 
(PCR) [10,11]. This technique specifically amplifies DNA and involves re
peated cycles of denaturation of DNA, annealing of oligonucleotide primers, 
and extension of the primers using heat-stable bacterial DNA polymerase. 
The specificity of the procedure can be increased by the re-amplification of an 
aliquot of the amplified product using internal oligonucleotide primers. This 
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Table 2. Chromosomal translocations and gene rearrangements 

Myeloid Non-Hodgkin's Lymphoid CLL 
leukemia lymphomas leukemia myeloma 

t(19;22) t(14;18) t(9;22) CDR III 
t(8;11) t(8;14) t(8;21) FR1 
t(15;17) t(8;21 ) t(1;19) 
t(6;9) t(11;14) t(1;14) 

CDR III t(1O;14) 
FR1 t(17;19) 

TAL-deletion 
TCR y/& 
CDR III 
FR1 

Abbreviations: CDR, complementarity determining region; FR, 
framework region; TCR, T-cell receptor. 

procedure is known as nested PCR. A major disadvantage to the use of PCR 
is that DNA polymerase can only add nucleotides to the 3' end of a preexisting 
single-stranded DNA oligonucleotide sequence. This means that for sensitive 
detection of MRD by PCR amplification, sequence information is required 
on both sides of the gene sequence to be amplified. Tumor-specific DNA 
sequences occur at the sites of nonrandom chromosomal trans locations and 
are candidates for detection by PCR amplification if the sequences at the 
breakpoints are known. A number of chromosomal translocations and gene 
rearrangements have been identified and the breakpoints sequenced. The 
trans locations given in table 2 are therefore applicable for PCR detection of 
tumor cells, and this list is growing as more chromosomal translocation sites 
are sequenced. The application of PCR has greatly increased the sensitivity of 
detection of disease, such that one malignant cell can be detected in up to 106 

normal cells. By far the most widely studied specific gene re-arrangements 
detected using PCR amplification are associated with chronic myelogenous 
leukemia and t(14;18), associated with non-Hodgkin's lymphoma. 

Detection of chimeric bcrlabl by PCR amplification. The t(9;22) is formed by 
the fusion of the bcr gene on chromosome 22 with the abl proto-oncogene on 
chromosome 9 and occurs in the vast majority of patients with chronic myeloid 
leukemia (CML) and in up to 20% of adult patients with acute lymphoblastic 
leukemia (ALL). The chronic myeloid leukemic cells transcribe an 8.5-kbp 
chimeric mRNA that is translated into a 21O-kDa protein with tyrosine kinase 
activity. The breakpoints at the abl gene can occur at any point up to 200kbp 
upstream in the intron and therefore cannot easily be amplified by PCR using 
genomic DNA. In contrast, the chimeric mRNA will usually be of two possible 
types (figure 1). It is therefore possible to amplify the chimeric mRNA by first 
reverse transcribing to cDNA. Using this technique, it is possible to detect one 
leukemic cell in up to 106 normal cells. 
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Chromosome 22 Breakpoint Chromosome 9 

2 3 2 3 4 ... 
Splice 1 ... primers ... 

PeR product 

2 2 3 4 ... 
Splice 2 ... - peR product 

Figure 1. Organization of the t(9;22) translocation. The gene locus of the bcr gene on chromo
some 22 is translocated to the abl gene locus on chromosome 9. Genomic DNA cannot be used for 
PCR amplification, since the breakpoint region is several kilobases in length. Therefore, mRNA 
is reverse transcribed and cDNA analyzed by PCR. Two splice variants of the fusion mRNA exist: 
one variant includes exon 3 of the bcr gene, and the other is characterized by fusion of exon 2 of 
the bcr gene to exon 2 of abl. Primers chosen as indicated in this figure detect both splice variants 
of the fusion RNA. 

PCR analysis of t(14;18). The t(14;18) occurs in up to half of all patients 
with non-Hodgkin's lymphoma, including 85% of patients with follicular 
lymphoma and 30% of patients with diffuse lymphoma [14-16]. In the t(14;18), 
the bcl-2 proto-oncogene on chromosome 18 is juxtaposed with the immuno
globulin (Ig) heavy chain locus on chromosome 14 (figure 2). The breakpoints 
have been cloned and sequenced [17-19] and have been shown to cluster at 
two main regions 3' to the bcl-2 coding region. The major breakpoint region 
(MBR) occurs within the 3' untranslated region of the bcl-2 gene [17-19], and 
the minor cluster region (mer) is located some 20kb downstream [20]. The 
clustering of the breakpoints at these two main regions at the bcl-2 gene and 
the availability of consensus regions of the Ig heavy chain (IgH) J regions 
[21] make this an ideal candidate for peR amplification to detect lymphoma 
cells containing this translocation [22]. This extremely sensitive technique 
is capable of detecting one lymphoma cell in 106 normal cells. Since there is 
variability in the site of the breakpoint at the bcl-2 gene, and since the trans
location occurs into the IgH variable region, the peR products are of different 
sizes and have unique sequences. The size of the peR product can be assessed 
by gel electrophoresis. A major advantage in the detection of lymphoma cells 
bearing the bcl-2/IgH translocation is that DNA can be used to detect the 
translocation and there is no need for reverse transcription before performing 
peR amplification. 

PCR detection of antigen receptor gene rearrangements. Although most folli
cular lymphomas exhibit t(14;18), the majority of patients with lymphoid 
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Figure 2. Organization of the t(14;18) translocation. On chromosome 18. the major breakpoint 
region (MBR) is within the 3' untranslated region, and the minor cluster region (mer) is located 
downstream within the intron. In this figure, the derived t(14;18) has a breakpoint at the MBR and 
trans locates to J6 in the immunoglobulin heavy chain region on chromosome 14. Primers at the 
MBR region on chromosome 18 and the consensus Jh region will therefore amplify in a peR 
reaction. 

malignancies do not demonstrate nonrandom chromosomal translocations. 
Lymphoid neoplasms usually demonstrate a rearrangement of either TCR or 
Ig genes or both, and their clonal progeny have the identical antigen-receptor 
rearrangement [5,7-9,23,24]. B-cell neoplasms, including ALL, non-Hodgkin's 
lymphoma, myeloma, and chronic lymphocytic leukemia (CLL), undergo so
matic rearrangement of the IgH locus, providing a useful marker of clonality 
and stage of differentiation in these tumors [25-29]. 

The third complementarity-determining region (CDR III) of the IgH gene 
is generated early in B-cell development and is the result of rearrangement 
of germline variable (V), diversity (D), and joining (J) region elements. In 
a similar mechanism in both Ig and TCR genes, the enzyme terminal 
deoxynucleotidyl transferase (TdT) inserts random nucleotides at two sites: 
the V-D and D-J junctions. At the same time, random deoxynucleotides are 
removed by exonucleases [30]. Antibody diversity is increased further by 
somatic mutation. The final V-N-D-N-J sequence (CDR III) is unique to that 
cell, and if the cell expands to form a clone, then this region may act as a 
unique marker for that leukemic clone. PCR amplification of the CDR III 
sequence is possible due to the presence of conserved sequences within the V 
and J regions that are specific to the rearranged allele and serve as useful 
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Figure 3. Structure of the immunoglobulin heavy chain (lgH). The IgH consists of the variable 
region and the constant region. As depicted, the variable region is divided into four framework 
regions (FR 1-4) and three complementary determining regions (CDR I-III). Due to highly 
conserved regions in the FR regions, primers can be designed that can amplify the clone-specific 
CDR III region. If no product is obtained using FR3- and FR4-region primers, Vh family-specific 
primers in the FR1 region with a consensus primer in the FR4 region can be used to amplify 
tumor-cell-specific clonal DNA of the IgH. 

clonal markers for MRD detection (figure 3). Although these techniques have 
the advantage of being applicable to a greater number of patients, they are 
much less sensitive than the detection of chromosomal translocations. More 
highly sensitive tumor detection can be achieved by using primers directed 
against the unique junctional region sequences within the rearranged antigen
receptor genes [31]. These sequences can be cloned and sequenced from 
diagnostic tissue by first using primers for the conserved regions within the V 
and J regions for PCR amplification. Clone-specific oligonucleotides can then 
be constructed and used as primers for PCR amplification in that patient 

In B-lineage ALL, it would appear that IgH would be an ideal candidate 
gene for amplification. However, because of the large number of V regions, 
construction of clinically useful oligonucleotide primers is difficult Whereas Ig 
genes undergo high rates of spontaneous mutation, such clonal markers 
change over time and may result in false-negative results using PCR amplifica
tion in at least 25% of cases [32]. IgH genes are known to show a high degree 
of somatic hypermutation in immature lymphoid malignancies such as B
lineage ALL so that around 25% of relapses will not be detected using CDR 
III sequence analysis alone [33]. Also, from previous analyses of precursor B
ALL using Southern blot analysis of the IgH gene, it is known that up to 40% 
of cases have multiple gene rearrangements [34). From sequence data, it is 
known that the most common cause of bi- and oligoclonality is secondary gene 
rearrangement, e.g., VH-VH. Over time, there may be the appearance of sec
ondary leukemic clones. To date, no study has demonstrated clearly that 

105 



eradication of PCR-detectable cells bearing clonal Ig rearrangements is neces
sary for cure after bone marrow transplantation. 

Problems using peR amplification. A major concern with PCR will always be 
the fear of false-positive results because of the ability of the technique to 
amplify even minute amounts of contaminating DNA. Great precautions must 
be taken in the laboratory to ensure that false-positive results do not occur, 
and every assay must be accompanied by the appropriate negative controls 
[35]. Amplified material must never be taken to the areas where DNA extrac
tion is performed. It has been our experience that standard precautions and 
good laboratory practice make cross-contamination less of a problem than 
might be anticipated unless cloning and sequencing of genes have occurred 
within the same laboratory as the DNA extraction process. Although a num
ber of quantitative methods have been developed [36,37], a major drawback of 
PCR is that it has been extremely difficult to quantitate the tumor cells in the 
original sample. Traditional methods for detection of minimal residual disease 
by PCR give a binary read-out: the presence or absence of a PCR band. The 
semiquantitative nature of PCR is due to minor differences in efficiency of 
amplification from tube to tube (e.g., due to variation in temperature based on 
the thermal cycling block position) that are accentuated during the logarithmic 
amplification of DNA samples. However, these variables can be precisely 
controlled by using an internal standard that controls for amplification effi
ciency. Since variation in amplification efficiency can also be attributed to 
primer annealing efficiency, rate of template denaturation, or length of tem
plate, among other variables, the best internal standard is primed by the same 
primers as the target DNA, but can be distinguished from the starting template 
either by minor size differences or by the presence of a single-base-pair change 
adding or ablating a restriction endonuclease site. These quantitation strate
gies have been termed competitive or quantitative PCR (figure 4) [37]. 

Unlike cell culture assays, it is not possible to determine whether cells 
detected by PCR are clonogenic. Cells bearing this translocation might be 
committed progenitors incapable of further proliferation, or they might have 
been sufficiently damaged by previous exposure to chemotherapy or radio
therapy to be already dead or in the process of dying but still detectable by 
PCR analysis. It must also be remembered that not all patients with lymphoma 
have a PCR-detectable translocation or gene rearrangement that can be used 
to monitor minimal residual disease. 

A potential problem with the use of PCR of the bcl-2!IgH translocation to 
detect lymphoma cells is that this translocation may not be specific for 
lymphoma cells. Cells bearing the translocation have been detected in 
hyperplastic tonsil tissue from children with no evidence of lymphoma [38], 
and more recently have been shown to occur rarely in normal B cells. How
ever, in our own laboratories we have not detected cells with this translocation 
in bone marrow or nonfractionated peripheral blood samples from a large 
number of individuals who have lymphoma that does not carry this transloca-
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Figure 4. Competitive/quantitative PCR. To obtain a competitive template, hybrid primers are 
designed consisting of a sequence hybridizing to a neutral DNA and the sequence of the primers 
hybridizing to the tumor DNA. To obtain tbe competitive template, PCR amplification of tbe 
neutral DNA with the hybrid primers is performed. The amount of tumor DNA in the DNA 
sample is determined using serial dilutions of competitive-template DNA and equal amounts of 
tumor DNA in each individual PCR sample. Equal amounts of competitor template and target 
template are amplified at a ratio of products of 1 : 1. 

tion. This suggests that these cells may be sufficiently rare that they will not 
interfere with the use of PCR at this translocation in the clinical management 
of patients who are being monitored for residual disease. 

Clinical utility of minimal residual disease detectiou 

Detection of MRD after BMT in chronic myeloid leukemia 

CML is incurable using standard chemotherapy, and at the present time the 
only possibility of cure lies in allogeneic BMT. However, 20% of patients 
transplanted in chronic phase and more than 50% of patients transplanted in 
accelerated phase or blast crisis will relapse. If experimental treatment ap
proaches are to be effective, then they should be utilized in the setting of 
MRD. Therefore, it is of importance to detect patients at high risk of subse
quent relapse early after BMT. Considerable effort has therefore been made 
to establish whether persistence of MRD after allogeneic BMT is predictive of 
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subsequent relapse of disease. Early studies utilized RT-PCR for the unique 
bcr-abl fusion mRNA transcript to detect MRD after BMT [39-54). Although 
these studies demonstrated that PCR amplification can be used to detect 
minimal residual CML cells after allogeneic bone marrow transplantation, 
they yielded conflicting results as to the clinical implications of these results. A 
number of studies detected residual leukemia cells in most samples analyzed 
[40,55,56]. Other studies reported that there was persistence of cells with the 
chimeric mRNA in the early posttransplant period and that this did not 
adversely affect prognosis [41]. However, two studies demonstrated that the 
detection of residual leukemic cells after BMT was associated with subsequent 
relapse [43,48]. The reasons for the differences among these studies are not 
clear. Differences in the preparation of the patient for transplantation and in 
the treatment given to prevent graft-versus-host disease might affect the sur
vival of these lymphocytes. The influence of T-cell depletion of the donor 
marrow is also not clearly understood. There were, in addition, different 
methodologies used to prepare the samples and to carry out the PCR proce
dure. However, a recent study from Seattle including analysis from 346 pa
tients showed a clear association between relapse and PCR positivity [57]. 
Detection of MRD early after BMT does not necessarily suggest poor progno
sis, and a PCR-positive sample at three months post-BMT was not informative 
for clinical outcome. In contrast, a PCR-positive bone marrow or peripheral 
blood sample at or after six months post-BMT was closely associated with 
subsequent relapse. Statistical analysis of the data revealed that the PCR assay 
for the bcr-abl fusion transcript 6 to 12 months post-BMT is an independent 
predictor of subsequent relapse. In contrast, no clear prediction of clinical 
outcome could be made in patients who tested PCR positive more than three 
years after BMT. This study [57] and others [58] have clearly demonstrated 
that most patients are PCR positive at three months after BMT, indicating that 
BMT preparative regimens alone do not eradicate CML cells effectively. 
Nevertheless, since this treatment leads to cure in more than 50% of patients, 
other mechanisms, e.g., immunological mechanisms, must be responsible for 
tumor eradication. The comparison of two patient groups treated with either 
T-cell-depleted bone marrow or untreated marrow underlines this presump
tion [58]. A defect of this study is that the two patient populations studied were 
treated at different institutions and used different preparative regimens. How
ever, samples obtained 7 to 12 months after BMT were PCR positive in 88% 
of patients treated with T-cell-depleted marrow, whereas only 30% of re
cipients of untreated bone marrow were PCR-positive. When patients were 
grouped by PCR results, most of the patients with persistently PCR positive 
samples were recipients of T-cell-depleted allografts (24 of 29). Moreover, in 
this study there was also a strong association with clinical outcome, since 
patients with persistently PCR-positive samples relapsed, whereas patients 
with persistently PCR-negative samples were in complete remission. When 
PCR patterns were associated with GVHD, a clear correlation was observed: 
95% of patients with GVHD were either intermittently or persistently PCR 
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negative. These findings indicate that in addition to BMT, immunological 
mechanisms are responsible for the eradication of minimal residual disease 
and that the monitoring of MRD by RT-PCR is a very important indicator for 
clinical outcome in those patients. 

Assessment of MRD by RT-PCR may prove useful as a surrogate endpoint 
to measure the effect of novel therapeutic strategies to eradicate remaining 
CML cells after BMT. Recent studies utilizing adoptive transfer of donor 
lymphocytes after BMT to eradicate CML cells showed the importance of 
MRD detection in these patients [59-62]. In a more recent study of patients 
treated with low doses of donor T cells, 15 to 17 patients became bcr-abl 
negative by PCR, indicating that this therapy achieved either eradication of 
the entire malignant clone or suppression below the limit of detection byPCR 
[62]. This question is not yet answered, since long-term follow-up is necessary 
to decide whether donor T-cell infusions can eradicate remaining CML cells. 
To date, monitoring MRD by PCR over long time periods seems to be the only 
method sensitive enough to answer this question. Based on these findings, 
future strategies could change our approach to curing CML with BMT. T-cell
depleted bone marrow would be used instead of untreated bone marrow to 
reduce the acute morbidity and mortality associated with GVHD. Detection 
of patients who have a high probability of relapse, based on persistence of 
detectable MRD or rise in leukemic burden as assessed by quantitative PCR, 
would allow targeting of adoptive immunotherapy (for example, donor lym
phocyte infusions) to these high-risk patients. The success of this part of the 
therapeutic strategy would be monitored by assessment of MRD during the 
period of adoptive transfer. Detection of MRD will therefore likely have an 
important place in future curative therapies for this disease. 

Detection of MRD after ABMT in non-Hodgkin's lymphoma 

In non-Hodgkin's lymphoma patients, the disease-free survival after ABMT 
was adversely influenced by the persistence or reappearance of residual de
tectable lymphoma cells after high-dose therapy [63]. In 134 patients with B
cell non-Hodgkin's lymphoma with a documented PCR-detectable bcl-2 
translocation, the failure to achieve or maintain a complete remission as 
assessed by PCR analysis of bone marrow was predictive of which patients will 
relapse. In contrast to the findings that all patients had bone marrow infiltra
tion following conventional dose therapy, no PCR-detectable lymphoma cells 
could be detected in the most recent bone marrow sample obtained from 77 
patients (57%) patients following high-dose chemoradiotherapy and autolo
gous BMT. All 33 patients who relapsed had PCR-detectable lymphoma cells 
in the bone marrow prior to relapse, irrespective of the site of relapse. In 
contrast, of the 77 patients who had no PCR-detectable lymphoma cells in 
their most recent marrow sample, none had relapsed. Therefore, the detection 
of MRD by PCR following autologous BMT in patients with lymphoma would 
appear to identify those patients who require additional treatment for cure 
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and suggests that our therapeutic goal should be to eradicate all PCR
detectable lymphoma cells. 

In the remaining 41 patients, three distinct patient subgroups could be 
identified. In 14 patients, lymphoma cells could not be detected early after 
transplantation but reappeared at a later time. In these patients, lymphoma 
cells either remained in the marrow below the limit of detection by PCR or 
reseeded the bone marrow from extramedullary sites. Six patients in this 
group have relapsed to date, and lymphoma cells were detected by PCR in the 
marrow of all six patients before clinical relapse. Therefore, the reappearance 
of lymphoma cells in the marrow appears to be associated with a poor progno
sis. In eight patients, residual lymphoma cells were detected in some but not all 
samples obtained at the time of each follow-up visit. In the final group of 19 
patients, residual lymphoma cells in the bone marrow were detected early 
following transplantation and then were consistently absent. Two explanations 
are possible. First, residual lymphoma cells may already have been irreversibly 
damaged by the high dose therapy and were destined to die. Alternatively, an 
endogenous immune mechanism may be capable of eliminating residual 
lymphoma cells in some patients. Irrespective of the mechanism, once these 
patients had complete disappearance of residual lymphoma cells in their bone 
marrow, they had excellent prognoses, since none have relapsed. 

In this study, 24 patients were identified who had detectable lymphoma 
cells in their marrow for varying lengths of time and who have not relapsed to 
date. A major question is whether all such patients with PCR-detectable 
disease will ultimately relapse. However, only one patient was identified in this 
study who was a long-term disease-free survivor despite the presence of PCR
detectable lymphoma cells in the marrow. These results have recently been 
confirmed by analysis of the results of detection of minimal residual disease 
after ABMT in patients treated in first remission (Gribben, unpublished 
results). 

peR assessment of the efficacy of purging autologous bone marrow 

Autologous stem cell support from either bone marrow or peripheral blood 
stem cells (PBSCs) has permitted the use of chemotherapy dose escalation for 
a large number of patients with a number of hematologic and solid tumors 
[64-70]. The major obstacle to the use of autologous stem cells is that contami
nating tumor cells will also be infused back to the patient and contribute to 
subsequent relapse. To minimize this risk, most centers obtain autologous 
bone marrow either when the patient is in complete remission or when there 
is no history of bone marrow infiltration. Others believe that PBSCs may 
provide a source that is less likely to be contaminated with malignant cells and 
use this as a rationale to move from autologous bone marrow to PBSC trans
plants. However, it is now clear that a number of patients with no morpholo
gical evidence of disease in the bone marrow or peripheral blood have 
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contaminating malignant cells when assessed by more sensitive techniques. 
Therefore, an increasing effort has been made to attempt to determine the 
relative contribution of reinfusion of minimal numbers of malignant cells to 
subsequent relapse of disease. An alternative approach to decrease tumor 
contamination of stem cells is to 'purge' malignant cells. The aim of purging is 
to eliminate any contaminating malignant cells yet leave intact hematopoietic 
stem cells necessary for engraftment. The development of purging techniques 
has led subsequently to a number of studies of autologous BMT in patients 
with either a previous history of bone marrow infiltration or even overt mar
row infiltration at the time of bone marrow harvest [66,67,70,71]. These clinical 
studies have demonstrated that purging can deplete malignant cells in vitro 
without significantly impairing hematologic engraftment. 

Whereas the rationale for removing any contaminating tumor cells from the 
autologous marrow appears to be compelling, the issue of purging remains 
highly controversial. To date, there have been no clinical trials testing the 
efficacy of purging by comparison of infusion of purged versus unpurged 
autologous bone marrow, due primarily to the large number of patients that 
would be required for such studies. Intense argument therefore persists as to 
whether attempts to remove residual tumor cells from the harvested bone 
marrow have contributed to improving disease-free survival in these patients. 
In addition, the finding that the majority of patients who relapse after ABMT 
do so at sites of prior disease has led to the widespread view that purging of 
autologous marrow could contribute little to subsequent outcome after 
ABMT. 

Assessment o.f the efficacy o.f purging 

In tumor cell line model systems set up to optimize purging, clonogenic assays 
have been used to demonstrate the efficacy of multiple monoclonal antibodies 
(mAbs) and complement mediated lysis [72]. Multiple sequential treatments 
were shown to be more efficient than single treatments, and the combination 
of two or more antibodies was also more efficient than a single mAb to 
eliminate tumor cells [73]. Clonogenic lymphoma cell assays also demon
strated that different anti-B-cell mAbs differ in their efficiency in depleting 
lymphoma cells [74]. Similar assay systems were used to examine the efficacy 
of different complement sources [75] and to demonstrate synergy between 
chemotherapeutic agents and mAb-mediated purging [76]. A cocktail of two 
mAbs was used to assess the relative efficiency of purging of two different 
immunomagnetic particles [77]. Using a single cycle of treatment with multiple 
mAbs and beads, approximately 2.5 logs of small cell lung cancer lines could 
be depleted, although there was variability in the efficiency of purging differ
ent cell lines [78]. In parallel studies, there was no significant toxicity noted to 
myeloid progenitors. Anti-CD15 mAb, expressed on a variety of human can
cer cell lines, was capable of depleting up to 3 logs of breast cancer cells from 
normal marrow using immunomagnetic bead depletion but minimally affected 
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normal hematopoietic progenitors [79]. Using two small cell lung cancer lines, 
immunomagnetic bead depletion was shown to result in a 4- to 5-10g reduction 
of cancer cells and did not adversely affect bone marrow colony growth [80]. 
The combination of 4-hydroperoxycyclophosphamide and immunomagnetic 
bead depletion removed 4 to 5 logs of clonogenic breast cancer cells [81]. 
Evaluation of the purging efficiency of an immunotoxin prepared by conjugat
ing anti-CD7 with pokeweed anti-viral protein revealed that approximately 3 
logs of clonogenic T cells could be eliminated; however, the addition of 2'
deoxycoformycin and deoxyadenosine to the immunotoxin resulted in the 
elimination of up to 6 logs of the T-cell line, but also resulted in decreased 
myeloid progenitor colony assay growth [82]. 

PCR analysis has been used recently to assess the efficacy of immunologic 
purging both in cell line models [83] and in patient samples [84,85]. Treatment 
of harvested bone marrow samples from lymphoma patients with either a 
three- or a four-mAb cocktail followed by immunomagnetic bead depletion 
resulted in the loss of all PCR-detectable cells after three cycles of treatment 
in all patients studied [85]. This study suggests that immunomagnetic bead 
depletion is significantly more efficient than complement-mediated lysis in 
depleting lymphoma cells. In addition, the ability of immunomagnetic beads to 
deplete residual lymphoma cells that survived complement-mediated cytolysis 
with the identical mAb cocktail suggests that the mechanism whereby 
lymphoma cells survive complement-mediated purging is not by failure to 
express the targeted antigen. 

Contribution of infused tumor cells to relapse 

Three independent lines of evidence have suggested that the reinfusion of 
tumor cells in autologous bone marrow may indeed contribute to relapse. 
Firstly, gene-marking studies performed at St. Jude Children's Hospital have 
demonstrated that at the time of relapse, 'marked' autologous marrow cells 
are detected, suggesting that the reinfused tumor cells contribute to relapse 
[86]. Second, studies at the University of Nebraska have demonstrated that 
those patients who are reinfused with morphologically normal bone marrow 
containing clonogenic lymphoma cells have an increased incidence of relapse 
after ABMT [4]. Thirdly, patients whose marrows contain PCR-detectable 
lymphoma cells after immunological purging had an increased incidence of 
relapse after ABMT [84]. 

If a marker gene were transfected into clonogenic malignant cells and the 
majority of cells at the site of relapse expressed the marker gene, this would 
provide compelling evidence that infused malignant cells contribute to re
lapse. Since the efficiency of transfection is low using existing technology, a 
negative result would still not be definitive. However, results published to date 
have demonstrated that when relapse occurs there is evidence of malignant 
cells, with the marker gene suggesting strongly that the reinfused malignant 
cells contributed to relapse [86,87]. 
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Recent studies from Nebraska have confirmed the earlier finding [4] that 
detection of clonogenic cells in the autologous bone marrow or peripheral 
blood predicts for subsequent relapse. The actuarial relapse-free survival at 
five years for patients who received stem cells that were free of tumor contami
nation was 64% for those receiving PBSCs and 57% for those receiving 
autologous bone marrow. In contrast, those patients who received a histologi
cally negative bone marrow that contained minimally detectable lymphoma 
cells had a relapse-free survival at five years of only 17% [88]. 

In studies at the Dana-Farber Cancer Institute, PCR amplification of the 
t(14;18) was used to detect residual lymphoma cells in'the bone marrow before 
and after purging to assess whether efficient purging had any impact on dis
ease-free survival [84]. In this study, 114 patients with B-cell non-Hodgkin's 
lymphoma and the bcl-2 translocation were studied. Residual lymphoma cells 
were detected in all patients in the harvested autologous bone marrow. Fol
lowing three cycles of immunologic purging using the anti-B-cell mAbs J5 
(anti-CDlO), B1 (anti-CD20), and B5 and complement-mediated lysis, PCR 
amplification detected residual lymphoma cells in 57 of these patients. The 
incidence of relapse was significantly increased in patients who had residual 
detectable lymphoma cells compared to those in whom no lymphoma cells 
were detectable after purging. The elimination of PCR-detectable lymphoma 
cells was independent of the histology of the lymphoma, the degree of bone 
marrow infiltration, or remission status at the time of autologous BMT. These 
findings suggest that the infusion of detectable lymphoma cells is indeed 
associated with subsequent relapse. 

The majority of patients who relapse do so at sites of previous disease, 
suggesting that the major contribution to subsequent relapse came from en
dogenous disease. However, in 60 consecutive patients with a PCR-detectable 
bcl-2 translocation who had undergone immunologic purging and autologous 
BMT, there was also an association between the presence of residual 
lymphoma cells after purging and the presence of circulating lymphoma cells 
that could be detected as early as two hours after infusion of bone marrow 
[89]. It is possible that these circulating lymphoma cells are capable of homing 
back to the sites of previous disease and that these sites provide the 
microenviromental conditions conducive for cell growth. 

A randomized trial using purged versus unpurged autologous marrow 
would likely provide a definitive answer. This would require a multicenter 
study of several hundred patients. However, several ethical questions would 
have to be addressed in the design of such a study. Although purging appears 
to have no significant toxicity, it is expensive and there are no definitive data 
showing that unpurged marrow contributes to relapse. Although studies do 
not prove that purging is essential, they are consistent with the interpretation 
that MRD in the marrow may contribute to relapse. If patients with 5% 
marrow infiltration were randomized to receive unpurged marrows, then 
malignant cells would be infused. On the other hand, patients with minimal 
marrow infiltration should not necessarily be prevented from receiving 
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autologous BMT, since those patients with histologic marrow involvement 
whose marrows purged to PCR negativity had excellent disease-free 
survival. 

Therefore, there is again increasing interest in methods of obtaining 
autologous bone marrow that is free of tumor contamination. An alternative 
and highly attractive strategy is positive selection of hematopoietic stem 
cells. There are a number of mAbs that recognize the human hematopoietic 
progenitor cell antigen CD34, which may be used to positively select CD34+ 
cells. Precursors of all human hematopoietic lineages, including Band T 
lymphocytes, express CD34, and studies in primates and humans have shown 
that isolated CD34+ cells are capable of reestablishing hematopoietic engraft
ment [90,91]. Endothelial cells appear to be the only other cell type that 
expresses CD34. The CD34+ popUlation represents less than 2% of the low
density human mononuclear marrow cells, and increasing interest is now being 
placed on the use of PBSCs rather than bone marrow as a source of hemato
poietic progenitors. Peripheral blood is less frequently involved than bone 
marrow at presentation, but is a more frequent finding as disease progresses 
[92,93]. Two recent studies of patients at the time of presentation have sug
gested a high level of concordance between the detection of lymphoma cells in 
the peripheral blood and bone marrow when assessed by PCR [94,95]. How
ever, other studies have found that the bone marrow is more likely than 
peripheral blood to contain infiltrating lymphoma cells in previously untreated 
patients [96]. The positive selection of CD34+ cells from autologous marrow 
with or without negative selection to purge any more mature contaminating 
neoplastic cells is likely to become increasingly important as a source of stem 
cells. 

Conclnsions 

Over the past decade, a number of methodologies capable of detecting mini
mal residual disease have been developed. These techniques have clearly 
illustrated that patients in clinical complete remission often harbor malignant 
cells in low numbers. The clinical significance of the detection of such MRD is 
still being evaluated and remains unclear in many diseases and at different 
stages of disease. After BMT, detection of minimal residual tumor cells early 
after transplantation does not appear to affect prognosis adversely. 

The prognostic significance of the achievement of a 'molecular complete 
remission' has remained elusive, and few studies to date have been able to 
demonstrate the importance of eradicating MRD in the patient to achieve 
cure. However, the largest studies that have been performed to date suggest 
that in CML and in NHL, eradication of MRD is necessary for cure. The 
results of additional studies will be necessary to determine whether minimal 
disease detection will have a major clinical impact on experimental therapeu-
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tic strategies utilized at the time patients have only MRD. Therefore, we are 
rapidly approaching the time when molecular detection of residual cancer cells 
will become as much a routine staging procedure as morphologic assessment 
of the bone marrow is today. 
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6. The use of radiolabeled antibodies in bone marrow 
transplantation for hematologic malignancies 

Dana C. Matthews, Frederick R. Appelbaum, Oliver W. Press, 
Janet F. Eary, and Irwin D. Bernstein 

Blood stem cell transplantation has been widely used in the treatment of 
leukemia and lymphoma for more than two decades. The majority of bone 
marrow transplant preparative regimens have incorporated total body irradia
tion (TBl) because lymphohematopoietic cells and their malignant derivatives 
are relatively radiosensitive. Such preparative regimens have cured a substan
tial proportion of patients with both acute and chronic leukemia as well as 
lymphoma. However, despite the radiation sensitivity of hematologic malig
nancies, relapse remains a major cause of failure. 

While a higher radiation dose would be predicted to decrease the risk of 
relapse, escalation of the dose of radiation delivered as TBl is limited by 
normal organ toxicity, principally to the liver, lung, and gastrointestinal tract. 
For example, in two randomized studies comparing the efficacy of 12 Gray 
(Gy) vs. 15.75 Gy TBl combined with cyclophosphamide (CY) in patients 
receiving HLA-matched related marrow transplants for acute myeloid leuke
mia (AML) in first remission [1] and chronic myelogenous leukemia (CML) in 
chronic phase [2], the higher dose of TBl was associated with a significantly 
lower relapse rate (12% vs. 35% for AML, 0% vs. 25% for CML). However, 
in both studies mortality rates not related to relapse were higher for patients 
receiving the higher radiation dose, resulting in no difference in long-term, 
disease-free survival with the two TBl doses. 

The lower relapse rates with higher radiation doses confirm that leukemias 
are radiosensitive, with a relatively steep dose-response curve. We and others 
have hypothesized that if supplemental radiation could be delivered to the 
lymphohematopoietic tissues where leukemia and lymphoma cells arise and 
reside, while sparing to a great degree critical normal organs such as liver, 
lung, and mucosa, an increased cure rate might result without significantly 
increased toxicity. 

Radionuclide conjugates of monoclonal antibodies reactive with 
lymphohematopoietic antigens have been demonstrated in both preclinical [3-
13] and clinical [14-30] studies to deliver greater doses of radiation to target 
tissues (including bone marrow, spleen, and lymphomatous masses) than to 
normal, nontarget organs. Below, we discuss the factors to be considered when 
designing a radioimmunotherapy trial. The results of clinical studies using 
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targeted therapy in high-dose, marrow-ablative preparative regimens for pa
tients undergoing transplantation for hematologic malignancies are reviewed, 
with a focus on the principles of radio immunotherapy elucidated by these first
generation studies. Finally, potential means of improving upon current ap
proaches are discussed. 

Designing a radio immunotherapy trial 

The radiation absorbed dose delivered to a tissue by a radioimmunoconjugate 
is a result of the concentration of the isotope in the organ over time as well as 
'cross-fire' from neighboring organs. The 'therapeutic ratio' of radiation doses 
delivered to target as compared to nontarget tissues thus depends upon the 
relative concentrations and residence times of the isotope in each tissue. The 
biodistribution of a radioimmunoconjugate can be measured in patients by 
serial quantitative gamma camera scanning following the administration of a 
dose of antibody labeled with a trace amount of isotope. Such biodistribution 
studies result in estimates of radiation absorbed doses (per millicurie of iso
tope) delivered to target and nontarget tissues with any given antibody
isotope conjugate. Studies both in animals and man have shown that the 
biodistribution, and therefore the radiation absorbed doses, of a given anti
body-isotope conjugate dose can vary widely between two SUbjects. Thus, 
biodistribution studies are useful in determining the appropriate dose of iso
tope to be administered, particularly in clinical trials employing radiation 
doses near those that are the maximum tolerated. These biodistribution stud
ies have also served to define some of the variables (table 1) that affect the 
uptake and retention of various radioimmunoconjugates by both tumor and 
normal, nontarget tissues. 

The target antigen has a major effect in determining the relative 
biodistribution of radiolabeled antibodies. Ideally, the antigen should be ex
pressed in high copy numbers by the majority of the malignant cells, and 
should be of restricted specificity to minimize the delivery of radiation to 
nontarget tissues. Antigens that remain stable on the cell surface after anti
body binding allow for continued accumulation of antibody by unbound anti
genic sites as long as appreciable levels of immunoreactive antibody persist in 
circulation, and result in minimal metabolism of the radioimmunoconjugate 
by the target cell. In contrast, the binding of antibody to a 'modulating' antigen 
results in the internalization of the antibody-antigen complex into the cell, 
which may result in metabolism and dehalogenation of iodinated antibodies 
and rapid excretion of 1311 from the cell. Thus, for conventionally iodinated 
antibodies, modulating antigens may present a relative disadvantage by limit
ing the retention of 1311 at the target site, and by causing the transient loss of 
surface expression of target antigen after modulation. However, when using 
an antibody-radiometal chelate that is retained intracellularly after metabo
lism, of alternative labeling methods for 1311 that are not susceptible to 
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Table 1. Factors influencing the biodistribution of radioimmunoconjugates 

Factor 

Target antigen 

Radioisotope 

Antibody 

Tumor 

Attribute 

Copy number per target cell 
Expression by nontarget tissues 
Internalizing or 'surface stable' after antibody binding 

Energy/path length 
Half-life 
Stability of labeling method and retention in cells 

Dose 
Dose schedule 
Size (whole Ig vs. F(ab')2 vs. F(ab') or single chain Fv) 

Bulk 
Vascularity 

Table 2. Potential radioisotopes for radiolabeled antibody therapy 

Mean 
range Particulate 

Radionuclide (mm)' energy (Me V) Half-life Comments 

~-emitters 
Iodine-131 0.4 0.6 8.1 days High-energy gamma component 

delivers 'TBI' and requires 
treatment in radiation isolation 

Yttrium-90 2.8 2.3 2.7 days No gamma component; must use 
Indium-l11 for imaging 

Rhenium-186 0.9 1.1 3.7 days Gamma component suitable for 
imaging 

Lutetium-l77 0.3 0.5 6.7 days Gamma component suitable for 
imaging 

Copper-67 0.3 0.6 2.6 days Gamma component suitable for 
imaging 

a-emitters 
Bismuth-212 0.06 6.1 1 hour Short half-life limits treatment 

options 
Astatine-211 0.06 5.9 7.2 hours 

Electron 
capture 

Iodine-125 0.001-0.02 7.5 60.1 days Very short path length limits cell kill 
to cells directly binding antibody 

'Mean range is the distance in which 60% of decay energy is deposited. 

deiodination, internalizing antigens may improve the accumulation of isotope 
at the target site, since the isotope-antibody cannot 'fall off' the cell surface 
once internalized. 

Several isotopes are available for radio immunotherapy, each with advan
tages and disadvantages resulting from its specific energy, half-life, and radio
labeling characteristics (table 2). Iodine-131 has been used medically for 
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decades, and simple radiolabeling methods are well established. Its significant 
component of gamma energy allows direct quantitative imaging and provides 
an element of 'TBI' that may have therapeutic benefit for hematologic malig
nancies. However, the TBI component of 1311 also increases the nonspecific 
organ toxicity of radio iodinated antibody, and the long-range gamma energy 
presents a short-term radiation hazard to staff and to the family of the patient, 
which necessitates treatment in radiation isolation, increasing the cost of 
therapy. 

Yttrium-90 has a longer-ranged beta particle than 1311, which should de
crease the heterogeneity of radiation delivery in target tissue. It has no signifi
cant gamma component and thus is safer for both staff and family, allowing 
patients to be treated in the outpatient setting. The absence of a gamma 
component with 90y necessitates that imaging/biodistribution studies be per
formed with a different isotope, usually Indium-lll. However, many 
radioimmunoconjugates of these radiometals have not been stable in vivo, and 
thus the biodistribution of lllIn-labeled antibodies have not always predicted 
the localization of 90y, especially given the propensity of free 90y to bind to 
bone and liver. Newer chelation methods appear to result in more stable 
radiometal immunoconjugates. As noted, radiometals such as 90y may have 
superior intracellular retention when internalizing antigens are targeted. 
As yet, there are no studies that have adequately compared the use of conven
tionally iodinated antibodies reactive with noninternalizing antigens to 
radiometal-Iabeled antibodies reactive with internalizing antigens. Other 
potential radioisotopes such as 186Rhenium, 67Copper, and 177Lutetium are 
under study. There is also great interest in alpha emitters because their short 
range and high energy may result in more specific and effective cell kill. 
However, their short half-life may limit their utility for large tumor masses 
where diffusion of antibody into tumor occurs over days rather than hours, and 
there are many difficulties associated with radiolabeling antibodies with these 
isotopes. 

Finally, the optimum antibody dose and dose schedule must be determined. 
High doses of antibody result in high serum levels and prolonged circulation, 
which may improve the penetration of antibody into larger tumor masses. 
However, the longer circulation time increases the radiation dose delivered to 
nontarget organs, and the use of large amounts of monoclonal antibodies 
is costly. Smaller doses of antibody may be used when targeting well
vascularized sites such as marrow, or when targeting antigens of limited ex
pression where higher antibody doses would lead to saturation of antigen and 
circulation of excess antibody. The use of very low doses of antibody may also 
limit the amount of radioisotope that can be delivered at a single treatment, 
because labeling the antibody to a very high specific activity (i.e., mCi/mg 
antibody) may adversely affect immunoreactivity. 

The total radiation dose to be delivered can be administered as a single or 
divided dose. Divided doses delivered at short intervals without allowing 
marrow recovery may prolong the period of neutropenia, yet separating such 
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doses by an interval that allows marrow recovery may also allow tumor re
growth and thus may be less effective than a single, higher-dose treatment. 
Repetitive antibody doses may be limited by the development of human 
antimouse antibody (HAMA), which might be prevented by the use of 'hu
manized' antibody. 

In summary, many characteristics of a radioimmunoconjugate, including 
the target antigen, radioisotope, and antibody dose and schedule, may affect 
the distribution and retention of the radio nuclide at target and nontarget 
tissues as well as the antitumor effect. Further, initial clinical studies have 
defined patient factors, including tumor burden, affecting antibody localiza
tion. The relative roles of some of these variables in the treatment of 
lymphoma and leukemia are illustrated by the studies detailed below, while 
others remain to be tested. 

Radioimmunotherapy trials in non-Hodgkin's lymphoma 

The initial experience using radioimmunoconjugates for the treatment of non
Hodgkin's lymphoma in Seattle was obtained in a phase 1 dose-escalation trial 
using 131I-Iabeled anti-CD20 and anti-CD37 antibodies in patients with B-cell 
lymphoma in relapse [16,26]. Because we wished to deliver maximum doses of 
radiation to lymphoma to optimize the therapeutic effect, this study required 
that patients had stored autologous marrow available in order that radiation 
doses likely to be marrow ablative could be delivered. The objectives of this 
study were to determine the biodistribution of 131 I-labeled anti-B-cell antibod
ies in patients with relapsed lymphoma, to determine the toxicity and efficacy 
of radio labeled antibodies, and to estimate the maximum tolerated dose of 
radiation that could be delivered with autologous marrow rescue. 

Patients first underwent biodistribution studies in which, during successive 
weeks, trace l3lI-labeled antibodies (antibody doses of 0.5,2.5, and 10mg/kg) 
were administered. Patients were followed with serial quantitative gamma 
camera images, blood samples, and when possible, tumor biopsies for determi
nation of the concentration of antibody in tumor and in normal tissues (lung, 
liver, and kidney) over time. The curves of radionuclide concentration over 
time were used to calculate estimated radiation absorbed doses for each tissue 
using standard dosimetry methods [31-33]. 

Those patients in whom the estimated radiation absorbed dose to each 
evaluable tumor site was greater than that to any normal organ were consid
ered to have 'favorable biodistribution' and were eligible to receive a thera
peutic infusion of 131I-Iabeled anti-B-cell antibody. The antibody dose resulting 
in the best tumor-to-normal-organ ratio was labeled with the amount of 1311 
calculated to deliver a predetermined estimated radiation absorbed dose to 
the normal organ receiving the highest dose. The predetermined dose was 
escalated in groups of three patients. The therapeutic dose was delivered in 
special lead-lined rooms on the oncology ward, where patients remained in 
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radiation isolation until their total body activity was less than 30mCi, as 
estimated by a dose rate of less than 5 mR/hour at one meter from the patient. 
Patients whose absolute neutrophil count fell below 200/mm3 for two consecu
tive days received their autologous purged marrow when their total body 
activity had dropped below 2mR/hr at one meter. 

Forty-three patients were entered in the study, the majority of whom had 
lymphomas of low-grade histology. They were a heavily pretreated group, 
having received an average of more than three previous chemotherapy treat
ment regimens. 

Eighty-four percent of patients had positive tumor imaging, and favorable 
biodistribution was achieved in 56% of patients. Several factors influencing 
the biodistribution of antibody and the chance of achieving favorable 
biodistribution were defined. Very few patients with splenomegaly (2 of 15) 
had favorable biodistribution, while the majority of those with normal spleen 
size (17 of 23) or those who had previously undergone splenectomy (5 of 5) 
had favorable biodistribution. A large tumor burden similarly was associated 
with poor antibody biodistribution, with only 1 of 12 patients with greater than 
500ml of tumor burden achieving favorable biodistribution, compared with 23 
of 31 patients with less than 500ml of tumor (p < 0.001). We interpret the poor 
biodistribution of l3lI-anti-B-cell antibody in patients with splenomegaly and/ 
or large tumor burden to reflect uptake of antibody by the large number of 
tumor cells and normal B cells in the spleen, which then resulted in limited 
penetration of the radionuclide conjugate into large tumor masses. The anti
body dose also influenced biodistrbution, and for each antibody a different 
dose seemed preferable. For the MB-l (anti-CD37) antibody, the highest dose 
tested (lOmg/kg) more often achieved favorable biodistribvtion than lower 
doses, while the majority of patients receiving 2.5mg/kg of Bl (anti-CD20) 
antibody had favorable biodistribution, and this percent was not increased by 
giving a higher antibody dose. 

Nineteen of the 24 patients with favorable biodistribution received a thera
peutic dose of 131I-Iabeled anti-B-cell antibody. Three eligible patients devel
oped human anti-mouse antibodies (HAMA) prior to potential therapy and 
were not treated with a therapeutic dose. The lung was the normal organ with 
the highest estimated radiation absorbed dose in most patients. The maximum 
estimated radiation absorbed dose to normal organs ranged from 10.0 Gy to 
30.75 Gy, with estimated doses to tumor ranging from 10.1 Gy to 91.5 Gy (table 
3). Fifteen of 19 treated patients received their autologous marrow (13 to 31 
days after therapy), with engraftment occuring at the expected interval after 
transplantation for recipients of autologous marrow. Toxicities included three 
serious and six minor infections, with fever, nausea, alopecia, elevated 
thyrotropin, and transient, mild elevations in bilirubin and transaminases oc
curring in some, but not all, patients. Life-threatening (i.e., grade III) cardiop
ulmonary toxicities occurred in two patients in whom the estimated radiation 
absorbed doses to lung were 27 and 31 Gy, respectively. Thus, the maximum 
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Table 3. Estimated radiation absorbed doses with 131I-anti-B-cell 
antibodies 

Site 

Tumor 
Lungs 
Liver 
Kidneys 
Marrow 
Total body 

Absorbed radiation 
dose 

10.0--91.5 
6.5-31.0 
3.8-19.3 
5.4-21.6 
1.0-6.4 
1.0-5.7 

Tumor/tissue absorbed 
dose ratio 
(Mean ± SE) 

1.8 ± 0.2 
3.0 ± 0.3 
3.4 ± 0.3 

10.2 ± 1.1 
10.4 ± 1.0 

tolerated dose was estimated to be approximately 25 Gy. While the severity of 
the toxicities seen correlated with the estimated radiation absorbed doses 
delivered, even the patients treated at the higher doses appeared less 
ill than the typical patient receiving a conventional autologous marrow 
transplant. 

The clinical responses in this phase I trial were impressive. Complete remis
sions were seen in 16 of 19 patients, with two having a partial response and one 
a minor response. These responses were durable, and 8 of 16 patients remain 
in CR 3 to 71/2 years after therapy. 

Based on the encouraging results of this phase I trial, a phase II trial of 1311_ 
Bl antibody in patients with relapsed non-Hodgkin's lymphoma was con
ducted [29). Twenty-five patients underwent a biodistribution dose of 2.5 mgt 
kg trace l3lI-labeled Bl antibody, with 22 of 25 patients eventually achieving 
favorable biodistribution. The higher rate of favorable biodistribution in this 
study as compared to the phase I study reflected the overall lower tumor 
burden in this group and the use of B-1 as the sole anti-B-cell antibody. Three 
patients initially having unfavorable biodistribution when studies with a 
large tumor burden (1259 to 361Oml) subsequently achieved favorable 
biodistribution after receiving chemotherapy to debulk tumor (posttreatment 
tumor burdens of 400 to 659ml). 

Twenty-one of the 22 patients with favorable biodistribution received a 
therapeutic dose of 131I-Iabeled B-1 antibody, the remaining patient having 
developed HAMA. Estimated radiation absorbed doses to the normal organ 
receiving the highest dose (the lung in 20 of 21 treated patients) ranged from 
25 to 27 Gy, requiring 345 to 785 mCi 1311. All patients received either autolo
gous marrow (19) or peripheral blood stem cell (2) infusions 12 to 18 days after 
therapy, followed by granulocyte colony stimulating factor. The toxicities were 
similar to those seen in the latter half of the phase I trial. Serious infections 
occurred in three patients, with one death. By design, this trial included four 
patients treated at the 27 Gy dose level in the phase I trial. Two patients of the 
first eight treated at this dose level developed grade III toxicity, establishing 
this as the maximum tolerated dose. 
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Figure I. Progression-free survival of patients with relapsed B-celllymphomas treated on phase 
I and II trials using 131I_anti B-cell antibodies and autologous stem cell rescue. The delivery of 
estimated radiation absorbed doses of more than 200y to the normal organ receiving the highest 
dose was associated with improved progression-free survival. From Lancet 346:336, 1995, with 
permission. 

Complete remissions were seen in 16 of 21 patients, with a partial response 
in two and a minor response in one. One patient had progression of a high
grade immunoblastic diffuse large cell lymphoma and died 1.5 months after 
therapy. When the data from both the phase I and II studies are combined, 
there is an apparent correlation between patients receiving a higher estimated 
radiation dose (>20Gy) to normal organs, and improved progression-free 
survival (figure 1). 

In summary, the vast majority of studied patients with relapsed non
Hodgkin's lymphoma without bulky disease were able to receive a greater 
dose of radiation to tumor as compared to normal organs using 13lI-anti-B-cell 
antibodies. Using the B1 antibody reactive with the noninternalizing CD20 
antigen at relatively high antibody doses (2.5 mg/kg), the 1311 was retained at 
tumor sites, with tumor-to-normal-organ ratios as high as 3 to 1. A single, high
dose treatment of 13lI-B1 antibody was well tolerated in these patients and 
resulted in encouraging clinical responses, which were often durable. In an 
effort to combine this promising form of radio immunotherapy with the poten
tial benefits of high-dose chemotherapy, the current study in Seattle is a phase 
IIII study in which high-dose 131I_B1 antibody is combined with cyclophospha
mide and etoposide. Ultimately, the goal will be to see if the substitution of 
targeted radiotherapy in a transplant preparative regimen offers an advance 
over the use of nonspecific TBI. 
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Radiolabeled antibody studies for Hodgkin's lymphoma 

Vriesendorp et al. have used 90Y-Iabeled polyclonal antiferritin immunoglobu
lin to treat patients with advanced, end-stage Hodgkin's disease [20,30]. Forty 
of 45 patients receiving biodistribution doses of 111In-Iabeled rabbit, pig, or 
baboon polyclonal antiferritin (2-5 mg) showed uptake of radiolabel in tumor. 
Thirty-nine of these patients then received a therapeutic dose of polyclonal 
immunoglobulin labeled with 20 to 50mCi 9OY, delivering estimated radiation 
absorbed doses to tumor of between 3 and 30 Gy, and a maximum dose to liver 
of 7 Gy. Nineteen patients received an infusion of autologous marrow 18 days 
after therapy, which accelerated recovery of hematopoiesis after 30 or 40mCi, 
but not after 20mCi doses of90Y-antiferritin. Patients received up to five cycles 
of therapy. The MTD was defined as 40mCi 90y, in that higher activities led to 
a degree of marrow aplasia that required hospitalization. 

Complete responses were seen in ten (36%) patients, with partial responses 
in another 10 patients. Response and response duration were not correlated 
with the dose of 90y administered, but responses were more frequent in pa
tients with higher whole blood activity after antibody infusion. Fifty percent of 
patients survived longer than six months, but overall survival was less than 
20% by two years, and of the survivors, 4 of 5 have active Hodgkin's disease. 
The relative safety of 90y allowed this therapy to be administered in the 
outpatient setting. Positive tumor imaging was achieved in most patients, 
despite the use of a much smaller dose of antibody than used in the anti-B-cell 
studies described above for non-Hodgkin's lymphoma. However, since three 
different polyclonal reagents were used, and since higher antibody doses were 
not studied, it is difficult to draw particular conclusions from these reports 
about the potential effect of antibody dose on biodistribution. 

Bierman et al. have combined 90y -labeled antiferritin with high-dose che
motherapy in patients with poor prognosis Hodgkin's [27]. All 12 patients 
entered had imaging of tumor after a biodistribution dose of lllIn-antiferritin, 
and were treated with 90Y-antiferritin (18 to 33mCi) on days -13, -12, or -II. 
Estimated radiation absorbed doses of 5 to lOGy to tumor (with 0.18 Gy/mCi 
to marrow and 0.3 Gy/mCi to liver) were delivered over the first week after 
therapeutic antibody infusion. This was followed by cyclophosphamide (total 
dose 6 gm/m2), carmustine (total dose 300 mg/m2), and etoposide (total dose 
750mg/m2) on days -6 to -3, with autologous marrow reinfusion on day O. 
Four patients died early from transplant-related causes. Successful engraft
ment occurred in the eight evaluable patients. Three patients were free of 
disease progression 24 to 28 months posttransplant at the time of their 
report. The estimated progression-free survival rate at one year was 21 %. 
While the early death rate was high in this study, this group of patients was 
heavily pretreated and all patients who died early after treatment had received 
prior chest irradiation. This combined preparative regimen may have less 
toxicity and improved efficacy in patients treated earlier in their disease 
course. 
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Radiolabeled antibody trials in acute leukemia 

Studies with anti-CD33 antibody 

The first trials of radiolabeled antibody in the treatment of acute myelogenous 
leukemia (AML) utilized l3lI-anti-CD33 antibody because the CD33 antigen is 
expressed on more than 90% of AML samples and has limited expression 
beyond immature myeloid cells in the marrow [23,34,35]. In a phase I dose
escalation trial conducted in Seattle [23], l3lI-p67 (anti-CD33) antibody was 
combined with cyclophosphamide 120mg/kg and 12Gy TBI followed by au
tologous or matched related allogeneic marrow transplantation. As in our 
trials of anti-B-cell antibodies in lymphoma patients, patients first underwent 
biodistribution doses of trace l31I-labeled p67 antibody followed by serial 
quantitative gamma camera imaging, blood sampling, and bone marrow biop
sies. Patients in whom the marrow and spleen had a higher estimated radiation 
absorbed dose than any normal organ were eligible to receive a therapeutic 
dose of 13II_p67 antibody, followed by CY/TBI. We elected to combine radio
labeled antibody with a conventional marrow-transplant preparative regimen 
because we wished to be certain that the preparative regimen would deliver 
enough immunosuppression to prevent rejection of allogeneic marrow, and 
that at least a minimum dose of therapy would be delivered to sanctuary sites 
where leukemic cells might not be accessible to antibody. 

Nine patients with AML in second remission (n = 5) or in relapse (n = 4) 
underwent biodistribution studies at antibody doses ranging from 0.05 to 
0.5 mg/kg. While l31I-labeled p67 antibody could deliver greater radiation to 
the marrow compared to normal organs in some patients, the differences were 
modest. Only 4 of 9 patients achieved 'favorable biodistribution,' with an 
average ratio of estimated radiation dose delivered to marrow as compared to 
the normal organ receiving the highest dose of only 1.2. Since the CD33 
antigen modulates upon binding of antibody, internalization of the antibody
antigen complex led to rapid deiodination and release of 1311 from target 
tissues (average marrow T%of 21.4 hours). In addition, low antigen expression 
limited both the initial uptake of antibody in some patients and the total dose 
of antibody that could be delivered without saturation of antigen (0.05 mg/kg). 

Four patients were treated with p67 antibody labeled with the amount of 131 I 
estimated to deliver 1.8 Gy to the normal organ (liver or lung) receiving the 
highest dose (dose level 1), followed by CY/TBI. There were no grade III-IV 
toxicities in this group of patients. The planned escalation to dose level 2 
(3.5 Gy) was not possible, however, because of the limited amount of 1311 with 
which 0.05 mg/kg of p67 antibody could be labeled without adversely affecting 
its immunoreactivity. Thus, the study was halted. Three of the four treated 
patients went on to relapse after transplant, and one patient survives more 
than five years after transplant. 

Scheinberg et al. studied the biodistribution of a different anti-CD33 anti
body, 13II_M195, in ten patients with relapsed or refractory AML (n = 9) or 
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untreated chronic myelomonocytic leukemia (n = 1) [22]. The reported con
centrations of 1311 in marrow biopsies at one hour and 2 to 4 days after antibody 
infusion suggested longer retention time in some patients than was observed 
with p67 antibody. Reasons for a difference between these two antibodies, 
which appear to detect the same or close-by epitopes, are not clear, but in 
both studies marrow retention was relatively short. Like the study of p67, this 
study also demonstrated that antigen saturation occurred at relatively low 
(>3 mg/m2 ) antibody doses. A humanized version of this antibody had similar 
biodistribution [36]. 

In a dose-escalation trial of l3lI-M195 alone in 24 patients (16 refractory, 
relapsed, or secondary AML; five blastic myelodysplastic syndromes; and one 
chroriic myelogenous leukemia (in blast crisis)), patients were treated with 50 
to 21OmCi/m2 of 1311 administered in 2 to 4 divided doses at least 48 hours 
apart, to allow reexpression of antigen after modulation from the previous 
dose [34]. Antibody doses were adjusted for leukemic burden by adding 
0.1 mg/m2 of M195 for every 10,000 peripheral WBCs//-LL to a starting dose of 
3mg/m2. Because of concerns that higher 1311 doses would be marrow ablative, 
delivery of 160mCi/m2 or more was allowed only in patients with a suitable 
source of marrow rescue (allogeneic or previously stored autologous marrow). 
Fourteen patients required treatment with antibiotics, and there were nine 
documented infections. Eight patients required infusion of marrow. Substan
tial cytoreduction was seen in patients above the first two dose levels, and 
three of the patients requiring marrow transplantation achieved a CR (one fo 
nine months, and one of more than six months). 

This group has also combined 131I-M195 antibody with a basic preparative 
regimen of busulfan 16mg/kg and cyclophosphamide 120mg/kg (BU/CY) in 
recipients of allogeneic marrow transplants [35]. Nine patients with advancedl 
refractory AML received total doses of 120-160mCi/m2 1311 in 2 to 3 divided 
doses over 5 to 7 days, followed by BU/CY, with cyclosporine and 
methotrexate as graft-vs.-host-disease prophylaxis. Toxicity was acceptable, 
although three patients died of infections. In the initial report, four patients 
were surviving disease-free 5 to 16 months after transplantation, and there 
were two relapses. 

In summary, the use of an internalizing antigen expressed in low copy 
number as a target for conventionally iodinated antibody has limited the ratio 
of radiation delivered to marrow as compared to normal organs in many 
patients, particularly those in remission. The total radiation dose deliverable 
has also been restricted by the amount of 1311 with which small doses of 
antibody can be radiolabeled. 

Studies with anti-CD45 antibody 

To overcome the limitations of anti-CD33 antibody for AML and to expand 
this approach to include the treatment of patients with acute lymphoblastic 
leukemia (ALL), we have studied the biodistribution of an 13!I-labeled anti-

131 



body reactive with an alternative hematopoietic antigen, CD45, which is ex
pressed at high copy numbers and which does not internalize upon binding 
with antibody [28]. A phase I dose escalation study combining 131I_BC8 (anti
CD45) antibody with CY/TBI was initiated in patients with AML or ALL 
beyond first remission and advanced myelodysplastic syndromes. Patients first 
underwent a biodistribution dose of trace l3lI-labeled BC8 antibody, and those 
with favorable biodistibution were treated with the amount of 1311 determined 
by a dose escalation scheme to deliver a given estimated radiation absorbed 
dose (starting at 3.5 Gy) to the normal organ receiving the highest dose. The 
therapeutic dose of 131 1-BC8 antibody was administered on day -14, followed 
by CY 60mg/kg x 2, TBI 2Gy x 6, and infusion of HLA-matched related 
allogeneic or previously stored autologous marrow on day O. GVHD prophy
laxis for allogeneic recipients consisted of conventional methotrexate and 
cyclosporine. 

Twenty-four patients underwent biodistribution infusions of 0.5 mg/kg trace 
l3lI-labeled BC8 antibody (figure 2). Fifteen had AML (first relapse, 4; second 
remission, 7; third remission, 1; refractory disease, 3), seven had ALL (second 
remission, 4; refractory disease, 3), and two had myelodysplastic syndromes 

Figure 2. 13II_anti_CD45 antibody localization in patient 7378 immediately following infusion of 
trace-labeled BC8 antibody. This anterior gamma camera image shows accumulation of 131 1 in 
marrow in the lower lumbar vertebral bodies and the pelvic axial skeleton. 
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(refractory anemia with excess blasts, n = 1; refractory anemia with excess 
with blasts in transformation, n = 1). Favorable biodistribution of I3II-BC8 
antibody was seen in 21 of 24 patients. The I3II-BC8 antibody was cleared 
relatively rapidly from blood, presumably because the CD4S antigen was 
present in vast excess on hematopoietic tissue despite the administration of up 
to SOmg of antibody. The retention of 1311 in marrow was much longer target
ing this noninternalizing antigen (43.2 hours) than with anti-CD33 antibody 
(21.4 hours, p < 0.001). This longer retention and the higher average initial 
marrow uptake of I3II-BC8 antibody led to a higher average radiation ab
sorbed dose to marrow (7.2cGy/mCiJ31 l) than was seen with l3l1_p67 antibody 
(1.6cGy/mCi, p < 0.001). The liver was the organ that took up the most 1311_ 
BC8 antibody after marrow, presumably due to the binding of antibody to 
CD4S-expressing resident macrophages as well as sequestration of antibody
coated circulating leukocytes. An attempt to prevent uptake of cells coated 
with radiolabeled antibody by administering the first 7.5 mg of BC8 antibody 
as unlabeled antibody failed to decrease the hepatic localization of the subse
quent 1311-BC8 antibody, despite preclinical models suggesting the efficacy of 
such an approach [37]. Nevertheless, the improved marrow uptake and reten
tion of 1311-BC8 antibody resulted in an average 'therapeutic ratio' of radiation 
dose delivered to the marrow as compared to the liver of 2.7, compared to a 
ratio of 1.2 when using 1311_p67 antibody. Patients with AML in relapse had 
higher estimated marrow radiation absorbed doses compared to patients with 
ALL in remission or relapse and AML in remission, due to both higher initial 
uptake and prolonged retention of 1311 in marrow (table 4). Patients with AML 
in relapse had a higher 'therapeutic ratio' (3.7) of radiation to marrow as 
compared to liver than other patients (2.1). 

Twenty-one patients received a therapeutic dose of l3lI-BC8 antibody, la
beled with the amount of 1311 estimated to deliver a radiation absorbed dose of 
from 3.5 Gy (level 1) to 7.0 Gy (level 3) to the liver. This was followed by a 

Table 4. Estimated radiation absorbed doses per mCi 1-131 administered (mean ± SE) using 
131I-anti-CD45 antibodies 

Tissue (cGy/mCi) 

Patient group Marrow Spleen Liver Lungs Kidney Total body 

All patients 7.2 ± 0.8 10.8 ± 1.3 2.7 ± 0.2 2.1 ± 0.1 0.6 ± 0.1 0.4 ± 0.03 

AML remission 5.2 ± 0.7 8.1 ± 1.1 2.4 ± 0.2 1.8 ± 0.2 0.6 ± 0.03 0.4 ± 0.02 
AMLlMDS 11.3 ± 1.3 12.2 ± 2.5 2.8 ± 0.4 2.5 ± 0.2 0.6 ± 0.1 0.6 ± 0.07 
Relapse 

ALL Remission 5.5 ± 0.3 13.8 ± 3.3 2.6 ± 0.1 2.0 ± 0.3 0.9 ± 0.5 0.4 ± 0.04 
ALL Relapse 4.9 ± 0.5 11.4 ± 6.3 3.0 ± 0.9 2.2 ± 0.4 0.8 ± 0.2 0.4 ± 0.08 

Abbreviations: AML, acute myeloid leukemia; ALL. acute lymphoblastic leukemia; MDS, 
myelodysplastic syndrome. 
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standard preparative regimen of CY and 12Gy TBL The l3lI-BC8 antibody 
delivered radiation doses of 4 to 31 Gy to marrow and 8 to 60Gy to spleen. 
Toxicities of this combined preparative regimen have not been appreciably 
greater than that expected from CY/TBI alone, and the maximum tolerated 
dose had not yet been defined. Four patients died of infection within the first 
40 days. Of 11 patients with AML or myelodysplastic syndrome evaluable for 
relapse (i.e., surviving the first 100 days posttransplant), one relapsed seven 
months posttransplant, and ten are surviving disease free a median of 28 
months posttransplant. Four of six evaluable patients with ALL have relapsed 
between two weeks and 12 months after transplant, while two survive disease
free 32 and 20 months after transplant. 

Thus, 131I-anti-CD45 antibody can deliver greater radiation doses to the 
target organs of marrow and spleen than to normal, nontarget organs in most 
patients with acute leukemia, with the greatest specificity in patients with 
AML in relapse. Appreciable supplemental doses have been delivered to 
marrow and spleen via radiolabeled antibody without excessive toxicity. Al
though this phase I study was not designed to determine the efficacy of this 
treatment, the low relapse rate in patients transplanted for recurrent or refrac
tory AML is encouraging. 

Based on the demonstration of the hematopoietic specificity of l3lI-anti
CD45 antibody and the low toxicity associated with the delivery of a dose of 
targeted radiation when combined with CY/TBI, we initiated a phase 1111 
study combining l3lI-BC8 with BU/CY for patients with AML in first remis
sion, untreated first relapse, and second remission receiving HLA-matched 
related transplants. Since there is evidence that BU/CY is better tolerated 
than CY/TBI [38], more supplemental radiation delivered via 131I-Iabeled an
tibody could possibly be combined with BU/CY. Thus, the goal of this study is 
to gain experience with the efficacy and toxicity of 131I_BC8 antibody when 
combined with BU/CY. The initial experience with this preparative regimen is 
promising, with all eight patients treated thus far in first remission alive and 
disease-free 2 to 20 months after transplant. Should the efficacy and toxicity of 
this combination of targeted therapy with BU/CY compare favorably with 
historical experience using conventional transplant preparative regimens, we 
envision an ultimate comparison to BU/CY alone in a phase III trial. 

Future directions 

The success of the first-generation studies using targeted radiotherapy as part 
or all of the preparative regimen for patients undergoing marrow transplanta
tion for hematologic malignancies supports the promise of this approach. 
Although the studies reported above suggest that appreciable doses of radia
tion can be delivered to target tissues using radiolabeled antibodies without 
unacceptable toxicities, their ultimate efficacy in terms of enhancing disease
free survival remains to be tested in phase III studies. Although preliminary 
results are encouraging, the ratios of radiation delivered to target as compared 
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to nontarget tissues have often been modest, with few patients achieving ratios 
in excess of 3: 1. To be maximally effective and minimally toxic, better speci
ficity of radiation delivery is needed, and approaches that may improve target
ing deserve further study. 

For example, although the best targeting to date has been achieved using 
anti-CD20 for non-Hodgkin's lymphoma and anti-CD45 antibody for leuke
mia, other antigens may result in superior uptake of radioimmunoconjugate in 
target tissues. The enhanced localization of l3l1-anti-CD45 antibody in patients 
with AML in relapse as compared to remission suggests that maximizing the 
potential number of antibody binding sites may improve antibody uptake. 
Thus, an antigen expressed in high copy numbers per cell may result in better 
uptake than one present in lower numbers. Alternatively, increasing in a target 
site the number of cells that express antigen, whether by selecting an antigen 
of broader specificity or by expanding a cell population and increasing overall 
cellularity using hematopoietic growth factors, may improve antibody uptake. 
A short course of G-CSF prior to the administration of an 1311-antimyeloid 
antibody in the canine model improved marrow uptake of antibody, and this 
approach is being tested with l3l1-anti-CD45 antibodies in a macaque 
preclinical model. 

An alternative approach to improving the ratio of radiation delivery to 
target as compared to nontarget tissues is to alter the immunoconjugate to 
hasten its clearance from the blood in order to minimize the nonspecific 
radiation delivery from circulating radioisotope. Although smaller molecules 
such as F(ab')z or F(ab') fragments and single-chain Fv molecules are cleared 
more quickly from blood, they are also often cleared more rapidly from tumor 
[10,39]. Furthermore, their shortened time in circulation leads to a decreased 
concentration gradient between the circulation and tumor, which may limit the 
localization and diffusion of antibody into large tumor masses. Thus, these 
smaller molecules have not been definitively shown to result in improved 
ratios of radiation delivery to tumor as compared to normal organs. 

A novel approach to decreasing the time during which radionuclide 
circulates non-specifically involves 'pretargeting' tumor with a streptavidin 
conjugate of non-radiolabeled monoclonal antibody. This is followed 24 to 48 
hours later by a biotin-clearing agent compound that binds circulating 
streptavidin-antibody with extremely high avidity and results in clearance of 
this complex by the liver. The final step is the administration of a radioisotope
biotin moiety, which is of low molecular weight and thus diffuses rapidly into 
tumor, where it binds to the streptavidin-antibody conjugate. Non-bound 
isotope-biotin is cleared promptly through the kidneys. Animal studies have 
demonstrated a tenfold improvement in target-to-normal-organ ratios [40], 
and impressive responses to therapy with 90Y-DOTA-biotin have been 
seen, without apparent marrow toxicity, in a murine subcutaneous tumor 
xenograft model [41]. Trials of this approach in humans with solid tumors are 
under way. 

Most studies reported to date have used 1311 as the therapeutic radioisotope, 
conjugated to antibody using the chloramine T method. However, as noted, a 
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disadvantage of conventionally radioiodinated antibody was its rapid degrada
tion and clearance from target cells seen when targeting an internalizing 
antigen such as CD33. We have demonstrated that the use of a non
metabolizable carbohydrate linker tyramine cellobiose (TCB) to conjugate 1311 
to antibody led to improved retention of 1311 in cells in a subcutaneous xe
nograft murine model of myeloid leukemia [42], and in a single patient receiv
ing I31I-p67 antibody labeled via the TCB method. Similarly, radiometal 
isotopes such as 90y and 1111n have been demonstrated to have improved 
intracellular retention, compared to conventionally labeled 1311, when deliv
ered by antibody binding to internalizing antigens [11]. The theoretical advan
tages and disadvantages of alternative isotopes have been discussed, but few 
have been put to test in clinical settings. 

The production of HAMA has not been a major limitation in the treatment 
of patients with radiolabeled antibodies in the setting of bone marrow trans
plantation, where often only a single therapeutic infusion is administered. 
However, a minority of patients made HAMA in response to their 
biodistribution infusion, and HAMA may limit the delivery of repetitive 
therapeutic doses in some patients. Humanized or human monoclonal anti
bodies reactive with many relevant hematopoietic antigens have been pro
duced and should minimize this problem. Some of these reagents have been 
cleared more slowly from blood than their murine counterparts, which may 
increase nonspecific radiation. 

Conclusion 

The studies conducted to date incorporating radio immunotherapy as part or 
all of the preparative regimen for patients undergoing marrow transplantation 
for non-Hodgkin's lymphoma and acute leukemia have demonstrated that 
large doses of radiation can be delivered to target tissues with this approach. 
The delivery of the highest possible radiation doses to target tissues, possible 
in the setting of hematopoietic stem cell rescue, is likely to result in the best 
cure rate for these radiosensitive diseases. The clinical response rates seen in 
these phase I and II studies have been encouraging, and toxicities have been 
acceptable. Planned phase III studies should provide further information 
about the efficacy of targeted therapy and should better define its role in 
the therapy of hematologic malignancies. Ultimately, new radioimmuno
conjugates may improve the specificity of radiation delivery and result in 
improved clinical outcomes for these patients. 
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7. Peripheral blood stem cell harvesting and 
CD34-positive cell selection 

Elizabeth J. Shpall, Pablo J. Cagnoni, Scott I. Bearman, Maureen Ross, 
Yago Nieto and Roy B. Jones 

High-dose chemotherapy is effective treatment for patients with a variety 
of high-risk malignancies who have little chance of long-term survival 
with standard-dose regimens [1-3]. Such therapy produces profound 
myelosuppression that may be ameliorated by transplantation of allogeneic or 
autologous hematopoietic progenitor cells (AHPCs). The most conventional 
source of cells for repopulating the hematopoietic compartment has been 
bone marrow that is aspirated from the patient's iliac crests while under 
general anesthesia. Recently, peripheral blood progenitor cells (PBPCs) have 
replaced marrow as the major source of hematopoietic support. This shift from 
marrow to PBPCs occurred because many of the PBPC-supported studies 
have shown significantly faster engraftment rates, particularly for platelets, 
when compared to similar studies of conventional bone marrow transplants 
[1-5]. Additionally, the leukapheresis procedure is considered to be less mor
bid than a marrow harvest by most patients. Several studies with multiyear 
follow-up have now confirmed the durability of hematopoietic reconstitution 
produced with PBPCs as sole hematopoietic support, leading to the increased 
use of this technology [1,6-8]. 

The collection of peripheral blood progenitor cells 

An outpatient leukapheresis procedure is performed for the collection of 
PBPCs. The procedure is typically performed over 3 to 6 hours on 1 to 5 
consecutive days, using a continuous-flow blood cell separator. The COBE
Spectra and the Fenwall CS-3000 are the two most commonly employed 
leukapheresis machines. Approximately 9 to 20 liters of patient blood are 
processed with each procedure. The vast majority of the blood is returned to 
the patient. A final PBPC volume of approximately 80 to 200mls is collected 
and in most cases cryopreserved. Patients then receive high-dose chemo
therapy and/or radiotherapy followed by infusion of the thawed PBPC sup
port. Within days of high-dose therapy administration, the patients develop 
profound myelosuppression, which is ameliorated by the hematopoietic cell 
transplant. The time to hematopoietic reconstitution or engraftment, which is 
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commonly defined as a granulocyte count of 500 cells x 109/L and a platelet 
count of 20 x 109/L, reflects the quality of the infused progenitors. 

Evaluation of a leukapheresis product 

There is currently no universally accepted definition of the optimal 
leukapheresis product. Several different parameters considered to be surro
gate markers of human hematopoietic-cell repopulating potential are used, 
including the total number of mononuclear cells, CD34-positive (+) cells [9], 
and myeloid progenitors measured as colony-forming units granulocyte
macrophage (CFU-GM) [8]. 

Studies have been published showing a correlation between engraftment 
rates and the PBPC graft content of mononuclear cells [10], CD34+ cells [9], 
and CFU -GM [8]. Other studies report no such correlation [11]. Given the 
lack of standardization among laboratories of the CD34 or CFU-GM assays, 
the total mononuclear cell count is probably the most consistent (although not 
necessarily the most predictive) parameter to discuss. Generally, transplant 
centers attempt to collect, per kilogram of patient weight, a total of 4.0-6.0 x 
108 mononuclear cells, 1.5-5.0 x 106 CD34+ cells, and 0.5-30.0 x 104 CFU-GM. 
The number of leukaphereses performed to reach these target parameters 
depends upon whether the cells are collected from patients in a steady state, or 
following chemotherapy and/or growth factor treatment, which mobilizes the 
hematopoietic progenitors from the bone marrow to the peripheral blood. 
Whether tumor cells are also mobilized with chemotherapy and/or growth 
factors is unknown and under investigation. 

Collection of PBPCs in the steady state 

Steady state refers to the clinical situation in which patients have not received 
chemotherapy or growth factor treatment within several weeks of the 
leukapheresis procedure. In the steady state, six or more leukapheresis proce
dures may be required to reach one or more of the target parameters described 
above. This approach was employed initially, before the development of 
PBPC mobilization techniques. Kessinger et al. showed that patients who 
received nonmobilized PBPCs had a median recovery of granulocytes in eight 
days and platelets in 23 days [1]. This result was comparable to that of their 
patients who received autologous marrow support [10]. Williams et al. re
ported median time to granulocyte and platelet recovery of 15 and 42 days, 
respectively, with nonmobilized PBPCs [12]. In the latter study, delayed plate
let recovery was noted in 22% of patients, which stimulated interest in the 
development of mobilization techniques to improve platelet recovery. Steady
state collections are now generally reserved for patients who are mobilization 
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failures due to extensive prior therapy or substantial tumor cell contamination 
of the marrow [13]. 

Mobilization of PBPCs with chemotherapy 

Mobilization refers to a treatment designed to stimulate the exodus of hemato
poietic progenitors cells from the marrow cavity to the peripheral blood, 
where they can be collected via leukapheresis. Chemotherapy-induced 
mobilization occurs following administration of nonmyeloablative high-dose 
chemotherapy. The most commonly used mobilization regimen is cyclophos
phamide in a single dose of 4 to 7 grams/m2 [14]. As shown in figure 1, the 
patient's white blood count will decrease rapidly following the cyclophospha
mide administration, with the lowest level or nadir occurring approximately 14 
days later followed by a rapid rise back to the normal range. The patient is 
leukapheresed as the peripheral leukocyte count is recovering, generally be
ginning with the first day that the leukocyte count reaches 1-2 x 109/L, with 
collections continuing daily for 3 to 4 consecutive days. 

Chemotherapy-mobilized PBPCs have been shown to contain a signifi
cantly higher CFU-OM content than those collected in the steady state [6]. To 
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Figure 1. Chemotherapy-induced mobilization of peripheral blood progenitor cells. Cyclophos
phamide in a single dose of 4--7 grams/m2 is administered on day O. The patient's white blood count 
will decrease rapidly, with the lowest level (or nadir) occurring approximately 14 days later, 
followed by a rapid rise back to the normal range. The patient is leukapheresed as the peripheral 
leukocyte count is recovering, generally beginning with the first day that the leukocyte count 
reaches 1-2 x 106/1-11, with collections continuing daily for 3 to 4 consecutive days. WBC/I-1I, white 
blood cell count per microliter; CPA, cyclophosphamide. 
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et al. reported that patients who received chemotherapy-mobilized PBPCs 
had a significantly faster recovery of both granulocytes and platelets (11 and 
13.5 days, respectively) than patients who received either autologous marrow 
support (22 and 32 days, respectively) or allogeneic marrow support (24.5 
and 33 days, respectively) [15]. Other studies reported similar data, with 
hematopoietic recovery occurring approximately one week earlier when 
chemotherapy-mobilized PBPCs are compared to marrow support [11,16]. 
The drawback to this technique is the lack of standardization with respect to 
the chemotherapy mobilization regimens employed and the optimal timing of 
collections. With patient to patient variability in the time to marrow recovery, 
it can be difficult to predict when to schedule the leukapheresis. Additionally, 
giving the high-doses of cyclophosphamide without growth factor support has 
been associated with neutropenic fevers, which have rarely resulted in toxic 
death [6]. 

Mobilization of PBPCs with recombinant growth factors 

The recombinant growth factors granulocyte colony stimulating factor (G
CSF) [3,4,17], granulocyte-macrophage colony stimulating factor (GM-CSF) 
[4,18-20], and more recently, interleukin-3 (IL-3) [21] have been administered 
for PBPC mobilization. As shown in figure 2, the growth factor is typically 
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Figure 2. Growth-factor-induced mobilization of peripheral blood progenitor cells. The growth 
factor is typically administered for several days, with the leukophereses performed during the final 
consecutive days of therapy (i.e., days 5, 6, and 7 of a growth factor course). WBClIlI, white blood 
cell count per microliter. 
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administered for 6 to 8 days, with 3 to 6 leukaphereses performed during the 
final days of therapy (i.e., days 5, 6, and 7 of six-day growth factor course). As 
with chemotherapy-induced mobilization, the number of CFU-GM in the 
peripheral blood is substantially higher following treatment with G-CSF [22] 
and GM-CSF [23] when compared to the steady state. The reproducibility of 
growth factor-induced mobilization makes this approach logistically easier to 
arrange than mobilization with chemotherapy. 

A consistent finding among studies that employed G-CSF- or GM-CSF
mobilized PBPCs is improvement in the time to platelet recovery compared to 
that of historical controls who received no PBPC support. An example are the 
studies by Sheridan et aI., where the time to reach a platelet count of 50 x 109/ 

L was shortened significantly from 39 days in patients who received marrow 
support to 15 days with G-CSF-mobilized PBPCs in addition to marrow [3]. Of 
interest in that study were the bone marrow biopsy results at engraftment, 
which showed normal or increased numbers of megakaryocytes in 7 of 11 
patients (64%) who received G-CSF-mobilized PBPCs, compared to 18 con
trol patients whose biopsies showed no evidence of megakaryocyte production 
[3]. The reason platelet recovery is superior when mobilized PBPCs are used 
has not been definitively explained. It is likely that megakaryocyte precursors 
in the peripheral blood are elicited by the growth factor and/or chemotherapy 
mobilization regimens. Further study of this issue is warranted. Strategies to 
improve PBPC mobilization are in progress with combinations of growth 
factors [24-26], as well as chemotherapy plus growth factor regimens [27]. 
Additionally, the development of newer growth factors such as stem cell factor 
(SCF) may open new avenues of PBPC support [28]. 

In animal studies, SCF has been shown to stimulate more primitive hemato
poietic cells than the other recombinant growth factors in clinical use [29]. The 
most impressive effects, however, have been demonstrated when SCF and G
CSF are combined. With a low dose of SCF plus G-CSF, synergistic increases 
in the number of PBPCs, CFU-GM, and the more primitive high proliferative 
potential colony-forming cells (HPP-CFC) have been demonstrated [30]. 
Andrews et aL reported similar data in their primate studies [31]. These 
preclinical data suggested that SCF plus G-CSF may produce a PBPC product 
that requires fewer leukaphereses and contains higher numbers of both my
eloid and megakaryocytic precursors than PBPCs mobilized with the indi
vidual growth factors described above. Glaspy et aL reported the preliminary 
results of G-CSF with or without SCF for PBPC mobilization in patients with 
high-risk breast cancer prior to high-dose chemotherapy [32]. This study 
showed that the combination of SCF 15 ug/kg with G-CSF 10ug/kg/d increased 
the number of mononuclear cells in the pheresis product when compared with 
either G-CSF (same dose) or SCF (5ug/kg) alone. The use of SCF was associ
ated with local injection site reactions, but no generalized adverse side effects 
occurred. These preliminary clinical results appear to confirm preclinical stud
ies, and suggest that the use of SCF in combination with G-CSF might reduce 

. the number of aphereses required prior to high-dose chemotherapy. A ran-
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domized phase III study of G-CSF versus SCF + G-CSF to confirm these 
results is currently ongoing. 

Tumor-cell contamination of peripheral blood progenitor cells 

Over the past few years, PBPCs have been employed as a substitute for bone 
marrow in patients with known marrow metastases due to the belief that 
peripheral blood contained fewer tumor cells than the corresponding marrow 
[33]. Although this may still be the case, the recent development of sensitive 
detection techniques, as shown in the representative studies summarized in 
tables 1 and 2, have revealed that contamination of peripheral blood with 
malignant cells is common, and much more prevalent than routine histology 
would suggest [17,34-38]. Brugger et al. have shown that the percentage of 
patients with tumor cells in PBPC collections markedly increased following 
mobilization with chemotherapy and growth factors [39). Their study was not 
able to determine, however, whether the increase in circulating tumor cells 
had an impact on clinical outcome. Vredenburgh et al. recently reported that 

Table 1. Detection of breast cancer cells in marrow and PBPC fractions 

% Marrow+ %PBPC+ Method Sensitivity Reference 

37 24 Immunostain 1: 1 x 106 Shpall [38] 
42 16 Culture 1: 1 x 105 Sharp [35] 
56 22/78 Immunostain 1:4xl05 Brugger [39] 
62 10 Immunostain 1:5x105 Ross [37] 

Four different studies reported the percent of breast cancer patients with metastases documented 
in their bone marrow (column 1) and corresponding peripheral blood progenitor cell (column 2) 
fractions, using sensitive detection methods (column 3) that included immunohistochemistry or 
long-term culture. The sensitivity of the assay used (column 4) and the reference (column 5) are 
described. 
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Table 2. Detection of non-Hodgkin's lymphoma in marrow and 
PBPC fractions 

% Marrow+ 

36 
100 
100 

%PBPC+ 

5 
50 
86 

Method 

Culture 
PCR 
PCR 

Sensitivity 

1: 1 X 105 

1:1xl06 

1: 1 x 105 

Reference 

Sharp [35] 
Gribben [41] 
Negrin [34] 

Three different studies reported the percent of non-Hodgkins 
lymphoma patients with metastases documented in their bone 
marrow (column 1) and corresponding peripheral blood progeni
tor cell (column 2) fractions, using sensitive detection methods 
(column 3) that included polymerase chain reaction assays or long
term culture. The sensitivity of the assay used (column 4) and the 
reference (column 5) are described. 



the presence of occult bone marrow micro metastases is a poor prognostic 
factor in patients with high-risk breast cancer that undergo high-dose chemo
therapy with AHPC support [40]. Infusion of bone marrow containing residual 
tumor detected by polymerase chain reaction (PCR) was associated with a 
significantly higher relapse rate in non-Hodgkin's lymphoma patients than 
infusion of marrow that was normal by PCR analysis [41). 

Whether the infusion of tumor in PBPC autografts will have an impact on 
clinical outcome remains to be determined. Results of a study conducted by 
Rill and collaborators suggests that it might. The investigators marked the 
bone marrow cells of patients with neuroblastoma and leukemia using 
retroviral gene-mediated transfer of a neomycin-resistant gene. The majority 
of patients who have relapsed have phenotypic and genotypic evidence of the 
marker gene in the malignant cells [42]. Many different methods have been 
developed to purge the bone marrow of contaminated tumor cells. Because of 
potential toxicity to the progenitors, chemical or immunologic purging of 
PBPCs has not been extensively studied. This fact stimulated the investigation 
of positive selection methods by which CD34+ progenitors could be isolated 
from the malignant cells for clinical use, thus depleting the grafts of tumor 
without untoward toxicity to the normal progenitors. 

Positive selection of CD34+ hematopoietic progenitor cells 

The CD34 antigen is expressed on both the pluripotent and committed he
matopoietic progenitors, but not on NHL, myeloma and most solid tumors 
[43]. A number of methods are being investigated pre clinically or clinically for 
the isolation of CD34+ hematopoietic progenitor cells. All employ one of the 
many monoclonal antibodies summarized in table 3 that target different 
epitopes on the human CD34 antigen [15,44-50]. With most of the methods, 
separation is effected by collection of the antibody-sensitized cells onto a solid 

Table 3. Monoclonal antibodies that target the CD34 antgen 

Anti-CD34 antibody Investigator Reference 

12.8 Andrews [43] 
MY 10 Civin [44] 
B1.3C5 Katz [45] 
ICH3 Watt [46] 
QBend 10 Fina [47] 
Tuk3 Uchanska [48] 
9C5 Landsdorp [49] 

These antibodies interact with different epitopes on the human 
CD34 antigen, which is expressed by 1 % to 4% of normal bone 
marrow cells, including those progenitors required for short- and 
long-term engraftment. 
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phase such as magnetic beads, plastic plates, or columns of nonmagnetic 
particles, while nontarget cells remain in suspension. Alternatively, high-speed 
flow cytometry has been employed to sort sUbpopulations of CD34+ cells 
identified by their failure to bind monoclonal antibodies directed against 
differentiation-associated antigens [50]. All the methods described below have 
been used to isolate CD34+ cells from bone marrow, peripheral blood, and 
umbilical cord blood. 

Immunomagnetic selection 

Superparamagnetic micro spheres (Dynal Inc, Trondheim Norway) were ini
tially used widely in purging regimens and more recently have been used in 
positive selection procedures. These polystyrene beads are 0.45 nm in diam
eter and contain 20% magnetite by weight dispersed throughout their volume. 
More recently, they have been employed in a positive selection procedure for 
the isolation of CD34+ cells using the Isolex device containing permanent 
magnets (Baxter Biotech/Dynal Inc). Hematopoietic cells are sensitized with 
the anti-CD34 antibody 9C5 developed by Lansdorp et al. [49], which results 
in rosetting between the target cells and the immunobeads. Collection of the 
rosetted cells is accomplished by sliding a built-in array of permanent magnets 
into direct contact with the chamber containing the rossetted cells; the 
non adherent cells are drained from the chamber by gravity. Chymopapain is 
added, which will cleave the epitope where the antibody is attached, releasing 
the cells from the beads. The beads are then collected with the magnets, and 
the released CD34+ cells are drained from the chamber [51]. In a clinical study, 
Civin et al. used immunomagnetically isolated CD34+ bone marrow progeni
tors to support the high-dose therapy regimens of pediatric solid tumors 
patients [52]. The mean CD34 purity achieved was 60.4%, with an average 
recovery of 35.3%. The patients received a mean of 1.33 x 106 CD34+ cells/kg. 
Engraftment, defined as a white blood cell count of 1.0 x 109/L, was achieved 
in an average of 34 days, and a platelet count of 50.0 x 109/L was achieved in 
an average of 39 days. These engraftment rates were similar to those obtained 
historically using unmanipulated bone marrows in similarly treated patients. 
Williams et al. reported results from a clinical study where CD34+ PBPCs 
were successfully isolated using the Isolex device and then cultured ex vivo 
prior to transplantation [53]. 

More recently, a direct immunomagnetic separation method that employs 
microspheres precoated with anti-CD34 monoclonal antibody (Dynabeads 
CD34) has been studied. The beads are subsequently detached from the 
CD34+ cells with an anti-mouse Fab polyclonal antibody commercially avail
able as the 'Detachabead' [54]. Clinical application of this method is being 
evaluated. 

A newer immunomagnetic technique, developed by Miltenyi et al. (now 
in collaboration with Amcell Inc.), uses biodegradable paramagnetic 
nanoparticles, rather than larger microspheres, as the solid phase for collec-
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tion of the target CD34+ cells [55]. The hematopoietic cells are incubated with 
the anti-CD34 monoclonal antibody Q-BEND 10, washed, and mixed with the 
60nm iron-dextran paramagnetic micro spheres that recognize the monoclonal 
antibody. A high gradient field is then used to attract and retain the rosetted 
target cells. Non-CD34+ cells flow through the column, and the CD34+ cells 
are then collected by removing the column from the magnetic field and thus 
demagnetizing it. Preclinical studies demonstrate that the system can routinely 
produce positively selected hematopoietic fractions with more than 93% 
CD34+ cells. A prototype clinical-scale system has recently been developed 
(AmCell Inc.). Using this AmCell device, positive selection of G-CSF
mobilized leukapheresis products donated for research by University of Colo
rado transplant patients have contained an average of 89% CD34+ cells. 
Clinical studies with this device will soon be initiated. 

Immunoadherent selection 

The CELLector device (Applied Immune Sciences Inc.) consists of polysty
rene surfaces in the form of cell culture flasks or multiple layered sheets onto 
which soybean agglutinin or the anti-CD34 monoclonal antibody ICH3 have 
been covalently bound [56]. This method involves a two-step separation 
with sequential negative and positive selection procedures. In the first step, 
the hematopoietic cells are incubated with soybean agglutinin (SBA)
coated flasks to de bulk the sample of irrelevant CD34-negative cells. In the 
second step, flasks coated with the anti-CD34 monoclonal antibodies are 
loaded with the SBA-depleted cells. After incubation, the CD34-selected cells 
are drained and concentrated. Incubation of the cells in the SBA device results 
in removal of B cells, erythrocytes, fat cells, fibroblasts, endothelial cells, and 
certain T cells and tumor cells. The final product obtained from preclinical 
bone marrow studies contained 30% of the original number of CD34+ cells 
with a purity of 74.2% [57]. Clinical studies with this device have not yet been 
initiated. 

Flow cytometry 

Sorting of CD34+ cells by flow cytometry has been performed successfully to 
simultaneously isolate highly purified CD34+ subpopulations on the basis of 
multiple surface antigens from small hematopoietic specimens [58]. The use of 
flow cytometry as a single method to separate large volumes of hematopoietic 
cells for clinical use, however, has many inherent technologic problems that 
are unlikely to be overcome. Cell yields are typically insufficient for clinical 
use, thereby limiting the feasibility of fast, effective isolation of rare cell 
populations. The maximal rate at which cells can be sorted with a standard 
flow cytometer (approximately 5-10 x 103/second) makes the time required to 
perform a clinical separation technically difficult. Systemix Inc. has developed 
a system whereby a series of depletion steps are performed to eliminate the 
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committed (lineage+) progenitors prior to high-speed cell sorting for CD34-
positive cell enrichment, which makes the procedure feasible, with less than six 
hours required to complete the selection procedure [59]. There are advantages 
to using such a system, however, which produces a CD34+ cell product higher 
in purity than the selected fractions produced with any of the other methods 
described in this chapter. Approximately 40% to 60% of acute and chronic 
leukemias express the CD34 antigen [60]. The malignant cells have been 
shown to be eradicated, however, when highly purified CD34+/lineage
negative subpopulations are isolated. Since acute and chronic leukemia are 
potentially curable with hematopoietic-cell-supported high-dose therapy, the 
clinical development of highly purified hematopoietic cell subpopulations 
might increase the number of patients who could benefit from this therapeutic 
approach. Preliminary preclinical results with molecular detection techniques 
demonstrated a substantial (6-7 log) depletion of myeloma cells from patient 
marrow and/or blood using this high-speed method [59]. A clinical trial using 
this technology has recently been initiated for multiple myeloma patients 
receiving double transplants. The engraftment rates from the first transplant 
have been acceptable in three of the first four patients entered on study [59]. 
Further data will be forthcoming from this study. 

Immunoadsorption 

At the University of Colorado, CD34+ hematopoietic progenitor cells have 
been isolated from high-risk breast cancer patients using an immuno
adsorption technique. The hematopoietic cell fractions were incubated with 
the biotinylated anti-CD34 antibody 12.8. The coated cells were applied to a 
column of avidin coated beads (CellPro Inc, Bothell, WA), and the CD34+ 
cells were isolated and cryopreserved [17]. A total of 130 patients have re
ceived CD34 selected bone marrow and/or PBPCs. Engraftment rates were 
comparable to those obtained when unmanipulated bone marrow or PBPCs 
were used. Immunohistochemical staining for breast cancer was performed on 
all grafts before and after the CD34-selection [61]. For the initial 35 patients 
with evidence of breast cancer in the graft prior to positive selection, an 
average two-log depletion of breast cancer cells was documented (range 1 to 
more than 4). The disease-free survival for these patients is shown in figure 3. 
The disease-free survival for patients with immmunohistochemically negative 
hematopoietic cell grafts after CD34-selection was 45%. In contrast, for pa
tients with hematopoietic cell grafts that remained positive despite CD34 
selection, the disease-free survival is only 13%. This difference is statistically 
significant (p = 0.035). A multivariate analysis was performed [62]. The grafts 
that contained breast cancer before and after the CD34-selection procedure 
were used as reference, and several covariates, including grafts that became 
negative after the selection procedure, were analyzed. The purification of a 
graft to negativity independently predicted for a significantly better disease
free survival (p = 0.005). Longer follow-up will be required to assess the 
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Figure 3. Breast cancer patients with tumor cells in hematopoietic fractions prior to positive 
selection. Immunohistochemical staining for breast cancer was performed on all grafts before and 
after the CD34 selection. The disease-free survival for the 47 stage-IV patients who had immuno
histochemical evidence of tumor in the marrow or blood prior to purification is shown. No breast 
cancer was detected in the hematopoietic grafts of 13 patients whose disease-free survival is shown 
in the top curve (45%). This result is significantly higher than that of the remaining 34 patients. 
represented in the lower curve (13%), whose grafts still contained tumor following positive 
selection (p = 0.035). 

durability of engraftment produced with the CD34+ PBPCs, as well as the 
ultimate therapeutic effect of this approach. 

The CellPro column is currently being evaluated in a wide variety of clinical 
settings. For autologous marrow transplantation, a randomized trial of CD34+ 
marrow versus buffy-coat support was completed for breast cancer patients 
receiving high-dose therapy [60). A phase I-II trial with CD34+ PBPC support 
for patients with mUltiple myeloma was completed [63], and a randomized trial 
initiated in that disease. In the allogeneic transplant setting, the column is 
being evaluated as a means to T-deplete and thus reduce GVHD in patients 
receiving allogeneic hematopoietic cell support [64]. The column is also being 
used to isolate CD34+ marrow and PBPCs for gene transfer studies with the 
neomycin resistance gene in patients with multiple myeloma, chronic myelog
enous leukemia (CML), and breast cancer [58,65]. Similar studies are in 
progress using the multidrug resistance gene to transduce the CD34+ marrow 
cells of patients with CML [26]. 

In conclusion, the ongoing studies to optimize the collection and positive 
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selection of PBPCs described in this chapter should bring many excItmg 
advances to the field of stem cell transplantation over the next several years. 
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8. Ex vivo expansion of hematopoietic stem and 
progenitor cells for transplantation 

Jennifer A. LaIuppa, E. Terry Papoutsakis, and William M. Miller 

Over the past few years, there has been a heightened interest in the develop
ment of clinical-scale culture systems for ex vivo expansion of hematopoietic 
cells. Ex vivo expanded hematopoietic cells are useful for a variety of clinical 
applications such as transplantation, tumor purging, and gene therapy. The 
anticipated benefits of ex vivo expanded hematopoietic cells over bone mar
row or peripheral blood for transplant patients include a shortened engraft
ment period following chemotherapy and reduction in the number of 
harvested bone marrow or peripheral blood progenitor cells required for an 
adequate autograft. However, several key issues need to be addressed before 
ex vivo expanded cells can be used clinically. The culture conditions and 
systems used for expansion of these cells will need to be established, since the 
growth factors and other culture parameters used in the expansion process 
greatly influence the lineage and maturation stage of the cells produced. These 
factors are considered below, along with regulatory and safety issues, with the 
goal of providing a framework for consistent and reproducible ex vivo expan
sion for clinical application. 

Potential applications 

Transplantation 

Ex vivo expansion promises to improve the current methodology for blood cell 
progenitor transplantation following chemotherapy by increasing both the 
number and maturity of cells available for transplantation. One of the side 
effects associated with bone marrow (BM) transplantation is a period of 
chemotherapy-induced neutropenia and thrombocytopenia in which neutro
phil counts take 26 days and platelet counts take 29 days to recover [1]. The 
recovery time for these cell types can be reduced by transplanting progenitors 
that have been mobilized into the peripheral blood (PB) with chemotherapy 
and/or growth factors. However, neutrophil recovery still takes approximately 
8 to 9 days, and platelet recovery takes approximately 12 days [2]. Conceptu
ally, the remaining period of cytopenia could be largely eliminated by admin-
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istering mature cells and late neutrophil and megakaryocyte progenitors de
rived from ex vivo expansion. Ex vivo expansion could also decrease the 
number of bone marrow or peripheral blood cells required to reconstitute 
hematopoiesis and/or provide the large numbers of cells needed to support 
multiple courses of high-dose chemotherapy. This would be a great benefit, 
since patients generally do not have enough cells available from a single 
harvest to support multiple infusions. 

Tumor purging 

Ex vivo expansion of hematopoietic cells also has the potential to purge tumor 
cells from the autograft, since in vitro culture conditions favor the mainte
nance of normal cells over leukemic cells [3]. Several theories have been 
advanced to explain the loss of leukemic cells in long-term cultures. The 
observation that clonogenic cells of chronic myeloid leukemia patients cannot 
attach to marrow stromal cells or to the extracellular matrix might indicate 
that their access to necessary factors is limited or that these factors are re
moved during feeding [4]. However, the differentiation of leukemic cells in 
culture might also explain their disappearance [3,5,6]. 

A number of clinical studies on tumor purging have been performed in 
which BM cells were cultured for 7 to 10 days prior to autologous transplanta
tion [7-9]. While the results of these studies are promising, large-scale purging 
is not currently practical due to the large number of normal progenitor cells 
lost during culture and the substantial number of tissue culture flasks required 
for each patient. The large loss of progenitors could be overcome by ex vivo 
expansion using growth factors. Ex vivo expansion of cells could also be used 
to make up for loss of normal cells that are damaged during chemical or 
immunologic purging. 

Gene therapy 

Replacement of missing or damaged genes and introduction of new or modi
fied genes into cellular targets are the primary goals of gene therapy. For 
example, if drug resistance genes could be introduced into hematopoietic stem 
cells to provide protection against chemotherapy, considerable dose escalation 
would be possible [10]. Recombinant retroviral vectors are the best character
ized and only vector type currently used in clinical trials directed at the 
hematopoietic system [10]. However, other vector systems are under investi
gation. High-efficiency gene transfer and expression is routinely achieved in 
murine systems, but is less successful in large animal models. The rarity of stem 
cells makes gene transfer a difficult prospect. To complicate matters, hemato
poietic stem cells are mostly quiescent and thus resistant to retroviral trans
duction [10]. Ex vivo expansion of hematopoietic cells would increase the 
percentage of primitive cells in the cell cycle. This effect, coupled with the 
resultant increase in primitive cell numbers, would increase the likelihood of 
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successful retroviral transduction. Improvements in retroviral transduction 
have already been achieved in vitro through addition of cytokines and a 
stromal layer [11,12]. An increased culture time has the potential to improve 
the process further. 

Characterization of cells to measure culture performance 

In vitro assays 

As cells progress from stem cells to committed progenitors and then to mature 
cell types, they become more restricted in their developmental potential and 
highly proliferative. Various assays are used to evaluate the different stages of 
commitment. Committed progenitors are restricted to one of a few lineages 
such as granulocyte, monocyte, megakaryocyte, or erythrocyte. These pro
genitors are also known as colony-forming cells (CFCs) because of the assay 
commonly used for their detection. In the CFC assay, cells are plated in 
semisolid medium for two weeks in the presence of growth factors, after which 
time the plates are examined for colonies of mature blood cells. Colonies of 
greater than 50 cells are designated according to the mature cell types they 
produce: colony forming units-granulocyte, monocyte (CFU-GM), burst
forming unit-erythroid (BFU-E), and CFU-granulocyte, erythroid, monocyte, 
megakaryocyte (CFU-GEMM or CFU-mix). 

Several assays are used for detection of earlier CFCs. The CFU-blast (CFU
BI) assay detects an early hematopoietic cell type with high secondary 
recloning capacity [13]. The high proliferative potential CFU (HPP-CFU) 
assay detects colonies of greater than 0.5mm diameter, containing greater 
than 50,000 cells per clone [14]. An assay for very primitive hematopoietic 
progenitors is the long-term culture-initiating cell (LTC-Ie) assay [15]. LTC
IC assays are evaluated 5 to 8 weeks after initiation; more mature CFCs do not 
produce additional CFCs five weeks after initiation of long-term cultures, 
while primitive LTC-ICs sustain hematopoiesis in long-term cultures for 5 to 
12 weeks. 

Flow cytometry can be used to distinguish between various cell types pro
duced in culture using fiuorescently tagged antibodies against unique surface 
antigens. The percent of primitive (CD34+) cells in a harvest or culture is 
commonly measured using this method. Some antigens used for detection of 
mature cell lineages are CD15 (granulocyte), CD11b (monocyte), glycophorin 
A (erythrocyte), and CD41a (megakaryocyte). 

In vivo assays 

In contrast with the murine system, direct evidence that human hematopoietic 
stem cells have the potential for self-renewal, to differentiate into multiple 
lineages, and to populate the marrow has been difficult to obtain due to the 
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lack of an appropriate in vivo assay system. Nevertheless, in vivo assays for 
human hematopoietic stem cells have been devised using immunodeficient 
mice [16,17] or fetal sheep [18]. Implantation of immunodeficient mice with 
either human fetal liver along with thymus [16,19] or with fetal bone contain
ing marrow [20] has resulted in maintenance of multiline age human hemato
poietic activity within the graft for as long as 20 weeks. Transplantation of 
human adult BM cells [21], human CD34+HLA-DR~ BM cells [22], or human 
fetal liver cells [18] in utero into pre immune fetal sheep has resulted in the 
establishment and maintenance of chimeric human hematopoiesis with differ
entiation into all blood cell lineages. While these assays show that human stem 
cells partially repopulate the myeloid and lymphoid compartments of the 
foreign host, the assays are not quantitative. 

Cell sources and cell processing 

Cell sources 

Several sources of stem cells and progenitors are used in hematopoietic cell 
cultures: BM, umbilical cord blood (CB), and PB. BM harvests yield 1 to 2 
liters of a mix of hematopoietic cells, stromal cells, and extracellular matrix. 
Unfortunately, the procedure is very invasive and must be performed under 
general or spinal anesthesia. CB from newborns is another rich source of 
hematopoietic stem cells and progenitors. The major limitation here is the 
small volume of CB obtained from a newborn - typically 60-150ml- which 
limits the number of cells that can be obtained. PB harvests involve several 
hours of blood processing on apheresis machines, which collect the fraction of 
blood containing stem cells and progenitors. Harvest of normal PB furnishes 
very few hematopoietic progenitors. However, progenitors can be mobilized 
from the BM into the circulation through administration of growth factors. 
The number of progenitors in PB is also increased during the recovery period 
following chemotherapy. The number of progenitors mobilized into the PB 
varies with the mobilization regimen utilized. While 1 % to 3% of cells har
vested from BM or CB are CD34+ cells [23], harvests from mobilized PB show 
more variation in the percentage of CD34+ cells, ranging from 0.1 % to 16.4% 
[24]. The distribution of the types of CFC (CFU-GM, BFU-E, CFU-mix) also 
varies depending on the cell source [25,26]. Thus, the performance of the cells 
expanded ex vivo would be expected to vary depending on the source from 
which they are derived. 

Cell processing 

Hematopoietic culture has been performed using samples that vary signifi
cantly in stem cell purity, ranging from unprocessed cells to highly purified 
primitive cells. Several different procedures are used to enrich for stem cells 
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and progenitors, since these cells are present at low levels in hematopoietic 
tissues. In the majority of hematopoietic cultures performed with mono
nuclear cells (MNCs), samples are density separated using Ficoll or Percoll to 
remove erythrocytes and mature neutrophils. The most common methods for 
further enrichment of primitive cells involve immunological selection for the 
CD34 cell surface marker. CD34+ cells can be selected in polystyrene flasks 
containing covalently attached antibodies to CD34 [27], with antibody-coated 
magnetic beads that bind anti-CD34 antibody [28], and on an avidin column 
using biotinylated anti-CD34 antibody [29]. The purity of the CD34+ cells 
obtained from these selection procedures covers a wide range. 

There are several advantages to using purified progenitor (CD34+) cells in 
hematopoietic cultures. Selection of primitive progenitors can be used as a 
tumor-purging method in CD34- malignancies [30] or can be used along with 
additional selection steps for CD34+ malignancies [31]. Use of the CD34+ cell 
fraction minimizes the complicated interactions that occur between different 
cell types and eliminates accessory cells, which may produce inhibitory factors. 
The initial culture size will be reduced when using CD34+ cells, since the 
majority of the mature cells are eliminated. Culture size is an important factor 
for implementation of ex vivo expansion in clinical practice for transplantation 
and gene therapy, since larger cultures require more growth factors, medium, 
and equipment. However, the cells lost through the purification procedures 
may have a significant impact on culture productivity. Experiments with CB 
have shown that significant numbers of primitive cells are lost by density 
separation procedures [32], while procedures for enrichment of CD34+ cells 
also result in significant cell losses [29,33-35]. The CD34+ depleted fraction of 
cells has been found to contain approximately 37% of the CFU-GM [36] and 
11 % to 38% of the LTC-ICs [36-38]. The accessory cells and stromal 
cells eliminated in CD34+ selections are also important for expansion of primi
tive progenitors, since the addition of unknown factors produced by stromal 
cells to cultures of CD34+ cells increases the number of LTC-ICs produced 
[39]. 

Several studies performed in perfusion bioreactors have compared the 
effect of varying degrees of CD34+ cell purification on CFU-GM and LTC-IC 
expansion. Expansion of PB MNCs was compared to that of CD34+ cells by 
Sandstrom et al. [38], and the expansion potential of unprocessed, density
separated, and CD34+ BM cells was evaluated by Koller et al. [36]. When 
taking into account the number of cells lost in the separation procedures, the 
unprocessed or density-separated cultures gave greater production of colony
forming cells [36,38] and LTC-IC numbers [38] than a CD34+ fraction of the 
same sample (table 1). After 10 to 14 days, the cultures showed similar cell 
morphology, antigen expression (figure 1), and colony formation whether or 
not they were enriched for CD34+ cells [36,38]. While the additional manipu
lations involved in CD34+ selection may be useful for some applications, such 
as tumor purging, these extra processing steps are not necessary for progenitor 
expansion. 
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Table 1. Viable cells, CFU-GM, and LTC-ICs that would be pro
duced from an initial sample of 109 PB MNCs cultured in perfusion 
as either MNCs or CD34+ cells 

Day Mean MNCs" Mean CD34+ cells" 

Cells (x106) 0 1000 38 
10 2661 1494 

CFU-GM (X104) 0 416 165 
10 7424 3039 

LTC-ICs (x103) 0 1532 649 
10 2609 547 

"Obtained from the average of six experiments. PB cells were 
cultured in serum-containing medium supplemented with IL-3, 
IL-6, G-CSF, and SCF. A significant statistical difference (p :s; 
0.01) between the MNCs and CD34+ cell cultures was found for 
all conditions using a paired student's t-test. 

Adapted from [38]. 

Day 5 Day 10 

CD15------

Day 15 

Figure 1. Two-dimensional flow cytometric analysis of MNCs and CD34+ cells from a perfusion 
culture (described in table 1) stained with PE-CDllb and FITC-CD15. The cells were stained 
before (day 0) and after 5, 10, and 15 days of perfusion culture. Reproduced from [38] with 
permission. 

Culture conditions that affect expansion 

Traditionally, growth factors were thought to have exclusive control over 
proliferation and differentiation in the hematopoietic system. However, 
cultures performed by different investigators with the same growth factor 
combinations often vary significantly in total cell and progenitor cell expan
sion. This variability is usually due to other culture variables. It is essential 
when comparing studies to examine not only growth factor combinations, but 
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also the presence of stroma, feeding schedule, oxygen tension, use of serum, 
and inoculum density. Table 2 summarizes the culture conditions used and 
expansions achieved in the key studies discussed throughout this chapter. 

Growth factors 

Colony-stimulating factors (CSFs) and interleukins (ILs) are the primary 
regulators of the growth and differentiation of hematopoietic cells. Although 
many studies have evaluated various growth factor combinations, the exact 
combination and amount of growth factors required for optimal expansion of 
hematopoietic progenitor and stem cells is still unknown. The correct combi
nation of growth factors is especially important for those cultures performed 
with purified cells, due to the absence of endogenous growth factor production 
by stromal cells or other accessory cells. 

The functions of hematopoietic growth factors fall into several categories, 
and hematopoietic cell cultures often contain factors from each of these cat
egories. Most of the late-acting cytokines such as erythropoietin (EPO), 
thrombopoietin (TPO), and granulocyte-colony stimulating factor (G-CSF) 
are lineage specific and support proliferation and maturation of committed 
progenitors. The intermediate-acting lineage-nonspecific factors that support 
the proliferation of multipotential progenitors include IL-3, granulocyte mac
rophage-CSF (GM-CSF) [40], and PIXY321 (a fusion protein ofIL-3 and GM
CSF) [41]. Other factors do not possess CSF activity on their own, but 
synergize with other cytokines. When combined with IL-3, factors such as IL-
6, G-CSF, IL-ll, stem cell factor (SCF or c-kit ligand), and flt-3 ligand have 
been found to bring primitive, quiescent progenitors into the cell cycle and to 
increase proliferation [40,42]. A number of hematopoietic growth factors such 
as EPO, IL-3, GM-CSF, G-CSF, and SCF are considered to be survival factors 
because they suppress apoptosis in cells at various stages in the hematopoietic 
lineage [43,44]. 

The most frequently used growth factors in hematopoietic cultures are IL-
3 and SCF. Various other growth factors are added to this base combination to 
expand different lineages. When expansion of more mature cells and progeni
tors of the neutrophil lineage is desired, addition of one or more of the 
following factors is made to the base combination: IL-6, G-CSF, GM-CSF 
[38,45-47]. Proliferation and maturation of megakaryocytes requires TPO. 
Addition of TPO to cultures of human PB CD34+ cells results in a culture with 
20% to 100% megakaryocytes [48]. In Mk colony assays, TPO has been found 
to synergize with SCF, and to have an additive effect when combined with IL-
3 [48]. Growth factor combinations that maximize the production of both 
megakaryocyte and neutrophil lineages are still under investigation. 

Optimal expansion of progenitors from purified cells requires multiple 
growth factor combinations. Combinations of IL-3, IL-6, SCF, with IL-1, EPO, 
G-CSF, and/or GM-CSF [37,49-51] have been reported to give maximum 
expansion of progenitors. Total cell expansion of 260-fold and CFU-GM ex-
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pansion of 190-fold is achieved after 12 to 14 days of culture with the combi
nation of IL-3, IL-6, SCF, IL-1, and EPO [49]. This combination also maintains 
the number of LTC-ICs in the culture [37]. The combination containing IL-3, 
IL-6, SCF, IL-1, G-CSF, and GM-CSF gives l300-fold total cell expansion 
after 21 days and 66-fold expansion of CFU-GM after 14 days [50]. After 12 to 
14 days, the combination of IL-3, IL-6, SCF, G-CSF, and GM-CSF gives a total 
cell expansion of 104-fold, and CFU-GM expansion of 14-fold [51]. 

Growth factor combinations for maintenance and expansion of primitive 
progenitors (LTC-ICs) are not as well defined. Marrow stromal cells appear to 
secrete some as yet undiscovered cytokines that are required for the conserva
tion of primitive progenitors in an undifferentiated state [52]. Addition of IL-
3 or multiple growth-promoting cytokines to cultures with stroma-derived 
factors can result in exhaustion of LTC-ICs as early as five weeks after initia
tion of the culture [39], which suggests that the antidifferentiation capacity of 
factors released by stroma can be overwhelmed by persistent stimulation with 
growth-promoting cytokines. Addition of IL-3 and a growth-inhibitory factor 
(MIP-1a) to cultures with soluble stromal factors results in maintenance of 
100% of LTC-ICs for at least eight weeks in culture [53]. Total cell and CFC 
production in these cultures is similar to that in cultures supplemented 
with IL-3 alone. Thus, addition of growth-inhibitory and growth-promoting 
cytokines to cultures with stroma-derived factors may be necessary to prevent 
terminal differentiation of LTC-ICs. 

Stroma 

Stromal cells consist of adventitial reticular cells, endothelial cells, adipocytes, 
and macrophages. These cells support hematopoiesis through the production 
and presentation of growth factors and the synthesis of extracellular matrix 
[54,55]. Cultures containing a stromal layer or stroma-derived factors have 
greater culture longevity and progenitor cell expansion [39,56] than cultures 
without a stromal layer. BM stroma is also important in gene therapy, since 
retroviral-mediated transduction in the presence of a stromal layer increases 
the efficiency of the transduction [11,12] and the long-term engraftment of the 
transduced cells [11]. However, there are several complications and disadvan
tages involved in the use of a stromal layer for research and clinical applica
tions. An additional BM cell sample would be required to establish the stromal 
layer for PB, CB, and CD34+ cells, since these cells do not contain stromal 
cells. The effects and composition of stromal layers are poorly defined and 
variable, and the harvest of stroma-containing cultures is labor intensive and 
requires enzymatic treatment [57-59]. 

Extensive expansion of progenitor cells [49,50,60-63] and maintenance 
of a fraction of the LTC-ICs [37,38] can be been achieved in stroma-free 
cultures with addition of multiple hematopoietic growth factors. Although the 
maintenance and proliferation of LTC-ICs are generally not as good in 
stroma-free cultures as in stroma-containing static cultures [39,61], perfusion 
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cultures maintain LTC-ICs to a greater extent in stroma-free cultures than in 
stroma-containing cultures [64]. However, for CD34+ cell cultures, both 
stroma and frequent medium exchange are important for LTC-IC expansion 
(figure 2c) [65]. There is reason to believe that the benefits of stromal cells can 
eventually be replaced by defined factors even in static cultures. LTC-ICs are 
actually maintained to a greater extent in cultures where progenitors are 
separated from stroma by a microporous membrane, which allows passage of 
diffusible factors [39,53,66], or supplemented daily with media conditioned by 
a stromal feeder layer [39]. In any event, a stromal layer is not necessary in 
cultures where the main goal is production of mature cells or committed 
progenitors. 

Feeding/perfusion 

The in vivo perfusion rate of plasma through the BM is approximately 0.1 ml 
per cc of marrow per minute [67]. Assuming a tissue cell density of 5 x 108 cells/ 
ml, this perfusion rate corresponds to a daily replacement of medium contain
ing 20% serum for cultures at a density of 106 cells/ml [68]. In contrast, the 
standard feeding protocol for hematopoietic cultures is a weekly exchange of 
50% to 100% of the medium. In order to recreate the in vivo perfusion rate in 
hematopoietic cultures, culture media in flasks can be exchanged daily or 
cultures can be perfused continuously in a bioreactor system. Daily exchange 
of media improves long-term BM culture productivity and longevity [69,70], 
but is cumbersome to implement. Perfusion bioreactor cultures offer greater 
progenitor and LTC-IC expansion than static cultures [71]. Perfusion cultures 
also show larger and more numerous cobblestone areas of active hematopoie
sis than static cultures. In addition, perfusion maintains more constant 
cytokine, nutrient, and by-product levels than static cultures [71]. Frequent 
medium exchange is not as important in BM CD34+ cell cultures, where 
stromal cells are absent (figure 2) [65]. However, for maximum expansion of 
LTC-ICs in CD34+ cell cultures, it may be necessary to use frequent medium 
exchange together with a stromal layer (figure 2c) or stromal-conditioned 
medium (see Stroma section above). 

Oxygen tension 

The oxygen tension in BM has been found to range from 10 to 50mmHg 
[72,73]. An environment similar to the in vivo BM microenvironment can be 
achieved by saturation with gas containing approximately 5% oxygen. Under 
reduced oxygen conditions, the size and number of hematopoietic cell colonies 
in semisolid medium is significantly enhanced [74-79]. In contrast, one study 
showed that murine myeloid colonies induding HPP-CFCs were not enhanced 
in cultures under 7% oxygen tension [80]. Liquid cultures of CB MNCs, BM 
MNCs, and CB MNCs on irradiated stromal layers grown under low oxygen 
tension have an increased number and frequency of CFCs [56,81,82]. Progeni-
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Figure 2. Effect of feeding interval and preformed stroma on BM CD34-enriched cell culture 
output. BM CD34-enriched cells were cultured in serum-containing medium supplemented with 
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from [65] with permission. 
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tors in these cultures can be maintained one to two weeks longer under 5% 
oxygen when fed with medium equilibrated with 5% oxygen [82]. Different 
types of hematopoietic progenitors display varying degrees of sensitivity to 
hypoxia. The most primitive progenitors show the least sensitivity to severe 
hypoxia [83]. 

Several mechanisms are involved in the enhanced colony formation in 
clonogenic assays and progenitor cell expansion in liquid cultures under re
duced oxygen tension. The improved growth is due in part to increased re
sponsiveness of hematopoietic cells to growth factors under 5 % oxygen. 
Under low oxygen, CFU-E and BFU-E exhibit increased sensitivity to EPO 
[75] and macrophage progenitors show increased sensitivity to M-CSF [79]. 
Accessory cells also respond differently to varying oxygen tensions in their 
production of growth factors. BM-derived macrophages produce EPO and IL-
3 in an oxygen-dependent manner [76]. Oxygen toxicity plays a role in the 
decreased colony formation at high oxygen. Addition of antioxidants such as 
a-thioglycerol, vitamin E, glutathione [75,76], and 2-mercaptoethanol [72,76] 
improve performance at high oxygen concentration, but have less of an effect 
at low oxygen concentrations. Studies performed in our laboratory show 
that in the presence of lineage-specific factors, different oxygen tensions pref
erentially enhance expansion of one hematopoietic cell lineage over another 
[84]. Greater numbers of megakaryocytes or erythrocytes are present in cul
tures under ambient oxygen tension supplemented with TPO or EPO, respec
tively. However, a greater number of granulocytes is present under reduced 
oxygen tension in the presence of G-CSF. Therefore, the choice of oxygen 
tension will help to determine the lineage and the maturity of cells present in 
the culture. 

Serum versus serum-depleted medium 

Addition of serum to a culture medium provides a source of hormones and 
essential nutrients and also alters the physiological and physicochemical prop
erties of the medium such as pH, osmolarity, viscosity, and surface tension 
[85,86]. However, addition of serum results in a medium with an undefined 
composition and uncontrolled variability. The use of serum-containing me
dium is highly undesirable for the culture of human cells for clinical use. 
Medium containing animal serum could cause allergic reactions in patients 
[87], and while allogeneic human serum would eliminate this problem, signifi
cant concerns about the transmission of disease still remain. The potential 
hazards of serum use add another hurdle to the process of obtaining FDA 
approval for ex vivo expansion therapies [88]. However, autologous plasma 
(AP) may prove to be a viable alternative. 

Several studies have compared the use of serum-depleted (SD) and serum
containing media for cultures performed with MNCs and CD34+ cells from PB, 
CB, and BM. Total cell expansion and CFU-GM expansion in serum-depleted 
cultures is similar to or lower than expansion in serum-containing cultures 
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[46,89,90]. One group examining the maturity and functionality of neutrophils 
produced in serum-depleted medium reports that the expanded cells are 
less mature and functionally less competent than cells expanded in serum
containing medium [46]. However, the addition of 1 % autologous plasma 
increased expansion of the cells and restored their functionality almost to the 
level of that in serum-containing medium. Another study showed that addition 
of 1 % autologous plasma to serum-depleted cultures retained 96% of the 
progenitor expansion achieved in the presence of 20% serum [51]. Several 
studies indicate that serum inhibits megakaryocyte production and platelet 
formation in culture [91-94]. Erythroid progenitors also fare better in 
serum-depleted cultures [89,90]. While the majority of studies performed 
with human plasma in the culture medium have resulted in enhanced 
megakaryocytopoiesis [95-97], the presence of transforming growth factor-~ 
in the plasma can inhibit megakaryocytopoiesis and erythropoiesis [98]. 

Serum-depleted cultures appear to be capable of maintaining LTC-ICs. 
Cultures of CD34+ cells in serum-depleted medium with IL-l, IL-3, IL-6, EPO, 
SCF, and 2% autologous plasma expanded committed progenitors while 
maintaining LTC-ICs [37]. Primitive BM cells (CD34+45RA iOn iO) isolated and 
cultured in serum-depleted medium with IL-3, IL-6, EPO, and SCF produced 
large numbers of progeny without decreasing primitive cell numbers [99]. In 
addition, results of a study with murine cells show that serum-depleted, 
stroma-free cultures of primitive BM cells (Sca-l+, lineage-negative, wheat
germ agglutinin-positive) maintain their in vivo reconstituting potential in the 
presence of IL-6, EPO, SCF, either with or without IL-3 [100]. Although 
serum-depleted medium is desirable for clinical applications and is able to 
support megakaryocytopoiesis and erythropoiesis, a component in serum ap
pears to be necessary for greater expansion and improved functionality of the 
granulocyte and macrophage lineages. Addition of a small amount of autolo
gous plasma to serum-depleted medium may be the best alternative to a 
completely serum-depleted system. 

Seeding density effects 

The effect of cell inoculum density on culture performance has been examined 
in cultures of BM MNCs [101] and PB MNCs and CD34+ cells [102]. The cell 
seeding density has been found to affect total cell and progenitor expansion, as 
well as the percentage of progenitor cells in the culture. Lower-density cul
tures expand total cells preferentially over CFCs. In contrast, higher-density 
cultures expand CFCs to an extent comparable to that in lower-density cul
tures, but without the large expansion of total cells. Thus, a high-input cell 
density maintains progenitors and LTC-ICs better than a low inoculum den
sity, which induces differentiation. Culture systems that can maintain high cell 
densities, as well as large numbers of CFU-GM, are ideal for clinical-scale 
applications. In this regard, a perfusion system that can maintain pH and 
oxygen tension in high-ceIl-density cultures is desirable, since studies from our 
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lab show that pH [103] and oxygen [84] strongly influence cell differentiation 
pattern. For example, a larger percentage of mature erythroid cells and fewer 
BFU-E are present at a pH of approximately 7.6 versus 7.35, suggesting that 
erythroid differentiation proceeds faster at higher pH. 

Types and numbers of cells required for transplantation 

The number and type of cells needed for transplantation depend on the aim of 
the procedure. Mature cells and late progenitors can be used as a graft supple
ment to reduce the nadir associated with myeloablative therapy or can be used 
alone for myelosuppressive therapy, while primitive cells are necessary for 
long-term engraftment. Studies of transplantation using uncultured hemato
poietic cells provide the basis for most estimates of the numbers of hematopoi
etic cells needed for successful engraftment. For long-term repopulation of the 
hematopoietic system, it has been estimated (based on a murine model) that 
the required number of LTC-ICs is approximately 30,000 [37]. With regard to 
the shorter-term engraftment requirements for reducing or eliminating the 
period of chemotherapy-induced neutropenia and thrombocytopenia, enough 
cells must be administered to maintain a neutrophil count of greater than 0.5 
x 109 cells/L and a platelet count of greater than 50 x 109 cells/L. When 
transplanting uncultured cells, the progenitor cell dose is the most significant 
predictor of the rate of engraftment of neutrophils and platelets. Rapid he
matopoietic engraftment occurs when 2 x 105 CFU-GM or 2 x 106 CD34+ cells/ 
kg of body weigh are infused [104], which would be 14 million CFU-GM or 140 
million CD34+ cells for a 70-kg patient. However, an 8- to 12-day period of 
neutropenia and thrombocytopenia still occurs after this number of CFU-GM 
or CD34+ cells is administered. Addition of mature cells and late progenitors 
of the neutrophil and megakaryocyte lineage has the potential to decrease this 
nadir. Assuming a neutrophil half-life of six hours, a blood volume of five 
liters, and an increased consumption of neutrophils in the neutropenic state, 
the approximate number of neutrophils needed to eliminate or reduce this 
period of neutropenia is 2 x 1011 [50]. Direct administration of this number of 
neutrophils from an uncultured source would be problematic. Ex vivo expan
sion has the potential to produce such large numbers of mature cells, as well as 
their precursors, on a regular basis. Since the number of clinical studies per
formed using cultured cells is limited at the present time, the cell doses used or 
estimated for uncultured cells should be used to provide initial target doses for 
ex vivo expanded cells. In a study by Brugger et al. [105], CD34+ cells from 
patients were expanded ex vivo and then administered to the patients after 
high-dose chemotherapy. Results from this study suggest that a threshold dose 
of approximately 1.0 x 105 cultured CFCs/kg of body weight is needed for rapid 
engraftment a figure that is similar to that needed when using uncultured cells. 
While this finding is promising, larger studies are needed to confirm these 
results. 
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In order to efficiently obtain the target doses for long-term repopulation or 
short-term engraftment using ex vivo expansion, the appropriate culture con
ditions must be used. Successful production of a given number of cells of a 
desired cell type will depend on the capacity to control the generation of one 
cell lineage relative to another and also the capacity to control differentiation 
versus proliferation. Selective production of one lineage and stage of hemato
poietic cell differentiation over others is controlled in large part by growth 
factors, but is also influenced by the other culture parameters discussed above. 
Serum-depleted medium containing growth factors such as TPO, G-CSF, and 
GM-CSF would be used to promote expansion of mature cells and late pro
genitors of the neutrophil and megakaryocyte lineages. To maximize expan
sion of more mature cells and progenitors, a low inoculum density and ambient 
oxygen tension would be beneficial. Stroma would be optional for this applica
tion. For long-term engraftment and gene therapy applications, culture condi
tions that maintain more primitive progenitors should be used. High-density 
perfusion cultures grown under low oxygen tension in the presence of a 
stromal layer may be ideal for this purpose. 

Systems for expansion of hematopoietic cells 

Large-scale expansion of hematopoietic stem and progenitor cells has been 
evaluated in many culture systems, including tissue-culture flasks [37,49,106], 
gas-permeable culture bags [50,51,107-110], and several types of bioreactors 
[38,64,71,111-115]. Tissue culture flasks are the most commonly used expan
sion devices for in vitro studies, but are cumbersome for large-scale applica
tions due to the large numbers of flasks required per patient and the increased 
potential for contamination. While the use of culture bags is also labor and 
space intensive, these systems incorporate aseptic tubing technology, which 
decreases the probability of contamination to less than 1 in 1000 per connec
tion [116]. These bags provide a non adherent culture surface, which makes 
removal of the cells, especially BM cells, much easier and more efficient than 
from tissue culture flasks. 

Flat-bed perfusion systems, hollow fiber reactors, and spinner cultures illus
trated in figure 3 have all been evaluated for ex vivo expansion. Flat-bed 
perfusion bioreactor systems, employing a stromal layer to retain inoculated 
cells, have been very successful in expansion of stem and progenitor cells 
[71,111,112]. These cultures have achieved approximately a 20-fold expansion 
of CFU-GM, and from a twofold to sevenfold expansion of primitive LTC-ICs. 
A modified flat-bed bioreactor design that retains nonadherent cells with 
grooves instead of a stromal layer gives similar CFU-GM expansion [64]. 
Other bioreactor systems have been evaluated with varying degrees of success. 
Sardonini and Wu [114] cultured BM MNCs in suspension and micro carrier 
spinner flasks, airlift bioreactors, and hollow fiber bioreactors. Only the spin
ner flask suspension culture expanded total cells to greater extent than the 
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Figure 3 (continued) 

static control cultures, and even for that system, progenitor expansion was 
minimal. The difficulty in harvesting cells from the hollow fiber reactor con
tributed to its poor performance. Zandstra et al. [113] have successfully cul
tured BM MNCs in a suspension spinner flask, showing expansion of total 
cells, committed progenitors, and primitive LTC-ICs. A high inoculum cell 
density in the suspension was reported to be a key factor in achieving these 
expansions. Our group has been successful in culturing PB MNCs in spinner 
flasks, achieving total cell and CFU-GM expansion in serum-depleted medium 
[102]. 

Bioreactor systems are advantageous because they have the potential to 
become automated, closed systems, thereby decreasing space and labor 
requirements and facilitating compliance with regulatory requirements. 
However, there are potential complications involved in the culture of hemato
poietic cells in various bioreactor systems that deserve consideration. Of the 
systems discussed above, flat-bed perfusion and stirred systems show the most 
potential, while hollow fiber systems seem least well suited to this application. 
The culture environment in hollow fiber reactors is spatially inhomogeneous, 
which creates large concentration gradients of critical nutrients, oxygen, and 
pH. Gradients of pH and oxygen could result in production of different cell 
types in different sections of the reactor. Process monitoring could be prob
lematic in hollow fiber reactors, since the cells cannot be easily sampled or 
observed during culture. In addition, limited recovery of cells from this type of 
reactor has been reported [114]. Flat-bed perfusion systems and stirred sys
tems would meet regulatory requirements more easily, since these systems 
would allow periodic sampling for process monitoring. Flat-bed perfusion 
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systems have been studied more extensively than other types of bioreactors for 
ex vivo expansion of hematopoietic cells. Clinical trials have been initiated 
using a prototype perfusion system developed by the University of Michigan 
and Aastrom Biosciences [117]. A uniform culture environment and simple 
design are the primary advantages of stirred systems. However, if 
the hematopoietic cells are shear sensitive, stirred systems could be problem
atic, whereas flat-bed perfusion systems would provide a low-shear environ
ment. Further studies must be done to determine the sensitivity of particular 
hematopoietic lineages to pH, oxygen, temperature, shear forces, and 
other factors to determine how tightly the culture parameters must 
be controlled and which bioreactor systems are best suited for a given 
application. 

Regulatory considerations for ex vivo expansion of hematopoietic cells 

Ex vivo expansion of hematopoietic cells will be regulated by the FDA as a 
form of somatic-cell therapy. Final products that consist of cells are complex 
and cannot be completely defined. Thus, testing of the final product alone 
cannot reliably detect or control for variability. Limits on final product testing 
are also imposed by the limited number of available cells and the need for 
timely administration of products containing living cells. Thus, quality control 
of the manufacturing process and facility are necessary to produce consistent 
products. 

During development of a program to produce cells for cellular therapy, 
Good Manufacturing Practices (GMP) [118] and 'Points to Consider' 
documents on somatic-cell therapy [88] issued by the FDA should be followed 
in order to ensure consistency and reproducibility. The key elements of a 
quality control/quality assurance (QC/QA) program for cellular therapy are 
an extensive training program for the staff of the cell processing facility, the 
early establishment of specifications and standard operating procedures 
(SOP), and a good record-keeping system [119]. During development of cell 
culture procedures for somatic-cell therapy, the following issues should be 
addressed [88]: 
• In order to ensure the reproducibility of the cell culture characteristics, the 

culture media should be well defined, and growth factors used in the cultures 
should have established measures of identity, purity, and potency. 

• Those components of the culture media that have the potential to cause 
sensitization, such as animal sera or certain antibiotics, should be avoided. 

• Laboratory procedures should be performed under conditions designed to 
minimize contamination of the cells with adventitious agents. 

• Cultures should be monitored to determine if the cell phenotype necessary 
for the intended effect is present. The desired cell type should be character
ized by a combination of morphology, cell surface markers, functional pa
rameters, and biochemical features. (Compliance with this guideline could 
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be problematic due to the time required for the CFC and LTC-IC assays 
used for this purpose). 

• The longevity of the cultures should be tested to determine the stability of 
the essential characteristics of the cultured cell population. 

• The components used during the in vitro manipulation procedures such as 
antibodies, serum, antibiotics, and magnetic beads should be documented, 
along with the limits for their concentrations in the final product, methods 
used to remove them, the effectiveness of the methods for their removal, 
and the toxicity of these materials. (The biocompatibility of the materials 
used for culture of theses cells should also be evaluated [120].) 
Compliance with GMP regulations would be easier for a closed culture 

system, such as culture bags or a bioreactor, that reduces the likelihood of 
contamination. A bioreactor system would provide a means to automatically 
regulate the medium flow, oxygen delivery, temperature, and pH, which would 
allow for a quick response to potential deviations from in-process specifica
tions. Bioreactors would also be beneficial for validation purposes, since all 
culture parameters can be recorded on-line. 

Clinical trials with ex vivo expanded cells 

Murine 

Reconstitution of lethally irradiated mice transplanted with ex vivo cultured, 
5-fluorouracil (5-FU)-treated BM has been compared to that in control mice 
transplanted with fresh 5-FU-treated BM [121]. Those mice receiving cells 
cultured in the presence of IL-1 and IL-3 had a shortened period of cytopenia 
and required fewer transplanted BM cells for survival than did control mice. 
Further experiments were carried out to determine if the early hematopoietic 
progenitor cells were compromised by the ex vivo expansion procedure [122]. 
SCF was added to short-term 5-FU-treated BM cultures, and the expanded 
cells were administered to host mice, resulting in long-term engraftment up to 
40 weeks. The engraftment and long-term rescue of mice transplanted with ex 
vivo expanded BM MNCs and enriched stem cell populations (Thy1+Lin-) 
was compared [123]. The Thy1 +Lin- cells expanded significantly in cultures 
containing IL-3, but did not rescue lethally irradiated mice. In contrast, 
MNCs maintained their capacity to engraft lethally irradiated recipients, but 
total cell numbers did not expand in culture (final values were below input 
levels). 

Human 

Early studies evaluated the effect of culturing BM for leukemic cell purging 
before autologous transplantation. These studies were performed without 
growth factors, and as a result a large number of the normal progenitor cells 
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were lost during culture [S,7,8]. Several phase I studies have been initiated in 
humans to evaluate ex vivo expansion of cultured hematopoietic cells for 
transplantation. Aastrom Biosciences, Inc. has cultured BM MNCs in a closed 
perfusion bioreactor system for 9 to 14 days with IL-3, GM-CSF, EPO, and 
SCF in a trial done in collaboration with the University of Michigan [117] and 
for 12 days with PIXY321 and EPO in a trial done in collaboration with M.D. 
Anderson Cancer Center [11S]. The cultured cells showed no evidence of 
toxicity in the subjects, and patients transplanted with cells expanded with 
PIXY321 and EPO were reported to have a median recovery of granulocytes 
(>SOOIIlI) at day 11 and platelets (>2S,OOOIIll) at day 16. Baxter Healthcare and 
the University of Chicago have a clinical trial underway in which PB CD34+ 
cells are cultured for 12 days in serum-depleted medium with PIXY321 in gas
permeable culture bags [109,110]. In this study, the median times to neutrophil 
and platelet recovery were 9 and 10 days, respectively. Brugger et al. [lOS] 
recently published results of a clinical trial in which ex vivo expanded cells 
were administered to ten patients after high-dose chemotherapy. Eleven mil
lion PB CD34+ cells were used to initiate the cultures, which is less than 10% 
of the usual number of such cells used in transplantation. PB CD34+ cells were 
expanded in tissue culture flasks for 12 days in serum-depleted medium 
supplemented with 2% autologous plasma and IL-3, IL-6, IL-l, EPO, and 
SCF. Four patients received cultured plus uncultured cells to evaluate possible 
toxic effects of the cultured cells. An additional six patients received only 
cultured cells. Recovery of neutrophil and platelet counts in patients receiving 
cells generated ex vivo was similar to that in previous patients receiving 
unmanipulated cells. While the use of ex vivo expanded cells did not alter 
recovery patterns in this study, it did reduce the harvest size required for 
successful engraftment. A similar trial showed no difference in either platelet 
or neutrophil recovery between patients receiving expanded cells and histori
cal controls [124]. 

The future 

The field of hematopoietic stem and progenitor cell expansion has progressed 
rapidly since the first Dexter cultures were performed in the mid-1970s [12S]. 
Within the last few years, progress has been especially rapid, due in part to the 
discovery of new growth factors and the development of improved culture 
conditions. The potential of ex vivo expansion is manifest, since clinicians have 
already begun to utilize ex vivo expanded hematopoietic cells for transplanta
tion and gene therapy. While results of early clinical studies are promising, 
there are still many factors that need to be considered before the process can 
become a routine clinical technique. The discovery of new growth factors and 
the future refinement of culture conditions will undoubtedly lead to better 
control of the fate of stem cells cultured ex vivo and more widespread use of 
these cells in the clinical setting. 
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9. Allogeneic umbilical cord blood transplantation 

John E. Wagner 

Bone marrow transplantation (BMT) from HLA-identical sibling donors has 
been successfully utilized in the treatment of high-risk or recurrent 
hematological malignancies, bone marrow failure syndromes, and selected 
hereditary immunodeficiency states and metabolic disorders. Use of alloge
neic BMT has been limited both by the lack of suitable donors and because of 
the risk of life-threatening complications that arise when donor and recipient 
are not immunologically identical, namely, graft failure and graft-versus-host 
disease (GVHD). 

In an attempt to increase the availability of suitable donors and reduce the 
morbidity and mortality associated with allogeneic BMT, clinical investigators 
worldwide have evaluated placental and umbilical cord blood as an alternate 
source of hematopoietic stem and progenitor cells for transplantation [1-14]. 
Early successes with the transplantation of umbilical cord blood have 
prompted considerable investigation into this stem cell source. Numerous 
laboratory investigators have subsequently confirmed the high frequency of 
primitive hematopoietic progenitors and have begun to describe the functional 
capacities of the neonatal immune system. As a result of these clinical and 
laboratory observations, large-scale banking of umbilical cord blood for clini
cal transplantation has been initiated in the U.S. and Europe. 

Ontologically, hematopoiesis begins in the ventral aspect of the fetal aorta 
[15] and primitive yolk sac early after conception. Following a brief hepatic 
phase, it enters the bone marrow space at the end of the second trimester, 
where it remains almost exclusively throughout adulthood [16,17]. It has long 
been known that human placental and umbilical cord blood contains hemato
poietic progenitor cells at high frequency. The frequency of granulocyte
macrophage (CFU-GM) progenitor cells equals or exceeds that of adult bone 
marrow and greatly surpasses that of unmobilized adult peripheral blood 
[18-21]. 

As of December 1995, umbilical cord blood from sibling and unrelated 
donors has been used to reconstitute hematopoiesis in more than 150 patients 
with malignant and nonmalignant disorders treated with myeloablative 
therapy. The clinical results demonstrate that transplantation of umbilical 
cord blood is associated with a high probability of engraftment and low risk of 
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severe acute GVHD in children. What remains to be determined is the 
'breadth of applicability' of this stem cell source: 1) are there adequate num
bers of hematopoietic stem and progenitor cells to engraft adult-size recipi
ents? and 2) is the neonatal immune system sufficiently different from that of 
the adult to allow greater HLA disparity between donor and recipient without 
concomitant increases in graft rejection or GVHD? This chapter will review 
the clinical results with umbilical cord blood transplantation and will introduce 
potential ethical issues and limitations related to this stem cell source. In 
addition, current information regarding hematopoietic cells circulating in pla
cental and umbilical cord blood and the properties of the neonatal immune 
system will be summarized. 

Historical background 

The use of human umbilical cord blood as a source of transplantable hemato
poietic stem cells was first suggested by Professor Edward A. Boyse in 1983. In 
1984-1985, the hypothesis that umbilical cord blood contained long-term re
constituting hematopoietic stem cells was first tested in a murine model [22]. In 
the first of four experiments, three seven-week-old (B6 x A-T1ab)F1 hybrid 
males were irradiated with 862.8 rads and then transplanted with 0.17 mL 
heparinized whole blood obtained from near-term (B6-T1aa x A)Fl mouse 
embryos. As shown in table 1 (experiment 1), 2 of 3 recipients of fetal blood 
survived to day 30, in contrast to 0 of 7 controls. Thirty-day survivors were 
subsequently typed for the Tla markers distinguishing donor from recipient 
lymphohematopoietic cells. In both instances, animals demonstrated re
population with donor cells, showing that lethally irradiated mice could be 
reconstituted with blood from near-term embryos. 

This was followed by a second experiment in which ten animals were each 
injected with either blood from near-term embryos (at a smaller volume than 
used in experiment 1) or blood from adult donors (table 1, experiment 2). 
Notably, none of the 20 mice receiving either adult blood or no blood survived, 
while 5 of 10 recipients of 0.02 mL of near-term embryo blood survived to day 
30. In all cases, 30-day survivors had evidence of the Tlaa marker, again 
confirming the presence of donor cells. 

Together with two additional experiments evaluating the engraftment po
tential of neonatal blood (donors <24 hours of age) and smaller volumes of 
blood (table 1, experiments 3 and 4, respectively), the results showed that 
near-term and neonatal blood contained sufficient numbers of stem and pro
genitor cells to allow both early lymphohematopoietic recovery and sustained 
engraftment of donor cells. 

These results in the murine model supported the hypothesis that small 
quantities of neonatal blood were sufficient for at least short-term hematopoi
etic recovery of donor origin. Together with previous data documenting the 
presence of circulating hematopoietic progenitors in human umbilical cord 
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Table 1. Successfullymphohematopoietic reconstitution of lethally irradiated mice transplanted 
with blood from near-term embryos or neonates S;24 hours of age 

Experiment 1" 

Treatment group Day of death 30-day survival 

0.17mL near-term fetal blood 14 2/3 
No treatment control 11, 12, 12, 13, 13, 15, 15 0/7 

Experiment 2' 

Treatment group Day of death 30-day survival 

0.02mL near-term fetal blood 10, 12, 12, 14, 14 5/10 
0.02 mL adult blood 11, 11, 12, 12, 12, 13, 14, 14, 15, 15 0/10 
No treatment control 9,10,10,11,11,12,12,12,15,23 0/10 

Experiment 3" 

Treatment group Day of death 30-day survival 

0.04mL neonatal blood 12 4/5 
0.02mL neonatal blood 14, 18 3/5 
0.01 mL neonatal blood 12, 12, 14, 14 115 
No treatment control 5, 6, 9, 10, 11 0/5 

Experiment 4b 

Treatment group Day of death 30-day survival 

0.015 mL neonatal blood 12, 12, 12, 13, 13, 13 4/10 
0.01 mL neonatal blood 12, 16 3/5 
No treatment control 12,13,14,17,22 0/5 

"In experiments 1-3, seven-week-old (B6 x A-Tlab)Fl hybrid males were first treated with 862.8 
rads (107.85rad/min) using a 137Cs source (LD100/30 days) and subsequently transplanted with 
near-term or neonatal or adult blood from (B6-Tla" x A)Fl hybrid male donors within two hours 
of irradiation. 

bIn experiment 4, recipient mice were female. Chimerism was established by typing for the Tla 
marker by cytotoxicity assay of thymocytes. 

blood, the next obstacle was the establishment of a practical and efficient 
method of collecting and storing umbilical cord blood for clinical use. With the 
aid of several obstetrical services, Broxmeyer et al. [20,21] evaluated the 
nucleated cell and progenitor content and sterility of more than 100 umbilical 
cord blood specimens before and after cryopreservation. The fact that umbili
cal cord blood remained viable at 4°C or 25°C for at least three days after 
collection confirmed that cell viability during transport between hospitials 
would not be compromised prior to cryopreservation. Studies to maximize the 
collection of placental and umbilical cord blood proved that the task of collec
tion was remarkably simple, requiring only the patience of the obstetrical 
team. Moreover, Broxmeyer et al. demonstated that umbilical cord blood 
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progenitors responded normally to stimulation by various recombinant human 
hematopoietic growth factors. Another observation of practical importance 
was that procedures to remove erythrocytes or granulocytes prior to 
cryopreservation entailed significant loss of progenitors, suggesting that such 
procedures might be detrimental to engraftment. In summary, these results 
suggested that unprocessed umbilical cord blood from a single donor could 
serve as a sufficient source of hematopoietic stem and progenitor cells for an 
autologous or allogeneic recipient. 

Based on results of in vitro assays of human umbilical cord blood and the 
finding that fetal blood from mice could rescue lethally irradiated adult recipi
ents, Professor Boyse and Judith Bard first considered the possibility of 
harvesting umbilical cord blood with therapeutic intent. An international col
laboration led to the first human umbilical cord blood transplant in Paris on 
October 6,1988. A year later, the results were reported [1]. The investigators 
had clearly demonstrated that a 19-kilogram patient with Fanconi anemia had 
complete hematopoietic recovery with 150/150 bone marrow metaphases 
being of donor origin at day 120. 

Clinical results 

Despite several editorials [23,24] suggesting that umbilical cord blood would 
have limited applicability in the clinical transplant setting, numerous investiga
tors worldwide began to explore the potential of umbilical cord blood stem 
cells. Many questions were raised. Would this stem cell source engraft larger 
recipients (>19 kilograms) with diseases other than Fanconi anemia? Would 
lethal GVHD occur because of maternal lymphocyte contamination? Alterna
tively, would umbilical cord blood lymphocytes be less likely to cause a graft" 
versus-host reaction because of 'immunologic naivete'? Would there be a 
greater risk of leukemic relapse? While some questions have yet to be an
swered, we now know that the observations made in that first child with 
Fanconi anemia regarding engraftment and absence of GVHD were not 
unique. 

Sibling donor umbilical cord blood transplantation 

Patient population. Data on patients receiving umbilical cord blood trans
plants for malignant and nonmalignant disorders have previously been re
ported [25]. As of November 1995, 62 patients have been reported by 22 
transplant teams to the International Cord Blood Transplant Registry (table 
2). Patients were aged 0.5 to 16 years. Eleven patients received HLA 1-3 
antigen mismatched grafts. Prophylaxis for acute GVHD consisted of 
cyclosporine A alone or in combination with methylprednisolone or an anti-T
cell antibody (n = 40), cyclosporine A with short-course methotrexate (n = 18), 
or methotrexate alone or in combination with methylprednisolone (n = 2); two 
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Table 2. Diseases treated by umbilical cord blood transplantation using sibling donors 

Malignant diseases 

Acute lymphocytic leukemia 
Acute myelocytic leukemia 
Juvenile chronic myelogeneous leukemia 
Chronic myelogeneous leukemia 
Neuroblastoma 
Myelodysplastic syndrome 

Nonmalignant diseases 

Fanconi anemia 
Idiopathic aplastic anemia 
Thalassemia 
Sickle cell anemia 
Severe combined immunodeficiency 
X-linked lymphoproliferative syndrome 
Wiskott-Aldrich syndrome 
Hurler syndrome 
Hunter syndrome 
Gunther disease 

patients received no prophylaxis. Hematopoietic growth factors were used 
early after the infusion of umbilical cord blood in 37 patients by study design; 
20 received granulocyte-macrophage colony stimulating factor (GM-CSF), 14 
received granulocyte colony stimulating factor (G-CSF), and 3 received both 
simultaneously. 

Umbilical cord blood graft characteristics. The method of umbilical cord 
blood collection varied significantly between institutions; however, the major
ity of collections were performed by obstetricians or nurse midwives without 
any prior experience in the large-scale collection of placental and umbilical 
cord blood. The median volume of umbilical cord blood collected was 98mL 
(range: 42.1-282mL). The median number of cells and colony forming unit
granulocyte macrophages (CFUcGMs) in the graft on the basis of the 
recipient's body weight was 4.7 x 107/kg (range: 1.0-33.0 x 107) and 1.7 x 104/kg 
(range <0.1-25.6 x 104), respectively. Despite the diversity of collection sys
tems and inexperience of collectors, the majority of samples were sterile. In 6 
of 44 reported cases, the cord blood was contaminated with bacteria. Notably, 
bacterial contamination of the cord blood graft did not have any demonstrable 
impact on the posttransplant morbidity in any patient. 

Hematopoietic recovery and engraftment. For recipients of HLA-matched or 
HLA -1 antigen mismatched umbilical cord blood grafts, the actuarial prob
ability of hematopoietic recovery at 60 days after transplantation was 0.91 ± 
0.08 (figure 1). Median time to neutrophil recovery (defined as time to achieve 
an absolute neutrophil count [ANC];:::5 x 108/L) and platelet recovery (defined 
as platelet count;:::5 x 1010/L untransfused for seven days) was 22.0 days (range: 
9 to 46) and 51 days (range: 15 to 117) after transplantation, respectively. Four 
patients never had signs of hematopoietic recovery, and one patient had early 
recovery but cells were entirely host in origin. Of the five patients without 
donor cell engraftment, four had undergone umbilical cord blood transplanta
tion for the treatment of a bone marrow failure syndrome and one for the 
treatment of Hunter syndrome. 
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Figure 1. Time to neutrophil recovery (i.e., absolute neutrophil count ::O:SOO/uL) in recipients 
transplanted with HLA-identical or HLA-l antigen disparate sibling donor umbilical cord blood. 

Correlation between nucleated cell count or hematopoietic progenitor cell 
content (not shown) of the graft and time to neutrophil recovery or probability 
of engraftment has yet to be demonstrated (figure 2). While the use of hemato
poietic growth factors has not appreciably shortened the time to neutrophil 
recovery, the possibility of patient selection bias prevents definitive 
conclusion. 

Graft-versus-host disease. Acute GVHD has occurred very infrequently in 
recipients of HLA-matched and HLA-1 antigen mismatched umbilical cord 
blood transplants. The actuarial probability of grade II-IV GVHD at 100 days 
after transplantation remains 0.02 ± 0.02. Notably, no patient has been re
ported to have grade III-IV acute GVHD. Of the entire cohort of patients, 
chronic GVHD has been reported in only three patients to date, with no 
patient having had extensive disease. 

Interestingly, moderate to severe GVHD has infrequently been observed in 
eight evaluable patients with haploidentical sibling donors. Of these eight 
patients, three were mismatched at one antigen, one was mismatched at two 
antigens, and four were mismatched at three antigens. As shown in table 3, 
donor-recipient pairs mismatched at the maternal allele appeared to be 
less likely to develop grade II-IV GVHD than donor-recipient pairs mis
matched at the paternal allele. This observation supports the hypothesis that 
partial tolerance may develop to the noninherited maternal allele during 
gestation. 
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Figure 2. Comparison between the number of nucleated cells per kilogram recipient body weight 
and time to neutrophil recovery (ANC 2':SOO/uL) after sibling donor transplantation. Number of 
nucleated cells per kilogram transplanted in recipients failing to engraft are also shown (.). 

Table 3. Risk of GVHD after haploidentical sibling donor umbili
cal cord blood transplantation 

Grade 0-1 GVHD 
Grade II-IV GVHD 

Disparity at 
the NIMA 

6 
o 

Disparity at the 
NIPA 

1 
3 

Ten patients with HLA-2 or HLA-3 antigen-disparate sibling do
nor grafts were evaluable for acute GVHD. Six patients received 
umbilical cord blood from donors disparate at the noninherited 
maternal allele (NIMA) and four patients received umbilical cord 
blood from donors disparate at the noninherited paternal allele 
(NIPA). 

Survival. At a median follow-up of 2.0 years, the actuarial probability of 
survival for recipients of HLA-matched and HLA-1 antigen mismatched grafts 
was 0.61 ± 0.12. Causes of death were multifactorial, including graft failure, 
relapse, interstitial pneumonitis/adult respiratory distress syndrome, veno
occlusive disease, intracranial hemorrhage, and early bacterial sepsis. For the 
entire cohort, GVHD was listed as a cause of death in only one patient with an 
HLA-3 antigen mismatched donor graft. The actuarial probability of disease
free survival in patients transplanted for malignancy was 0.41 ± 0.11. Relapse 
was observed in two patients with relapsed neuroblastoma and in one patient 
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with relapsed acute myelocytic leukemia after prior autologous BMT, in two 
patients with juvenile chronic myelogenous leukemia, in three patients with 
acute lymphocytic leukemia (one in CR1 but with the 9;22 translocation; two in 
CR2), and in one patient with adult-type chronic myelogeneous leukemia. 

Summary. This analysis of the Registry data demonstrates that 1) the rate of 
neutrophil recovery is comparable to that observed after BMT, 2) use of 
hematopoietic growth factors does not shorten time to neutrophil recovery, 3) 
there is no correlation between nucleated cell count or progenitor cell content 
of the graft and time to neutrophil recovery or engraftment, suggesting the 
number of progenitor cells in umbilical cord blood exceeds the threshold 
needed for engraftment, 4) there is potentially a higher risk of graft failure in 
patients with nonmalignancy states, as compared to those with malignancy, 
and 5) GVHD occurs infrequently in recipients of umbilical cord blood, with 
results in haploidentical transplants supporting the postulate of partial toler
ance to the noninherited maternal allele. 

While patient age has been previously shown to be an important predictor 
of GVHD [26,27], it does not fully explain the extremely low incidence of 
grade II-IV disease observed in patients transplanted with umbilical cord 
blood. Properties of the neonatal immune system that might account for the 
relative absence of a GVH reaction are currently being explored. Recent 
reports, however, suggest that the frequency of helper T-Iymphocyte precur
sors (HTLp) and cytotoxic T -lymphocyte precursors (CTLp) cells in umbilical 
cord blood is similar to or exceeds that in adult peripheral blood [28,29] and 
that activation by alloantigen is normal [28]. Other reports, however, suggest 
that the cytotoxic activity of umbilical cord blood does not reside with CTLs 
but only in the natural killer (NK) cell compartment [30]. Further, prolifera
tive and cytotoxic responses of umbilical cord blood lymphocytes are blunted 
compared to those of adult peripheral blood lymphocytes [31]. 

Importantly, these data also suggest that maternal cell contamination of the 
umbilical cord blood at the time of collection may be of limited clinical 
importance. Kurtzberg et al. (presented by Broxmeyer et al. [2]), Wagner et al. 
[3] and Vilmer et al. [4] have failed to demonstrate maternal cells in the 
umbilical cord blood grafts by cytogenetic or DNA techniques. While mater
nal cell contamination is probably present in most if not all umbilical cord 
blood grafts [32,33], the very low incidence of GVHD observed in transplant 
recipients suggests that carefully collected umbilical cord blood either contains 
insignificant numbers of maternal T cells or that maternal T cells are not 
immunologically active in this context. 

Unrelated donor umbilical cord blood transplantation 

Since its inception in 1986, the National Marrow Donor Program (NMDP) has 
identified a pool of 1.92 million potential marrow donors and facilitated 3965 
unrelated donor bone marrow transplants as of December 1, 1995 (personal 
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communication, National Marrow Donor Program). While many patients 
have benefited from such transplants, several important obstacles prevent 
even greater success. These include 1) long length of the donor search process, 
currently a median of 3.5 months (range: one month to six years [34]), 2) 
limited numbers of donors in certain racial and ethnic subpopulations, 3) 
donor unavailability at the time of request, and 4) an increased risk of graft 
rejection, severe GVRD, and opportunistic infection after the transplant pro
cedure [34]. Various strategies for ameliorating these problems are currently 
being investigated. 

As a result of the early successes with umbilical cord blood from sibling 
donors, pilot programs for the banking of unrelated donor umbilical cord 
blood have been proposed in many countries worldwide [35,36] and initiated 
in New York, Milan, Dusseldorf, Paris, and London. Potential benefits of 
banked umbilical cord blood include 1) rapid availability (two weeks for 
confirmatory RLA testing), 2) absence of donor risk, 3) absence of donor 
attrition, and 4) very low risk of transmissible infectious diseases, such as 
cytomegalovirus [37] and Epstein-Barr virus [38]. Other potential advantages 
that remain to be determined include 1) lower risk of acute GVRD and 2) 
greater ability to expand the available donor pool in targeted ethnic and racial 
minorities currently underrepresented in all marrow donor registries. 

Patient population at the University of Minnesota. Patients with high-risk leu
kemia, bone marrow failure syndromes, immunodeficiency states, or inborn 
errors of metabolism were eligible for a phase I clinical trial at the University 
of Minnesota, if 1) an HLA-compatible related or unrelated bone marrow 
donor could not be identified within four months of search request, 2) the 
nucleated cell count of the umbilical cord blood graft exceeded 1 x 107 per 
kilogram recipient body weight, and 3) patient and/or guardian consented to 
the transplant procedure. Algorithm for patient selection is detailed in figure 
3. Thirteen patients received unrelated donor umbilical cord blood transplants 
for malignant and nonmalignant disorders between July 1994 and December 
1995 at the University of Minnesota. The median age and weight of patients 
was 2.5 years (range: 0.1 to 21.3) and 12.1 kilograms (range: 3.3 to 78.8), 
respectively. The diagnosis and disease status of patients at the time of 
transplantation are shown in table 4. Five patients received grafts that were 
matched at HLA-A, B, and DRB1, and eight received grafts that were dispar
ate at one to three HLA loci. 

Pretransplant conditioning varied according to the patient's disease. At the 
University of Minnesota, all patients with acute lymphocytic leukemia (ALL) 
were treated with hyperfractionated total body irradiation (TBI) 1375 cGy, 
cyclophosphamide 120mg/kg, and antithymocyte globulin (ATGAM, 
Upjohn) 60mg/kg; all patients with acute myelogenous leukemia (AML) and 
juvenile chronic myelogeneous leukemia (JCML) were treated with cyclo
phosphamide 120mg/kg, fractionated TBI 1320cGy, and ATGAM 60mg/kg; 
patients with bone marrow failure syndromes or metabolic disease were 
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Figure 3. Algorithm used by the University of Minnesta Bone Marrow Transplant Program for 
selecting the source of unrelated donor hematopoietic stem cells (umbilical cord blood versus 
bone marrow). Abbreviations: UCBT, umbilical cord blood transplant; BMT, bone marrow 
transplant. 

Table 4. Diagnosis and disease status of patients transplanted with unrelated donor umbilical cord 
blood at University of Minnesota as of December 1995 

UPN# Disease Age/Sex Wt Prep Rx HLA disparity 

2051 ALLeR3 lO.9/M 47.7 TBIICY 6/6 
2058 OLD 2.8/M 18.7 BU/CY/TBI 5/6 (DR) 
M007 AMLREL2 2.5/M 12.1 CYITBI 5/6 (B) 
2207 ALLREL3 10.5/M 35.3 TBIICY 6/6 
2214 Blackfan-Diamond 1.4/M 9.1 BU/CY/TBI 4/6 (B,DRB1) 
2224 AMLREL3 2. 11M 11.2 CY/TBI 6/6 
2240 AMLCR2 1.0/F 7.5 CY/TBI 4/6 (B,DRB1) 
2249 ALLCR2 1.0/F 6.5 TBIICY 5/6 (A) 
2270 Osteopetrosis O.lIM 3.3 BU/CYITBI 5/6 (A) 
2293 AMLREL2 14.9/F 78.8 CY/TBI 6/6 
2297 ALL RELl Ph1+ lO.O/F 29.0 TBIICY 5/6 (DRB1) 
2313 FA/RA 2l.3/F 49.5 CYITBI 3/6 (B,B,DRB1) 
2316 JCML l.1/F 10.0 CY/TBI 6/6 

Abbreviations: Age, age in years; Wt, weight in kilograms; ALL, acute lymphocytic leukemia; 
Ph1+, Philadelphia chromosome positive; AML, acute myelocytic leukemia; OLD, globoid cell 
leukodystrophy; ALD, adrenoleukodystrophy; F A/RA, Fanconi anemia with refractory anemia; 
CR, complete remission; REL, relapse; TBI, total body irradiation; CY, cyclophosphamide; BU, 
busulfan. 

treated with busulfan 320mg/m2, cyclophosphamide 120mg/kg, TBI 7S0cGy in 
a single fraction, and ATGAM 60mg/kg. Prophylaxis for acute GVHD con
sisted of cyclosporine A in combination with methylprednisolone (n = 11) or 
methotrexate (n = 2). 
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Umbilical cord blood graft characteristics. Searches for potential unrelated 
donor umbilical cord blood grafts were performed by the N ew York Blood 
Center. Prior to transplantation, confirmatory HLA typing of patient and 
cryopreserved donor specimens were performed using standard serological 
techniques identifying all WHO-recognized specificities for HLA-A and B 
antigens. In addition, HLA-DR typing of all 13 donor-recipient pairs was 
performed using high-resolution DNA techniques. For this cohort of patients, 
the median time between date of initial search request and umbilical cord 
blood transplantation was 83 days (range: 52 to 152). Notably, the median time 
between date of initial search request and HLA confirmation of the donor 
graft was 40 days (range: 12 to 114). 

The methods of umbilical cord blood collection and testing have been 
reported previously [35]. Briefly, the delivered placenta was suspended from a 
frame with the umbilical cord side down. After cleansing the umbilical cord 
with ethanol and iodine, the blood was collected by cannulating the umbilical 
vein with a 16-gauge needle. Blood was collected into a blood collection bag 
(Baxter) containing approximately 23mL citrate phosphate dextrose-A 
(CPD-A). The blood was stored at room temperature and transported to the 
New York Blood Center for testing and cryopreservation. All grafts were 
cryopreserved in DMSO (10% final concentration). 

Cryopreserved donor units were delivered to the University of Minnesota 
from the New York Blood Center via air transportation by overnight express. 
Prior to infusion, the umbilical cord blood graft was placed in a sterile bag and 
then thawed in a 38°C waterbath with gentle agitation. After thawing, an equal 
volume of dextran/albumin solution was added over 10 minutes, centrifuged at 
250 g for 10 minutes at 10°C, and the supernatant removed. The cell pellet was 
resuspended in dextran/albumin and immediately infused into the patient over 
30 minutes to four hours. 

The median volume of UCB collected was 83.1mL (range: 46.6-104mL), 
and the median number of nucleated cells per kilogram recipient weight was 
4.1 x 107 (range: 1.4 to 40.0). 

Hematopoietic recovery and engraftment. Nine of 13 patients were considered 
evaluable for hematopoietic recovery (i.e., survival >30 days). The probability 
of donor-derived neutrophil recovery at 60 days after transplantation was 1.00 
± 0.00 with a median time to an ANC;:::5 x 108/L of 29 days (range: 16 to 53). 
As reported for recipients of sibling donor umbilical cord blood, time to 
neutrophil recovery did not correlate with the number of nucleated cells 
infused (correlation coefficient: -0.135) based on recipient body weight. Insuf
ficient data were available for a correlation of engraftment with numbers of 
granulocyte-macrophage colony forming cells infused. 

Platelet recovery was delayed, as has been reported for recipients of 
sibling donor umbilical cord blood [25]. Of nine evaluable patients, seven 
became platelet transfusion independent. For these patients, the median 
time to achieve a platelet count ;:::2 x 101O/L and ;:::5 x 101O/L was 54 days 
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(range: 39 to 130) and 67 days (range: 55 to 120) after transplantation, 
respectively. 

Of 11 patients surviving to day 21 (day of marrow examination), all had 
evidence of myeloid and erythroid engraftment. Eight demonstrated complete 
chimerism and two demonstrated mixed chimerism with one patient having 
insufficient numbers of cells for evaluation. Mixed chimerism in one patient 
was due to persistent disease. 

Graft-versus-host disease. For these recipients of HLA identical and HLA-1 
to 3 antigen-disparate umbilical cord blood grafts, the probability of having 
grade II-IV acute GVHD by 100 days after transplantation was 0.50 ± 0.11. In 
two cases, however, the cutaneous disease recurred during steriod taper and 
required treatment with antithymocyte globulin. The probability of grade 111-
IV acute GVHD by 100 days after transplantation was 0.0 ± 0.0 in this series. 
Notably, the two recipients of HLA 2 antigen-disparate unrelated umbilical 
cord blood grafts had only grade II disease, with both responding to steroid 
therapy alone. 

Survival. The probability of survival at three and six months after transplan
tation is 0.69 ± 0.10. Causes of death were early fungal sepsis (n = 2), chemo
therapy-related toxicity/multiorgan failure (n = 1), and relapse (n = 2). Of the 
two patients relapsing after unrelated donor umbilical cord blood transplant, 
both had AML in relapse at the time of transplant with one having previously 
relapsed after autologous marrow transplantation. 

Summary. Similar to the results observed in recipients of umbilical cord blood 
from sibling donors, a high rate of engraftment was observed after unrelated 
donor umbilical cord blood transplantation. In this study, all patients surviving 
at least 30 days demonstrated donor-derived hematopoiesis, with early evi
dence of hematopoietic recovery in three additional patients dying between 
days 21 and 28. These patients achieved an ANC :;::5 x 108/L at a median of 29 
days, which is greater than that observed after sibling donor umbilical cord 
blood transplantation (median 22.5 days [25]) and unrelated donor bone mar
row transplantation [34]. Platelet recovery, however, was markedly delayed, as 
observed in sibling donor umbilical cord blood transplant recipients. While 
longer follow-up is required for some patients enrolled in this trial, donor
derived hematopoiesis has been sustained, with late graft failure yet to be 
observed. Notably, Kurtzberg et al. [39] have observed graft failure in 2 of 19 
evaluable recipients of unrelated donor umbilical cord blood. This result is 
particularly interesting in view of the disproportionate number of patients 
with HLA-2 and 3 antigen-disparate donors. A list of diseases treated by 
unrelated donor umbilical cord blood transplantation is shown in table 5. 

Of note, engraftment was also observed in the largest recipient, who 
weighed 78.8 kilograms (figure 4). Rates of neutrophil and platelet recovery, 
however, were exceedingly slow. While trilineage hematopoiesis of donor 
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Table 5. Diseases treated by umbilical cord blood transplantation using unrelated donors 

Malignant diseases 

Acute lymphocytic leukemia 
Acute myelocytic leukemia 
Juvenile chronic myelogeneous leukemia 
Chronic myelogeneous leukemia 
Myelodysplastic syndrome 
Neuroblastoma 

Nonmalignant diseases 

Fanconi anemia 
Idiopathic aplastic anemia 
Amegakaryocytic thrombocytopenia 
Kostman syndrome 
Blackfan-Diamond syndrome 
Osteopetrosis 
Globoid cell leukodystrophy 
Adrenoleukodystrophy 
Lesch-Nyhan syndrome 

4r----------------------------------------------, 

3 

- - - 'G;CSF- - - - - -
GM-CSF 

1 .......... 

---------------- --

Day after ueBT 

AMLCR2 
78.8 KG .. 
1.4 X 107 /KG 

Figure 4. Hematopoietic recovery in a single patient weighing 78.8 kilograms. 

origin was documented in the bone marrow as early as 21 days after transplan
tation, neutrophil recovery in the peripheral blood was not observed until day 
40. Notably, no correlation between nucleated cell content of the umbilical 
cord blood graft and interval to neutrophil recovery could be discerned despite 
the wide range of cell doses infused in this cohort. Whether the marked delay 
in recovery in the single adult-size recipient will be a consistent finding re
mains to be determined. 

The second major endpoint of this phase I clinical trial was to estimate the 
risk of grade II-IV and grade III-IV acute GVHD after unrelated donor 
umbilical cord blood transplantation. In this series, the incidence of grade II
IV GVHD was 50%. All patients, however, had disease limited to the skin 
and, in most cases, responsive to first-line therapy with methylprednisolone 
alone. These results compare favorably with those reported for young recipi
ents of unrelated donor bone marrow [40,41]. Balduzzi et al. [41] have recently 
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reported an incidence of grade III-IV acute GVHD of 37% and 63% in 
recipients of HLA matched (n = 46) and HLA mismatched (n = 41) unrelated 
donor bone marrow, respectively. While case-controlled studies must be per
formed to verify the benefit of unrelated donor umbilical cord blood in terms 
of GVHD risk, these results indeed prove that umbilical cord blood lympho
cytes are capable of inducing a significant graft-versus-host response. Indeed, 
others have reported grade III and IV acute GVHD after unrelated donor 
umbilical cord blood transplantation. Detailed analysis of these patients is 
warranted to rule out the possibility of maternal lymphocyte contamination 
and unknown HLA disparities. 

Umbilical cord blood collection, separation, and cryopreservation 

Documentation of hematological reconstitution after myeloablative therapy 
and umbilical cord blood transplantation has resulted in considerable interest 
in the techniques of placental and umbilical cord blood collection and storage. 
While the individual procedures used are not novel, the collection and pro
cessing procedures for umbilical cord blood are not the same as those used for 
bone marrow. Unlike the typical bone marrow collection, the obstetrician and/ 
or hematologist cannot collect a predetermined volume of umbilical cord 
blood but rather are restricted to the finite amount available. 

Using an open collection procedure detailed elsewhere [42], a variety of 
obstetricians nationwide have collected umbilical cord blood for purposes of 
hematopoietic stem cell transplantation. The volume of umbilical cord blood 
collected ranged from 42mL to 240mL, with a median volume of 103 ± 49mL 
(n = 38). Needle aspirations of the placental veins produced an additional 8 mL 
to 85mL, with a median volume of 31 ± 16mL (n = 31). Of specimens (n = 38) 
sent by overnight courier express mail, the total number of nucleated cells 
contained in a single collection has ranged from 4.7 x 108 to 4.6 X 109 cells with 
a median value of 1.4 x 109 ± 0.96 x 109• The nucleated cell concentration varied 
significantly between patients (range: 3.1 x 106 cells/mL to 24.3 x 106 cells/mL). 
The numbers of day-14 colony forming unit-granulocyte/macrophage (CFU
GMs, colonies and clusters) ranged from 5.4 x 105 to 59.2 X 105 (median 21.5 x 
105 ± 3.1 x 105 [standard error of measurement]). While these numbers of 
nucleated cells and CFU-GMs have subsequently been shown to be sufficient 
for engraftment, at least in smaller recipients, these numbers are far less than 
that expected for the typical bone marrow allograft regardless of recipient size. 

A variety of collection methods (figure 5) have been proposed in order to 
optimize the collection volume and reduce the risks of microbial and maternal 
cell contamination [42-47]. While no single method has been proven to be 
substantially better than another, the collection of free-flowing umbilical cord 
blood into an open collection jar has several potential advantages, the most 
important being the ease of collection, which requires no training and little 
setup time. In contrast, closed systems utilizing catheters and needles are 
technically more challenging and not uniformly transferrable to obstetricians 
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(A) 

Figure 5. Examples of open (SA) and closed (SB) collection systems 

or midwives who have not had the opportunity to evaluate the system prior to 
the umbilical cord blood collection. Closed collection systems have been prin
cipally utilized by designated umbilical cord blood collection centers with 
trained staff. While the open collection system may be technically easier, the 
most important disadvantage is the greater potential for microbial and mater
nal cell contamination. 

Different procedures for umbilical cord blood collection, separation, and 
cryopreservation have been evaluated and reported in anticipation of large
scale banking projects proposed in the United States and Europe. Bertolini et 
al. [46] have reported on one of the most extensive evaluations of umbilical 
cord blood collection procedures thus far, comparing open and closed collec
tion systems, the effect of vaginal versus Caesarian section delivery, and the 
recoveries of colony forming cells (CFCs) and high proliferative potential
colony forming cells (HPP-CFCs) after density-gradient centrifugation and 
gelatin sedimentation of both fresh and cryopreserved cell samples. Bertolini 
et al. failed to demonstrate any statistical differences in the collection volumes 
of umbilical cord blood recovered during vaginal delivery in utero, n = 445) or 
after Caesarian section deliveries (ex utero, n = 82). The median volume of 
blood collected was 72 ± 34ml and 62 ± 19m1, respectively. Furthermore, no 
significant difference in collection volume could be discerned between open 
and closed collection systems. Expectedly, there appeared to be a lower risk of 
bacterial contamination for samples collected by venipuncture into a blood 
collection bag as compared to the open collection method (4 % versus 14 %, 
respectively). 
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In this instance, where there are already limited numbers of nucleated cells 
and hematopoietic progenitors, manipulations that might further reduce the 
number of these cells in the umbilical cord blood graft must be avoided. 
Broxmeyer et al. [20] first reported significant losses in progenitor recovery 
with umbilical cord blood after density-gradient centrifugation (Ficoll
Hypaque, 1.077 g/ml, Sigma, St. Louis, MO). Broxmeyer et al. found that 
colony CFCs were lost by a variety of red cell separation techniques, suggest
ing that red cell depletion prior to clinical transplantation, even if the recipient 
and donor were ABO incompatible, should be carefully considered. Others 
[45-48], however, failed to observe the same substantial losses of progenitor 
cells as assessed by in vitro colony forming assays. Harris et al. [45] described 
a double Ficoll-Hypaque procedure in which the final preparation was virtu
ally devoid of red cells and polymorphonuclear leukocytes but contained 
virtually all CFCs. Bertolini et al. [46] compared the double Ficoll-Hypaque 
method proposed by Harris et al. and a 3% gelatin sedimentation method 
proposed by Nagler et al. [49]. Umbilical cord blood separation using either 
Ficoll-Hypaque or gelatin sedimentation resulted in only 8% to 14% loss of 
CFCs and HPP-CFCs. However, Bertolini et al. also found that the effective
ness of either separation procedure was markedly reduced when umbilical 
cord blood was stored for more than 12 hours prior to the procedure. While 
the gelatin procedure took less time (1.5 hours versus 2.5 hours) relative to the 
Ficoll-Hypaque method, in one third of instances, the gelatin procedure failed 
to result in red cell depletion when performed at room temperature. This 
technical issue, however, was corrected simply by performing the procedure at 
4°C. Rubinstein et al. [35] suggest that the umbilical cord blood graft be placed 
in a sterile bag and then thawed in a 38°C waterbath with gentle agitation. 
With an equal volume of dextran/albumin solution added after thawing, the 
cells are centrifuged gently and the supernatant is removed. Together, this 
procedure removes the bulk of red cell ghosts, free hemoglobin, and DMSO, 
thus reducing some of the risks associated with the procedure. These data 
suggest that red cell depletion by either density-gradient centrifugation or 
gelatin sedimentation results in only modest losses of hematopoietic progeni
tor cells. 

Interest in the creation of large-scale unrelated umbilical cord blood 
banks worldwide make red cell separation a particularly important issue. 
Cryopreservation of mononuclear cell preparations would 1) reduce the risk 
of ABO-incompatible reactions (i.e., anaphylaxis and effects secondary to the 
infusion of free hemoglobin), 2) reduce the volume of the cord blood graft and 
thus significantly reduce the space required for banking, 3) potentially im
prove the ability to manipUlate these cells after thawing (e.g., CD34+ selection 
and ex vivo progenitor cell expansion), and 4) reduce the risk of DMSO
related reactions. Importantly, both density-gradient centrifugation with 
Ficoll-Hypaque and gelatin sedimentation [7,8] of umbilical cord blood have 
been successfully used prior to clinical transplantation without deleterious 
effects on hematopoietic recovery and engraftment. 
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Characterization of nmbilical cord blood progenitor cells 

Characterization of the hematopoietic progenitor cell popUlation circulating in 
umbilical cord blood has revealed similarities and differences with those in 
adult marrow. Saeland et al. [50] extensively characterized the CD34+ popula
tion in umbilical cord blood. Besides the lack of a distinct subpopulation of 
CDI0+ICD34+ B-cell precursors typically found in adult marrow, expression 
of adhesion receptors (e.g., LFA-l, ICAM-l, LFA-3, H-CAM, LAM-I) and 
other differentiation antigens (e.g., CD33, HLA-DR) were remarkably similar 
between umbilical cord blood and adult marrow. 

Through the use of a number of physical and immunological parameters, it 
has been possible to separate primitive from more committed progenitors. 
Immunofluorescent staining with anti-CD34 and anti-HLA-DR allows 
separation of more committed hematopoietic progenitors (CD34+/DR+ cells) 
from a more primitive (CD34+/DR-) subpopulation in adult marrow. Traycoff 
et al. [51] demonstrated that there is a higher proportion of HLA-DR- cells 
expressing the CD34+ phenotype in umbilical cord blood. Moreover, high 
proliferative potential colony-forming cells (HPP-CFCs) and long-term 
culture-initiating cells (LTC-ICs) in umbilical cord blood did not segregate 
with the HLA-DR- subpopulation of CD34+ cells. In marked contrast to adult 
marrow, the majority of HPP-CFCs were detected in the CD34+/DR+ 
sUbpopulation (ninefold greater than the number found in the DR
subpopulation) and the quantity of LTC-ICs, as measured by production of 
BFU-E and CFU-GM after five weeks in culture, were consistently higher in 
the CD34+/DR+ subpopulation. Similarly, Dugan et al. [52] have demon
strated that the frequency of LTC-ICs by limiting dilution analysis is identical 
between the two subpopulations of CD34+ cells segregated on the basis of 
HLA-DR expression (i.e., 1: 100). In summary, these findings demonstrate 
that the primitive hematopoietic progenitor cells in umbilical cord blood ex
press both CD34 and HLA-DR, which suggests that neonatal primitive pro
genitor cells do not share the same phenotypic properties of adult marrow 
primitive progenitors. 

While HLA-DR expression identifies a very primitive progenitor popula
tion in umbilical cord blood in contrast to bone marrow, Hao et al. [53] 
and Cardoso et al. [54] have demonstrated that the CD34+CD38-
immunophenotype defines a rare, quiescent subpopulation in both umbilical 
cord blood and bone marrow that can be distinquished functionally from the 
CD34+CD38+ population by sustained clonogenicity in extended (eight 
weeks) long-term culture assay. In contrast to CD34+CD38- bone marrow 
cells, Hao et al. showed that CD34+CD38- umbilical cord blood cells continue 
to proliferate well beyond five and eight weeks. They also reported a lower 
retroviral transduction frequency in the extended LTC-IC (5%) as compared 
to the standard five-week LTC-IC (40%-60%). These authors also found that 
umbilical cord blood CD34+CD38- cells proliferated more rapidly in response 
to cytokine stimulation in vitro than their marrow counterparts. Moreover, 
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each CD34+ cell in umbilical cord blood generated a signficantly greater 
number of progeny. 

In a comparison of the proliferative response of purified candidate stem cell 
populations in adult marrow, fetal liver, and umbilical cord blood, Lansdorp et 
al. [55] isolated cells with the CD34+CD45RA1oCD71 1o phenotype. When cells 
were cultured in serum-free medium supplemented with a mixture of 
cytokines that included IL-3, IL-6, stem cell factor (SCF), and erythropoietin 
(EPO), large differences were observed between the number of CD34+ cells 
recovered from each of the cultures every 7 to 10 days. Throughout the 
culture, the number of CD34+ bone marrow cells remained relatively constant 
at input values, whereas CD34+ umbilical cord blood cells increased several 
hundred fold (and several thousand fold for CD34+ fetal liver cells). The 
purified cells also differed markedly in their response to growth factor. 
PKH26-labeled CD34+ cells from bone marrow remained brightly labeled 
after seven days in culture, whereas CD34+ cells from umbilical cord blood 
demonstrated markedly decreased fluorescence over the same time period. 
Together, these results indicate that marrow CD34+ cells are relatively quies
cent during this time period, whereas umbilical cord blood CD34+ cells are 
highly proliferative. Such differences would have important implications for 
the use of umbilical cord blood over bone marrow stem cells in gene therapy 
and ex vivo expansion protocols. 

Ex vivo expansion of hematopoietic cells in umbilical cord blood 

Hematopoietic stem cells are defined as a population of cells that not only can 
give rise to each of the lymphohematopoietic lineages but can also maintain 
long-term hematopoiesis. Studies by Lansdorp et al. [55], Traycoff et al. [56], 
and Hao et al. [53] show an age-related difference in the functional capacity of 
hematopoeitic progenitors cells. During gestation, the total blood cell number 
is continuously expanding, whereas in adult life, maintainance of the blood cell 
number and not expansion is required. Data presented here and elsewhere 
suggest that the potential for stem cell expansion is greatest with CD34+ cell 
populations in fetal liver, intermediate with those in umbilical cord blood, and 
poorest with those from adult marrow. Although there is marked interest in 
determining the similarities and differences between stem cells in each tissue 
source, the single greatest impetus for exploring the ex vivo expansion poten
tial of stem cells in umbilical cord blood is its limited availability. While 
marrow and peripheral blood from donors is relatively limitless, only a finite 
volume of blood can be extracted from a placenta after delivery. The clinical 
data presented above already indicate a prolonged interval to neutrophil and 
platelet recovery and force us to be concerned about the adequacy of this stem 
cell source for the largest adult recipients. 

Broxmeyer et al. [57] have attempted to address the issue regarding the 
suitability of umbilical cord blood as a graft for adult recipients. Broxmeyer et 
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al. reported that the total numbers of CFU-GM in a typical umbilical cord 
blood graft and unpurged autologous bone marrow graft are remarkably 
similar. While the numbers of nucleated cells and progenitors in cord blood 
specimens are lower than that expected for allogeneic bone marrow grafts, 
Broxmeyer et al. showed that that progenitors in umbilical cord blood had a 
greater capacity for expansion than bone marrow in short-term liquid culture 
in the presence of specific cytokines. Moreover, Moore et al. [58] reported that 
a marked expansion of umbilical cord blood progenitors could be achieved 
without expenditure of the primitive, LTC-IC compartment. 

It has already been shown that umbilical cord blood CD34+ cells have a 
greater proliferative potential and have different growth factor requirements 
compared to adult marrow CD34+ cells. Traycoff et al. [51] reported that stem 
cell factor (SCF), interleukin-3 (IL-3), interleukin-6 (IL-6), and erythropoietin 
resulted in a 2500-fold increase in cell number at nine weeks, with peak 
production of CFU-GM and BFU-E at weeks 3 and 4 of long-term culture, 
respectively. Cardoso et al. [54] evaluated CD34+ICD38- umbilical cord blood 
cells in liquid suspension culture containing IL-3, IL-6, granulocyte-colony 
stimulating factor (G-CSF), SCF, and antitransforming growth factor (TGF~). 
As reported with adult marrow, the CD34+ICD38- subpopulation was signifi
cantly more effective in generating CFU-GM, BFU-E, and CFU-GEMM after 
long-term culture than the CD38+ subpopulation. Notably, the total CFU-GM 
production of the CD34+ICD38- subpopulation of umbilical cord blood was 
7.6-fold greater than the corresponding popUlation in adult marrow. 

Various investigators have demonstrated that culture of adult marrow 
CD34+ cells in the presence of multiple cytokines results in expansion of 
hematopoietic progenitors even in the absence of stroma. Although primitive 
progenitors can be induced to differentiate in such cultures, Verfaillie et al. 
[59,60] showed that maintenance and extensive proliferation of LTC-ICs from 
adult marrow is poor in stroma-free conditions but markedly improved by the 
presence of stroma-conditioned media supplemented by IL-3 and macrophage 
inhibitory protein-1a (MIP-1a). Using various starting popUlations and ex 
vivo culture conditions potentially useful for the expansion of primitive and 
committed hematopoietic progenitor cells in umbilical cord blood, Han et al. 
[61] evaluated the ability to expand the number of CFCs and LTC-ICs. As 
with adult marrow, the use of stroma-conditioned media supplemented by 
IL-3 and MIP-1a was superior to stroma-free conditions supplemented 
with various cytokines with regard to LTC-IC maintenance and progenitor 
expansion. In contrast, fold expansion of CFU-GMs was greatest for CD34+ 
umbilical cord blood cells cultured without stroma in the presence of SCF, IL3, 
IL-6, interleukin-1, G-CSF, and MIP-1a. While these data suggest that it is 
possible to expand both primitive and committed progenitors in umbilical cord 
blood, additional work is required utilizing clinically available reagents as 
well as determining the effect of prior cryopreservation. Transplants with 
umbilical cord blood cells previously in ex vivo expansion culture, however, 
must be performed in order to document safety of the expansion procedure 
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and efficacy with regard to its effect on hematopoietic recovery and 
engraftment. 

The data presented above suggest that there are indeed methods available 
for increasing the number of hematopoietic progenitor cells in umbilical cord 
blood and for potentially reducing the time to hematopoietic recovery after 
transplantation. Since it is not known how few stem cells are required for 
engraftment in any size recipient, only guesses can be made using surrogate 
markers (i.e., number of CFU-GMs or number of CD34+ cells per kilogram 
recipient body weight). While there is concern that umbilical cord blood grafts 
will contain too few cells for adult recipients, this question can only be defini
tively addressed by the transplantation of larger recipients. 

Immunological properties of cord blood lymphocytes 

The next critical question is whether umbilical cord blood has a decreased 
potential for effecting graft-versus-host disease. It has been hypothesized that 
umbilical cord blood lymphocytes are 'naive' and are 'functionally immature.' 
Clinical results thus far would suggest that allorecognition by umbilical cord 
blood lymphocytes may indeed be decreased. If this is true, then what is the 
mechanism for this decreased all ore active response? 

There are a number of important qualitative and quantitative differences 
between cord blood and adult peripheral blood lymphocytes. Rainaut et al. 
[62] have extensively investigated fetal and neonatal blood with regard to cell 
surface antigen expression. Relative to adult peripheral blood, umbilical cord 
blood has 1) a significantly greater absolute number of lymphocytes per milli
liter (2- to 3-fold greater), 2) a significantly lower percentage of CD8+ T cells, 
and 3) a significantly greater CD4:CD8 ratio. Hannet et al. [63] further 
characterized umbilical cord blood lymphocytes using two-color flow 
microfluorometric analysis. Umbilical cord blood lymphocytes were found to 
have the phenotypic characteristics associated with T-cell 'immaturity'; the 
majority of CD4+ umbilical cord blood lymphocytes coexpressed CD45RA 
(91 % as compared to 40% of adult CD4+ lymphocytes), fewer CD3+ T cells 
expressed IL-2 receptors (8% versus 18% ) and fewer CD3+ T cells expressed 
the activation marker HLA-DR (2% versus 10%). Clement et al. [64] found 
that virtually all umbilical cord blood CD4+ T cells coexpressed CD38 (95 %) 
and CD45RA (>90%). They demonstrated that CD4+ICD45RA+ (CD38+) 
cord blood T cells had no detectable helper function and their dominant 
immunoregulatory activity was suppression. 

Acute GVHD involves the activation of donor-derived T lymphocytes 
recognizing alloantigens on host-antigen presenting cells, which in turn 
results in clonal expansion and proliferation. Secretion of proinflammatory 
cytokines, such as IL-2, TNF-a, and interferon-a, by these host reactive T cells 
mediates tissue damage either directly or via activation of other effector 
cells. 
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Roncarolo et al. [28] investigated the immunologic properties of umbilical 
cord blood lymphocytes. In this study, purified umbilical cord blood T cells 
were found to proliferate vigorously when activated by allogeneic antigens in 
primary mixed lymphocyte reactions (MLRs), indicating that umbilical cord 
blood cells responded normally to activation by alloantigens. In addition, 
strong proliferative responses were observed when the umbilical cord blood T 
cells were activated by cross-linked anti-CD3 monoclonal antibodies. To
gether, these data indicate that T cells in umbilical cord blood can be normally 
activated via their T-cell receptor (TcR) and that their proliferative response 
is normal. In contrast, umbilical cord blood cells had a reduced capacity to 
stimulate allogeneic cells in primary MLRs. The data suggest that this defect 
is related to a reduced antigen-presenting capacity. Umbilical cord blood 
monocytes expressed lower levels of HLA -D R, B7, and I CAM -1 compared to 
adult monocytes and produced lower levels of IL-lO. The exact mechanism 
underlying the defect in the antigen-presenting capacity of umbilical cord 
blood, however, remains to be clarified. In addition, umbilical cord blood cells 
were also impaired in their capacity to generate allogeneic cytotoxic activity in 
primary MLRs. Whether this defect is intrinsic to the cytotoxic T cells or due 
to other cells or factors preventing the generation of alloantigen-specific cyto
toxic T cells is not yet known. 

Several investigators have reported reduced natural killer (NK) activity by 
umbilical cord blood cells. However, Roncarolo et al. [28] have recently shown 
that the NK activity of purified CD56+ umbilical cord blood NK cells against 
NK-sensitive targets is comparable to that observed with adult NK cells. As in 
bone marrow transplant recipients, the majority of circulating lymphocytes in 
the early posttransplant period express CD56 phenotype. Roncarolo et al. [28] 
also demonstrated that IL-2, IL-6, and TNF-a production by umbilical cord 
blood mononuclear cells following activation was comparable to that observed 
with peripheral blood mononuclear cells isolated from normal adult donors. In 
contrast, interferon-gamma and interleukin-10 production was significantly 
decreased, and interleukin-4 and interleukin-5 were absent. GM-CSF levels 
were in general higher in the supernatants of umbilical cord blood cells. Thus, 
umbilical cord blood mononuclear cells differ from adult peripheral blood 
cells at several levels: 1) decreased capacity to stimulate an allogeneic 
response, 2) impaired cytotoxic effector function, and 3) unique cytokine 
profile. Whether these properties account for the reduced capacity of trans
planted umbilical cord blood cells to modulate GVHD remains to be 
determined. 

Harris et al. [65] assessed the immunologic reactivity of umbilical cord 
blood cells with lymphocytes from various family members and analyzed the 
development of all ore activity in the infant over the first year of life. At birth, 
umbilical cord blood cells were observed to be immunologically unreactive 
with cells from mother and minimally reactive with cells from father. More
over, lymphocytes from the mother demonstrated a decreased ability to medi
ate NK lysis shortly after the time of delivery, as well as a depressed 
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all ore active response. While the neonatal blood was capable of mediating NK 
lysis, the infant did not develop the ability to generate an alloantigen-specific 
cytoxic response until sometime between birth and 6 months of age. The 
inability of umbilical cord blood to respond to parental lymphocytes as mea
sured by mixed lymphocyte culture and by the inability to generate alloanti
gen-specific cytotoxic T cells suggests that umbilical cord blood might be 
partially tolerant, particularly with maternal antigens. The idea that the fetus 
may become partially tolerant to the noninherited maternal allele (NIMA) 
was first proposed on the basis of outcomes observed in recipients of parental 
renal allografts [66,67]. How such 'tolerance' develops is unknown, but such 
results are particularly intriguing in view of the clinical results observed in 
haploidentical sibling donor-recipient pairs. If the umbilical cord blood graft 
is tolerant to HLA antigens on the non-inherited maternal allele, this find
ing would have wide-reaching implications in defining an 'acceptable' donor. 
The differences between neonatal and adult lymphocytes are summarized in 
table 6. 

While there is an impression that umbilical cord blood is less likely to 
induce a graft-versus-host reaction, it is clearly not absent. Severe or lethal 
G VHD has been reported. In some instances, the grafts were highly HLA 
disparate. Since it has already been shown that any HLA-A, B, DR disparity 
[40,41], including a disparity at the level of DRB1 [68], increases the risk of 
severe acute GVHD after unrelated donor bone marrow transplantation, the 
same degree of prospective HLA typing should be considered prior to umbili
cal cord blood transplantation. While unavailability of a closely matched mar
row or umbilical cord blood donor may necessitate use of a highly mismatched 
umbilical cord blood graft, the idea that umbilical cord blood 'cannot cause 
GVHD' is not true. The recipient should be made aware of the donor types 
available and the degree of HLA disparity based on currently available tech
niques shown to impact the risks of graft failure, GVHD, and survival (i.e., 
class I by serology and class II by DNA techniques). 

Table 6. Functional differences between neonatal and adult lymphocytes 

Neonatal lymphocyte function 

1) T-cell activation 
2) T-cell proliferation to alloantigen 
3) Cytotoxic response to alloantigen 
4) Suppressor cell activity 
5) CTLp frequency 
6) NK activity 
7) Antigen presenting cell activity 
8) Cytokine production: IL-2 

IL-4 
IL-5 
IL-lO 
INF-a 
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Comparison to adult lymphocyte function 

Same 
Same 
Reduced 
Increased 
Same 
Same 
Reduced 
Same 
Absent 
Absent 
Reduced 
Reduced 



Unrelated donor umbilical cord blood banking 

As a result of the early successes with umbilical cord blood transplantation 
using sibling donors, pilot programs for the banking of screened, unrelated 
donor umbilical cord blood have been proposed in many countries worldwide 
and initiated in the United States, France, United Kingdom, Germany, 
and Italy (table 7). As of December 1995, more than 5000 umbilical cord 
blood grafts have been collected, human-leukocyte-antigen (HLA) typed, 
tested for transmissible infectious diseases, and cryopreserved, with an 
additional 50 umbilical cord blood grafts processed each week. A primary 
objective of this pilot program is to test the feasibility of large-scale umbilical 
cord blood collection, testing, and storage. Therefore, it has been necessary 
to 1) optimize and standardize the umbilical cord blood collection procedure; 
2) standardize quality assessment procedures (i.e., quantification of hemato
poietic progenitors, sterility, and detection of genetic and transmissible in
fectious diseases; 3) streamline large-scale histocompatibility testing using 
restricted volumes of the sample from the potential umbilical cord blood graft 
in mother; 4) develop repositories of viable cells, serum, and DNA on donor 
and mother for future testing; 5) optimize both the cryopreservation and 
thawing procedure to reduce cell loss and minimize infusion of DMSO and red 

Table 7. Umbilical cord blood banking programs 

New York Blood Center (New York) 
Pablo Rubinstein, M.D., Director 
FAX 212.570.9061 

Centro Transfusionale e di 
Immunologia del Traplanti (Milano) 
Girolamo Sirchia, M.D., Director 
FAX 011.39.2.545.81.29 

CB-DI-GER (Dusseldorf) 
Peter Wernet, M.D., Director 
FAX 011.49.211.934.8435 

France Greffe de Moelle 
Colette Raffoux, M.D., Director 
FAX 011.33.14.803.02.02 

London Cord Blood Bank 
Marcela Contreras, M.D., Director 
FAX 011.181.200.6449 

Northern Ireland Cord Blood Bank 
Chitra Bharucha, M.D., Director 
FAX 011.44.1232.439017 

February 2, 1993 (inception) 
5493 units (50 per week) 
1854 search requests 
136 transplants 

February 10, 1993 (inception) 
857 units (15 per week) 
1027 search requests 
12 transplants 

August 14, 1993 (inception) 
789 units (8 per week) 
126 search requests 
1 transplant (as of August 1995) 

January 1, 1995 (inception) 
35 units (8 per week) 
174 search requests 
1 transplant 

February 21, 1996 (inception) 
61 total units (30 per week) 
o search requests 
o transplants 

June 1, 1993 (inception) 
192 total units (10 per week) 
o search requests 
o transplants 
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cell debris; and 6) establish a computer network for efficient data storage and 
retrieval. Once we have demonstrated that unrelated umbilical cord blood 
reduces the risks of allogeneic transplant therapy or that it can supplement the 
pool of unrelated marrow donors, particularly for certain ethnic/racial minori
ties, it is likely that these repositories of umbilical cord blood will be greatly 
expanded. 

Autologous storage of umbilical cord blood 

Umbilical cord blood as a source of hematopoietic stem and progenitor 
cells has both real and theoretical advantages and disadvantages over bone 
marrow. On the basis of the potential advantages, development of large re
positories of autologous umbilical cord blood for future use has been pro
posed. Storage of the infant's own umbilical cord blood might be useful in 
several ways: 1) it might be an optimal source of tumor-free, virus-free stem 
cells if the child should develop a malignant condition or acquired bone 
marrow failure syndrome later in life, 2) it might be a source of HLA matched 
or closely matched stem cells for a sibling requiring transplant therapy at some 
point, and 3) it might be an optimal source of stem cells for gene therapy 
should such therapy be needed for the treatment of a genetic disorder in that 
child (e.g., Fanconi anemia, Hurler syndrome). It has been suggested that 
autologous storage of umbilical cord blood stem cells is a form of 'biological 
insurance.' 

Biocyte Corporation was founded on the concept that umbilical cord 
blood would be useful in the treatment of a variety of disorders, including 
cancers, genetic disorders, and immune deficiency states. The company holds 
a U.S. patent [69] for the collection and cryopreservation of placental and 
umbilical cord. The validity of the patent, however, is being considered at this 
time. 

Two companies currently offer this service for a fee to expectant parents, 
namely, ViaCord and Cord Blood Registry, Inc. 

Ethical considerations 

The collection of umbilical cord blood poses a number of ethical issues. If it is 
considered to be like any other organ or tissue, then consent must be obtained 
by the tissue donor. In the case of umbilical cord blood, the donor is always a 
minor, and therefore, consent must be obtained from the infant's mother. 
Therefore, the following questions arise. First, when should consent be ob
tained from the mother? Second, will the infant donor at 21 years of age have 
any rights to the umbilical cord blood that was previously given to the unre
lated cord blood registry? While the second issue must be addressed by the 
legal agencies, current practice would dictate that consent from the donor's 
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mother should be obtained prior to labor or at least some finite period of time 
after delivery. 

Alternatively, umbilical cord blood may be considered to be discarded 
tissue. If so, consent is not required. The collection of umbilical cord blood 
from the delivered placenta poses no risk to mother or infant. However, if 
umbilical cord blood is to be considered discarded tissue and consent is not 
required, what do we do about the issue of HIV testing, and how do we protect 
the rights of individuals whose religious and cultural practices would not allow 
the collection and transplantation of placental blood? While umbilical cord 
blood offers several real and potential advantages as an alternate source of 
hematopoietic stem cells, it also opens a new set of issues that needs to be 
considered prior to large-scale collection of this tissue worldwide. 

Other related issues that are beyond the scope of this review include 1) 
commercial aspects of umbilical cord blood collection and storage and 2) 
ability to 'backtrack' and perform additional donor testing prior to the use of 
an umbilical cord blood graft. By necessity, these and other issues need to be 
considered by medical ethicists and the physicians offering this treatment 
option. 

Regulatory issues 

Over the past five years, umbilical cord blood has moved from the status of 
'biological waste' to a potentially important source of hematopoietic stem cells. 
Clinical experience has already demonstrated that placental and umbilical cord 
blood contains sufficient numbers of hematopoietic stem cells to engraft at 
least small recipients consistently. As a result, banks of umbilical cord blood 
have been developed or are being considered throughout the U.S. and Europe 
as well as in many countries in South America and Asia. Moreover, the 
potential for storing the child's own cord blood for future use as a form of 
'biological insurance' has also been considered, resulting in the establishment 
of commercial banks. Hence, there has been an explosion of banking activity, 
making the need for standard policies and procedures particularly acute. It is 
likely that umbilical cord blood will be the first source of hematopoietic stem 
cells to be regulated by the U.S. Food and Drug Administration [70]. 

While there will be debate on the optimal procedures for handling umbilical 
cord blood, there is already extensive experience in handling blood and mar
row. Many of the procedures for obtaining consent, collection, testing, 
cryopreservation, red cell depletion, histocompatibility testing, and sample 
labelling are likely to be extracted from existing operating manuals for blood. 
A major problem, however, will be in the definition of 'suitable' product. 
Moreover, the definition of 'suitable' product may vary depending upon the 
type of recipient - self, sibling, or unrelated. A list of key elements for a 
quality assurance program for an umbilical cord blood bank are shown in table 
8 [71]. 
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Table 8. Elements of quality assurance program for cord blood banking 

Procedures 
Collection 
Processing (red cell depletion, CD34 selection, ex vivo expansion, etc.) 
Characterization of the graft (volume, red blood cell count, nucleated cell count, 

enumeration of CFU-GMs and LTC-ICs, quantitation of CD34 (subsets), quantitation of 
CD3 (subsets), maternal cell contamination, microbiologic assays 

Cryopreservation 
Transplantation 

Personnel 
Qualifications 
Training 

Although it is clear that umbilical cord blood should be considered a viable 
source of hematopoietic stern cells for transplantation, we are still in the 
'learning phase.' Just as the transplant physician requires assurances that the 
umbilical cord blood graft product has been processed and stored properly, 
the director of the umbilical cord blood bank may require assurances that the 
transplant team will use the graft properly. Clinical outcome data may impact 
upon the bank's methods of processing and graft characterization. Policies for 
defining the qualifications of transplant teams and the appropriate use of 
umbilical cord blood should not be overlooked. In the past, similar issues had 
to be addressed by the National Marrow Donor Program. Perhaps existing 
societies, such as the International Society of Hematotherapy and Graft Engi
neering (ISHAGE) and The American Society of Bone Marrow Transplanta
tion (ASBMT), will aid in addressing these difficult issues. 

Summary 

Interest in umbilical cord blood as an alternate source of hematopoietic 
stem cells is growing rapidly. Umbilical cord blood offers the clinician a 
source of hematopoietic stem cells that is rarely contaminated by latent 
viruses and is readily available. Moreover, the collection of umbilical cord 
blood poses no risk to the donor; there is no need for general anesthesia 
or blood replacement, and the procedure causes no discomfort. Whether 
cord blood lymphocytes are as likely to cause GVHD as lymphocytes 
from older individuals is unknown. Current clinical experience would 
suggest that the incidence may be low. Few of the patients transplanted 
with umbilical cord blood thus far have developed clinically significant 
GVHD, including recipients of HLA-disparate grafts. These results and 
associated laboratory findings pose intriguing possibilities for the future of 
umbilical cord blood stem cells in the setting of unrelated transplantation. 
With the marked incidence of grade 2-4 acute GVHD that is currently 
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observed after unrelated bone marrow transplantation, a reduction in inci
dence or severity would be a major advancement in this field. In the setting of 
autologous trans-plantation, there are other intriguing possibilities; for ex
ample, cord blood may be an optimal source of pluripotential stem cells for 
gene therapy. 

The large-scale collection and storage of cord blood stem cells has become 
a reality. Pilot programs for the banking of unrelated umbilical cord blood 
have already begun in the United States and Europe. Not only is there the 
potential for reducing the time from search initiation to the time of donor stem 
cell acquisition but also there is the potential for reducing the risks associated 
with unrelated bone marrow transplantation. There is also the hope of rem
edying the shortage of donors from ethnic and racial backgrounds that are 
currently underrepresented in most unrelated donor programs. Even with the 
creation of such banks, it should not be forgotten that the collection of umbili
cal cord bloods should at least be considered when a child with leukemia, 
lymphoma, neuroblastoma, marrow failure syndrome, immunodeficiency 
state, or inborn error of metabolism has a mother who is pregnant. The clinical 
results to date in small recipients would suggest that it is at least as good as 
bone marrow; but additional patients and more time will be needed to finalize 
this conclusion. 
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10. The use of unrelated donors for 
bone marrow transplantation 

Guido Tricot 

The search for an unrelated donor 

Histocompatibility 

Allogeneic bone marrow transplantation has curative potential in hematologic 
malignancies, bone marrow failure syndromes, and congenital disorders of the 
hematopoietic and/or lymphoid system. Suitable donors have been human 
leukocyte antigen (HLA) genotypically identical siblings. Given the current 
average family size, less than 30% of patients in North America have an HLA
matched sibling donor. This percentage can be increased by 3% to 5% if 
partially matched relatives (one antigen-mismatch) are included. As the preci
sion of HLA typing increased, it became possible to identify unrelated donors 
who are HLA matched with the patient. A relation between the registry size 
and the probability of finding an HLA-matched donor for a random patient 
cannot be derived from theoretical calculations, because it depends on the 
frequency of HLA haplotypes in donor and recipient populations. Models 
have been designed to solve this problem, showing that the relation of the 
probability of finding a matching donor to the registry size is sigmoidal, with 
small increases in probability at the extremes of the registry size but a middle 
range of registry size within which the probability of matching increases 
sharply [1]. Because of genetic disequilibrium, a small number of common 
HLA haplotypes comprises most of the registry population. It has been calcu
lated that for a registry size of 100,000 volunteers, the 17% of patients with the 
most common haplotypes have a greater than 90% chance of finding a donor. 
In contrast, the 48% with unusual haplotypes have a less than 10% chance of 
identifying a donor [2]. As of April 1, 1995, more than 1.5 million potential 
donors of known HLA-A and B type have been listed in the National Marrow 
Donor Program. An increasing number of donors are being typed for HLA
DR, which should shorten the time required to identify a suitable donor. With 
the present size, the probability of finding a matching donor is approximately 
75% for Caucasian patients [3]. However, since the NMDP contains predomi
nantly Caucasian volunteers, the odds of finding a donor for a patient of 
another racial group are dramatically decreased. 

Jane N. Winter (ed.) BLOOD STEM CELL TRANSPLANTATION. 1997. Kluwer Academic Publishers. ISBN 
0-7923-4260-7. All rights reserved. 



Table 1. Unrelated donor transplant: degrees of matching 

Degree of matching 

Perfect match 

Minor match 

Major mismatch 

HLA-A, B 

Serologically identical 

One antigen NOT identical 
but belongs to same cross
reactive group 

Serologically identical 

One antigen NOT 
identical and belongs to 
noncross-reactive group 

Identical 

OR 

OR 

HLA-DR 

Serologically identical 
Molecular typing identical 

Serologically identical 
Molecular typing identical 

Serologically identical 
Molecular typing different 

Serologically identical 
Molecular typing identical 

One antigen serologically 
not identical 

As improvements in HLA typing have increased the sensitivity of histocom
patibility testing, the definition of a matching donor has changed. Before 
molecular techniques were available, typing was limited to serologic methods 
(phenotypic identity). Using SSOP/PCR (sequence-specific oligonucleotide 
probes), genotypes for DR, DQ, and DP loci can be defined. Molecular 
analysis for HLA-A, B, and C is feasible, but is not performed routinely. 
Typing for class I antigens is still based solely on serologic typing and occasion
ally on immuno-electro focusing (IEF) to identify variants not recognizable by 
serology. IEF, however, cannot identify all molecular variants. Therefore, 
definite matching for HLA-A, B, and C is not possible until molecular typing 
for class I alleles is performed routinely. 

Different degrees of matching are now recognized (see table 1): 1) a perfect 
matching donor is serologically identical for HLA-A and B and genotypically 
identical for DR; 2) a minor mismatch has one HLA-A or B antigen that is not 
identical, but belongs to the same cross-reactive group, while molecular typing 
for DR is identical or HLA-A, B, and DR are identical serologically, but the 
HLA-DR differs by SSOP/PCR; and 3) a major mismatch is defined as follows: 
one HLA-A or B antigen is distinctly different and noncross-reactive or one 
DR antigen that is different by serology. In addition to classifying matching 
according to the degree of overall disparity for each locus, matching should 
also be described in terms of the vector of incompatibility: incompatibility in 
the donor defines the risk of rejection; incompatibility in the recipient defines 
the risk of graft-versus-host disease (GVHD). The distinction is relevant when 
either patient or donor are homozygous for one HLA-A, B, or DR locus. 

Recommendations and requirements to perform unrelated transplants 

As discussed later, unrelated donor transplants are associated with a higher 
risk of morbidity and mortality. Therefore, some limitations have been pro-
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Table 2. Malignant diseases treatable by unrelated donor transplant 

Standard of care 
Acute lymphoblastic leukemia 

First complete remission, high risk 
Second or subsequent complete remission 

Acute myeloid leukemia 
First complete remission, high risk 
Second or subsequent complete remission 

Chronic myelogenous leukemia 
Chronic phase, accelerated phase, second chronic phase 

Myelodysplasia 
Refractory anemia (with or without sideroblasts) and rapidly increasing cytopenias 
Refractory anemia with excess blasts (or in transformation) 

Lymphoma - after relapse with either bone marrow involvement or insufficient stem cell 
reserve 

Myeloma - with poor response to autotransplantation or high-risk features (Ig isotype, 
cytogenetics) 

On an IRB-approved research protocol 
Acute leukemia in relapse 

Chronic myelogenous leukemia in blastic crisis 

Table 3. Nonmalignant diseases treatable by unrelated donor transplant 

Standard of care 
Very severe aplastic anemia (SAA), refractory to immunosuppressive therapy 
Inborn errors/immunodeficiencies 
Severe combined immune deficiency 
Combined immunodeficiency 
Leukocyte adhesion deficiency 
Wiskott-Aldrich syndrome 
Chediak-Higashi syndrome 
Familial erythrophagocytotic lymphohistiocytosis 
Fanconi anemia and other congenital marrow failures 
Mucopolysaccharidosis I (Hurler disease) 
Mucopolysaccharidosis VI (Maroteaux-Lamy syndrome) 
Gaucher's disease 
Osteopetrosis 

On an IRB-approved research protocol: 
Thalassemia 
Sickle cell disease 

posed on the use of unrelated donor transplants [4,5). Adequate experience of 
the transplant center is required and is defined as having been operational for 
at least two years with at least ten allogeneic transplants performed annually. 
Patients will generally be eligible for an unrelated transplant up to the age of 
50 years. They should have a malignant disease (see table 2), such as high-risk 
leukemia, myelodysplastic syndrome (MDS), lymphoma, or myeloma, or a 
life-threatening nonmalignant disease (see table 3), such as severe aplastic 
anemia not responding to immunosuppressive therapy, severe combined 
immune deficiency, leukocyte adhesion deficiency, Wiskott-Aldrich and 
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Chediak-Higashi syndrome, Fanconi anemia, mucopolysaccharidosis, 
Gaucher's disease, or osteopetrosis. It is recommended that donor and patient 
are serologically identical for class I loci and molecularly identical for DR. If 
a serologically identical unrelated donor is not available, an unrelated donor 
with a minor mismatch for one HLA-A, B, or DR locus can be used. Donors 
should be 18 to 55 years old and are counseled about the requirement for 
virological testing, donation of autologous blood, the possibility of needing an 
allogeneic blood transfusion, and the risks of anesthesia and harvest proce
dure. Donors who are HIV or HTL V -1 positive or pregnant are excluded from 
donations. Marrow collections are performed at an accredited marrow collec
tion center, near the donor's normal residence. General anesthesia is recom
mended for the marrow collection, but spinal or epidural anesthesia is 
acceptable if the donor and medical team agree. The marrow is aspirated from 
the posterior and, if required, anterior iliac crest. The sternum should only be 
used if the donor has agreed in advance. The total volume of bone marrow 
collected should be 1000 to 1200ml and only under exceptional circumstances 
increased to 1500ml. Every effort should be made to avoid the transfusion of 
allogeneic blood. Hits use is essential, the blood should be irradiated (>20 Gy). 
Maintenance of donor confidentiality is essential. The National Marrow Do
nor Program accepts the principle that donor and recipient may meet 12 
months after a successful transplant, provided that both individuals have 
consented. 

Donor complications 

While the incidence of serious morbidity as a result of bone marrow donation 
is rare, the incidence of lesser complications and the long-term consequences 
of bone marrow donation have not been studied routinely. The National 
Marrow Donor Program has analyzed the results of the first 493 patients who 
donated bone marrow [6]. The median age of the donors was 38 years (range 
19-55). The median volume of marrow collected was 1050ml (180-2983ml). 
Only three donors received allogeneic blood, while 90% of donors were trans
fused with autologous RBCs. As a result of the marrow collection procedure, 
6% of the donors experienced acute complications, such as hypotension, pain 
and bleeding at the site of aspiration, febrile episodes, headaches in patients 
who received spinal or epidural anesthesia, prologed nausea, phlebitis at the 
site of a peripheral intravenous catheter, skin rashes related to medication, 
and hematuria in one patient. One donor experienced an apneic episode 
during spinal anesthesia. This complication resolved completely, and the mar
row was collected successfully. Two days after the collection, 75% of the 
donors experienced fatigue, 68 % complained of pain at the collection site, and 
52% had lower back pain. The mean recovery time of these complaints was 16 
days. Ten percent of the donors recovered fully only after 30 days or more. 
The duration of the postcollection complaints and recovery time correlated 
well with the duration of the collection procedure. 
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When the psychosocial effects of bone marrow donation were investigated, 
87% of the donors felt their marrow donation was very worthwhile and 91 % 
would be willing to donate again in the future [7]. Marrow donors were more 
likely to feel better about themselves as a result of the donation than kidney 
donors. Donors with longer collection times were in general less positive about 
their bone marrow donation. 

Results of unrelated donor transplants 

Engraftment 

Patients with hematologic malignancies recelVlng cyclophosphamide (CY) 
and total body irradiation (TBI) prior to transplantation have a 98% probabil
ity of achieving sustained engraftment when transplanted from a genotypically 
HLA-identical sibling donor and when the bone marrow is not depleted of T 
cells, compared to 88% of patients transplanted from an HLA-haploidentical 
donor, with variable matching for the HLA antigens of the nonshared 
haplotype [8]. A higher risk of graft failure was observed in haploidentical 
transplants with a positive antidonor T-cell or B-cell cross-match (62% versus 
7%; p = 0.001). The risk of graft failure for a fully matched unrelated donor 
was 1.6% (3/187) and 2.5% (2/80) when a minor mismatch was present. The 
use of bone marrow depleted of T cells increases the risk of secondary graft 
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Figure 1. An increasing percentage of allogeneic bone marrow transplants involve unrelated 
donors. 
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failure to 14% [9], although T-cell depletion was not a risk factor for primary 
nonengraftment [10]. To reduce the increased risk of secondary graft failure 
with T -cell-depleted transplants, conditioning regimens have been intensified 
by adding thiotepa and anti thymocyte globulin to the pre transplant regimen 
and G-CSF and methylprednisolone following transplantation. With this regi
men, very few graft failures are seen [11]. The incidence of graft failure also 
appears to increase if non-TBI conditioning regimens such as busulfan and 
cyclophosphamide are used [2,13]. In one series, only 2 of 5 patients engrafted 
[12]; in another series, 6 of 33 experienced graft failure [13]. The increased risk 
of graft failure associated with non-TBI -containing conditioning regimens may 
by overcome by the addition of total lymphoid irradiation and antithymocyte 
globulin [14]. 

Acute graft-versus-host disease (CVHD) 

Unrelated donor transplants are associated with a higher risk of moderate to 
severe acute GVHD (grades II-IV) when compared to sibling donor trans
plants (79% versus 36%; p < 0.001) [15]. The incidence of severe GVHD 
(grades III-IV) is increased from 14% to 35% (p = 0.002) [15]. The risk of 
acute GVHD is further increased if minor mismatched donors are compared 
to matching unrelated donors: 95% versus 78% (p < 0.001) for grades II-IV 
GVHD and 51 % versus 36% for grades III-IV GVHD [16]. Acute GVHD 
grades II-IV occurred in 91 % of A-locus mismatched, 82% of B-Iocus mis
matched, and 94% of DR mismatched transplants (p < 0.05). Acute GVHD 
grades III-IV was seen in 62% of A-locus mismatched, 57% of B-Iocus mis
matched, and 58% of DR mismatched transplants (p = 0.33) [8]. 

The significance of HLA-DP matching has been analyzed in 129 patients 
who underwent marrow transplantation from HLA-A, B, DR, and DO 
matched unrelated donors [17]. In 22% of these pairs there was no DP in
compatibility; one DP mismatch was present in 56% and two DP mismatches 
in 22%. This study shows that incompatibility for DP does not influence 
the risk of acute GVHD and therefore, HLA-DP disparity should not be 
used as an exclusion criterion for donor selection in unrelated marrow 
transplantation. 

Clinical GVHD results from an immune reaction of mature donor T lym
phocytes contained in the bone marrow inoculum against histocompatibility 
determinants of the recipient. Therefore, T-cell depletion of the donor bone 
marrow should reduce the risk of severe GVHD. Indeed, the risk of grades 
III-IV acute GVHD in 196 consecutive unrelated donor marrow transplants 
was 60% in recipients of unmanipulated bone marrow, compared to 20% (p = 
0.0003) in those who received T-cell depleted transplants [18]. In patients 
receiving unmanipulated unrelated donor transplants, the combination of 
methotrexate and cyclosporin A as GVHD prophylaxis is superior to 
mono therapy [19]. No benefit was derived by adding methylprednisolone to 
cyclosporin-methotrexate [20]. A study performed by Ringden et al. suggests 
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that if patient and unrelated donor are perfectly matched by serologic and 
molecular techniques, the incidence of grades II-IV acute GVHD is not 
different from that seen in HLA-identical siblings (15%) [21]. In a larger study 
from Seattle, however, the incidence of grades III-IV acute GVHD was still 
48% if patient and donor were perfect matches, but this was lower than the 
70% seen in mismatched patients (p < 0.01) [22]. Acute GVHD following 
unrelated donor marrow transplantation is much more resistant to standard 
treatment with prednisone [23]. Of the 89 patients who received an unrelated 
donor marrow transplant at the University of Minnesota, 49 developed acute 
GVHD. Seven were excluded from analysis for different reasons. Of the 
remaining 42 patients treated for acute GVHD, only nine (21 %) achieved a 
complete and continuing response by day +100, suggesting that more aggres
sive treatment modalities such as antibodies against the interleukin-1 or the 
interleukin-2 receptor may be required to control GVHD [23,24]. 

Chronic graft-versus-host disease 

The probability of extensive chronic GVHD after an unrelated donor trans
plant is 55% to 75% [8,26-28]. The Seattle group analyzed 146 unrelated 
donor transplants who received cyclosporin and methotrexate for GVHD 
prophylaxis, who survived more than 100 days, and who remained relapse-free 
[8]. In only 15% of these patients was no clinical or pathological evidence of 
chronic GVHD found. Immunosuppressive therapy could be discontinued 
within six months after transplantation. The mortality rate in the group was 
15%. In 8% of patients, chronic GVHD remained subclinical and was detected 
only by an abnormal biopsy of skin or lip or by limited manifestations of skin 
or liver GVHD. Extensive chronic GVHD occurred in 77% of patients in one 
of the following patterns: 1) acute GVHD never resolving and progressing to 
chronic GVHD (30%); 57% of these patients died, usually from opportunistic 
infections (mainly CMV and Aspergillus); 2) acute GVHD subsiding before 
the onset of chronic GVHD (40%); 33% of these patients died; and 3) chronic 
GVHD developing de novo in 7% of patients; 15% of these patients died. For 
surviving patients, the median time to successful withdrawal of immunosup
pressive therapy was 18 months; 3 % of patients continued to require immuno
suppressive therapy five years or more after transplantation. The incidence of 
extensive chronic GVHD can be decreased significantly by depleting the bone 
marrow T cells (p = 0.001) [9,18]. 

Opportunistic infections 

Repopulation by mature T cells and recovery of immunoglobulin production 
are extremely slow after unrelated donor transplants. Immune reconstitution 
is further delayed in patients with acute and chronic GVHD on prolonged 
immunosuppressive therapy and in patients receiving T-cell-depleted al
lografts, in whom functional T cells remain absent for 6 to 12 months. The 
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severe and prolonged immune deficiency predisposes patients to opportunistic 
infections, predominantly with Aspergillus, yeast, and cytomegalovirus 
(CMV). Disseminated Aspergillus infection occurs in approximately 15% of 
unrelated transplants and has a greater than 90% mortality [29]. No major 
improvement in prevention or treatment of Aspergillus infections has been 
observed during the last five years. Prophylaxis with low-dose amphotericin B 
has not decreased the risk of Aspergillus. Itraconazole, although active against 
Aspergillus, is poorly absorbed in patients with poor food intake on antacids, 
especially in the presence of diarrhea or malabsorption as frequently seen in 
active or chronic GVHD. Serious CMV infections are more common in unre
lated donor transplants than in sibling transplants [26]. Ganciclovir can pre
vent CMV disease in CMV -seropositive recipients of unrelated donors [30]. 
However, in patients receiving T-cell-depleted grafts, ganciclovir prophylaxis 
may lead to delayed hematopoietic recovery or persistent cytopenia. Serious 
viral infections not caused by CMV are also more common in unrelated donor 
transplants [16]. Most of these infections occur before day 100 and are often 
fatal. 

Relapse 

The incidence of relapse is significantly lower in unrelated donor transplants 
when compared to related donors [28]. Even after adjusting for acute GVHD 
grades II to IV, the decreased risk of relapse remains [28]. The risk of relapse 
in comparable groups of patients was approximately 15% in unrelated donor 
transplants compared to 40% in sibling transplants (p = 0.03) [28]. The same 
trend was reported by the Seattle group [15]. Although recipients of HLA
identical marrow depleted of T cells for the treatment of advanced acute 
leukemia or chronic myeloid leukemia are at increased risk of relapse after 
transplantation, recipients of T-cell-depleted marrow from unrelated donors 
do not appear to be at a similar increased risk of relapse [9]. The low probabil
ity of relapse suggests that transplants from unrelated donors may offer a 
considerable graft-versus-Ieukemic effect. 

Quality of life 

The University of Minnesota compared the quality of life of 31 unrelated 
donor transplant recipients to that of 52 related donor recipients matching for 
age and year of transplant and surviving at least two years after transplant [28]. 
Both groups generally judged their quality of life to be good, with only one of 
the unrelated transplants being unable to perform normal activity. Overall, 
there were no significant differences between unrelated and related donor 
transplants. Of the 31 unrelated donor transplants, 28 were working full-time 
or were attending school. The Hammersmith group reported 14 of their 25 
surviving unrelated transplants having a normal performance status, whereas 
seven have a performance status of 80 or less [26]. Of the 11 unrelated donor 
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transplants with an abnormal performance status, nine had significant GVHD 
and only four were working at their normal jobs. 

Survival 

The Seattle group showed that the probability of relapse-free survival ap
peared similar in unrelated donor transplant patients and in disease, disease
stage, and age-matched controls (41 % vs. 46% at one year) [15]. The same 
group subsequently demonstrated comparable survival for phenotypically 
identical and minor mismatched unrelated donors [16]. In the Hammersmith 
study, the probability of leukemia-free survival at two years in CML patients 
was 72% for the sibling donor group versus 42% for the unrelated donor 
group (p = 0.05) [26]. A recent report from the Minnesota group compared the 
outcome of 142 unrelated donor transplants to that of 142 sibling transplants 
[28]. The pairs were matched for diagnosis, stage of disease, age, and year of 
transplant. The difference in survival between the two groups was insignificant 
for recipients of fully matched unrelated donor marrow (p = 0.17) at three 
years, but significantly inferior for HLA-A or B mismatched unrelated donor 
recipients (three-year survival, 0.26 versus 0.52; p = 0.00001) [28]. Among 
patients with acute leukemia in first or second remission, the probability of 
disease-free survival at two years was 45%, superior to that of patients with 
more advanced disease (19%;p < 0.001) [9]. In patients with congenital disor
ders, the probability of survival at two years was 52% [9]. In a multivariate 
analysis performed by the National Marrow Donor Program, younger age was 
the most significant favorable variable for disease-free survival in leukemia 
patients receiving unrelated donor marrow [9]. This observation was con
firmed by the Minnesota [28] and Seattle groups [8]. 

Causes of death 

A review by the National Marrow Donor Program of the primary and second
ary causes of death in 307 unrelated transplant patients showed that infection 
(37%) and acute and chronic GVHD (33%) were the leading causes of mor
tality, followed by interstitial pneumonia (21 %), hemorrhagic complications 
(15%), toxicity related to chemoradiotherapy (14%), relapse (14 %), and graft 
failure (11 %) [9]. Lymphoproliferative disorders were more common in pa
tients who received T-cell-depleted transplants, but were also seen in patients 
who received unmanipulated marrows [9]. 

Conclusious 

Unrelated donor transplants are associated with an increased risk of engraft
ment problems and acute and chronic GVHD. These problems are related 
partly to disparities for HLA determinants. Molecular typing for class I anti-
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gens has just started [31,32] and should help in identifying the best possible 
unrelated donor, resulting in a decrease in graft failure and GVHD. However, 
improvements in molecular typing will make it more difficult to find perfect 
matches, and a certain degree of genetic disparity will have to be allowed for. 
Since mortality due to GVHD is substantial, especially in patients over 20 
years of age, and since T -cell-depleted marrow grafts are associated with more 
rapid engraftment and a decrease in the incidence and severity of GVHD, T
cell depletion should be strongly considered in older unrelated donor trans
plants. The risk of graft failure associated with T-cell depletion can be 
drastically reduced by a more intensive conditioning regimen including 
thiotepa, antithymocyte globulin pre transplantation, and hematopoietic 
growth factors post-transplantation. The risk of relapse in unrelated trans
plants is not increased with T-cell depletion. The major problems with T-cell 
depletion and the more intensive immunosuppressive anti-GVHD regimens 
are related to the profound and prolonged immune deficiency resulting in a 
substantial risk of opportunistic infections. Although mortality due to CMV 
infections has been reduced significantly with the administration of prophylac
tic gancidovir and the availability of techniques that allow early detection of 
CMV, no decrease in mortality due to fungal and yeast infections has yet been 
seen. The administration of low numbers of T cells at a time that some degree 
of tolerance to donor cells has been established may restore the immune 
function without the need for prolonged and intensive immunosuppressive 
therapy. It will also eliminate the risk of lymphoproliferative disorders and will 
induce an antitumor effect. 

The major challenge for the future is to better deal with the profound and 
prolonged immune suppression. If this can be achieved, unrelated donor trans
plants should be associated with a morbidity and mortality rate that is no 
higher than that seen in sibling transplants. 
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III 

Reducing the Toxicity Associated with Hematopoietic 
Stem Cell Transplantation 



11. Supportive care in bone marrow transplantation: 
pulmonary complications 

Stephen W. Crawford 

Pulmonary complications after marrow transplantation 

Incidence and significance 

Overall, 40% to 60% of patients develop pulmonary disease at some time after 
marrow transplantation, and 24% to 40% require intensive care [1,2]. Charac
teristics such as increased HLA disparity with the donor source, high-dose 
conditioning regimens, active malignancy, and advanced age of the patient are 
associated with increased incidence of complications [3,4]. The incidence 
among patients who receive total body irradiation (TBI) for conditioning is 
higher than that of patients who receive only chemotherapy. Pneumonia as a 
clinical syndrome is the leading infectious cause of death, and until recently, 
Cytomegalovirus (CMV) was the most common cause of fatal pulmonary 
infection [5]. The incidence of some pulmonary infections, such as 
Pneumocystis carinii and perhaps bacterial pneumonia, has decreased due to 
the routine use of prophylactic antimicrobial agents. However, diffuse 'idio
pathic' pulmonary injury continues, with mortality rate exceeding 60%. Newer 
understanding of idiopathic lung injury has led to the delineation of the 
recently coined 'idiopathic pneumonia syndrome' [6]. 

Significant pulmonary dysfunction persists or develops in some long-term 
survivors months and even years after successful marrow transplantation. 
Airflow obstructive defects occur in at least 10% of patients with chronic 
GVHD and have been seen, albeit rarely, in recipients of autologous marrow 
[7-9]. Obliterative bronchiolitis is the most commonly identified obstructing 
lesion and may progress to profound respiratory insufficiency and death [7]. 
Progressive restrictive lung disease may be seen as a complication of trans
plantation occurring years after the procedure. Little is currently known about 
the incidence and risks of these long-term processes. 

Temporal sequence of pulmonary disease syndromes 

Specific complications tend to occur within well-defined periods that corre
spond to the state of immune reconstitution [10]. These complications may be 
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grouped according to the time of presentation relative to the day of marrow 
transplantation [11]. The groupings are based in part on the fact that chronic 
GVHD occurs approximately at or beyond day 100 after allogeneic transplant, 
delimiting a 'late' from an 'early' period. 

Complications within the first 30 days are dominated by regimen-related 
toxicities. A period of pancytopenia is the rule, although administration of 
hematopoietic colony stimulating factors may shorten the duration [12]. Pul
monary edema syndromes due to excess fluid administration have been re
ported in up to half of marrow transplantation recipients, but should be 
expected less frequently with appropriate attention to fluid management [13]. 
Also, congestive heart failure due to cardiotoxic chemotherapy, adult respira
tory distress syndrome (ARDS) due to chemoradiotherapy injury or sepsis, 
and pulmonary hemorrhage in the presence of thrombocytopenia contribute 
to diffuse infiltrates. These patients frequently suffer from multiorgan disease 
with regimen-related toxicities or, among allogeneic marrow recipients, grade 
II-IV (moderate-severe) acute GVHD. Severe oral mucositis is common and 
may result in recurrent aspiration of oral secretions. Secondary infection of the 
denuded oral mucosa with Herpes simplex virus (HSV) or Gram-negative 
bacilli may delay healing and increase the risk of pneumonia. During this 
period, diffuse pulmonary infiltrates rarely are infectious, and opportunistic 
infections are not prevalent [14]. 

During days 30 to 100-150, granulocyte number and function usually have 
returned to normal, but defects in humoral and cell-mediated immunity per
sist. Both opportunistic and idiopathic pneumonias occur in this period. His
torically, viral pneumonias, especially CMV, were the most frequent causes for 
diffuse pulmonary infiltrates. More recently, the advent of effective prophy
laxis and early treatment strategies has markedly decreased the incidence of 
CMV and HSV pneumonia [15-17]. 

Impact of transplant techniques (PBSCs, growth factors) 

The primary differences in pulmonary complications between autologous and 
allogeneic marrow transplantation are the incidence of infections and late 
airflow obstructive defects. Viral pneumonia is significantly less common 
among autologous marrow recipients, presumably due to less suppression of 
cytotoxic T lymphocytes (CTLs) from graft-versus-host disease and its treat
ment and prophylaxis. CMV pneumonia occurs in 4% or less of autologous 
recipients [18]. Additionally, invasive fungal disease after the initial period of 
neutropenia appears less common for similar reasons [19]. 

Idiopathic lung injury, associated with chemoirradiation or sepsis syn
drome, occurs after both autologous and allogeneic marrow transplantation 
with similar frequency. We have recently shown that there is no statistical 
difference in the incidence of idiopathic injury within the first four months: 
7.6% for allogeneic and 5.7% for autologous [20]. 

The use of alternative hematopoietic precursor sources, such as mobilized 
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peripheral blood stem cells, and cytokines, such as hematopoietic cell colony 
stimulating factors, have shortened the time to engraftment [12]. The shorter 
period of neutropenia would be expected to decrease the incidence of pulmo
nary complications through several avenues. First, marrow recipients should 
be at reduced risk of opportunistic infections due both to the improved granu
locyte numbers and to the shortened duration of hospitalization. Second, 
improved platelet counts should decrease hemorrhage associated with lung 
injury. 

However, the risks for lung injury associated with chemoirradiation therapy 
may be unchanged by the hematopoietic precursor source. Idiopathic lung 
injury remains a danger. At present, few data exist to convincingly demon
strate that the incidence of pulmonary complications is lower with the newer 
transplant techniques. It is likely that opportunistic infections will decrease but 
idiopathic injury will be unchanged, similar to the experience with autologous 
marrow transplantation. 

Surveillance for pulmonary complications 

Pulmonary function testing 

Pretransplant. Pulmonary function testing (PFT) is a standard part of the 
pretransplant evaluation at many centers. The results form baseline data for 
comparison with later testing and have been used as an indication to exclude 
a candidate from transplant. Abnormalities in the measures of airflow, lung 
volume, and diffusing capacity have been associated with increased risk of 
pulmonary complications after transplant [21,22]. 

Abnormal pre transplant PFT results are predictive of mortality [23]. After 
other clinical characteristics associated with death after transplantation (age, 
relapsed malignancy, HLA-mismatched graft, etc.) have been accounted for, 
restrictive lung defect (decreased total lung capacity), hypoxemia, and re
duced diffusing capacity are associated with statistically increased risk of 
death, especially within the first few months after transplant (figure 1). In this 
study, the risks associated with these PFT results were applicable to autolo
gous as well as allogeneic marrow recipients, suggesting that the risks pre
dicted mortality due to treatment-related toxicities. Surprisingly, hypoxemia 
and reduced diffusing capacity were independently associated with death, 
each carrying risk. It was initially assumed that these two physiologically 
linked measurements would provide similar information regarding mortality 
risk. However, reduced diffusing capacity appears to predict death by means 
other than respiratory failure. It is likely that reduced diffusing capacity is 
associated with an increased risk of fatal hepatic veno-occlusive disease (data 
unpublished). Systemic endothelial injury due to previous chemotherapy may 
account for both the diffusing capacity abnormalities and fatal liver failure. 

While pre transplant PFT results are statistically associated with complica-
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Figure 1. Kaplan-Meier survival plots for marrow recipients with normal, mild abnormalities or 
moderate-severe abnormalities in PFT before marrow transplantation. Log-rank p-values are 
indicated in parentheses. (A) FEV/FVC; normal ~80%, mild <80% and ~60%, moderate/severe 
<60%. (B) Total lung capacity (TLC); normal ~80% of predicted, mild <80% and ~60% of 
predicted, moderate/sever <60% of predicted. (C) Diffusing capacity (DL CO,b); normal ~80% of 
predicted, mild <80% and ~60% of predicted, moderate/severe <60% of predicted. (D) Alveolar
arterial pO, gradient (P(A-a)O,); normal :S;20mmHg, mild >20mmHg and :S;30mmHg, moderate/ 
severe >30mmHg. (From Crawford SW, Fisher L. Predictive value of pulmonary function tests 
before marrow transplantation. Chest 101:1257--64, 1992, with permission.) 
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Figure 1 (continued) 

(C) 

(D) 

tions and death, there are no absolute values for these tests that predict these 
outcomes with specificity (figure 2). On average, a total lung capacity or 
diffusing capacity value (corrected for hemoglobin content) below the lower 
limits of normal may be associate with a 20% decrease in the probability of 
survival. Such information should not be used as an absolute contraindication 
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Figure 2. Kaplan-Meier survival plots estimated from the Cox proportional hazards regression 
model for 'low-risk' patients compared to those for 'high-risk' patients for various degrees of 
DLCO,h abnormality. (A) 'Low-risk' patients were less than 21 years old with malignancy in 
remission and received HLA-identical marrow grafts. (B) 'High-risk' patients were more than 21 
years old with malignancy in relapse and received HLA-nonidentical marrow grafts. (From 
Crawford SW, Fisher L. Predictive value of pulmonary function tests before marrow transplanta
tion. Chest 101:1257-64, 1992, with permission.) 
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to transplantation, but rather in combination with other known risks for 
transplant-related mortality to fully assess the risks. 

Posttransplant. There are both acute and long-term decrements in pulmonary 
function after intensive chemotherapy and irradiation as utilized in marrow 
transplantation [24-33]. Reductions in lung volumes, diffusing capacity, and 
exercise tolerance were documented after treatment for leukemia in children 
as well and were thought largely secondary to chemotherapy [34]. PFT 
abnormalities have been reported to include declines in lung volumes, gas 
diffusion, and airflow. Reductions in lung volumes and diffusing capacity are 
common 'early' (i.e., months) after marrow transplant. The declines in 
lung volumes may be at least partially reversible within two years after 
transplantation, while the low diffusing capacity reportedly persists for several 
years. Development of airflow obstruction has been seen in approximately 
10% of allogeneic marrow recipients in the presence of chronic graft-versus
host disease (OVHD) and most often is related to obliterative bronchiolitis 
[7,8,35]. 

Few reports have examined abnormalities in other PFT results for associa
tion with increased mortality. Badier et al. noted that both relapse of malig
nancy and overall mortality were correlated with falls in lung volumes and 
diffusion one year after marrow transplantation [33]. 

In order to investigate the clinical significance of declines in pulmonary 
function early after marrow transplantation, we recently reviewed prospective, 
nonrandomized PFT results of all 960 marrow recipients who performed PFT 
between days 60 and 120 after marrow transplantation over an eight-year 
period for association with nonrelapse mortality [36]. At three months after 
transplantation, the mean values for total lung capacity (TLC) and diffusing 
capacity decreased, and restrictive ventilatory defects (TLC < 80% of pre
dicted) were noted in 34% of the cohort. Airflow rates (FEVj/FVC) were 
unchanged. A restrictive lung defect at three months after transplant or a 
significant decline (~15 %) in TLC from baseline despite remaining within the 
normal range were associated with a twofold increased risk of nonrelapse 
mortality. Neither airflow obstruction nor impairment in diffusing capacity 
were associated with an increased risk (figure 3). Abnormalities of the TLC at 
three months after transplant were associated with death with respiratory 
failure, but not with an increased risk of chronic OVHD. 

These data support an increase in the nonrelapse mortality rate associated 
with either the presence of a restrictive defect three months after marrow 
transplantation or a significant decline in lung volume compared to baseline. 
This effect is most pronounced more than one year after marrow transplant 
and appears to be due to an increase in the rate of death with respiratory 
failure, not chronic OVHD. On the basis of these results, we routinely 
evaluate lung function three months and then yearly after marrow 
transplantation. 
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Figure 3. Estimates of the cumulative probabilities of nonrelapse death as functions of pulmonary 
function test results three months after marrow transplantation. (A) total lung capacity (p = 0.004, 
logrank); (B) FEV/FVC (p = 0.08, logrank); and (C) diffusing capacity (p > 0.05, logrank). In each 
plot, the solid curve corresponds to marrow recipients with pulmonary function test result impair
ment and the dashed curve to those with normal pulmonary function test results. (From Crawford 
SW, Pepe M, Lin D, Benedetti F, Deeg HJ. Abnormalities of pulmonary function tests after 
marrow transplantation predict non-relapse mortality. Am J Respir Crit Care Med 152:690-695, 
1995, with permission.) 
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Radiographs. Attention to radiographic abnormalities of the chest is crucial 
to avoid unnecessary complications. Focal abnormalities frequently represent 
opportunistic infection in neutropenic hosts and those with malignancy, even 
in the absence of symptoms. In our experience, focal lesions evident on chest 
radiography in patients with recent chemotherapy or hematological malig
nancy were infectious in over 80% of cases. Stanford investigators noted that 
focal lung lesions in patients with non-Hodgkin's and Hodgkin's lymphoma 
are most often parenchymal lymphoma [37,38]. However, fungal pneumonia 
may present after chemotherapy and be indistinguishable radiographically 
from malignancy [39]. Additionally, tuberculosis after transplantation most 
often occurs in patients with evidence of prior parenchymal lung disease [40]. 

Suspicion of focal lesions on chest radiography should prompt aggressive 
diagnostic evaluation before transplantation. Computerized tomographic ex
amination may help localize and anatomically define the lesion(s). Depending 
upon the number, size, and location of the lesions, diagnostic procedures are 
warranted for treatment planning. Bronchoscopy, percutaneous needle aspira
tion, and/or lung resection should generally follow radiographic identification. 

Predictors of mortality with respiratory failure 

Predicting respiratory failure 

It can be predicted which patients are at risk to require mechanical ventilatory 
support. The risk factors present at time of transplantation for subsequent 
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respiratory failure are receipt of an HLA-nonidentical donor marrow, active 
phase of malignancy, and older age (>21 years) [41]. The incidence ofrespira
tory failure increases from 10% to 13% with none of these risk factors to over 
50% when all three are present. 

It is important that transplant units and patients have adequate information 
to assess the risks associated with marrow transplantation. Such information is 
crucial to discussions of advanced-care directives and cost containment. Given 
the difficulty in assessing medical futility in the marrow transplant recipient 
with respiratory failure, autonomous decisions by the patient should be fol
lowed [42]. Advanced-care directives should be obtained prior to marrow 
transplantation from marrow recipients at risk for respiratory failure, and the 
estimated risk of complications should be used in counseling before marrow 
transplantation. 

Predicting outcome 

Studies of intensive care for respiratory failure of patients with cancer [43-45], 
hematological malignancies [46,47], and marrow transplantation have 
reported low survival rates. In reports from our center, the University of 
Minnesota, and others, approximately 3% of marrow recipients receiving 
mechanical ventilation survived to six months after transplantation [1,48-51]. 
Recent studies of pediatric marrow transplant recipients find the same poor 
prognosis as noted among adults [52]. In addition, intensive care for marrow 
recipients with respiratory failure utilizes inordinate medical resources. In a 
study of 50 patients by Denardo et ai., nonsurvivors of respiratory failure 
utilized the vast majority of blood products administered in the intensive care 
unit [51]. 

The results of these studies can be viewed in various ways. The low inci
dence of long-term survivors can be taken to mean that 'the prognosis is 
uniformly grim.' Such a conclusion may imply that medical intervention would 
be futile. However, given the controversy surrounding the meaning of medical 
futility, a low probability of survival alone may not be a valid argument for 
withholding mechanical ventilation from the marrow transplant recipient. 

Another view of the data would be that long-term survival is possible. The 
decision regarding continued treatment should be made by the patient (or 
surrogate) on the basis of the probabilities and likely burdens imposed by the 
treatment. Given the relatively young age of many of the marrow transplant 
recipients and the prospects for long-term survival, optimism may be an ap
propriate view to take of the data. Early identification of patients destined to 
die despite life support, without compromising the chances of potential survi
vors, is clearly needed. 

In recent work at the Fred Hutchinson Cancer Research Center, we 
have identified specific predictors of nonsurvival in mechanically ventilated 
marrow transplant recipients [53]. A nested case-control study of all survivors 
(n = 53) and a cohort of matched non survivors (n = 106) were selected from 
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Table I. Estimated probability of survival after mechanical venti
lation in marrow transplant recipients 

Clinical condition during support 

Severe lung injuryb 
Hepatic-renal dysfunction' 
Hypotensiond 

Severe lung injury 
and 

Hepatic-renal dysfunction 
or 

Hypotension 

Estimated survival" (95% Cl) 

1.3% (0.5,3.0) 
2.0% (0.1,4.0) 
0.5% (0.06, 1.7) 

0% (0,2.0) 

"Survival defined as alive 30 days after extubation and discharge 
from hospital. 

bFIO, > 0.6 or PEEP> Scm H20 after initial 24 hours of support. 
'Bilirubin> 4mg/dl and creatinine> 2mg/dL. 
dRequirement of more than four hours of vasopressor support of 
more than 5 ug/kg/min of dopamine. 

all mechanically ventilated marrow transplant reCIpients (n = 865) from 
January 1980 to July 1992. Patients mechanically ventilated less than 24 
hours after a procedure or after a second marrow transplant were excluded. 
Survival was defined as alive 30 days after extubation and discharge from 
hospital. 

Survival was statistically associated with younger age, lower APACHE III 
score, and a shorter time from transplant to intubation, but these measures 
lacked sensitivity for clinical use. However, there were no survivors among an 
estimated 398 patients who had severe lung injury (F10 Z > 0.6 or PEEP> 5 cm 
H20) who also required more than four hours of vasopressor support or had 
sustained combined hepatic and renal insufficiency (table 1). Using these 
factors, an accurate prediction of death could be made within four days of 
mechanical ventilation in 90% of nonsurvivors. Over the last five years of the 
review, there was a statistically significant improvement in survival rates (from 
5% to 16%) (p = 0.008) that was not explained by a change in patient age, the 
intubation rate or timing, or the percentage of HLA-nonidentical allogeneic 
transplants. 

These data appear to conflict with those presented by Faber-Langendoen 
et aI., where among 191 marrow recipients requiring mechanical ventilation, 
age over 40 years and respiratory failure within 90 days of transplant were 
generally associated with fatality [48]. The bases for the differences in the data 
are unclear. The Fred Hutchinson Cancer Research Center data were largely 
confined to several months after transplant, while the University of Minnesota 
experience included patients several years after transplant. Regional differ
ences in patient care may also contribute. Regardless, the Faber-Langendoen 
et al. report does not dispute that severe multiorgan failure with mechanical 
ventilation after marrow transplantation is highly fatal. 

We concluded that severe lung injury combined with hemodynamic insta-
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bility or hepatic-renal insufficiency are sensitive and highly specific predictors 
of nonsurvival in mechanically ventilated marrow transplant recipients. These 
overwhelmingly negative results in the largest cohort assembled - nearly 
equal in size to the total published experience - justify a standard of care for 
certain mechanically ventilated bone marrow transplant patients that restricts 
prolonged intensive care. We use such information to counsel patients and 
families to the expected outcomes of such situations, and will withdraw life
support on the basis of these data. 

Noninfectious lung disease 

Idiopathic pneumonia syndrome 

Incidence and epidemiology. While 40% to 60% of patients develop pneumo
nia after allogeneic marrow transplantation, no infectious etiology is identified 
in 30% to 45% of cases with nonbacterial pneumonia [3,54]. These episodes 
are referred to as idiopathic pneumonias (or idiopathic interstitial 
pneumonias) to indicate the lack of documented infection and uncertainty 
regarding the precise etiologies. Several studies have reported the incidence of 
idiopathic pneumonia to be 11 % to 17% after allogeneic marrow transplanta
tion, with a median onset of 39 to 52 days and associated mortality rates of 
60% to 70% [3,4,55]. 

The risk factors associated with idiopathic pneumonia in most studies were 
transplantation for malignancy and age greater than 20 years. Suggested eti
ologies for the apparently noninfectious lung injury after marrow transplanta
tion have included chemoirradiation damage [55-57], occult Cytomegalovirus 
infection [58], and a graft-verus-host reaction [59]. 

Clinical presentation and course. The usual clinical presentation of 'interstitial 
pneumonia' is described as diffuse radiographic infiltrates, fever, dyspnea, and 
hypoxemia [3,4]. However, this presentation also describes viral pneumonia. 
There is no apparent distinction in presentation for idiopathic processes. The 
diagnosis of idiopathic pneumonia is one of exclusion of infection. Large 
studies of pneumonia after marrow transplantation by Meyers et al. [3] and 
Wingard et al. [4] therefore have required examination of lung tissue either 
from lung biopsy or autopsy for the diagnosis. 

A recent description of the clinical course of idiopathic pneumonia diag
nosed by lung biopsy is found in a review of 41 allogeneic marrow transplant 
recipients with an open lung biopsy between 1983 and 1988 that did not reveal 
infection [60]. The onset of pneumonia was 11 to 143 days after transplant 
(mean = 35), and 93% of cases displayed diffuse pulmonary infiltrates. Overall 
in-hospital mortality was 71 % (n = 29). The case-fatality rate was 59% (n = 24). 
Thirteen patients (32%) died with progressive respiratory failure. The other 
11 fatalities (27%) died either with recurrent respiratory failure after initial 
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Table 2. Definition of idiopathic pneumonia syndrome 

1) Evidence of widespread alveolar injury: 
• multilobar infiltrates on chest radiograph or computed tomography 
• symptoms and signs of pneumonia 
• evidence of abnormal physiology 

and 
2) Absence of active lower respiratory tract infection, documented by 

• negative bronchoalveolar lavage, lung biopsy, or autopsy with examination of stains and 
cultures for bacteria, fungi, and viruses, including cytomegalovirus (CMV) centrifugation 
culture, cytology for viral inclusions and Pneumocystis carinii, and immunofluorescence 
monoclonal antibody staining for CMV, respiratory syncytial virus, influenza virus, 
parainfluenza virus, and adenovirus 

improvement (n = 7) or due to nonpulmonary causes without resolution of 
pneumonia (n = 4). Infection was a major complication and was present at 
autopsy in 11 of 16 cases (69%). Six of 12 patients discharged from the hospital 
died within one year, most commonly with relapse of malignancy. 

On the basis of this review of lung biopsies, the overall mortality of 
idiopathic pneumonia after allogeneic marrow transplantation is high, but less 
than one third of patients die of progressive respiratory failure, and infection 
is commonly associated with death despite a previous negative lung biopsy. 

Definition of IPS. The results of a recent National Institutes of Health work
shop addressed the issues of definitions and diagnostic criteria for idiopathic 
pneumonia after marrow transplantation [6]. That workshop recommended 
that the process be referred to as 'idiopathic pneumonia syndrome' (IPS) to 
reflect the diversity of clinical presentations and likely multifactorial etiologies 
of the apparently noninfectious diffuse lung injuries. IPS was defined as 'evi
dence of widespread alveolar injury in the absence of active lower respiratory 
tract infection' after marrow transplantation (table 2). Bronchoalveolar 
lavage, rather than lung biopsy, was recommended as the primary diagnostic 
approach. 

At the Fred Hutchinson Cancer Research Center, we sought to determine 
whether this newly defined IPS occurs with the same incidence or with the 
same risk factors as described in the past for idiopathic pneumonia. Ready 
access to minimally invasive and highly sensitive diagnostic techniques (such 
as bronchoalveolar lavage and centrifugation viral culture) may have in
creased the recognition (and thus the reported incidence) of lung injury [61]. 
In addition, it is probable that the spectrum of lung injury in marrow recipients 
has changed over time, with modification in infection prophylaxis, methods 
and intensity of cytoreduction, and immune suppression. 

Among 1165 consecutive marrow recipients from 1988 to 1991, IPS was 
documented in 85 marrow recipients by bronchoalveolar lavage (n = 68), open 
lung biopsy (n = 3), or autopsy (n = 14). The incidence estimate for IPS within 
120 days of transplantation was 7.7%. Median time to onset was 21 days (mean 
34 ± 30). Similar to previous studies, hospital mortality was 79%. Fifty-three 
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transplant recipients (62 %) died with progressive respiratory failure. IPS re
solved in 22 patients (26%), and 18 (21 %) survived to discharge. Mechanical 
ventilation was required by 59 marrow recipients (69%) within a median of 
two days of onset of infiltrates, and two (3 %) of these patients survived to 
discharge. Pulmonary infection (predominantly fungal) was noted in 7 of 25 
(28 %) marrow recipients who had an autopsy. Potential risk factors for IPS 
were assessed in univariate and multivariate logistic regression analyses. Al
though the difference in incidence was not significantly different between 
autologous (5.7%) and allogeneic marrow recipients (7.6%), risks were iden
tified only for the latter, namely, malignancy other than leukemia and grade 4 
graft-versus-host disease. No factors were associated with recovery. 

Based on this recent study, the incidence of IPS appears lower, the onset 
earlier, and the risk factors changed from those previously reported for idio
pathic pneumonia. The major risks appear to be regimen-related toxicity and 
multi organ dysfunction associated with alloreactive processes. 

Pulmonary hemorrhage 

Epidemiology, clinical presentation, and course. Robbins et al. described a 
syndrome of diffuse pulmonary infiltrates, fever, hypoxemia, thrombocyto
penia, and renal insufficiency occurring within the first few weeks after autolo
gous marrow transplantation for solid tumors [62]. The hallmark of the 
syndrome was progressively bloodier return from bronchoalveolar lavage 
(BAL) and the absence of infection in the lungs. This diffuse alveolar hemor
rhage (DAH) syndrome was associated with a very high mortality - over 
90%. DAH appeared unrelated to the platelet count, but correlated with 
increased requirements for platelet transfusion. 

Initially seen in 29% of the patients at the University of Nebraska, the 
incidence of the syndrome declined significantly, to less than 7%, presumably 
due to alterations in either patient selection or transplant conditioning regi
mens. Among marrow recipients with lymphoma at the Memorial Sloan 
Kettering Cancer Center, the reported incidence was 8% [63]. All centers 
reporting the syndrome note mortality rates over 67%. 

Recent European studies of alveolar hemorrhage suggest that the finding of 
blood in BAL fluid may not represent a specific syndrome. DeLassence et al. 
reported that among a cohort of 194 immunosuppressed patients undergoing 
bronchoalveolar lavage, detection of alveolar bleeding by the presence of 
alveolar siderophages did not correlate with specific lung pathology, presence 
of infection, or clinical outcome [64]. Siderophages did correlate with uremia, 
thrombocytopenia, coagulopathies, and a long history of tobacco smoking. 
This quantitative measure of alveolar bleeding circumvents the subjective 
nature of recognizing 'progressively bloodier' BAL. The correlations support 
a contention that alveolar blood is a sign of disease, and not a specific diagnos
tic category. Spanish investigators noted that there was poor correlation be
tween the presence of blood in the lungs at autopsy and BAL results during 

244 



life in patients after allogeneic marrow transplant or hematological malig
nancy, further questioning the specificity of the BAL findings as representing 
a specific syndrome [65]. 

Pathogenesis and pathology. All cases of DAH that have come to autopsy 
have demonstrated diffuse alveolar damage, alveolar desquamation, and hya
line membrane formation, typical of ARDS. Because the incidence of the 
syndrome tended to correlate with the recovery of circulating granulocytes in 
affected patients, the Nebraska investigators proposed that neutrophilic in
flammation played a pathogenic role [66]. Supporting this contention, visual 
evidence of airway inflammation (ascertained by a bronchitis index) before 
transplant was associated with the syndrome. 

The timing and pathology of the syndrome suggest that chemoradiation 
injury to multiple organs is central. It remains unclear whether the 
hemorrhage is a key element to the pathogenesis and outcome, or merely 
an expected consequence of diffuse lung injury in the presence of a 
coagulopathy. 

Treatment. There are no controlled studies of the treatment of DAH. Retro
spective data from Nebraska and anecdotal reports of four cases from 
Stanford suggest that high-dose corticosteroids may improve the survival rates 
[67,68]. Doses of methylprednisolone ranging from greater than 30mg/day to 
1 gram/day have been associated with survival. Metcalf et al. reported mortal
ity rates improved from more than 90% to 67% with the routine addition of 
corticosteroids in the treatment plan [67]. Clouding the interpretation of this 
finding was the simultaneous declining incidence of the syndrome at the au
thors' center, suggesting that unidentified factors influencing the course and 
severity of the disease may have been altered as well. 

Airflow obstruction and bronchiolitis 

Epidemiology. Several centers report that 6% to 10% of allogeneic marrow 
recipients develop chronic airflow obstruction. Most of these cases are among 
long-term survivors with chronic GVHD. Schultz et al. recently reported a 
higher incidence in children transplanted at the center in Vancouver, Canada 
[69]. It is unclear whether this represents a regional difference or an age
related effect. 

In 70% of the reported cases, the histology of the lungs was obliterative 
bronchiolitis [7]. The obliterative bronchiolitis lesions in the lungs of marrow 
transplantation recipients are occasionally, but not invariably, accompanied by 
interstitial infiltrates of mononuclear cells. However, interstitial fibrosis and 
bronchitis, without obliteration, have also been noted among patients with 
airflow obstructive physiology. Recently, airflow obstruction with obliterative 
bronchiolitis has been reported in two patients after autologous marrow trans
plantation [9]. On the basis of these findings, new onset airflow obstruction is 
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the hallmark of this problem, not the presence of obliterative bronchiolitic 
lesions. 

Pathogenesis. The etiology of obliterative bronchiolitis after marrow trans
plantation is unknown. Those causes recognized in otherwise normal hosts, 
such as recurrent aspiration, viral infection with influenza, adenovirus or 
measles, and bacterial or mycoplasma infection, have not been found consis
tently in marrow recipients with obliterative bronchiolitis. Immunological 
mechanisms inducing bronchial epithelial injury are suggested by the strong 
association between chronic GVHD and the development of obliterative 
bronchiolitis [7,8,70]. Factors associated with the increased risk of GVHD, 
such as increasing age and HLA-nonidentical marrow grafts, are not indepen
dent risk factors for the development of obliterative bronchiolitis. The lung 
epithelium may be the target of immune mediated injury in chronic GVHD 
through the expression of Ia antigens and subsequent activation of donor 
cytotoxic T cells. The reported association with the administration of 
methotrexate also raises the possibility of direct drug-related injury to the 
pulmonary bronchial epithelium [8]. Also, there is a higher incidence of de
creased levels of IgG among patients with obliterative bronchiolitis than that 
seen in other marrow recipients [70]. This hypogammaglobulinemia may be a 
manifestation of the immunological lesion responsible for the airway disease 
or merely may be related to the presence of chronic GVHD [71]. 

Airflow obstruction is occasionally seen within 100 days of transplant. His
tology is available for fewer of these cases, and the defect is possibly related to 
airway infection. This early presentation is often associated with acute 
GVHD. 

Clinical presentation and course of disease. Typical manifestations of airflow 
obstruction due to obliterative bronchiolitis after marrow transplantation are 
insidious progression of tachypnea, dyspnea on exertion, and dry, non
productive cough. Fever is not common [35]. Physical findings may be 
minimal. Scattered expiratory wheezing and occasionally diffuse inspiratory 
crackles may be heard, but chest auscultation is sometimes normal. The chest 
radiograph is commonly interpreted as normal; however, recent studies reveal 
that almost all affected children have typical abnormalities noted on high
resolution chest CT scans [72]. 

The diagnosis of airflow obstruction is made among marrow transplantation 
recipients by routine pulmonary function testing When the presentation is 
more than 150 days after marrow transplantation, evidence of chronic GVHD 
is usually present, although the condition may occur at any time after 
transplantation. 

The syndrome is often progressive and results in death due to respiratory 
failure. A more rapid onset and faster rate of progression is associated 
with worse outcome [35]. Control of chronic GVHD with increased immuno
suppression may achieve stabilization of the airway disease. Patients with 

246 



gradual declines in airflow tend to have more benign courses. Marrow recipi
ents with the onset of airflow obstruction beyond ISO days after transplanta
tion tend to have a more gradual decline in lung function. Airflow may 
stabilize in SO% of these patients. Reversal of the obstruction is reported in 
only 8 % of cases [7]. 

Treatment. There are no prospective studies of the treatment of new onset 
airflow obstruction after marrow transplantation. Obstructive airflow in the 
presence of chronic GVHD is managed primarily by controlling the GVHD 
with increased immunosuppression. Airflow obstruction has improved in some 
patients with increased immunosuppression [73]. Experience with obliterative 
bronchiolitis among the recipients of heart-lung transplant suggests that the 
addition of azathioprine (1.0-1.Smg/kg/day) to cyclosporine may be effective 
in arresting the decline in airflow in these patients [74]. In addition, 
aerosolized bronchodilator treatment for symptomatic patients is appropriate. 
Early and aggressive antibiotic treatment for any potential lower respiratory 
infection should be initiated. Prophylactic trimethaprim-sulfamethoxazole (or 
other form of anti-Pneumocystis prevention) should be continued for the 
duration of immune suppression. Routine intravenous replacement of immu
noglobulin for those with low class or subclass levels is usual [7S]. 

Similar immunosuppressive management is recommended for airflow ob
struction that develops early in the transplant course in the absence of chronic 
GVHD. Evaluation for possible airway infection by respiratory viruses or 
fungus should be undertaken in rapidly developing obstruction, especially in 
the presence of acute GVHD. 

Early recognition and treatment may improve outcome. Therefore, routine 
spirometry after marrow transplantation among patients with chronic GVHD 
is encouraged to detect the insidious onset of this process. 

Diagnostic approaches 

Bronchoscopy 

Fiberoptic bronchoscopy with bronchoalveolar lavage (BAL) is the procedure 
of choice to evaluate diffuse infiltrates after marrow transplantation (table 3). 
Rapid virological and microbiological detection methods permit sensitive and 
specific detection of viral as well as bacterial and Pneumocystis carinii 
infections. Fluorescent antibody staining with monclonals has increased sensi
tivity over cytology alone [76]. Rapid centrifugation (shell vial) culture ap
pears to be an even more sensitive method of detecting viral infection [77]. 
peR detection of viral nucleic acids may further increase the sensitive of 
detection. 

BAL is safe in marrow transplantation recipients and may be performed in 
profoundly thrombocytopenic patients with little risk of bleeding or infection, 
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Table 3. Routine laboratory evaluation of bronchoalveolar lavage specimens in marrow and stem 
cell transplant recipients 

Pathology" 
Wright-Giemsa stain 
Papanicolaou stain 
Silver stain 
Modified Jimenez stain (or other suitable for detecting Legionella) 

Consider in exceptional setting: Monoclonal fluorescent antibody stain for Pneumocystis 

Microbiology 
Stains: 

Gram 
Wet mount KOH or calcofluor white 
Modified acid-fast 
Fluorescent antibody stain for Legionella 

Culture: 
Bacterial (aerobic), semiquantitative method 
Fungal 
Legionella (chocolate yeast extract) 
Acid fast 

Virology 
Fluorescent antibody stains:b 

CMV 
HSV 
RSV, parainfluenza and influenza viruses pooled antibodies"d 

Culture (rapid centrifugation technique preferred):' 
CMV 
HSV 
Adenovirus 
RSV, parainfluenza and influenza viruses (in appropriate clinical setting) 

"Studies usually reviewed by a pathologist. 
h Studies may be performed in a virology or pathology laboratory. 
'Separate studies for each virus should be performed if the study with pooled antibodies is 
positive. 

dFluorescent antibody stains may be supplemented or replaced by enzyme-immunoassays (EIAs) 
as available. 

'If accessible. Culture may be replaced with fluorescent antibody stains or EIAs alone if culture 
facilities are unavailable. 

even when performed via the transnasal route [78]. Although BAL can docu
ment the presence of viral and bacterial infection, negative results do not 
exclude the presence of fungal infection nor confirm the diagnosis of idio
pathic pneumonia. The use of additional invasive procedures must be indi
vidualized on the basis of the likelihood of undiagnosed treatable infection. 
The yield in Pneumocystis carinii infection is unclear; however, we have never 
confirmed the presence of the organism by any other means after BAL failed 
to detect an infection. Transbronchial lung biopsy does not appear to 
improve the diagnostic yield in marrow recipients with diffuse infiltrates [79], 
is not specific for idiopathic processes [80,81], and may be unsafe in 
thrombocytopenic patients. 
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Video-assisted thorascopic surgery 

Most reports note that thoracotomy may be undertaken with acceptable mor
bidity and mortality, even in severely immunosuppressed patients, as long as 
the platelet count is adequate (usually >50,000/mm3) [82-84]. Open lung bi
opsy has the highest probability of rendering a specific diagnosis of the pro
cedures available and had been the mainstay of diagnosis for diffuse 
pulmonary infiltrates prior to the advent of rapid and sensitive virological 
diagnostic techniques applied to bronchoscopy specimens. 

The morbidity of lung biopsy may be diminished in the hands of a surgeon 
who is skilled in the use of a thoracoscope. Thorascopically directed biopsy 
permits diagnostic tissue to be obtained without a formal thoracotomy inci
sion. In most patients, the postoperative recovery is faster with less incisional 
pain [85,86]. Access to thorascopic lung biopsy has increased our willingness to 
subject marrow transplant recipients to surgery. One limitation to the pro
cedure is the requirement for bilateral bronchial intubation to permit deflation 
of the involved lung. Patients with little pulmonary reserve or severe bilateral 
disease may tolerate this procedure poorly. 

Thorascopic lung biopsy also has a role in the diagnosis and management of 
focal lung lesions, especially those close to the pleural surface. Surgical resec
tion of a focal fungal lesion may be curative while also diagnostic. Caution 
must be exercised, however, in discounting fungal disease on the basis of a 
negative open lung biopsy. Despite the relatively large tissue specimen that 
can be sampled, the diagnosis may not be evident in the pathological examina
tion. Invasive filamentous fungi, by their focal nature and accompanying large 
degree of tissue infarction and hemorrhage, may not be seen in as many as 
20% of cases in which they are present. Therefore, it is difficult to withdraw or 
withhold empirical antifungal therapy in the neutropenic patient despite 
"negative" results. 

Conclusions 

The number of transplant procedures continues to increase as the indications 
expand and the sources of donor stem cells enlarge. More patients are at risk 
for complications and require supportive care. To a large extent, support for 
these patients is similar to that for others receiving intensive induction chemo
therapy regimens. Distinctions include the severe degree of immune suppres
sion, the predictable rate and pattern of reconstitution of immunity that 
follows transplantation, and the presence of GVH reactions among allogeneic 
recipients. 

Increasingly, we are able to predict with more precision patients at risk for 
complications. Among the tools are pulmonary function tests, both before and 
after transplantation. In addition, the prognosis for patients with respiratory 
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failure is clearer. The dilemma of identifying those patients who will not 
survive is being unravelled. 

Diagnostic and treatment procedures clearly can be undertaken in these 
patients with acceptable risks. Bronchoalveolar lavage and thorascopic lung 
biopsy yield results in patients previously thought to be at high risk for such 
procedures. Further analyses will continue to define situations where these 
modalities produce the highest yields, as well as the limitations of such 
approaches. 
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12. Recombinant cytokines and hematopoietic 
growth factors in allogeneic and autologous 
bone marrow transplantation 

Hillard M. Lazarus 

In 1991, the United States Food and Drug Administration (FDA) approved 
the commercial sale of colony-stimulating factors for use in cancer patients 
receiving cytotoxic agent therapy. Many of the data to support the licensure of 
the two approved agents, G-CSF (filgrastim) and GM-CSF (sargramostim), 
were derived from studies conducted in patients undergoing bone marrow 
transplantation. This group of agents, predominantly glycoproteins in nature, 
controls the survival, proliferation, and differentiation of the various hemato
poietic blood cell lineages [1-5]. These agents act on both early and committed 
progenitors and enhance the function of mature effector cells [6]. 

Since early clinical trials, the use of colony-stimulating factors has nearly 
revolutionized the conduct of bone marrow and hematopoietic progenitor cell 
transplantation. While the numbers of patients undergoing allogeneic and 
autologous bone marrow transplantation has increased dramatically in recent 
years, this treatment modality still carries a significant risk of infection and 
bleeding and generally requires a prolonged hospitalization [7,8]. Use of he
matopoietic growth factors has significantly reduced the morbidity, mortality, 
and financial cost of this procedure. This chapter will address the use of 
recombinant hematopoietic growth factors after infusion of hematopoietic 
stem cells in patients undergoing high-dose cytotoxic therapy for cancer. The 
clinical experience with cytokines that are commercially available for clinical 
use and those which remain investigational will be described (table 1). 

Rationale for exogenous cytokine administration 

While high doses of cytotoxic therapy may be associated with improved anti
tumor activity, morbidity and mortality are increased. This increased risk, to a 
large extent, reflects the injury to host hematopoietic tissue induced by cyto
toxic therapy. The fact that successful marrow engraftment and expansion 
take place after intensive chemoradiation therapy implies that either the regu
latory systems controlling hematopoiesis are resistant to myeloabative therapy 
or the infused marrow itself contains populations of cells able to provide the 
necessary proliferative signals for hematopoietic tissue [9,10]. Despite infusion 

Jane N. Winter (ed.) BLOOD STEM CELL TRANSPLANTATION. 1997. Kluwer Academic Publishers.1SBN 
0-7923-4260-7. All rights reserved. 



Table 1. Cytokines approved for clinical use and those evaluated 
clinically but not yet approved 

Approved 
Erythropoietin 
Granulocyte-macrophage colony-stimulating factor (GM

CSF) 
Granulocyte-colony-stimulating factor (G-CSF) 
Interleukin-2 (IL-2) 

Under clinical investigation 
Macrophage colony-stimulating factor (M-CSF) 
Interleukin-l (IL-l) 
Interleukin-3 (IL-3) 
Interleukin-6 (IL-6) 
Interleukin-ll (IL-ll) 
Pixy 321 (fusion molecule IL-3/GM-CSF) 
Stem cell factor (SCF) 
Thrombopoietin 

of large numbers of autologous or allogeneic hematopoietic progenitor cells, 
prolonged and profound neutropenia and thrombocytopenia ensue. The 
patient is placed at great danger due to an increased probability of life
threatening infection and/or hemorrhage. The neutropenia and thrombo
cytopenia that result are strong stimuli that release endogenous cytokines to 
correct these problems. Yamasaki et al. [11] described growth-supporting, 
growth-promoting, and growth-fact or-like activities in the plasma, which peak 
7 to 21 days after marrow transplant. Subsequently, other investigators re
ported the detection of substances that could be characterized as G-CSF and 
IL-3. These factors and possibly others, detectable only in extremely low 
concentrations in the blood in steady state, often increase dramatically during 
the period of cytopenias associated with hematopoietic stem cell transplanta
tion [11-18]. However, concentrations of endogenous colony-stimulating fac
tors such as G-CSF may be detectable in only 35% of patients during 
transplantation, and serum concentrations of endogenous GM-CSF do not 
appear to be elevated in the plasma during post-transplant neutropenia [17]. 
In these patients, exogenous administration of cytokines may be important for 
enhancing recovery of peripheral blood counts. 

In representative series that did not utilize exogenous colony-stimulating 
factors, the median time to recover peripheral blood neutrophils more than 
500/IlL after marrow infusion was approximately 21 days or longer; the median 
time to independence from platelet transfusions, depending on the high-dose 
chemotherapy regimen and source of hematopoietic stem cell infusion, may be 
60 days or more [19-21]. It was postulated, and subsequently demonstrated, 
that the use of exogenous colony-stimulating factors after administration of 
high-dose chemoradiation therapy and infusion of hematopoietic stem cells 
will speed marrow regeneration. Hematopoiesis provides for both ongoing 
replenishment of blood progenitors, which in many cases have a short half-life, 
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and differentiation of target cells to correct cytopenias. This complex process 
is tightly regulated by a series of hematopoietic growth factors that only now 
is beginning to be understood. The colony-stimulating factors induce prolif
eration of progenitor cells, activate mature blood cells, and initiate production 
of other hematopoietic growth factors [6,22-26]. 

Cytokines in engraftment failure 

In preclinical trials, GM-CSF and G-CSF were effective in augmenting anti
bacterial and antifungal host activity [27-29]. Colony-stimulating factor trials 
conducted in nonhuman primates demonstrated enhanced levels of circulating 
neutrophils and monocytes and increased regeneration of cellular elements 
following bone marrow transplantation [30,31]. For a variety of reasons, sig
nificant delays in marrow recovery or rejection of allogeneic donor cells may 
occur in up to 10% of patients undergoing bone marrow transplantation (table 
2) [9,32,33]. Despite second marrow infusions, these patients often die of 
marrow aplasia [34]. 

Phase I trials to assess the efficacy of colony-stimulating factors after trans
plant were successful as compassionate treatment in patients who had failed to 
engraft (table 3). These trials used recombinant GM-CSF over various dose 
ranges. Nemunaitis et al. [35] demonstrated the utility of this approach after 
either autologous or allogeneic marrow infusion, although patients who re
ceived autologous bone marrow purged in vitro did not respond. Brandwein 
and associates [36] showed that GM-CSF had a transient effect on marrow 
recovery after failed or delayed engraftment in some autotransplant patients. 
Sierra et al. [37] showed benefit in both allogeneic and autologous marrow 
transplantation, but only in secondary rather than primary engraftment failure 
in the former situation. Ippoliti and coworkers [38] noted that GM-CSF 
was effective in most patients, even in lower doses. Vose et al. [39] and 
Klingemann et al. [40] also demonstrated the benefit of recombinant GM-CSF 
after marrow infusion. Several years later, Weisdorf et al. [34] compared 

Table 2. Causes of primary and secondary engraftment failure 
after bone marrow transplantation 

Disease relapse 
Posttransplant infections, i.e., cytomegalovirus, herpesvirus 6, 

etc. 
Low numbers of infused hematopoietic stem cells 
Cytotoxic effect of ex vivo marrow purging 
Extensive chemotherapy prior to marrow collection 
Graft-versus-host disease 
Drug toxicity, i.e., ganciciovir, trimethoprim-sulfamethoxazole 
Use of matched unrelated or mismatched related allogeneic 

donor marrow 
T-cell-depletion of donor marrow 
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G-CSF versus the sequence GM-CSF/G-CSF in patients who failed to engraft 
(see Combination Trials below). They noted no advantage for the sequential 
combination compared to the use of the single agent GM-CSF. 

Cytokine graft-enhancement phase I and II trials 

Phase I protocols were begun that systematically examined the toxic effects 
(and possible benefit) of colony-stimulating factors after transplantation. 
The initial trials examined patient groups who received autologous bone mar
row (table 4); trials of hematopoietic growth factors in patients undergoing 
allogeneic bone marrow transplantation, in general, were not addressed until 
later (table 5). This decision related, in part, to the fact that cytokines may 
indirectly activate T cells through the release of tumor necrosis factor and 
IL-l by macrophages that can be stimulated by GM-CSF, for example, causing 
or exacerbating graft-versus-host disease (GVHD) [41-49]. Furthermore, 
allogeneic transplantation is thought to be a more complex undertaking 
[42]. 

The phase I and II studies undertaken in patients undergoing autologous 
bone marrow transplantation are summarized in table 4. These studies, in 
general, employed recombinant GM-CSF (mammalian, yeast, and E. coli 
preparations) and G-CSF (E. coli), although one study used purified urine, 
subsequently demonstrated to be M-CSF [50-52]. These early studies were 
important, since they identified many toxic effects of the preparations and 
suggested efficacy, setting the stage for definitive phase III trials. Not only 
were the molecule (GM-CSF versus G-CSF) and dose determined to be 
important but also the route of administration and type of preparation 
(nonglycosylated, i.e., E. coli, versus glycosylated, i.e., mammalian or yeast) 
were found to be important variables. In the latter situation, glycosylation was 
thought to have effects on the biologic activities and toxicity of the various 
preparations, i.e., not all forms of one class of cytokine are equivalent in 
toxicity and efficacy [53-55]. 

Table 4 lists the results of 15 phase I-II studies using either GM-CSF (N = 
10) or G-CSF (N = 5). Trials included 25 or fewer patients, usually subjects 
who had hematologic malignancies. In all trials, the use of a recombinant 
cytokine was associated with a significantly faster neutrophil recovery when 
compared to historic control data [56-71]. Toxicities identified in the lower 
and intermediate dose ranges were similar to those side effects observed in 
patients who received chemotherapy in conventional doses, including fever, 
nausea, vomiting, diarrhea, abdominal pain, and abnormalities in serum tests 
of liver function. At the highest doses examined, some patients developed a 
syndrome referred to as the 'capillary-leak' syndrome, characterized by 
dyspnea, and pleural, pericardia I, or peritoneal effusions; some patients devel
oped renal failure and hypotension. These effects appeared to be rapidly 
reversible with cessation of the colony-stimulating factor therapy or with dose 
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reduction. Some patients experienced a marked reduction in bacterial infec
tions and less renal, hepatic, and pulmonary dysfunction often attributed to 
the high-dose chemotherapy preparative regimen, although these findings 
were not primary study objectives. These findings are thought to reflect early 
eradication of bacterial infection, attributed to more rapid neutrophil recov
ery. Several studies reported an earlier hospital discharge when compared to 
historic control sUbjects. In addition, 3 of 4 studies illustrated the potential 
benefit of G-CSF and GM-CSF therapy in enhancing neutrophil recovery 
when given after infusion of bone marrow purged in vitro [57,69-71]. Further
more, tumor growth was not detected despite the fact that malignant cells may 
express receptors for colony-stimulating factors. Except for one study by 
Nemunaitis et al. [61], in which GM-CSF appeared to reduce the time to 
platelet transfusion independence from 38 to 29 days, neither G-CSF nor GM
CSF appeared to speed the recovery of platelet counts. 

Similar results were noted in eight studies presented in table 5 for those 
patients undergoing allogeneic bone marrow transplantation followed by ad
ministration of recombinant hematopoietic growth factors GM-CSF (N = 3) 
and G-CSF (N = 5) [68,72-80]. As noted for the autologous bone marrow 
transplantation efforts, all studies noted enhancement of neutrophil recovery 
in most patients who received either of these colony-stimulating factors. On 
the other hand, patients given methotrexate as part of the regimen as prophy
laxis against GVHD did not benefit to the extent seen without use of this 
cytotoxic agent. Of additional note, more patients appeared to developed 
pericardial effusions or other evidence of the 'capillary leak' syndrome than 
was observed in the autotransplant setting. Finally, Atkinson and associates 
[74], who transplanted ten leukemia and lymphoma patients using HLA
identical sibling donor marrow followed by recombinant GM-CSF (E. coli) 
reported that 6 of 8 evaluable patients experienced grade II-IV GVHD (three 
grade IV), a significantly higher percentage than the historic control group. 
The authors raised a cautionary note concerning the use of GM-CSF after 
allogeneic transplant. On the other hand, both Nemunaitis et al. [75-77] and 
Schriber et al. [78] studied unrelated matched allogeneic donors and did not 
observe this problem. As observed in the phase I-II autologous bone marrow 
transplant setting, neither G-CSF nor GM-CSF appeared to accelerate recov
ery of platelet counts. 

Phase III randomized trials in autologous and 
allogeneic bone marrow transplantation 

To assess the true benefit of recombinant hematopoietic growth factor therapy 
in the course of bone marrow transplantation, single-agent phase I-II studies 
must be confirmed by phase III clinical investigations. Such trials are necessary 
because there are many factors that can influence hematologic recovery in the 
course of transplantation (table 6). 
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Table 6. Factors influencing hematologic recovery after allogeneic 
and autologous bone marrow infusion 

Allogeneic bone marrow 
Pretransplant conditioning regimen 
Histocompatibility of patient and donor 
Hematopoietic stem cell dose 
Posttransplant GVHD prophylaxis therapy 
Use of and type of hematopoietic growth factors 

posttransplant 

Autologous bone marrow 
Previous myelosuppressive treatment 
Pretransplant treatment regimen 
Hematopoietic stem cell dose 
Use of in vitro purging 
Use of and type of hematopoietic growth factors 

posttransplant 

Table 7 illustrates the results from 14 phase III randomized trials conducted 
in autologous bone marrow transplant patients to whom either GM-CSF (N = 
9) or G-CSF (N = 5) were administered [81-95]. In all studies, the CSF chosen 
was shown to be effective in statistically shortening the time to neutrophil 
recovery after transplant. Less agreement was noted among trials with respect 
to lowering the prevalence of infection, reducing the duration of antibacterial 
agent therapy, and shortening the length of hospital stay. Similar data were 
noted for patients undergoing phase III placebo-controlled trials using GM
CSF (N = 3) or G-CSF (N = 4) after allogeneic bone marrow infusion (table 8) 
[91,93,95-101]. Neutrophil recovery was enhanced in all but one trial [93]. As 
was the case in the autotransplant setting, the studies did not provide a consis
tent statement regarding the benefit of recombinant colony-stimulating factors 
with respect to the prevalence of infection, the duration of antibacterial agent 
therapy, and length of hospital stay. In no instance was the use of the recom
binant hematopoietic growth factors G-CSF and GM-CSF thought to stimu
late growth of malignancy. 

In these studies (table 7 and 8), the use of G-CSF and GM-CSF did not 
appear to enhance the recovery of peripheral blood platelet counts. On the 
other hand, the dramatic acceleration of neutrophil recovery in the course of 
transplantation improved the therapeutic index of the procedure by lowering 
early mortality; G-CSF and GM-CSF therapy became an integral part of the 
posttransplant treatment supportive care approach. 

Erythropoietin 

Erythropoietin, identified more than 40 years ago, was the first cytokine to be 
cloned and studied in clinical trials. Erythropoietin is a circulating, polypep
tide hormone that induces and maintains the proliferation and differentiation 

263 



N
 :?::
 

T
ab

le
 7

. 
S

um
m

ar
y 

of
 ra

nd
om

iz
ed

, 
ve

hi
cl

e-
co

nt
ro

ll
ed

 p
ha

se
 I

II
 t

ri
al

s'
 f

or
 G

M
-C

S
F

 a
nd

 G
-C

S
F

 a
ft

er
 a

ut
ol

og
ou

s 
bo

ne
 m

ar
ro

w
 t

ra
ns

pl
an

ta
ti

on
 

R
ef

. 
N

o.
 p

ts
 

D
is

ea
se

s 
C

yt
ok

in
e 

T
yp

e/
 gl

 yc
os

 y
 la

 te
d 

81
,8

2 
12

8 
N

H
L

,H
D

,A
L

L
 

G
M

-C
S

F
 

Y
ea

st
/y

es
 

83
 

69
' 

N
H

L
,H

D
 

G
M

-C
S

F
 

E
.c

oJ
i/

no
 

84
 

24
 

H
D

 
G

M
-C

S
F

 
E

.c
oJ

i/
no

 
85

 
91

 
N

H
L

 
G

M
-C

S
F

 
E

.c
ol

i/
no

 
86

 
79

 
N

H
L

,A
L

L
 

G
M

-C
S

F
 

E
.c

ol
i/

no
 

87
 

23
1 

A
M

L
, 

A
L

L
, 

N
H

L
, 

G
M

-C
S

F
 

E
.c

ol
il

no
 

so
li

d 
tu

m
or

s 
88

 
58

 
N

H
L

,H
D

 
G

M
-C

S
F

 
E

.c
ol

il
no

 
89

 
53

 
A

L
L

, 
A

A
, 

ot
he

r 
G

M
-C

S
F

 
E

.c
ol

i/
no

 
90

 
25

 
N

H
L

,H
D

 
G

-C
S

F
 

E
.c

ol
i/

no
 

91
 

24
5 

N
H

L
,H

D
,M

M
, 

G
-C

S
F

 
M

am
m

al
ia

n/
ye

s 
A

L
L

, 
so

li
d 

tu
m

or
s 

92
 

43
 

N
H

L
,H

D
 

G
-C

S
F

 
E

.c
ol

i/
no

 
93

 
20

 
A

L
L

 
G

-C
S

F
 

E
.c

ol
i/

no
 

94
 

16
 

N
B

L
 

G
M

-C
S

F
 

E
.c

ol
i/

no
 

95
' 

10
2 

N
H

L
,H

D
,M

M
, 

G
-C

S
F

 
M

am
m

al
ia

n/
ye

s 
A

L
L

, s
ol

id
 t

um
or

s 

'P
h

as
e 

II
 s

in
gl

e-
bl

in
d 

ra
nd

om
iz

ed
 p

ar
al

le
l 

gr
ou

p 
ve

hi
cl

e-
co

nt
ro

ll
ed

 d
os

e 
ra

ng
in

g 
st

ud
y.

 
b R

ef
er

s 
to

 s
ta

ti
st

ic
al

ly
 s

ig
ni

fi
ca

nt
 c

ha
ng

e.
 

E
nh

an
ce

 
ne

ut
ro

ph
il

 
F

ew
er

 
re

co
ve

ry
b 

in
fe

ct
io

ns
b 

Y
es

 
N

o 
Y

es
 

Y
es

 
Y

es
 

N
o 

Y
es

 
N

o 
Y

es
 

Y
es

 
Y

es
 

N
o 

Y
es

 
N

o 
Y

es
 

N
o 

Y
es

 
N

A
 

Y
es

 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
A

 
Y

es
 

N
o 

Y
es

 
N

o 

, 3
9 

pa
ti

en
ts

 r
ec

ei
ve

d 
au

to
lo

go
us

 p
er

ip
he

ra
l 

bl
oo

d 
pr

og
en

it
or

 c
el

ls
 a

lo
ne

 o
r 

in
 c

on
ju

nc
ti

on
 w

it
h 

au
to

lo
go

us
 b

on
e 

m
ar

ro
w

. 
d 

Si
gn

if
ic

an
tly

 s
ho

rt
er

 s
ta

y 
in

 l
am

in
ar

-a
ir

-f
lo

w
 i

so
la

ti
on

. 

F
ew

er
 

an
ti

ba
ct

er
ia

ls
 

da
y"

 

Y
es

 
N

A
 

N
A

 
N

o 
N

o 
N

o 

N
o 

N
A

 
N

o 
Y

es
 

N
o 

N
o 

Y
es

 
N

o 

S
ho

rt
er

 
ho

sp
it

al
 

st
ay

" 

Y
es

 
N

o 
Y

es
 

Y
es

 
N

o 
Y

es
 

N
o 

Y
es

d 

N
o 

Y
es

 

N
o 

Y
es

 
Y

es
 

Y
es

 

A
bb

re
vi

at
io

ns
: 

N
H

L
, 

no
n-

H
od

gk
in

's
 l

ym
ph

om
a;

 H
D

, 
H

od
gk

in
's

 d
is

ea
se

; 
A

L
L

, 
ac

ut
e 

ly
m

ph
ob

la
st

ic
 l

eu
ke

m
ia

; 
M

M
, 

m
ul

ti
pl

e 
m

ye
lo

m
a;

 N
B

L
, 

ne
ur

ob
la

s
to

m
a;

 N
A

, 
no

t 
av

ai
la

bl
e.

 



N
 

0
\ 

V
I 

T
ab

le
 8

. 
S

um
m

ar
y 

of
 r

an
do

m
iz

ed
, 

ve
hi

cl
e-

co
nt

ro
ll

ed
 p

ha
se

 I
II

 t
ri

al
s'

 f
or

 G
M

-C
S

F
 a

nd
 G

-C
S

F
 a

ft
er

 a
ll

og
en

ei
c 

bo
ne

 m
ar

ro
w

 t
ra

ns
pl

an
ta

ti
on

 

N
o.

 
R

ef
. 

pt
s 

D
is

ea
se

s 
C

yt
ok

in
e 

T
yp

e/
gl

yc
os

yl
at

ed
 

91
 

70
 

N
H

L
, 

H
D

, 
M

M
, 

A
L

L
, 

G
-C

S
F

 
M

am
m

al
ia

n/
ye

s 
so

li
d 

tu
m

or
s 

93
 

24
 

A
L

L
 

G
-C

S
F

 
E

.c
ol

i/
no

 
95

' 
19

 
N

H
L

, 
H

D
, 

M
M

, 
A

L
L

, 
G

-C
S

F
 

M
am

m
al

ia
n/

ye
s 

so
li

d 
tu

m
or

s 
96

' 
57

 
A

M
L

, 
A

L
L

, 
C

M
L

, 
C

L
L

, 
G

M
-C

S
F

 
M

am
m

al
ia

n/
ye

s 
A

A
,M

D
S

,M
M

 
97

,9
8,

99
 

40
 

A
M

L
, 

A
L

L
, 

C
M

L
 

G
M

-C
S

F
 

M
am

m
al

ia
n/

ye
s 

10
0 

84
 

A
M

L
, 

C
M

L
, 

N
H

L
, 

G
M

-C
S

F
 

M
am

m
al

ia
n/

ye
s 

M
D

S
,M

M
 

10
1 

70
 

A
M

L
, 

A
L

L
, 

C
M

L
, 

G
-C

S
F

 
E

.c
ol

i/
no

 
A

A
,N

H
L

 

, P
ha

se
 I

I 
si

ng
le

-b
li

nd
 r

an
do

m
iz

ed
 p

ar
al

le
l 

gr
ou

p 
ve

hi
cl

e-
co

nt
ro

ll
ed

 d
os

e 
ra

ng
in

g 
st

ud
y.

 
b 

R
ef

er
s 

to
 s

ta
ti

st
ic

al
ly

 s
ig

ni
fi

ca
nt

 c
ha

ng
e.

 
'U

se
 o

f 
T

-d
ep

le
te

d 
al

lo
ge

ne
ic

 m
ar

ro
w

. 
d 

G
M

-C
S

F
 g

ro
up

 h
ad

 m
or

e 
an

ti
bi

ot
ic

 d
ay

s.
 

E
nh

an
ce

 
F

ew
er

 
ne

ut
ro

ph
il

 
F

ew
er

 
an

ti
ba

ct
er

ia
ls

 
re

co
ve

ry
" 

in
fe

ct
io

ns
b 

da
ys

b 

Y
es

 
Y

es
 

Y
es

 

N
o 

N
A

 
Y

es
 

Y
es

 
N

o 
N

o 

Y
es

 
Y

es
 

N
o 

Y
es

 
N

o 
W

or
se

d 

Y
es

 
N

A
 

N
A

 

Y
es

 
N

o 
N

o 

S
ho

rt
er

 
ho

sp
it

al
 

st
ay

b 

Y
es

 

N
o 

Y
es

 

N
o 

N
o 

N
A

 

N
o 

A
bb

re
vi

at
io

ns
: 

A
L

L
, 

ac
ut

e 
ly

m
ph

ob
la

st
ic

 l
eu

ke
m

ia
; 

N
H

L
, 

no
n-

H
od

gk
in

's
 l

ym
ph

om
a;

 A
M

L
, 

ac
ut

e 
m

ye
lo

id
 l

eu
ke

m
ia

; 
C

M
L

, 
ch

ro
ni

c 
m

ye
lo

id
 l

eu
ke

m
ia

; 
A

A
, 

ap
la

st
ic

 a
ne

m
ia

; 
M

D
S

, 
m

ye
lo

dy
sp

la
st

ic
 s

yn
dr

om
e;

 C
L

L
, 

ch
ro

ni
c 

ly
m

ph
oc

yt
ic

 l
eu

ke
m

ia
; 

M
M

, 
m

ul
ti

pl
e 

m
ye

lo
m

a;
 N

A
, 

no
t 

av
ai

la
bl

e.
 



of bone marrow erythroid progenitor cells into mature red blood cells [102-
108]. Recombinant erythropoientin has an extremely restricted range of target 
activity; in vivo, it affects erythroid precursors predominantly [107-109]. In 
addition, erythropoietin has a 25% amino acid sequence homology with 
thrombopoietin, and the respective receptors are quite similar, leading to 
positive effects on megakaryocytopoiesis in vitro [110-115]. 

Anemia arising during bone marrow transplantation is multifactorial and 
includes inadequate red cell production, blood loss due to organ damage, 
thrombocytopenia, or infection, and hemolysis due to ABO incompatibility, 
micro angiopathy from drugs such as cyclosporine, or idiopathic he moly tic
uremic syndrome [116]. Circulating blood and bone marrow erythroid 
progenitor cells may require at least 12 months to recover after marrow 
transplantation [117-119]. 

Endogenons erythropoietin 

A number of allogeneic and autologous bone marrow transplant studies have 
consistently but paradoxically demonstrated that endogenous serum erythro
poietin concentrations increase dramatically within days of completing chemo
therapy or chemoradiation therapy [120-131]. It is unclear whether this 
increase reflects a direct effect of cytotoxic drugs on erythropoietin production 
by the kidney, a reduction in erythropoietin utilization due to the depletion of 
erythropoietin receptor-bearing erythroid precursors from bone marrow, or a 
reduction in renal blood flow; there is no stored reserve for erythropoietin in 
humans, and enhanced release cannot be a factor [122,123,132]. Erythropoi
etin concentrations fall to inappropriately low levels during the period of 
anticipated marrow recovery [118,126,128,131,133-136]. 

Exogenous erythropoietin administration 

Several small retrospective studies and case reports evaluated recombinant 
erythropoietin therapy after bone marrow transplant [137-146]. Several 
showed an increase in reticulocyte count and decreased red cell transfusion 
requirement in some patients, but such findings were not uniform among these 
studies. Vannucchi and associates [141] prospectively compared exogenous 
erythropoietin therapy in 21 marrow transplant patients. The eight 
erythropoietin-treated patients experienced earlier red cell engraftment and 
required fewer red cell transfusions than the ll-patient control group. Finally, 
Steegmann and colleagues [142] reported similar results in a prospective, 
randomized trial; 13 erythropoietin-treated patients exhibited earlier appear
ance of reticulocytes and required fewer red cell transfusions than a control 
group of 11 patients. The response to erythropoietin after transplantation may 
occur even in the setting of adequate or high endogenous erythropoietin 
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serum concentrations, suggesting that high doses of exogenously administered 
erythropoietin may stimulate production of erythroid precursors and over
come circulating inhibitors if these are present [146]. 

In the most comprehensive investigation conducted to date, Link and asso
ciates [147] reported the use of recombinant erythropoietin in a prospective, 
randomized, placebo-controlled trial. They administered recombinant eryth
ropoietin 150 units/kg/day as a continuous 24-hour intravenous infusion until 
patients demonstrated independence from erythrocyte transfusions for seven 
consecutive days with stable hemoglobin level :2:9.0 g/dL. Treatment was given 
to 106 allogeneic BMT pts, while 109 received placebo. Fifty-seven autologous 
transplant patients were given recombinant erythropoietin, and 57 received 
placebo. No major differences were noted in side effects or complications 
between the erythropoietin-treated and placebo-treated sUbjects. In the allo
geneic group, independence from red blood cell transfusions occured a median 
of 19 days postreinfusion in the erythropoietin-treated group and 27 days in 
the placebo group (p < 0.003). Acute graft-versus-host disease, major ABO 
incompatibility, patient age of more than 35 years, and hemorrhage signifi
cantly increased the number of transfusions. At 20 days after transplant, 
however, erythropoietin significantly reduced the number of erythrocyte 
transfusions in these high-risk groups. Furthermore, for the whole study pe
riod, erythropoietin reduced the mean red cell transfusion requirement in 
grade 3 and 4 graft-versus-host disease from 18.4 ± 8.6 to 8.5 ± 6.8 units (p = 
0.05). In the autologous transplant group, there were no differences in the time 
to independence from red blood cell transfusions and the regeneration of 
reticulocytes between the erythopoietin- and placebo-treated groups. Recom
binant erythropoietin therapy had no effect on thrombopoiesis. 

Other uses of erythropoietin in marrow transplantation 

York and associates [148] reported the use of recombinant erythropoietin in 
the treatment of allogeneic bone marrow donors before marrow procurement. 
Therapy consisted of erythropoietin 100 units/kg subcutaneously daily in ad
vance of the transplant along with oral iron supplementation. Erythropoietin 
was given at a dose of 150 units/kg thrice weekly until 2 to 3 weeks after 
marrow harvest. This approach was well tolerated and may be advantageous 
for children donors, in whom autologous blood donation is not routine. 

Macrophage colony-stimulating factor (M-CSF) 

One of the earliest bone marrow transplant studies using cytokines to enhance 
marrow recovery involved 37 allogeneic and 14 autologous bone marrow 
transplant patients given colony-stimulating factors purified from human urine 
[50]. These investigators reported enhancement of neutrophil recovery and, in 
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the allograft setting, observed no increase in graft-versus-host disease when 
compared to historic controls [149]. Later, this cytokine was demonstrated to 
be M-CSF [51-52]. 

At high concentrations, M-CSF is a potent stimulator of human monocyte 
progenitor cells and, at clinically achievable concentrations, significantly in
creases monocyte cytotoxicity [150-151]. Fungal infection is a major cause of 
morbidity and mortality in patients undergoing marrow transplantation [152-
155). Neutrophils are not detected early after transplant and, when present, 
exhibit defects in killing microorganisms which may not be corrected by 
cytokine stimulation [26,156,157]. As a result, macrophages play an important 
role in host defense after bone marrow transplantation; without neutrophils, 
tissue macrophages may be the sole defense against infection. This speculation 
is supported indirectedly by data demonstrating that after bone marrow trans
plantation endogenous M-CSF levels are elevated in early stage fungemia 
[158]. After allogeneic bone marrow transplant, macrophages are of host 
origin and repopulate various organs as hepatic Kupffer cells, alveolar mac
rophages, pleural and peritoneal macrophages, and microglial cells of the 
brain [159,160). Three studies reported that exogenous administration of the 
cytokines GM-CSF and M-CSF after bone marrow transplantation will acti
vate monocyte function [161,163]. On the other hand, Fabian et al. [164] noted 
no deficit in functional activity of monocytes after bone marrow transplant, 
and IL-3, GM-CSF, and M-CSF did not modulate functional activity of these 
cells. Nonetheless, as a result of such observations, M-CSF has been studied as 
an antifungal agent in bone marrow transplant patients who have established 
invasive fungal infections. In one of the few published trials using recombinant 
M-CSF, Nemunaitis and coworkers [165,166] reported a phase I study in which 
recombinant M-CSF 100-2000/Jlg/m2/d was given to 46 patients who had he
matologic disorders or had undergone bone marrow transplantation. Toxic 
effects appeared to be limited to thrombocytopenia, affecting 11 patients, 
which responded to dose reduction. Although neutrophil, monocyte, and lym
phocyte numbers were not increased, this therapy appeared effective, since 12 
patients remained alive and free of fungal infection. When compared with 
historic controls who received antifungal agents only, a statistically significant 
survival advantage at two years was noted (27% versus 5%, p = 0.027) for 
treated patients. Similar results were noted in a randomized, phase II prelimi
nary communication by Schiller et al. [167). Despite these positive findings, at 
this time M-CSF's role in bone marrow transplantation is unclear. 

Platelet recovery after marrow transplantation 

Platelet transfusions, a necessary element of supportive care for preventing 
the spontaneous hemorrhagic manifestations of severe thrombocytopenia, 
may be associated with significant febrile and allergic reactions, transfusion
associated bacterial sepsis, and other infections [168,169). Furthermore, plate-
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Table 9. Cytokines that have the potential to enhance platelet 
recovery after bone marrow transplantation 

Interleukin-1 (IL-1) 
Interleukin-3 (IL-3) 
Interleukin-6 (IL-6) 
Interleukin-ll (IL-ll) 
Pixy 321 (fusion molecule IL-3/GM-CSF) 
Stem cell factor (SCF) 
Thrombopoietin 

let concentrates stored in vitro prior to infusion may contain cytokines that 
paradoxically can further suppress hematopoiesis [170,171]. The cost and in
convenience of frequent platelet transfusions are not insignificant clinical and 
health-care problems. The use of thrombopoietic growth factors could have a 
major impact on decreasing platelet transfusions in this setting [172,173]. The 
colony-stimulating factors presently in use in clinical practice appear to have 
little effect on platelet recovery, and prolonged periods of thrombocytopenia 
after bone marrow transplantation remain a significant obstacle [4,174-176]. A 
number of agents that have recently entered clinical trials have the potential 
for stimulating platelet generation. Agents that may enhance platelet recovery 
are shown in table 9. 

Interlenkin-6 (IL-6) 

IL-6 is a pleiotropic cytokine that has been demonstrated in preclinical studies 
to promote maturation of megakaryocytes, increases in size and ploidy, and 
thrombopoiesis [177,186]. In a dog model, rhIL-6 treatment was associated 
with production of larger platelets and greater sensitivity of platelets to activa
tion by thrombin, both effects that potentially provide greater hemostatic 
benefit, especially after myeloablative therapy [187,188]. 

IL-6 can be given in doses up to 100.0/-lg/m2 in untreated cancer patients or 
those given conventional chemotherapy [189,190]. In a preliminary communi
cation, Colwill and coworkers [191] administered IL-6 1.0-2.5 mg/m2/day after 
high-dose etoposide and melphalan and ABMT to six relapsed or refractory 
Hodgkin's disease patients. They observed a lower median number of platelet 
transfusions than in historical controls treated with GM-CSF, but no enhance
ment of platelet recovery. Lazarus and colleagues [192] treated 20 breast 
cancer patients in a phase I fashion using IL-6 0.3-3.0/-lg/m2 after high-dose 
chemotherapy and autologous bone marrow reinfusion. Reversible hepatic 
toxicity manifested by hyperbilirubinemia was the dose-limiting toxicity at 
3.0 /-lg/m2, which established 1.0/-lg/m2 to be the phase II dose. Zone 3 
microsteatosis was noted to be the histopathologic lesion, a finding also re
ported by Weber et al. [190] when higher doses of IL-6 were given after 
conventional chemotherapy. Other toxic effects included fever, chills, rash, 
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nausea, vomiting, and diarrhea; these effects may reflect the complex interac
tions of IL-6 with endogenous IL-1 and tumor necrosis factor during the 
transplant [193-198]. Neutrophil recovery was quite slow, similar to those 
transplant patients who did not receive hematopoietic growth factors and 
consistent with the fact that IL-6 has little effect on myelopoiesis and neutro
phil recovery after bone marrow transplantation [185,199,200]. Six of 20 
treated patients had more rapid recovery of platelet counts. IL-6 currently is in 
phase II trials in combination with GM-CSF and other agents (see below). 

Interleukin-3 (IL-3) 

IL-3, also known as multi-CSF, appears to regulate both early and intermediate 
stages of hematopoiesis and promotes proliferation and differentiation of 
myeloid, erythroid, and megakaryocyte cell lineages [201-208]. IL-3 appears to 
act on bone marrow cells earlier in development than later-acting cytokines 
such as GM-CSF and G-CSF, which predominantly affect mature marrow 
elements. The functional activities of neutrophils and monocytes also are 
enhanced, to some extent, after exposure to IL-3 [209-211]. Studies using bone 
marrow in vitro have shown that recombinant human IL-3, alone or in combi
nation with sequentially or simultaneously administered GM-CSF, stimulates 
the growth of both myeloid and megakaryocyte lineage cells [212-214]. Simi
larly, in preclinical animal models, recombinant human IL-3 alone or together 
with other cytokines has been shown to stimulate both neutrophil and platelet 
production [215-219]. In an effort to improve upon current methods, this agent 
has been administered prior to bone marrow and peripheral blood progenitor 
cell collection to quantitatively enhance cellular yield [220-222]. While these 
efforts were generally unsuccessful, IL-3 has been used effectively alone and in 
combination (sequentially) in bone marrow failure states and after bone mar
row transplantation to enhance marrow recovery [223-227]. In bone marrow 
failure states, IL-3 therapy resulted in an increase in bone marrow cellularity, 
reticulocytes (up to fourfold), neutrophils (up to threefold), and platelets (up 
to 14-fold), although the effect usually was not long-lasting. 

Nemunaitis and associates conducted a phase I trial [228] designed to 
examine the use of IL-3 as a single agent on bone marrow recovery after 
autologous bone marrow transplantation. Thirty lymphoma patients received 
IL-3 therapy by vein over two hours at doses of l-lO/-lg/kg/day for 21 days 
after marrow infusion. Toxic effects attributed to IL-3 included malaise, con
fusion, fever, and headache. The authors did not observe earlier hematopoi
etic reconstitution compared to a similar cohort of historic controls treated 
with GM-CSF. These investigators noted no enhancement of either neutrophil 
or platelet count compared to placebo or GM-CSF (table 10). In a phase IIII 
study, Fibbe and associates [229] administered nonglycosylated E. coli IL-3 
0.25-15.0 Ilg/kg/day for 14 days to 22 patients who were undergoing autologous 
bone marrow transplant for lymphoma. Toxic effects, including facial flushing, 
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Table 10. Influence of single agent and combinations of recombinant hematopoietic growth 
factors on recovery of peripheral blood counts during autologous bone marrow transplantation 
for lymphoid malignancies 

Median day Median day 
Number of neutrophils platelets 

Ref. Cytokine therapy patients ~1000/~L ~20,00O/~L 

82 None 63 33 29 
82 GM-CSF 65 26 26 
95 G-CSF 49 17 33 

228 IL-3 30 24 27 
229 IL-3 8 17 19 
240 PIXY 321 11 19 17 
335 IL-3/GM-CSF 37 16 15 

(sequential) 

Abbreviation: PIXY 321, GM-CSF/IL-3 fusion protein. 

headache, and fever, were tolerable at all but the highest dose level. Eight 
patients who received the 10 j..lg/kg/day dose attained neutrophil and platelet 
recovery a median of 17 (range: 11-25) days and 19 days (range: 13-35 days) 
posttransplant, respectively. Subsequently, Fibbe et al. [230] reported prelimi
nary data from a phase III randomized, placebo-controlled, multicenter trial in 
which they examined the use of subcutaneously administered E. coli IL-3 
10 j..lg/kg/day after autologous bone marrow transplantation in lymphoma pa
tients. They demonstrated that IL-3 treatment was superior to placebo for 
neutrophil and platelet recovery and that neutrophil recovery was similar to 
that observed in other studies using GM-CSF. The fact that platelet recovery 
appeared to be enhanced and that toxic effects were tolerable led to studies of 
IL-3 in combination with other cytokines (see below). 

PIXY 321 (IL-3/GM-CSF fusion molecule) 

PIXY 321 is a recombinant protein that combines both IL-3 and GM-CSF by 
the use of an amino acid linker protein [231]. This molecule was synthesized to 
combine the early, rapid-onset action of GM-CSF on committed late neutro
phil progenitors with the slower, sustained, late-onset effect of IL-3 on earlier 
and intermediate progenitors of many lineages [232]. In preclinical animal 
studies, the activities of IL-3 and GM-CSF were preserved in this hybrid 
molecule [233]. In in vitro and preclinical studies, PIXY 321 demonstrated at 
least a tenfold greater specific activity compared to GM-CSF and/or IL-3 
[231,234,235]. Williams and coworkers [236] and Mac Vittie et al. [237] treated 
normal primates with PIXY 321. All animals responded with marked increases 
(compared to baseline) in neutrophil and platelet counts after 7 to 10 consecu
tive days of PIXY 321, GM-CSF, IL-3, and GM-CSF plus IL-3 [237]. In 
irradiated primates (450cGy total body irradiation), however, only animals 
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given PIXY 321 (50/lg/kg/d) experienced significant enhancement of both 
platelets and neutrophils compared to albumin infusions (control); GM-CSF 
stimulated acceleration only of neutrophils, while IL-3 therapy stimulated 
only platelet recovery. While PIXY 321 appears to accelerate both neutrophil 
and platelet recovery after conventional-dose chemotherapy, few data are 
available on the use of this agent in bone marrow transplantation [238,239]. 
Vose and associates [240] reported that PIXY 321 administered after infusion 
of autologous bone marrow shortened the time to platelet transfusion 
independence in lymphoid malignancy patients from 26 days (historic con
trois) to 17 days. PIXY 321 also has been shown to be an effective agent for 
mobilizing hematopoietic progenitor cells for transplantation from peripheral 
blood [232,241]. A number of trials exploring the use of this promising agent 
in bone marrow and peripheral blood progenitor cell transplantation are 
under way. 

Interleukin-l (IL-l) 

Interleukin-1 (IL-1), formerly known as hemopoietic-1, represents two 
polypeptide cytokines (IL-1ex and IL-1~) that have an extremely broad range 
of biologic functions, including diverse effects on the immunologic and he
matopoietic systems [242-249]. IL-1 induces expression of a number of he
matopoietic growth factors, including G-CSF, GM-CSF, IL-3, IL-6, and SCF, 
which enhance survival of early hematopoietic progenitor cells and increase 
multipotential colony formation. As a single agent in vitro, however, IL-1 has 
no colony-stimulating activity. IL-1 activates lymphocytes, regulates B-cell 
differentiation, and protects cells through its activity as a free radical scaven
ger. In animals, administration of IL-1 has been associated with an increase in 
peripheral blood red blood cells, neutrophils, lymphocytes, and platelets; fur
thermore, use of this agent has been associated with prolongation of survival 
in animals exposed to chemotherapy and total body irradiation, in part by 
augmenting host antimicrobial defenses and enhancing immunologic function 
[250-259]. 

Although on theoretical grounds the use of an early-acting cytokine might 
be useful, experience using IL-1 after bone marrow transplantation is limited. 
Nemunaitis and coworkers [260] conducted a phase I dose-escalation trial in 
17 acute myeloid leukemia patients in which recombinant human IL-1~ (0.01-
0.05/lg/kg/day) was administered as a 30-minute intravenous infusion for five 
days beginning the day of autologous bone marrow reinfusion. Moderate 
toxicity was noted, since fever, chills, and hypotension occured in nearly all 
patients; the authors concluded that the 0.05/lg/kg/day dose was the maximum 
tolerated dose. Compared to 74 historic controls who did not receive colony
stimulating factors after autotransplant, recovery of neutrophil count in excess 
of 500//lL occured faster (25 versus 34 days), the incidence of infection was 
reduced (12% versus 28%), and patient survival was improved (30% versus 
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20%) in the group that received IL-1 j3 (all three variables of statistical 
significance). Platelet recovery and days of hospitalization did not differ be
tween the two groups. 

Another group conducted a phase I study evaluating the use of a 14-day 
course of IL-1a (0.1-10.0)..lg/m2/day) given as a six-hour daily intravenous 
infusion beginning the day of bone marrow (N = 7) or peripheral blood 
progenitor cell (N = 7) infusion [261]. Forty Hodgkin's or non-Hodgkin's 
lymphoma patients were treated. Toxic effects occured in most patients and 
included fever, fatigue, severe chills, and hypotension (at 10.0)..lg/m2/day); the 
maximum tolerated dose appeared to be 3.0 )..lg/m2/day. I patients who re
ceived IL-1a 3.0)..lg/m2/day, median time to neutrophil count recovery (12 
versus 27 days) and hospital discharge (25 versus 37 days) occured statistically 
earlier when compared to historic controls or to those subjects who received 
IL-1a at a dose less than 3.0)..lg/m2/day. This group also demonstrated en
hanced immunologic activation induced by IL-1a therapy, which could pro
vide cytolytic therapy in the posttransplant period and lead to decreasing 
relapse rates [262]. 

IL-1 is still under investigation. It is unclear if the moderate clinical 
toxicities are outweighed by the hematologic and immunologic benefits when 
used after bone marrow transplantation. 

Stem cell factor (SCF) 

This cytokine has been referred to as stem cell factor (SCF), mast cell growth 
factor, steel factor, and c-kit ligand. SCF is a potent cytokine that acts on the 
earliest and most immature hematopoietic progenitors [263,264]. SCF exhibits 
pleiotropic effects on hematopoietic progenitor and stem cells and has been 
synergistic with other cytokines in vitro and in preclinical animal models for 
bone marrow transplantation [265-268]. SCF has many potential clinical uses, 
including treatment of bone marrow failure states, ex vivo expansion of he
matopoietic progenitor and stem cells for marrow transplantation, gene trans
fer therapy, or both, and in vivo mobilization of peripheral blood progenitor 
and hematopoietic stem cells [267-270]. Given as a single agent at low doses to 
lung cancer patients, SCF appeared to have somewhat limited activity, yet at 
higher doses caused symptoms including wheezing and shortness of breath 
associated with mast cell activation [271]. In combination, however, this agent 
appears to be an extremely potent costimulatory factor that synergistically 
increases the number and size of many hematopoietic progenitors [269]. Dose
related increases in mobilization of progenitor cells of myeloid, erythroid, 
and megakaryocyte lineages were noted in breast cancer patients who were 
given SCF and G-CSF for mobilization [269]. To date, SCF has not been fully 
tested in the clinical bone marrow transplant setting, but it is likely that it 
will undergo extensive evaluation in the next few years because of its great 
potential. 
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Interleukin-ll (IL-ll) 

IL-11 is a stromal-derived cytokine that appears to be similar in functional 
activity to IL-6 [272-274]. In in vitro studies, IL-11 alone and in conjunction 
with other cytokines stimulates megakaryocyte, erythroid, and myeloid colony 
growth and stimulates the number of immunoglobulin-secreting B lympho
cytes in vitro [272,273,275-277]. In addition, this agent is synergistic with 
many other cytokines, including G-CSF, IL-3, IL-6, and SCF to produce 
multiline age colonies [278]. Preclinical animal trials have shown significant 
activity in increasing the platelet count in mice and nonhuman primates, as 
well as enhancing platelet recovery in experimental bone marrow transplant 
systems [279-283]. Furthermore, IL-11 was demonstrated to have effects on 
both bone marrow stromal elements and the gastrointestinal tract [284,285]. In 
a study by Du et al. [285], IL-11 treatment led to increased survival of treated 
animals after cytotoxic drug exposure compared to control animals. IL-11 
appeared to provide protection to the small bowel mucosa by promoting rapid 
recovery of intestinal villi length and increased proliferative activity in the 
intestinal crypt cells [285]. 

Although several clinical trials have been initiated to examine the utility of 
recombinant human IL-11 in bone marrow transplantation, few results are 
available at this time. Champlin et al. [286] presented preliminary data on 
platelet recovery in patients who received G-CSF 5llg/kg per day plus es
calating doses of IL-11 beginning after infusion of bone marrow (table 11). 
Dose-limiting atrial arrhythmias and fluid retention occured at 75Ilg/kg/day, 
leading this group to conclude that in combination with G-CSF the maxi
mum tolerated dose of IL-11 was 50Ilg/kg/day. Median day to platelet 
recovery :2:20,OOO/IlL was 21 days after bone marrow infusion. These 
results are promising, especially in view of the dual benefit of enhancing 
platelet count recovery as well as the potential protective effects on the gas
trointestinal tract. 

Table 11. Representative trials illustrating the influence of recombinant hematopoietic growth 
factors alone and in combination on recovery of peripheral blood counts in patients undergoing 
autologous bone marrow transplantation for breast cancer 

Cytokine therapy 

None 
GM-CSF 
G-CSF· 
Concurrent IL-6/GM-CSF (337) 
Concurrent IL-Il1G-CSF (286) 
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Number of 
patients 

50 
75 
80 
26 
15 

Median day 
neutrophils 
~1000/J.tL 

36 
33 
18 
16 
13 

Median day 
platelets 
~20,OOO/J.tL 

40 
32 
30 
20 
21 



Interleukin-2 (IL-2) 

Interleukin-2 (IL-2) is a prime activator of both T-cell and natural killer
(NK-) cell-based antitumor mechanisms and has been shown to exhibit anti
cancer properties in a variety of human malignancies [287-290]. This cytokine 
possesses significant toxicities, including fever, chills, rash, diarrhea, nausea, 
vomiting, hypotension, capillary leak syndrome, and renal, pulmonary, and 
hepatic dysfunction; these toxic effects resolve with discontinuation of the 
drug or can be attenuated or prevented by the use of high-dose corticosteroid 
therapy [290-294]. 

IL-2 production appears to be deficient after autologous bone marrow 
transplantation, but exogenous administration can activate the host immune 
system, facilitating hematopoietic recovery and providing antitumor benefit 
[295,296]. A number of phase I-II single-institution clinical trials have exam
ined the use of recombinant human IL-2 administered after bone marrow 
infusion, i.e., 'posttransplantation immunotherapy.' These studies have dem
onstrated that such treatment is tolerable, appears to enhance immune recov
ery, and provides antitumor effects in some patients, including those who 
received T-cell-depleted allogeneic bone marrow [294,297-306]. No phase III 
trials testing the utility of IL-2 in this setting have been completed, however, 
and the role of this agent as 'post-transplantation immunotherapy' remains 
speculative. Since IL-2 appears to be most effective in the setting of minimal 
residual disease rather than overt disease, and since this agent has significant 
toxicity when used systemically, a number of trials have used IL-2 as an in vitro 
purging agent [307-311]. Activated killer cells can be generated by incubating 
bone marrow with IL-2 prior to marrow infusion, potentially without affecting 
engraftment [311]. This approach appears to hold promise not only as an 
antitumor modality but also as a means of eliminating cytomegalovirus 
(CMV) infection in marrow [312]. 

Thrombopoietin 

After a lengthy search, thrombopoietin, the cytokine predominantly respon
sible for megakaryocytopoiesis, was identified and cloned [110-113,172-
173,313-316]. Initially known as c-mpl ligand, this agent has just entered 
clinical trials. It is anticipated that recombinant thrombopoietin will dramati
cally speed platelet recovery and lessen (or possibly eliminate) platelet trans
fusion requirements. Such an effect will add significantly to supportive care 
improvements in bone marrow transplantation in a manner analogous to those 
contributions made by GM-CSF and G-CSF. 

Combination cytokine trials 

A number of in vitro as well as preclinical animal studies have demonstrated 
the synergistic effects of various cytokines, such as G-CSF and GM-CSF 
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[214,317-322]. It has been theorized that in a clinical application, the combina
tion of agents in vivo may be more effective in promoting hematopoietic 
recovery than either agent alone [323,324]. Hence, a number of combination 
cytokine trials were undertaken. Table 11 compares several representative 
trials illustrating the positive influence of using recombinant hematopoietic 
growth factors in combination to stimulate recovery of peripheral blood 
counts in patients undergoing autologous bone marrow transplantation for 
breast cancer. 

Erythropoietin in combination with other agents 

Erythropoietin and GM-CSF may act synergistically in vitro, with enhance
ment of megakaryocyte colony formation [325,326]. Rabinowitz and col
leagues [327] also demonstrated in vivo that autologous bone marrow 
transplant patients receiving recombinant GM-CSF therapy had significantly 
higher endogenous erythropoietin serum concentrations than a comparable 
control group that did not receive GM-CSF therapy. As a result, Pene et al. 
[328] conducted a prospective, randomized trial to evaluate the effect of the 
addition of exogenous recombinant erythropoietin therapy to GM-CSF treat
ment. Eighteen autologous marrow transplant patients were given both eryth
ropoietin and GM-CSF and were compared to six concurrent controls and 65 
historic controls, each given GM-CSF. Although neutrophil recovery (>500/ 
/-LL) appeared to occur earlier in the erythropoietin plus GM-CSF group 
(median 12.5 days after marrow reinfusion versus 18 days for concurrent and 
19 days for historic control patients), there was no apparent impact on red cell 
transfusion requirements, platelet recovery, or duration of hospitalization. 
Similarly, Chao et al. [329] showed in a prospective, randomized study that the 
combination of erythropoietin and G-CSF did not influence the total number 
of red blood cell or platelet units transfused, or the time to recovery of 
peripheral blood counts. These autotransplant studies, conducted primarily in 
adults, are at odds with a pediatric allogeneic bone marrow transplant trial 
conducted by Locatelli and coworkers [330]. In children given G-CSF and 
erythropoietin after allografting, they noted a significantly shorter neutrophil 
recovery, fewer infections, fewer febrile days, and more rapid platelet recon
stitution and number of platelet transfusions. Thus, as was the case for single
agent erythropoietin therapy, the G-CSF-erythropoietin combination may be 
effective only in the allogeneic bone marrow transplant setting. 

G-CSF and GM-CSF 

Since endogenous G-CSF was elevated in the plasma of neutropenic bone 
marrow transplant patients, Weisdorf et al. [34] postulated that the addition of 
GM-CSF to G-CSF would provide superior recovery and reduce the morbidity 
and mortality of delayed engraftment. In a prospective, randomized phase III 
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trial, they treated 47 engraftment failure allogeneic and autologous transplant 
patients; GM-CSF was given to 23 patients for 14 days versus the sequence of 
seven days GM-CSF followed by seven days of G-CSF (N = 24 patients). Time 
to neutrophil recovery and erythrocyte transfusion- and platelet transfusion
independence were not statistically different in both groups. Although the 
100-day survival was superior in the single-agent GM-CSF group compared to 
the sequential combination (p = 0.026), there does not appear to be an obvious 
benefit to the sequential combination of G-CSF and GM-CSF in the engraft
ment failure setting. 

IL-3 and GM-CSF 

Donohue and coworkers [218] demonstrated in vivo synergism of these 
cytokines by treating cynomolgus monkeys (who were not given cytotoxic 
therapy) using the sequence of single-agent IL-3 followed by single-agent GM
CSF. Albin and associates [331] studied progenitor cell recovery after IL-3 or 
GM-CSF treatment given after infusion of mafosfamide-purged autologous 
bone marrow. Their data prompted them to postulate that IL-3 and GM-CSF 
have different mechanisms of action on hematopoietic recovery, and sug
gested a potential synergistic effect that favored sequential administration of 
these cytokines after autologous bone marrow transplantation. These data 
formed the basis for sequential cytokine clinical trials in patients with engraft
ment failure. 

Suttorp et al. [332] reported the case of a boy with chronic myeloid leuke
mia who developed graft failure after a matched, unrelated allogeneic bone 
marrow transplant. He recovered autologous marrow function after receiving 
GM-CSF followed later by two courses of IL-3 therapy. Similarly, Nagler and 
associates [333] reported the use of continuous infusion IL-3 and GM-CSF 
250/-lg/m2/day in a radiation accident victim given T -depleted sibling mis
matched allogeneic bone marrow. Neutrophil engraftment was documented 
nine days after marrow infusion, and diagnostic marrow examination sug
gested rapid engraftment. The patient expired, however, 36 days after trans
plant, due apparently to lung injury from the 1000-2000cGy total body 
irradiation, cytomegalovirus pneumonitis, hepatic veno-occlusive disease, and 
acute graft-versus-host-disease. 

A clinical trial was completed by Crump et al. [334] in seven autologous 
bone marrow transplant patients who had delayed engraftment and were 
severely pancytopenic despite GM-CSF therapy for 28 days after marrow 
infusion. Seven hematologic malignancy patients received the combination of 
IL-3 2-5 /-lg/kg/day for 21 days followed immediately by GM-CSF 10 /-lg/kg/day 
for 7-10 days. This approach produced transient increases in circulating neu
trophils and eosinophils, but no effect on platelet or red cell production. 

As a result of these sequential study design protocols, Fay and colleagues 
[335] completed a complex, phase I-II combination study in relapsed 
lymphoma and Hodgkin's disease patients using IL-3 (2.5-5.0/-lg/m2/day for 5 
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to 10 days) followed by recombinant GM-CSF 250llg/m2/day commencing 
immediately after infusion of autologous bone marrow. Compared to historic 
controls, there was enhanced recovery of both neutrophils >100011lL (median 
16 days) as well as platelets >20,0001IlL (median 15 days) (table 10). Several 
prospective, randomized comparison trials to address this concept in phase III 
fashion recently have been completed but are not yet analyzed. 

JL-6 and GM-CSF 

Gonter and colleagues [336] used a nonhuman primate model to demonstrate 
enhanced marrow recovery after chemotherapy with the combination of IL-6 
and either GM-CSF or G-CSF. Given this background, Fay et al. [337] re
ported in preliminary fashion the results of a phase I-II study involving con
current use of IL-6 (0.5-2.5Ilg/kg/day) and GM-CSF (2.5-5.0 Ilg/kg/day) in 26 
breast cancer patients undergoing autologous bone marrow transplantation. 
At the higher cytokine doses, toxic effects were significant and included fever, 
fluid retention, rash, pericardial effusion, and capillary leak syndrome. Median 
times to neutrophil and platelet recovery were 12 and 20 days, respectively. A 
phase II trial using this combination recently has been completed, but the 
results are not yet available. 

SCF and G-CSF 

SCF has marked in vitro and in vivo synergism with other cytokines 
[267,268,338-342]. The combination of recombinant rat SCF and recombinant 
human G-CSF given to normal mice induced a greater than additive increase 
in blood neutrophil numbers and colony-forming units-spleen (CFU-S) than 
when either was given as a single agent [340]. Recombinant rat SCF and G
CSF in normal rats resulted in an increase in bone marrow neutrophils yet 
significantly decreased erythroid and lymphoid elements [338,339]. Finally, 
not only did the combination of SCF and G-CSF mobilize peripheral blood 
progenitor cells at a markedly higher rate than G-CSF alone but also engraft
ment of these cells was faster than G-CSF-mobilized cells [341,343]. Similar 
intriguing data have been generated in vivo in nonhuman primates fostering 
new clinical trials [344,345]. In preliminary studies, SCF plus G-CSF increased 
the yield of peripheral blood progenitor cell collections and decreased the 
time, by up to four days after transplant, to in vivo platelet recovery to 50,0001 
ilL [270]. It is unclear at present, however, what role this combination of 
cytokines will play when given in conjunction with bone marrow infusions. 

Delayed use of cytokines after transplant 

In almost all published trials, recombinant hematopoietic growth factors were 
initiated immediately after or within one day after the infusion of hematopoi-
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etic cells. Several studies, however, systematically examined the effect of 
delaying administration of recombinant cytokines after bone marrow trans
plantation. Clark and colleagues [346] evaluated the effects of withholding 
G-CSF until 7 to 10 days after marrow reinfusion in 19 patients undergoing 
autologous bone marrow transplantation for Hodgkin's disease, non
Hodgkin's lymphoma, multiple myeloma, acute lymphoblastic leukemia, and 
several solid tumor types. Time to recovery of neutrophils was faster and 
duration of hospitalization was shorter than in 18 historic subjects who under
went transplant without the use of G-CSF; there were no differences in febrile 
days and duration of antibiotic therapy. The overall costs of the procedure 
were a median £750 less per transplant even if the expense of G-CSF therapy 
was included. Vey et al. [347] compared 49 Hodgkin's disease, non-Hodgkin's 
lymphoma, breast cancer, and ovarian cancer patients given G-CSF either one 
or six days after marrow reinfusion with 29 historic controls who underwent 
transplant without the use of hematopoietic growth factors. Granulocyte re
covery >5001flL occured significantly faster in both G-CSF-treated groups 
(median 12 days in both groups) compared to the historic controls (median 16 
days). The number of red cell and platelet transfusions, platelet recovery, 
infectious complications, and duration of hospitalization, however, did not 
differ in both G-CSF groups and the controls. Of note, the group in which G
CSF therapy was delayed received a median of 9 (range: 6-17) days of G-CSF 
therapy compared to a median of 16 (range: 9-22) days in the patients given 
cytokine early after transplant. Both these authors concluded that a delay in 
G-CSF therapy gives the same clinical benefit, which can result in significant 
cost savings. Similar results using G-CSF in a delayed manner were presented 
in preliminary fashion by Khwaja and associates [348]. These studies justify 
undertaking randomized, phase III trials testing the concept of delaying 
the use of late-acting cytokines; such a practice cannot yet be recommended 
on the basis of phase II studies, which contain inherent patient 
selection biases. 

Cost issues of recombinant hematopoietic growth factors 

Bone marrow transplantation is recognized to be an extremely costly thera
peutic modality, although it can be quite cost-effective (per year of life saved) 
when compared to other medical therapies [349,350]. While hematopoietic 
growth factors themselves are expensive agents, use of these new technologic 
advances could offset their own cost and reduce the cost of the procedure. 
Such therapy, by enhancing recovery of bone marrow function, may reduce 
the need for antibiotics, red blood cell and platelet transfusions, and additional 
diagnostic testing and may permit earlier hospital discharge. Not all the phase 
III studies that involve colony-stimulating factors discussed herein demon
strate a consistent positive effect on these variables. As yet, no phase III trials 
have demonstrated that these agents lower the mortality due to visceral organ 
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damage or infection, or enhance tumor response or patient survival. In part, 
failure to demonstrate a positive benefit relates to inadequacies in those study 
endpoints, usually objectives secondary to the primary aim of establishing 
other benefits of the cytokine( s) in question [351). 

Several authors have outlined methods for analyzing the potential benefits 
[352-354]. In one small, randomized trial, Gulati and Bennett [84] determined 
that despite the cost of the cytokine therapy, treatment of Hodgkin's disease 
patients with colony-stimulating factors after marrow reinfusion was associ
ated with a substantial reduction in patient care costs ($40,000 versus $63,000) 
[84]. Similar results were noted by Clark et al. [346] as discussed above. Future 
investigations of bone marrow transplantation and colony-stimulating factors 
should include cost-effectiveness analyses. 

Table 12. Additional uses of cytokines during bone marrow transplantation 

Potential cytokine uses 

Anticancer agents 

Increase tumor cell sensitivity 
to cytotoxic agents 

Antimicrobial agents 

Immunomodulatory substances 

Normal cell protectors 

Effectors in wound healing and 
repair 

Immunization enhancers 

Mobilize hematopoietic 
progenitor cells for collection 
and transplant 

Expand autologous and 
allogeneic hematopoietic 
progenitors ex vivo before 
infusion 

Facilitate gene insertion 

Cytokine( s) 

GM-CSF, G-CSF, 
IL-2,IL-4 

GM-CSF, G-CSF 

GM-CSF, M-CSF 

IL-2 

IL-l, TGF-~, 
TNF-a 

IL-ll 

GM-CSF 

G-CSF, GM-CSF, 
IL-3, EPO, 
SCF 

IL-l, IL-3, IL-6, 
EPO, SCF, 
GM-CSF 

IL-l, IL-3, IL-6, 
SCF 

Clinical situations and citation( s) 

Therapy for relapse after allogeneic 
bone marrow transplant [355-358] 

Stimulate host leukemia cells before 
initiating transplant conditioning 
regimen [359] 

Adjunct to amphotericin B for 
invasive aspergillosis [165-167,360] 

Induce autologous graft-versus-host 
disease and graft-versus-tumor 
effect [296,361] 

Prevent cytotoxic damage to bone 
marrow cells [246,251,254,361-363] 

Protection of gastrointestinal tract 
damage due to cytotoxic therapy 
[285,361] 

Augment response to immunogens 
after vaccination, i.e., vaccine 
adjuvants [364] 

Mobilize hematopoietic progenitors 
from peripheral blood for 
transplantation [365,366] 

CUlture-expansion ex vivo of 
hematopoietic progenitor cells for 
transplant [367-370] 

Stimulate earliest progenitors to 
enhance gene transfer for transplant 
[371-379]' 

" Most clinical genetic marking studies to date do not use hematopoietic growth factors, but it is 
anticipated in future studies that use of these agents will enhance the frequency and efficiency of 
transfection. 

Abbreviations: TGF-~, transforming growth factor-~; TNF-a, tumor necrosis factor-a; EPO, 
erythropoietin. 
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Other cytokines uses during bone marrow transplantation 

Recombinant cytokines have numerous potential applications in the bone 
marrow transplant setting in addition to enhancing recovery of marrow func
tion. Several of these applications, including some of those already in practice, 
are shown in table 12. 

Summary 

Use of recombinant hematopoietic growth factors in the course of bone mar
row transplantation has revolutionized this modality by significantly improv
ing the safety of the procedure. It is anticipated that use of cytokines in 
combination and the introduction of newer agents will further reduce costs 
and improve antitumor responses as well. 
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13. Bone marrow transplantation in thalassemia 

Guido Lucarelli, Claudio Giardini, and Emanuele Angelucci 

Thalassemia refers to various types of hereditary anemias identified by a 
reduced production of one of the globin chains that form the hemoglobin 
molecule [1]. In [3-thalassemia, there is a deficient or absent synthesis of [3-
globin chains that constitute the adult hemoglobin molecule, which causes 
several deleterious effects on erythrocyte production and survival. Hemolysis 
and ineffective erythropoiesis lead to a chronic anemia with erythroid marrow 
hyperplasia; this determines an increase in the plasma iron turnover and, 
consequently, increased iron absorption. A progressive iron overload is asso
ciated with the above mechanism and is the consequence of the red cell 
transfusional regimen adopted to correct the anemia. Transfusions and regular 
iron chelation with deferoxamine constitute the conventional treatment for 
severe [3-thalassemia. Homozygous thalassemia, which once resulted in early 
death, has become a chronic disease compatible with prolonged survival [2,3], 
although it remains a progressive disease. 

Bone marrow transplantation 

The first successful transplant in [3-thalassemia was performed in Seattle on 
December 5, 1981, in an untransfused 14-month-old child [4]. At the same 
time, a 14-year-old thalassemic patient who had received 150 red cell transfu
sions was transplanted in Pesaro on December 17, 1981, but he had recurrence 
of thalassemia after rejection of the graft [5]. The experiences that followed, 
which were promptly reported in the literature by the Group of Pesaro, were 
disappointing, with the first series of patients transplanted using high doses of 
cyclophosphamide and total body irradiation (TBI) showing a high percentage 
of failures related to marrow rejection and early toxicity [5,6]. From 1983, a 
modification of the conditioning regimen originally proposed by Santos for 
leukemia [7] was adopted. This included a combination of busulfan (BU) and 
cyclophosphamide (CY) without use of radiation [8,9]. In 1990, a retrospective 
evaluation made in 222 consecutively transplanted patients led us to catego
rize patients under 16 years of age into three prognostically different classes 
of patients [10,11]. The risk factors considered included the presence of 
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hepatomegaly (enlargement of more than 2cm below the costal margin), the 
presence of liver fibrosis in the pretransplant liver biopsy, and the quality of 
iron chelation received before transplantation. The quality of chelation was 
considered adequate when deferoxamine therapy was initiated within 18 
months after the first transfusion and administered subcutaneously for 8 to 10 
hours for at least five days each week. Chelation was defined as inadequate if 
there was any deviation from this requirement. As of September 1995, 761 
transplants in thalassemic patients have been performed in Pesaro, 714 from 
HLA-identical siblings, 22 from phenotypically identical parents, 24 from 
partially matched family members, and one from an HLA-identical unrelated 
donor. In this review, we update our experience in bone marrow transplanta
tion in thalassemia from HLA-identical donors in 697 patients, with the last 
patient transplanted on December 29, 1994, and the analyses performed on 
September 30, 1995. 

Bone marrow transplantation in class I patients 

Class I patients are identified by absence of hepatomegaly, regular iron chela
tion therapy performed before transplant, and absence of fibrosis at the 
pretransplant liver biopsy [10-12]. 

Between June 1983 and December 31, 1994, 111 class I patients under the 
age of 16 years were transplanted using a conditioning protocol consisting of 
BU 14mg/kg and CY 200mg/kg. The graft-versus-host disease (GVHD) pro
phylaxis consisted of weekly methotrexate (MTX) before December 1985 and 
cyclosporine A alone from this date onwards. The median age of this group of 
patients was four years (range: 1-16 years); the median number of transfusions 
received pre transplant was 40 (range: 4-304; the median serum ferritin level 
was 1171 ng/ml (83-5200». Patterns of liver function are shown in table l. 
Thirty percent of patients had serological markers of hepatitis B (HBV) 
infection, and 31 % (10 out of 32 patients tested) had evidence of hepatitis C 
(HCV) (table 1). 

In patients receiving marrow transplants for thalassemia, liver fibrosis has 
never been observed before the age of three years [13]. In view of the known 
hazards of the liver biopsy procedure in very young children, patients under 
the age of three years did not undergo liver biopsy unless hepatomegaly was 
present; such infants were considered not to have liver fibrosis. In the remain
ing 79 patients, a pretransplant liver biopsy was performed (table 2). Liver iron 
overload was graded with semiquantitative estimation according to previously 
published criteria [14]. Using this procedure, 42 patients (53%) had a mild, 35 
(44 %) a moderate, and two patients (3 %) a severe liver iron overload. A 
quantitative estimation of the liver iron content has been obtained for 28 
patients: the median liver iron concentration was 7.0mg/gram of dry tissue 
(range 1-24) (table 2). 

In a Kaplan-Meier analysis, the probabilities of survival, event-free sur-
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Table 1. Pretransplant characteristics of patients 

Children 

Class 1 Class 2 Class 3 Adults 

Patients n = 111 n = 294 n = 165 n = 86 
Age (years) 

Median 4 9 11 19 
Range 1-16 1-16 3-16 17-32 

No. transfusions 
Median 40 116 150 310 
Range 4--304 2--430 4--435 130-600 

Ferritin (ng/ml) 
Median 1171 1913 3187 1888 
Range 83-5207 33-8547 604--17,450 322-9071 

Bilirubin (mg/dl) 
Median 0.8 1.0 1.1 1.2 
Range 0.2-3.8 0.2--4.4 0.1-7.0 0.1-5.9 

AST (lU/l) 
Median 28 33 54 41 
Range 9-123 6-166 5-415 13-419 

ALT (lU/l) 
Median 27 57 104 73 
Range 7-840 3-371 9-742 12-520 

HBV Ab - Pos/Neg 34m 116/178 94171 62/24 
HCV Ab- PoslNeg 10/22 24/36 38/44 59/9 

Table 2. Pretransplant liver histology and liver iron concentration 

Children 

Class 1 Class 2 Class 3 Adults 

Liver iron n =79 n = 273 n = 165 n = 86 
Mild 42 (53%) 64 (23%) 16 (10%) 18 (21 %) 
Moderate 35 (44%) 162 (59%) 60 (35%) 41 (47%) 
Severe 2 (3%) 47 (17%) 89 (55%) 27 (31 %) 

Liver fibrosis n = 79 n = 265 n = 165 n = 86 
Absent 79 (100%) 69 (26%) 0 0 
Mild 0 98 (37%) 41 (24%) 26 (30%) 
Moderate 0 75 (29%) 54 (32%) 20 (23%) 
Severe 0 23 (9%) 70 (44%) 40 (46%) 

Liver iron n =28 n = 51 n = 35 n = 34 
concentration" 
25 percentile 5.0' 6.7 10.3 6.2 
Median 7.0 10.0 15.1 12.7 
75 percentile 10.0 18.0 30.0 22.3 
Standard dev. 4.53 9.78 12.8 10.8 
Range 1.0-24 0.8--43.0 3.0--47.0 1.4-46.7 

"mg/gram dry tissue. 
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Figure 1. Kaplan-Meier probability statistics on survival, event-free survival, rejection, and 
nonrejection mortality for 111 class I patients less than 16 years old transplanted from HLA
identical family members. 

vival, rejection, and nonrejection mortality are respectively 95%, 90%, 5%, 
and 5%, with a maximum follow-up of about 12 years (figure 1). Five patients 
died from causes related to the transplant. Six patients experienced rejection 
of the graft and all reconstituted autologous marrow. The last death occurred 
on day 1244, and the last episode of rejection on day 365. Two additional 
patients died from causes unrelated to the transplant procedure and the dis
ease itself (car accidents) at day +993 and +3190; these patients have been 
censored from the Kaplan-Meier analysis at the day of the event. 

Thirty patients (27%) presented with acute graft-versus-host disease 
(AGVHD), grade II to IV, and 12 patients (12%) developed a clinical form of 
chronic GVHD. From January 1986, all class I patients had received AGVHD 
prophylaxis consisting of cyclosporine A, 5 mg per kilogram intravenously 
daily from day -2 through day 5, followed by 3 mg per kilogram daily until the 
patient was able to tolerate oral administration at a daily dose of 12.5 mg per 
kilogram. The dose of cyclosporine was then tapered from day 60 until the 
drug was discontinued after one year (protocol 6). 

Bone marrow transplantation in class II patients 

Between June 1983 and December 1994, bone marrow transplants were per
formed in 293 class II patients. These patients are identified by the presence of 
either hepatomegaly, a history of irregular chelation performed before trans
plant, or histological evidence of liver fibrosis, or various combinations of two 

308 



1 k S~~VIV~Lt (~5~~1~9~) I I I II I I I 

I 

0.8 EVENT-FREE SURVIVAL (238/293) 

~ 
:::i 0.6 
iii 
c:( 
m 
o a: 0.4 
Q. 

0.2 

o 

_N=-O=N:-:::-R:::E::-::J:-::EC:-:-T.o;:I:-::O:-::N~M:::O:-R_T_A_L_ITY_(_3_8/_2_93_)_ 15% 
~ __ ~~~~~~~~~-----------------6% 

o 2 3 4 5 6 7 8 9 10 11 12 

YEARS 

Figure 2. Kaplan-Meier probability statistics on survival, event-free survival, rejection, and 
nonrejection mortality for 293 class II patients less than 16 years old transplanted from HLA
identical family members. 

of the above risk factors. The mean age was nine years (range: 1-16), the 
approximate total number of transfusions was 116 (range: 2-430), and the 
mean serum ferritin level was 1913ng/ml (33-8547). One hundred and sixteen 
patients (39%) had serological markers of hepatitis B infection, and 40% (24 
of 60 patients tested) of hepatitis C (table 1). The pre transplant liver biopsy 
(total number of biopsies performed and evaluable: 273) showed in 64 patients 
(23%) a mild, in 162 (59%) a moderate, and in 47 (17%) a severe iron 
overload. Liver fibrotic damage was absent in 69 patients (26%), mild in 98 
(37%), moderate in 75 (29%), and severe in 23 (9%) (table 2). Quantitative 
estimation of the liver iron content has been obtained for 51 patients; liver iron 
concentration ranged from 0.8 to 43mg/gram, with a median of 10.0 (table 2). 
This group includes three patients who, although affected by a genetically 
different disease (double heterozygotes, sickle-cell/~-thalassemia), were all 
regularly transfused and chela ted from a young age; these patients have been 
evaluated and conditioned for transplant following the same strict schedule 
already in use for thalassemia. 

The probabilities of survival, event-free survival, rejection, and 
nonrejection mortality are respectively 86%, 82%, 6%, and 15%, with a 
maximum follow-up of 12 years (figure 2). Forty-three patients died from 
transplant-related causes: 22 patients died within the first 100 days (most of 
them during the aplastic phase and, during the early engraftment, from septic
hemorrhagic causes and acute GVHD); and 21 patients died after the first 100 
days, 17 of them during the first year while on immunosuppressive therapy 
with cyclosporine A. Four patients died after the first year posttransplant: two 
of them from complications of a severe form of chronic GVHD, and two from 
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Figure 3. Kaplan-Meier probability statistics on survival, event-free survival, rejection, and 
nonrejection mortality for 55 class III patients less than 16 years old transplanted from HLA
identical family members before March 1989. 

septic shock that suddenly caused death in a 24-hour period after the first 
symptoms began, most likely related to the splenectomized state. An addi
tional patient died from accidental causes at day +1700, and he has also been 
censored from the analysis at the time of death. Seventeen patients rejected 
the graft; 12 of them have survived with autologous reconstitution, under 
transfusional support. Seventy-seven patients (28 %) presented with acute 
GVHD, grade II to IV; 44 patients (17%) developed chronic GVHD. 

Bone marrow transplantation in class III patients 

Between June 1983 and March 1989, 55 patients were included in class III, 
since they presented all the aforementioned risk factors and had been trans
planted after a total dose of BU 14 mg/kg and CY 200 mg/kg. The results of this 
clinical experience, when analyzed in 1990 [10,11] (updated in figure 3), were 
considered unsatisfactory because of a high incidence of early mortality due to 
toxicity and infections. It was thought that this toxicity was a consequence of 
high-dose CY in patients with preexisting liver damage, and admission of class 
III patients to protocol 6 was interrupted. 

Beginning in March 1989, new conditioning protocols with a reduced dose 
of cyclophosphamide were introduced in search of less toxic adverse effects 
and according to the experiences in malignancies [15]. Between March 1989 
and December 31, 1994, 110 patients were included in class III. The median 
age of the overall group, historical and post-March 1989 (165 patients), is 11 
years (range 3-16), the median number of pretransplant transfusions 150 
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Figure 4. Kaplan-Meier probability statistics on survival, event-free survival, rejection, and 
nonrejection mortality for 110 class III patients less than 16 years old transplanted from HLA
identical family members from March 1989 through December 1994. 

(range 4-435), the median serum ferritin level 3, 187 ng/ml (range 604-17,450). 
Ninety-four patients (57%) had serological markers of hepatitis B infection 
and 46% (38 out of 82 patients tested) of hepatitis C (table 1). The pre
transplant liver biopsy showed a mild iron overload in 16 patients (10%), a 
moderate form in 60 patients (35%), and a severe iron overload in 89 patients 
(55%); 41 patients (24%) had mild fibrosis, 54 (32%) moderate, and 70 (44%) 
a severe fibrotic liver damage. Quantitative estimation of the liver iron content 
has been obtained for 35 patients; liver iron concentration ranged from 3.0 to 
47.0, with a median of 15.1 mg/gram (table 2). 

The conditioning regimens studied since March 1989 included BU 14-
16mg/kg, a dose of CY variable from 120-160mg/kg and, in some protocols, 
the use of antilymphocytic globuline (ALG). In a Kaplan-Meier curve, the 
probabilities of survival, event-free survival, rejection, and nonrejection mor
tality for this group of 110 patients are 77%, 54%, 33%, and 20%, respectively, 
with a maximum follow-up of six years (figure 4). Twenty-three patients died 
from causes related to the transplant. Thirty-three patientsirejected the graft; 
25 of them are alive with return of the thalassemia, and one patient has been 
successfully retransplanted. Fifteen patients (16%) developed grade II to IV 
acute GVHD, and seven (10%) developed chronic GVHD. The most recent 
analysis of a Kaplan-Meier curve including the subgroup of the 48 most recent 
class III patients, transplanted since June 1992 after busulfan 14mg/kg and a 
total dose of 160mg/kg of cyclophosphamide and with a maximum follow up of 
37 months, shows 85% survival, 68% event-free survival, 25% rejection, and 
15% nonrejection mortality. From the data presented here, the introduction of 
new protocols with a reduced dose of CY represents a promising step in the 
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attempt to reduce the transplant-related mortality in this patient population. 
In fact, mortality is reduced from 37% to 20% (15% with the last modification 
of the conditioning regimen), although the rejection rate at the same time 
varied from 13% to 33%. 

Bone marrow transplant in adult thalassemic patients 

The early experience with transplantation for patients over 16 years was 
disappointing, with 4 of 6 patients dying of AGVHD and 2 patients dying 9 
months and 6 years, respectively, after recurrence of the thalassemia [16]. In 
October 1988, bone marrow transplantation in patients older than 16 years 
was restarted after categorization of the patients into class II or class III and 
the adoption of the protocols used for these classes in younger patients. 
Through December 31, 1994, 86 adult thalassemic patients have been trans
planted. The age ranged from 17 to 32 years (median 19). The median serum 
ferritin level was 1888ng/ml (range: 322-9071). Sixty-two patients (73%) had 
serological makers of hepatitis B infection and 87% (59 out of 68 patients 
tested) of hepatitis C. Liver biopsy was performed before transplant in all 86 
patients. Eighteen patients (21 %) had mild, 41 (47%) moderate, and 27 (31 %) 
severe iron overload; with regard to fibrosis, 26 patients (30%) had mild, 20 
(23%) moderate, and 40 patients (46%) severe liver fibrosis. In some of these 
patients, the histological documentation was liver cirrhosis. All patients had a 
history of irregular iron chelation at the time of the pretransplant evaluation. 
This group also includes two patients affected by double heterozygous sickle
celllp-thalassemia. By a Kaplan-Meier analysis, the probabilities of survival, 

0.8 
SURVIVAL (59/86) 

> 
I-
:::i 0.6 
iii 

~~======~=========66% 
63% EVENT-FREE SURVIVAL (57/86) 

<t m i 0.4 
Do 

NON-REJECTION MORTALITY (27/86) 
35% 

0.2 
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0 1'£:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 3% 
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Figure 5. Kaplan-Meier probability statistics on survival, event-free survival, rejection, and 
nonrejection mortality for 86 patients 17 years of age or older transplanted from HLA-identical 
family members from October 1988 through December 1994. 
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event-free survival, rejection, and nonrejection mortality are 66%, 63%, 3%, 
and 35%, respectively (figure 5). Twenty-seven patients (32%) died from 
causes directly related to the transplant, mainly of sepsis or hemorrhage within 
the first 100 days. One patient, who was splenectomized before transplant, 
died from septic shock on day +1363. Two patients experienced rejection of 
the allogeneic marrow and are alive with complete autologous reconstitution. 
Twenty-three patients (27%) presented with acute GVHD, grade II to IV, and 
10 patients (16%) developed chronic GVHD. 

Mortality and causes of death 

Table 3 summarizes the causes of death in the examined population. A total of 
145 patients (21 %) died. The incidence of infections was 37% (54 patients), 
with a prevalence of fungal (23 patients) and viral (18 patients) infections. The 
large majority of these lethal infections occurred during the period of bone 
marrow aplasia. Thirteen patients did not recover autologous hemopoeitic 
reconstitution after rejection of the allograft and died of causes directly related 
to the prolonged marrow aplasia. Acute and chronic GVHD have been direct 
or indirect causes of death in 34 patients (23%). An unusual cause of death, 
observed only after bone marrow transplantation in thalassemia, has been 
sudden cardiac tamponade, which occurred in six cases (4 %) [17]. The mortal
ity for veno-occlusive disease in this patient population has been lower than 

Table 3. Causes of death 

Cause 

Infections 
Bacterial 
Fungal 
Viral 
Protozoal 

Graft-versus-host disease 
Graft failure or rejection 
Cardiac 
Hemorrhage 
Adult respiratory distress syndrome 
B-cell lymphoma 
Idiopathic interstitial pneumonia 
Veno-occlusive disease of the liver 
Acute liver failure 
Thalassemia (late deaths after graft) rejection 
and autologous reconstitution 
Late septic shocks in splenectomized patients 
Died at home (cause uncertain) 
Car accident 

TOTAL 

No.of patients 
(% of deaths) 

54 (37%) 
8 (6%) 

23 (16%) 
18 (13%) 
5 (3%) 

34(23%) 
13 (9%) 
8 (6%) 
6 (4%) 
3 (2%) 
2 (1 %) 
4 (3%) 
3 (2%) 
3 (3%) 
4 (3%) 

3 (2%) 
4 (3%) 
4 (3%) 

145 (100%) 
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expected in transplants done in patients with a high rate of liver damage and 
with BD as part of the preparative regimen. Three patients had late fulminant 
infections with fatal sudden shock. This complication has been attributed to 
the fact that these patients had been splenectomized years before the trans
plant and therefore could have had a higher susceptibility to encapsulated 
bacterial infections. For this reason, immunization against encapsulated 
bacteria such as pneumoncoccus, haemophilus, and meningococcus, and/or 
long-term antibiotic prophylaxis is highly recommended in these patients. 
Four patients who experienced rejection of the allograft and had complete 
autologous reconstitution died from causes related to progression of the 
disease itself (cardiac and infectious causes) between day +2213 and day +3180 
posttransplant. Four patients died from causes unrelated to the transplant and 
the original disease (car accidents); these patients, as already mentioned, have 
been censored from the Kaplan-Meier analysis at the time of the event. 

Conclusions 

Today, allogeneic bone marrow transplantation represents the only therapeu
tic modality for the eradication of ~-thalassemia major [18]. Several bone 
marrow transplant centers have ongoing clinical experience in this setting 
[19,25]. The first thalassemic patient was transplanted more than 13 years ago. 
Since then, the results of marrow transplantation have improved steadily, with 
major progress in the management of transplant-related complications. This is 
due to the use of cyclosporine, more effective treatment for cytomegalovirus 
infection, improvement of aseptic techniques, and evolution of systemic anti
biotic therapy. At the moment, a patient in class I has a 5% probability of 
mortality, 4% probability of rejection, and 91 % probability of disease-free 
survival posttransplant. In patients in classes II and III, the organ damage 
related to iron overload and to acquired blood-borne viral infections, is more 
advanced, and therefore transplant-related mortality is higher. However, 
these are patients who have developed progressive and significant organ 
damage while receiving conventional treatment. The survival expectations 
of such patients are poor in the absence of intervention by marrow transplan
tation [26,27]. Hopefully, in the future the improved management of 
graft-versus-host disease and the development of technologies for bone mar
row transplantation from unrelated donors may expand the pool of potential 
candidates. 
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14. Immune ablation and hematopoietic stem cell 
rescue for severe autoimmune diseases (SADS) 

Richard K. Burt 

Patients afflicted by an autoimmune disorder have generally been considered 
to have a normal life expectancy complicated by a relapsing/remitting or 
chronic disease. However, depending upon the disease, there may exist a 
subset of affected individuals who have a shorter survival than the general 
population. It is this high-risk group with early mortality for whom Marmont 
coined the term SADS, severe autoimmune diseases [1]. 

These disorders are believed to arise from an immune system that has lost 
tolerance to tissue-specific self epitopes. Treatment of SADS by broad spec
trum immunosuppression is complicated by long-term toxicities and infec
tions, and in most instances is not curative. Specific immunotherapy could be 
targeted to regulate an autoreactive subset of lymphocytes while leaving the 
overall immune system intact to avoid the infectious risks of broad-spectrum 
immunosuppression. However, animal studies suggest that once inflammation 
is initiated against an immunodominant epitope, T-cell clones are recruited 
against other subdominant or cryptic epitopes [2]. This phenomenon of 
epitope spreading would argue against any long-lasting effectiveness of spe
cific immunotherapy. Consequently, it has recently been suggested that pa
tients with SADS be considered candidates for complete immune ablation and 
autologous or allogeneic hematopoietic stem cell (HSC) reconstitution [3-6]. 

Rationale 

High-dose chemoradiotherapy can ablate an aberrant immune system, and 
following either autologous or allogeneic HSC reconstitution, the immune 
system appears to be skewed towards suppression. The CD4 count is de
pressed, and the CD4/CD8 ratio is inverted for 12 to 18 months despite an 
otherwise healthy graft [7,8]. Memory for prior immunity to childhood vac
cines is lost, and patients generally need to be reimmunized. Theoretically, 
lasting remission of an autoimmune disease may occur by 1) recapitulation 
of a naive immune system that may remain unresponsive to 'self' until re
exposure to the original disease-initiating agent, 2) generation or infusion of 
suppressor cells, 3) infusion of genetically distinct allogeneic stem cells giving 

Jane N. Winter (ed.) BLOOD STEM CELL TRANSPLANTATION. 1997. Kluwer Academic Publishers. ISBN 
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rise to T cells and antigen-presenting cells with different major and/or 
minor histocompatiblity-complex surface molecules, and/or 4) generation of 
tolerance through exposure of lymphocyte precursors to self epitopes early in 
development, possibly resulting in anergy and/or deletion of autoreactive 
repertoires. 

Animal models of autoimmune disease 

Autoimmune diseases in animals may arise spontaneously or after immuniza
tion. In general, those that occur spontaneously are restricted to inbred strains 
and arise from genetic defects in the hematopoietic stem cell compartment. 
Those that arise after immunization may occur in a variety of outbred species 
and are due to priming (i.e., activation) of normal, previously naive (i.e., 
unresponsive) lymphocytes. 

Examples of spontaneously occurring autoimmune diseases are a systemic 
lupus erythematosus-like syndrome in New Zealand black (NZB)/New 
Zealand white (NZW) F1 (B/W) and MRLllpr mice [9-11]; a scleroderma-like 
illness in Tsk mice [12,13] and UCD L200 chickens [14,15]; an inflammatory 
bowel disease in cotton top tamarin monkeys [16]; and an islet cell inflamma
tory disease similar to type I diabetes mellitus in NOD mice [17,18] (table 1). 
With exception of the MRLllpr mouse, the exact genetic defect(s) remains 
enigmatic. 

MRLllpr mice develop a massive lymphoproliferative disease characterized 
by arthritis, glomerulonephritis, vasculitis, and anti-ds DNA antibody. These 
mice have a single gene defect that prevents high-level expression of the Fas 
receptor, a surface receptor that signals for apoptosis [20,21). Normal mice 
express high levels of the Fas receptor protein on CD4/CD8 double-positive 
thymocytes, inducing apoptosis of potentially autoreactive T-cell clones. T 
cells normally upregulate Fas-receptor surface protein when activated, which 
by inducing cell death serves to control a lymphoproliferative response. In 
MRLllpr mice, autoimmunity results from a lack of normal lymphocyte pro
grammed cell death. Transplant of HSCs from MRLllpr mice into an unaf
fected strain of mice results in the lpr phenotype and early death. 

The NZB mouse develops spontaneous hemolytic anemia and high-titer 
antierythrocyte antibodies [9,10). When the NZB mouse is bred with the 
phenotypically normal NZW mouse, the offspring (F1 hybrid, B/W) develop a 
fatal immune glomerulonephritis and high-titer anti-ds DNA antibody but 
low-titer anti erythrocyte antibodies. Although hemolysis may occur, it is not 
prominent. The genetic defect in B/W mice is unknown, but transplantation 
of lymphocyte-depleted marrow to a normal mouse from another strain 
causes fatal immune glomerulonephritis [11]. Similarly, transplantation of 
lymphocyte-depleted marrow from Tsk [22] or NOD mice [23] to a genetically 
nonsusceptible strain results in disease. 

Animal autoimmune diseases that arise after immunization with the appro-
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priate self epitope include adjuvant-induced arthritis (AlA) [24], collagen
induced arthritis (CIA) [24,25], experimental autoimmune myasthenia gravis 
(EAMG) [26,27]' experimental allergic encephalomyelitis (EAE) [28,29], ex
perimental autoimmune myositis [30], and allergen-induced asthma [31] (table 
1). Injection of tissue-specific protein in complete Freund's adjuvant initiates 
disease in susceptible species. Adoptive transfer of lymphocytes from affected 
animals to a naive syngeneic recipient can also induce disease through transfer 
of effector lymphocytes. Discussion will be limited to EAE, although the same 
principles apply to other models of autoimmune disease that arise by immuni
zation with target-organ homogenate or immunodominant peptide(s). 

EAE was first discovered as a disease in humans following immunization 
with the Pasteur vaccine for prevention of rabies [32]. Patients developed an 
ascending paralysis due to contamination of the vaccine by rabbit central 
nervous system antigens. Subsequently, it was found that injection of spinal 
cord homogenate with adjuvant causes neurologic deficits in a wide variety of 
species including mice, rats, rabbits, guinea pigs, and monkeys. Disease mani
festations vary by species. Lewis rats develop a monophasic ascending paraly
sis with a transient inflammatory spinal cord infiltrate. Complete recovery 
without relapse or demyelination is the rule. In the Buffalo rat, EAE presents 
as an acute hemorrhage encephalomyelitis. 

In the SJLlJ mouse, EAE manifests as an inflammatory, demyelinating, 
relapsing remitting disease similar to relapsing remitting mUltiple sclerosis. 
Although EAE was initially induced with spinal cord homogenate, it was 
subsequently realized that small (10-14) amino acid sequences of myelin have 
the capacity to initiate disease. These specific immunogenic myelin peptide 
sequences include proteolipid protein (PLP) peptide sequence 139-151 or 
178-191 and myelin basic protein (MBP) peptide sequence 169-181. If the 
animal is immunized with PLP 139-151, peripheral lymphocytes during the 
first relapse proliferate to 139-151. During subsequent relapses, epitope 
spreading occurs with lymphocytes proliferating to both PLP 139-151 and 
other immunogenic myelin pep tides such as PLP 178-191 [2]. 

Viruses also offer models for autoimmune diseases. For example, Theiler's 
murine encephalomyelitis virus (TMEV) is a picornavirus that causes a 
chronic progressive neurologic disease clinically similar to primary progressive 
multiple sclerosis [33]. Histologically, the disease is marked by an inflamma
tory demyelination. Susceptible strains of mice are unable to clear the virus 
from the CNS, while strains resistant to TMEV resolve symptoms at the time 
of disappearance of the virus from the CNS [34]. Human autoimmune dis
eases, such as multiple sclerosis, have intermittently been associated with viral 
agents for which the TMEV model offers an experimental parallel [35]. 

Bone marrow transplant in animal models of autoimmune disease 

Immune ablation and hematopoietic rescue has been attempted in several 
animal autoimmune disorders (table 2). Those that arise spontaneously and 
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are thought to be secondary to a stem cell defect have been cured by allogeneic 
BMT from a strain resistant to disease. For example, diabetes in the NOD 
mouse may be prevented by HSC transplant from a nonsusceptible strain [23]. 
Immune glomerulonephritis, anti-ds DNA antibody, and lymphocytic infiltra
tion of the liver and kidneys disappear in lupus-prone mice after allogeneic 
BMT from a nonsusceptible strain [36-38]. 

In contrast to stem-cell-mediated autoimmunity, immunization-induced 
autoimmune disease has been reported to be arrested not only by allogeneic 
but also syngeneic and autologous BMT (table 2). Following autologous 
BMT, the inflammatory synovitis of AlA resolves [39,40]. After syngeneic 
BMT in animals with EAMG, anti-acetylcholine-receptor antibodies 
disappear and weakness reverses [41], while in EAE, neurologic progression is 
stopped [42-45]. Syngeneic BMT from an unimmunized animal prevents 
EAE if done before onset of disease. After onset of neurologic disease, 
syngeneic BMT prevents clinical progression, and peripheral lymphocytes 
no longer proliferate to myelin epitopes. However, depending on the animal 
and stage of disease, neurologic deficits may not completely resolve. 
Although the immunologic attack may be arrested, remyelination 
andlor axonal repair is necessary to reverse established neurologic 
damage. 

The results of BMT in animal autoimmune disorders suggest that diseases 
that arise due to a stem cell defect require an allogeneic donor from an 
unaffected strain to be cured. In contrast, autoimmune diseases that arise from 
environmental stimuli (i.e., immunization) may be cured by a syngeneic or 
autologous graft. The contribution of genes versus environment in human 
autoimmune disease is poorly understood, but the implication is that some 
human autoimmune diseases may be cured by an autologous graft; others may 
require an allogeneic donor. For an autologous graft, the role of purging 
lymphocytes from the graft has not yet been addressed in animal models. 
Finally, results of BMT in EAE suggest that cure of an autoimmune disease 
may not cure the patient, since repair of the affected target organ may not 
occur. 

Results of BMT in patients with autoimmune disorders 

Allogeneic bone marrow transplant for leukemia or aplastic anemia has been 
performed in patients with a coincidental autoimmune disease (table 3). Most 
of these patients had rheumatoid arthritis because they developed aplastic 
anemia from gold or D-penicillamine therapy [46]. A total of nine patients 
with rheumatoid arthritis have undergone allogeneic matched sibling BMT. 
Eight patients had a complete clinical remission with disappearance of active 
disease including rheumatoid factor for several years after discontinuing all 
immunosuppressive medications. Similarly, one patient each with ulcerative 
colitis [47] and psoriasis [47] entered sustained remissions following allogeneic 
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Table 3. Results of BMT in humans with coincidental autoimmune disease 

Type of 
BMT 

Allogeneic 

Autologous 
(unpurged) 

Disease [ref] 

Multiple sclerosis [48] 

Psoriasis [47] 

Rheumatoid arthritis [46] 

Ulcerative colitis [47] 

Systemic lupus 
erythematosus [50] 

Myasthenia gravis [49] 

Comment 

Subjective neurologic symptoms (pain, fatique) 
improved; some objective neurologic signs 
improved, others worsened; early death from 
leukemia relapse 

1 case; no symptoms off all medications 

9 reported cases; 1 relapsed, 8 without evidence 
of disease off all immunosuppressive 
medications 

1 case; no symptoms off all medications 

Disappearance of symptoms but recurrence of 
anti-ds DNA antibody 

Disappearance of anticholinergic receptor 
antibody, early death from lymphoma relapse 

genotypically matched BMT for leukemia. A patient with myelodysplastic 
syndrome and multiple sclerosis died six months after transplant from re
lapsed leukemia [48]. Neurologic symptoms of pain and fatigue resolved and 
visual acuity improved, but new tremor, weakness, and cerebellar signs devel
oped at the time of leukemia relapse. These symptoms could have been 
attributed to cyclosporine (e.g., tremors), disuse atrophy, infection, meningeal 
carcinomatosis, or progression of multiple sclerosis with reemergence of host 
hematopoiesis. 

An autologous unpurged BMT performed in a patient with lymphoma and 
myasthenia gravis was complicated by early death from relapsed lymphoma 
[49]. However, following transplant, anti-acetylcholine-receptor antibody ti
ters disappeared. Unpurged autologous transplant has also been reported in a 
patient with lymphoma and systemic lupus erythematosus with subsequent 
resolution of clinical disease but recurrence of disease specific anti-ds DNA 
antibody [50]. 

These case reports suffer from pUblication bias, since it is unlikely that an 
autoimmune process that fails to improve after BMT would be reported. To 
overcome this bias, the International Bone Marrow Transplant Registry has 
included a questionnaire on autoimmune disorders for all patients enrolled in 
the registry. Finally, several centers are activating protocols to transplant 
patients with SADS. To date, an otherwise normal patient with severe CREST 
syndrome was treated with high-dose cyclophosphamide and autologous mar
row rescue in Genoa, Italy, resulting in a complete but transient remission [51]. 
Therefore, preliminary data suggest that if autologous marrow is to be used for 
hematopoietic rescue, the hematopoeitic stem cell product should be purged 
of lymphocytes before reinfusion. 
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Patient selection for bone marrow transplant 

In general, the expected mortality is less than 5% for autologous and 20% to 
30% for allogeneic hematopoietic stem cell transplants. Therefore, despite the 
morbidity associated with autoimmune diseases, immune ablation and HSC 
rescue as a treatment alternative should be offered only to those individuals 
with a life expectancy shorter than the general age-matched population. In
deed, we have used the term severe autoimmune diseases (SADS), to define 
those with a shortened survival (Table 4). 

Multiple sclerosis 

Multiple sclerosis (MS) generally affects young individuals (age 20-40) and 
has a variable natural history: relapsinglremitting, primary progressive, 
secondary progressive, etc. [52]. Most patients have relapsing/remitting 
disease (70%) with the same life expectancy as the general population. 
However, the majority with progressive MS are wheelchair bound, bedridden, 
or dead within ten years of onset of progressive disease. Survival correlates 
best with the level of disability. Less than 6% of patients with an unrestricted 
activity level are dead within ten years, compared to a 70% mortality 
within ten years for patients confined to a wheelchair. The cause of death is 
generally infection, pulmonary embolus, arrhthymia, or suicide. BMT candi
dates should have high risk features for early mortality, i.e., relatively ad
vanced disease (e.g., unable to walk more than 600 yards), with a rapid chronic 
progressive course (decline of 1 or more Kurtzke disability scales over one 
year). 

The clinical course of MS may be followed by neurologic function disability 
scales such as the Kurtzke extended status disability scale or the Scripps 
neurology rating scale [53,54]. Changes in CNS inflammatory plaques may be 
monitored by gadolinium enhancement on MRI [55]. However, the correla
tion between the MRI findings and clinical disability is poor. Severe neuro
logic deficits may be present with minimal MRI activity. Conversely, a large 
number of plaques may be detected in patients with minimal clinical disability. 
The J3-interferon trial demonstrated a reduction in MRI lesions in patients on 
interferon compared to placebo. Therefore, MRI imaging data may be useful 
as an outcome measure in identifying subclinical disease burden and possibly 
in predicting future disability. 

Rheumatoid arthritis 

Rheumatoid arthritis affects 0.5% to 1 % of the U.S. population. Most patients 
have a normal life expectancy. Consequently, therapy has traditionally been 
based on an incremental pyramid scheme of nonsteroidal anti-inflammatory 
agents (NSAIA) and physical therapy, advancing to steroids if NSAIAs fail, 
and finally disease-modifying antirheumatic drugs (DMARDS) such as 
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methotrexate, gold, hydroxychloroquine, or D-penacillamine if steroids alone 
fail. Patients referred to in university medical centers tend to fare worse, with 
a progressive chronic course, radiologic joint distruction, and extra articular 
disease. Poor prognostic indicators are more than 30 abnormal joints (50% 
survival at five years), time of more than 21 seconds required to walk 25 feet 
(60% survival at five years), and time of more than 120 seconds necessary to 
unbutton and button five buttons (50% survival at five years) [56,57]. There
fore, a questionnaire on activities of daily living, joint count, and simple 
functional tests can identify patients at high risk for early mortality who could 
be potential BMT candidates. 

Systemic scleroderma 

Patients with systemic scleroderma, characterized by fibrosis and vas
culopathy, have a survival significantly shorter than the general population. 
Those patients with renal, cardiac, or pulmonary involvement have the worst 
prognostic variables [58-60]. Patients with renal disease, defined as rapid 
progressive insufficiency or proteinuria greater than 3.5 g/day, have a 40% 
three-year survival. Cardiac involvement (pericarditis, CHF, or arrhthymias) 
has a 50% three-year survival. Patients with pulmonary scleroderma diag
nosed by an interstitial disease on chest roentograph, carbon monoxide diffus
ing capacity (DLCO) less than 13mllmin/mm Hg, or pulmonary hypertension 
on cardiac catheterization or Doppler echocardiogram have a survival of 60% 
at five years. Therefore, patients with early vital organ involvement may be 
considered potential BMT candidates. Disease may be followed by monitoring 
affected organ function and serology, e.g., Scl-70 titer. 

Myasthenia gravis 

Myasthenia gravis (MG) manifests as generalized weakness, fatigability, 
ophthalmoplegia, dysarthria, or dysphagia due to antibodies directed against 
the postsynaptic acetylcholine receptor [61]. These antibodies reduce the 
number of acetylcholine receptors by increasing endocytosis, complement
mediated damage, or blockade of the neurotransmitter binding site. MG has a 
prevalence of 5 to 12.5 per 100,000 and a bimodal incidence, with one peak at 
age 20 to 30 and another at age 60. Today most patients with MG have a 
normal life expectancy, and survival is 80% at ten years. Patients may be 
categorized by Osserman group into group I - ocular MG; group IIA - mild 
generalized MG; group lIB - moderate generalized MG; group III - acute 
fulminating, MG; and group IV - late severe MG. Patients in Osserman 
group III or IV with respiratory or bulbar muscle involvement, especially if 
onset was rapid, i.e., within eight months of diagnosis, have high risk 
features [62,63] and could be considered candidates for BMT. Disease may be 
followed by clinical muscle strength, antibody titer, and electromyography 
(EMG). 
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Systemic lupus erythematosus (SLE) 

SLE is a multisystem, inflammatory disorder characterized by a variable pre
sentation and clinical course that generally affects young women 20 to 40 years 
old. Diagnosis depends on fulfilling at least 4 of 11 American Rheumatism 
Association (ARA) criteria, which are antinuclear antibody, malar rash, dis
coid rash, photosensitivity, oral ulcers, arthritis, serositis, and a renal, neuro
logic, hematologic, or immunologic disorder(s) [64]. Anti-ds DNA and 
anti-Sm antibodies in high titer are specific for SLE. Five-year survival esti
mates vary widely and range from 68% to 98% [65-68]. The usual cause of 
death is sepsis, renal failure, vasculitis, or cytopenias. For patients with renal 
failure, survival is 80% at five years. BMT may, therefore, be considered for 
patients with cytopenias unresponsive to steroids, splenectomy, and an alky
lating agent; vasculitis, e.g., cerebritis; or progressive renal failure, defined as 
WHO class III or IV glomerulonephritis that has failed NIH short-course 
cyclophosphamide (500-1000 mg/m2 IV monthly for six months and then quar
terly for two years) [69-72]. The renal status should be documented by biopsy 
and have a low chronicity (fibrosis, scarring) score and high activity (acute 
inflammation) index. A rare presentation of SLE is the catastrophic 
antiphospholipid syndrome, which gives rise to acute devastating multiple 
organ failure from occlusion of large and small arterial and venous vessels in 
a patient with antiphospholipid antibody [73]. If the patient survives the acute 
event, BMT may be considered to prevent recurrence. 

Inflammatory bowel disease 

Ulcerative colitis may be cured by resection of the colon. Crohn's disease may 
involve any part of the alimentary canal from mouth to anus. Although most 
patients with Crohn's disease have a normal life expectancy, for some patients 
mortality is slightly increased over the general population, with a ten-year 
overall survival of 85% [74,75]. The risk of early death is increased in those 
patients with most or all of the following: young age at onset, multiple surgical 
procedures, short bowel/malabsorption, chronic steroid therapy, narcotic ad
diction, and a history of sepsis [75]. 

Summary 

In addition to our center (Northwestern University, Chicago), several institu
tions in the United States (Fred Hutchinson Cancer Center, University of 
California at Los Angeles, and Medical College of Wisconsin) and Europe are 
activating protocols to transplant patients with SADS. In this age of cost
effectiveness, it will be difficult to arrange third-party reimbursement for a 
hematopoietic stem cell transplant that may lead to medical charges of be
tween $100,000 and $200,000. However, the cost of standard medical care for 
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patients with SADS is not trivial. Dialysis for an SLE patient with renal failure 
costs $40,000 per year, while the medical resources required to care for a 
patient with progressive multiple sclerosis may exceed $35,000 per year. 

Unique BMT regimen-related toxicities may occur, including intracranial 
hemorrhage in the SLE or rheumatoid arthritis patient who has vasculitis; 
acute neurologic decompensation in patients with multiple sclerosis, especially 
if the conditioning regimen contains neurotoxic agents that cross a compro
mised blood-brain barrier; respiratory failure in patients with myasthenia 
gravis; and increased renal or pulmonary toxicity in patients with scleroderma 
and parenchymal fibrosis. Scleroderma-associated gastrointestinal dysmotility 
and bacterial overgrowth may also lead to greater fungal and bacterial infec
tions [76]. 

BMT is currently considered appropriate therapy for patients with chi~mic
phase Chronic myelogenous leukemia (CML) and indolent lymphomas who 
otherwise have a relatively long life expectancy of 5 and 10 years, respectively. 
The roughly similar long survival but greater functional impairment of pa
tients with SADS may justify consideration of immune ablation and hemato
poietic stem cell rescue. 
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15. Autologous bone marrow transplantation in 
pediatric solid tumors 

Morris Kletzel and Ae Rang Kim 

Cancer is one of the major causes of death in children ages 1 to 14 years. 
Although solid tumors represent only 40% of all pediatric cancers, they result 
in a high mortality rate due to their biologic behavior and stage. Therefore, it 
is imperative that all possible therapeutic approaches be carefully studied. 

Autologous bone marrow transplantation (ABMT) is a method for deliver
ing high doses of cytoreductive therapy to cancer patients that is based on the 
existence of a steep dose-response curve for many tumors [1]. Whereas he
matopoietic toxicity limits the intensity of many of the chemotherapeutic 
regimens available for the treatment of children with malignant disease, au
tologous bone marrow rescue has eliminated the primary dose-limiting toxic
ity of intensive cytoreductive regimens, namely, myelosuppression [2]. This 
has permitted drug doses to be increased three- to fivefold above those used 
without marrow rescue [3]. 

The first description of ABMT in pediatrics was by Clifford et al. in 1961, 
who infused autologous marrow into children with advanced lymphoreticular 
tumors following treatment with high-dose nitrogen mustard [4]. Subsequent 
studies in patients with malignant lymphoma were quite successful. Unfortu
nately, the initial studies in solid tumors were characterized by a high degree 
of morbidity and mortality [1]. New treatment regimens and improvements in 
supportive care, however, have increased the efficacy of ABMT for children 
with solid tumors over the last few years. Consequently, ABMT is playing an 
increasingly important role in the treatment of pediatric patients with solid 
tumors. Although response rates appear to be improved with the use of dose
intensive therapy, disease recurrence is the most common cause of treatment 
failure [5]. Neoplastic cells contaminating the autologous marrow may con
tribute to relapse rates, but incomplete eradication of the tumor by ineffective 
chemotherapeutic regimens is the primary cause of treatment failure. Tech
niques have been developed to purge the autologous marrow of neoplastic 
cells, but the effectiveness of these methods and their relative contribution 
towards cure rates remains to be determined. 

Since each specific solid tumor has its own prognosis and biologic character
istics, the effect of ABMT on each disease also varies. This chapter will review 
the rationale, effectiveness, and future directions of ABMT in the following 
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solid tumors: neuroblastoma, Ewing's Sarcoma, rhabdomyosarcoma, brain 
tumor, and Wilms' tumor. 

Neuroblastoma 

Introduction 

Neuroblastoma (NBL), a tumor of the neural crest cells from which the 
sympathetic nervous systems develops, is the most common childhood solid 
tumor occurring outside the central nervous system, with an annual incidence 
of approximately eight per million children in the U.S. [6]. Children with 
completely localized tumor or those with only local spread to adjacent tissues 
or lymph nodes have an excellent prognosis when treated by surgical resec
tion, with or without chemotherapy [7,8]. This includes children with stage I 
and stage II disease according to the Evan's classification. Infants diagnosed at 
less than one year of age and children with stage IVS also have an excellent 
prognosis. Forty percent to 70% of patients with stage III disease who have 
favorable prognostic markers, such as a single copy of N-myc or hyperdiploid 
tumors, can also be cured by conventional therapy, depending in part on the 
feasibility of surgical excision [9]. Unfortunately, between one third and one 
half of NBLs in children older than one year of age are stage IV [10]. These 
children present with advanced disease and dissemination to distant sites such 
as the liver, bone marrow, and skeleton, or other unfavorable features such as 
amplified expression of the N-myc oncogene [11]. 

Stage IV NBL is the most common childhood malignancy between the ages 
of one and five [12]. Although new treatments and therapy regimens have 
increased the chances of initial survival for children with stage IV NBL, the 
long-term disease-free survival still remains quite poor. In the 1950s and early 
1960s, when the only available chemotherapy was vincristine and cyclophos
phamide, the long-term disease-free survival was only 5%. In the late 1960s 
and 1970s, after the introduction of multi agent chemotherapy in addition to 
debulking surgery and radiotherapy, the cure rate increased to approximately 
10% to 20% [10]. Since the mid-1980s, however, more aggressive 
multimodality therapy, including extensive surgery to remove the primary 
tumor and sites of bulk disease, irradiation to localized tumor masses, and 
increasingly, intensive combinations of chemotherapy, has produced signifi
cant response rates in up to 80% of afflicted children and has prolonged 
overall survival from a few months to several years in many patients [13-15]. 
Nonetheless, long-term survival remains poor. Among the new strategies in
vestigated in the last decade, high-dose therapy has emerged as a promising 
approach with the demonstration that both rate and quality of response may 
be improved by increasing the dosage of some anticancer compounds, admin
istered alone or in combination [16]. Supportive care with autologous bone 
marrow or peripheral blood stem cell rescue has enabled further significant 
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dose escalation of cytotoxic agents active against neuroblastoma, resulting in 
disease-free survival for 25% to 50% of patients at two years, an improvement 
over all historical experience with conventional chemotherapy [17]. 

For children with disseminated poor-risk NBL who respond to first-line 
therapy and then receive consolidation with mega therapy (MGT) and bone 
marrow transplantation, survival rates are 40% to 45% at two years and 20% 
at five yearsl [18]. Intensive myeloablative consolidation therapy followed by 
ABMT has resulted in estimated disease-free survival rates of up to 44 % at 
three years [19]. A recent update on results in stage IV patients over one year 
of age confirmed that high-dose melphalan and bone marrow transplantation 
prolong the duration of remission (23 months versus 6 months with no further 
treatment after induction), but only marginally alters long-term survival [17]. 
Reasons for the poor long-term survival rates may include inadequate 
chmotherapy delivery, development of drug resistance, and toxicity [20]. 

Although results are not yet conclusive, it can be concluded that some 
patients benefit from AMBT in terms of prolonged life. The results for long
term disease-free survival, however, currently remain quite dim. Yet, with the 
new approaches there is hope for an increased survival rate and possibly a cure 
for what once seemed to be a hopeless disease. 

Results 

In this section, the results of different approaches and treatments for combat
ing NBL will be compared and reviewed (see table 1). 

The role of tumor burden and pre transplant cytoreduction is underscored 
by the series reported by Hartmann et al. [21] in which 15 patients with 
advanced NBL (one with stage III and 14 with stage IV) were treated with 
high-dose melphalan (HDM) followed by ABMT. All patients had been ex
tensively treated with multimodality therapy including surgical excision, and 
four were in complete remission at the time of transplant. One of the 15 
patients died of early toxicity, but five were free of disease at 29+ to 54+ 
months after ABMT. These five patients had minimal residual disease or were 
in a complete remission (CR) before HDM. These results suggest that chemo
therapy including high-does melphalan followed by ABMT is tolerable in 
children with advanced NBL, and effective when used as consolidation 
therapy in patients who have attained CR or significant cytoreduction with 
conventional therapy. 

A study by Kushner et al. [22] presents a long-term study of 28 patients who 
were diagnosed with poor risk NBL at more than 12 months of age and who 
received high-dose melphalan (HDM) as consolidation therapy followed by 
ABMT. The majority of patients also received dianhydrogalactitol, and some 
also received total body irradiation (TBI). Bone marrow was purged in all but 
two cases. Of the 17 patients in first remission, one is relapse free more than 6.5 
years post-ABMT, three died of ABMT-related toxicity, and 13 had progres
sive disease at 2 to 23 months. Among the patients with progressive disease, 11 
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of 13 had disease involving bone and/or bone marrow. Event-free survival was 
29% at 12 months, 18% at 18 months, and 6% at 24 months post-ABMT. All 
of the patients with refractory disease or in second remission died; one patient 
in second partial remission relapsed 32 months post-ABMT; eight patients had 
progressive disease within five months of ABMT, and two patients died of 
toxicity. These results suggest that high-dose melphalan is relatively ineffec
tive in patients with residual disease or refractory tumors. Also, the pattern of 
relapse in several patients suggests that 6-hydroxydopamine may not be 
completely efficient at eliminating contaminating malignant cells from the 
autograft. 

The LCMEI study by Philip et al. [23] is unique because it included 
unselected patients, and because the strategy for mega therapy and ABMT 
purging was constant over a six-year period. Seventy-two patients entered the 
LMCEI study between 1982 and 1987. In response to the induction regimen, 
18 achieved CRs, eight attained very good partial remissions (VGPR), 42 
achieved partial remissions (PRs), and four experienced disease progression. 
Sixty-two out of the 72 patients were then treated with consolidation therapy 
consisting of vincristine (total 4 mg/m2), high-dose melphalan (180 mg/m2), and 
fractionated TBI followed by bone marrow transplantation (57 had ABMT 
and five had allogeneic BMT). The progression-free survival (PFS) for the ten 
patients not treated with high-dose therapy and transplantation is 20% at two 
years and 0% four years. The PFS for the 62 grafted patients is 40% at two 
years, 20% at four years, and 13% at seven years. Comparing the survival 
without progression, there is no significant difference in CR vs. PR/VGPR or 
CRNGPR vs. PR. However, there is a subgroup defined by healing of bone 
metastases before ABMT in which long-term PFS could be obtained. This 
group had a 30% PFS at five years. This study showed definitive improvement 
in the management of stage IV disease. It identifies a group of patients that is 
potentially curable. 

In a follow-up study, the LCME2 [12] study uses a double harvest/ double 
graft approach with two different mega therapy regimens. Since most relapses 
in the LCMEI trial occurred during the first two years after ABMT 1, this new 
investigation is designed to test the role of increased dose intensity on re
sponse rates, relapse patterns, and overall survival. Thirty-three patients with 
refractory disease in partial remission after second-line treatment for stage 
IV NBL or at the time of relapse from stage IV or III disease enrolled 
in this study. The first megatherapy regimen consisted of a combination 
of teniposide, carmustine, and cisplatin, whereas the second contained 
vincristine, melphalan, and TBI. The first harvest was four weeks after the last 
chemotherapy, and the second occurred 60 to 90 days after megatherapy. 
Response rates were 65% (16% CR) for MGT 1 and 60% (25% CR) for MGT 
2. The overall survival rate was 36% at two years and 32% at five years. 
Although these results are hopeful for patients with refractory or relapsed 
disease, the degree of toxicity is high (24 %), and the delayed engraftment 
associated with the double transplant may give support to the the use of a 

338 



single harvest approach. This study does, however, show that increased dose 
intensity may improve the outlook for some patients. Other high-dose proce
dures should be investigated. 

A pilot study by Corbett et al. [24], investigated the efficacy and toxicity of 
a high-dose multiagent consolidation regimen. OMEC (vincristine, 4mg/m2; 
melphalan, 180mg/m2; etoposide, 1 g/m2; and carboplatin 1.0-1.75 g/m2) fol
lowed by ABMT was studied in 20 patients with poor-prognosis NBL. Eigh
teen patients received OMEC after induction chemotherapy and two 
following relapse. Four patients died of treatment-related toxicity. Sixty-five 
percent (13 of 20) have relapsed a median of ten months after receiving 
OMEC. Overall, four patients are alive 24 to 35 months after receiving 
OMEC; two of these patients have disease. These results are extremely disap
pointing, in view of the fact that this regimen was especially designed to 
include agents that are individually active against NBL, exhibit a steep dose
response curve, are noncross-resistant and preferably synergistic, and produce 
tolerable, yet different nonmyelotoxic side effects at the administered dose. 
Melphalan has been shown to maintain a fractional tumor cell kill with in
creasing dose in vitro [25]. Etoposide, in combination with cisplatin, produced 
a 55% response rate in patients with NBL [26]. A five-day continuous infusion 
of vincristine has documented efficacy in patients with solid tumors, and in 
combination with high-dose melphalan and total body irradiation was well 
tolerated [27]. Unfortunately, although the rationale for this sort of multi agent 
regimen is logical, the results are very disappointing. The OMEC regimen 
is no more effective than HDM alone, and the level of toxicity is much 
higher. 

The Italian Cooperative Group for Neuroblastoma (lCGNB) published a 
paper in 1992 [28] comparing two studies on 181 children age one year or older 
with newly diagnosed disseminated NBL from January 1982 to November 
1989. Seventy-five patients (group NB82), enrolled from 1982 to 1984, were 
treated with standard-dose chemotherapy (SD). One hundred six patients 
(group NB85), enrolled from 1985 to 1989, received high-dose (HD) chemo
therapy. In both groups, induction therapy included peptichemio (a mixture of 
six oligopeptides of m-l-phenylalanine mustard thought to act by both alkylat
ing and antimetabolic mechanisms) and cisplatin at SD or HD, respectively. In 
NB82, children who achieved complete or partial tumor regression received 
SD consolidation therapy; in contrast, patients enrolled on study NB85 
received three cycles of HD chemotherapy or one cycle of myeloablative 
therapy followed by ABMT. Comparing the two protocols, the NB85 group 
had significantly fewer failures (no tumor response or disease progression) 
than NB82 after administration of peptichemio (9% vs. 32 %) and had greater 
percentages of CRs and PRs both after treatment with cisplatin (60% vs. 43 %) 
and after surgery (76% vs. 46%). The overall survival and progression-free 
survival at five years were respectively 11 % and 9% for NB82 and 27% and 
18% for NB85. Patients in the NB85 group who after achievement of CR were 
consolidated with three cycles of HD chemotherapy versus those consolidated 
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with myeloablative therapy followed by ABMT was 24% to 32%. These 
results show that intensified treatment for NBL - either multiple cycles of 
HD chemotherapy or myeloablative treatment with ABMT - improves 
response rates and increases survival. 

A single-institution experience studying the toxicity and efficacy of 
multiagent chemotherapy plus TBI in children with NBL was reported by 
Kletzel et al. [29]. Seven children with NBL with very good partial remissions 
underwent a multiagent ablative regimen including high-dose cyclophospha
mide, continuous infusion vincristine, escalating doses of VP-16-213, and TBI 
followed by unpurged ABMT. The dose-limiting toxicity was mucositis ob
served when the dose of VP-16-213 was escalated to 2400mg/m2 total dose. 
Four of seven patients achieved CRs lasting 23 to 48+ months. The use of 
unpurged marrow did not appear to contribute to relapse in that patients 
relapsed at their primary site of disease and the bone marrow remained 
disease free at relapse. This finding is of particular interest because at the time 
of diagnosis, 6 of 7 of these patients did in fact have bone marrow metastasis. 
However, due to the small sample of patients, further tests will have to be 
performed to determine the therapeutic value of this regimen. The results 
demonstrate that this regimen is well tolerated and effective. 

Lam-Po-Tang et al. [30] reported their experience with ABMT using 
a modified version of the VAM-TBI regimen (teniposide, doxorubicin, 
melphalan, cisplatin, and total body irradiation) in a group of 12 patients 
treated between 1985 and 1992. All 12 are alive and are in clinical remission at 
a median follow-up of 42 months from the time of ABMT. These data confirm 
that ABMT using modified V AMP-TBI conditioning treatment is safe, pro
longs survival, and appears to increase cure rates. This study was done with a 
small sample number; larger numbers of patients must be studied in order to 
confirm these results. 

Questions concerning the advantages and disadvantages of autologous over 
allogeneic bone marrow transplant were investigated by Matthay et al. [31] in 
their study of 56 patients with high-risk NBL. The concept of allogeneic bone 
marrow transplantation presents the problems of graft-versus-host disease and 
lack of donor availability; however, it avoids the possibility of tumor-cell 
reinfusion associated with ABMT. In the comparison study by Matthay et aI., 
two groups of patients received identical induction chemotherapy, surgery, 
and local radiation. Patients who remained progression free at the end of 
induction received myeloablative chemotherapy consisting of etoposide, 
melphalan, cisplatin, and TBI followed by allogeneic (20 patients) or autolo
gous (36 patients) bone marrow transplantation. Time for both neutrophil 
and platelet engraftment was significantly shorter after allogeneic than autolo
gous BMT. The relapse rate among allogeneic BMT patients was 69% com
pared with 46% for autologous. The estimated progression-free survival rates 
four years after BMT were 25% for allogeneic and 49% for autologous. 
Although these rates appear to be different, they are not significantly so. In 
this comparison, allogeneic and autologous transplantation were equivalent, 
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although caution must be used in interpreting a nonrandomized comparative 
study. 

In conclusion, the most intensively studied therapeutic approach for 
advanced-stage NBL has been chemotherapy with or without total body irra
diation or local irradiation, followed by stem cell rescue. The approaches and 
methods or study are different, but the objective is to determine whether an 
increase in the intensity of therapy improves outcome for children with NBL. 
The prognosis of children with disseminated NBL still remains poor. How
ever, intensified therapy followed by ABMT may provide higher survival rates 
and eventual cure for some children with NBL. 

Controversies 

Purging. The role of purging autologous bone marrow in NBL remains con
troversial. Despite the intensification of cytotoxic therapy facilitated by 
autotransplantation, relapse or refractory disease still remains a major source 
of failure. Thirty-fifty percent of patients with stage IV NBL have metastatic 
disease detectable in marrow prior to auto transplantation [32]. Gene-marking 
of human bone marrow cells provides a more sensitive and efficient method of 
directly addressing the issue of whether malignant cells in an autograft contrib
ute to relapse because a transferred gene is present in equal concentration in 
all progeny of a marked cell for every generation [33]. By use of a neomycin
resistance (NeoR) marker gene, Brenner et al. showed that bone marrow cells 
marked in remission and their progeny contributed to relapse. In all relapsed 
patients, resurgent cells contained the NeoR marker. Therefore, there would 
seem to be a need for eliminating malignant cells from the autograft. However, 
the controversy lies in whether relapse is caused by other factors, such as 
failure to eradicate the primary tumor, and whether current purging methods, 
while successful in removing neoplastic cells efficiently in vitro, perform the 
same in vivo. In considering the number of cells required for reconstitution 
and a marrow contaminated with 1 % tumor cells, 2000 to 20,000 tumor cells 
could remain and be infused into a 20-kg patient [34] (see table 2). 

Table 2. Potential number of tumor cells infused with autologous 
bone marrow [38] 

Total cells" x Tumor cells Total tumor cells 

2 x 109 10-3 2 X 106 

2 X 109 10-4 2 X 105 

2 X 109 10-5 2 X 104 

2 X 109 10-" 2 X 103 

2 X 109 10-7 2 X 102 

"For hematologic and immunologic reconstitution, assume that 
108 x 20kg equal 2 x 109 total cells. 
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There are a number of methods that may be useful for removing NBL cells 
from marrow, such as pharmacological, physical separation, and immunologi
cal techniques. The use of toxins for killing NBL cells in bone marrow has not 
been extensively studies. The drug 4-hydroperoxycyclophosphamide (4-HC) 
has been shown to kill human NBL cell lines in vitro, but the half-life of 4-HC 
is very short, and cells not in cycle may not be killed [35]. The pattern of 
relapse following purging with the drug 6-hydroxydopamine mentioned above 
in the Kushner et al. results [22] suggests that this agent may be ineffective at 
purging malignant NBL cells from the bone marrow. Density gradients have 
been used to separate malignant cells from stem cells. Centrifugation methods 
using an elutriation rotor for the removal of neuroblastoma cells from 
bone marrow have been developed, but they are relatively ineffective. Only 
95% of neuroblasts can be removed from artificially contaminated bone 
marrow [36). 

Immunological methods for purging involving the use of monoclonal anti
bodies and immunomagnetic micro spheres have been most widely used. 
Single monoclonal antibody methods have been performed with success 
[37,38). However, in a recent paper by Moss et al. [39], the authors stated that 
their antibodies bound no more than 87% of the cultured cells. The magnetic 
separation device removes NBL cells coated with magnetic microspheres by 
using high-field-strength permanent magnets. Tumor cells in the marrow can
not be detected at sensitivity levels of less than 1110,000. These problems 
provoked investigators to research techniques combining methods for detect
ing small numbers of malignant cells. Recently, Moss et al. [39] developed a 
multiassay system consisting of fluorescence microscopy, immunocytology, 
and tumor colony assay. Eight experiments were performed on two different 
NBL cell lines with 2% to 5% contamination. Moss et al. demonstrated 
greater than 3 log removal with one cycle of antibody/bead treatment and 
greater than 110g further reduction with a second cycle. The sensitivity of this 
method can detect 1130,000 to 11100,000 malignant cells over 4 logs of tumor 
cell removal. 

Although purging techniques have been greatly improved, their usefulness 
in vivo and their effects on normal healthy stem cells remain a major concern. 
There seems to be a significant loss of mononuclear cells associated with 
immunomagnetic purging, with an average mononuclear recovery of 35%. 
In addition, some investigators have expressed concern about slow engraft
ment or failure to engraft when marrow has been purged with monoclonal 
antibody or pharmacologic agents [40). The occurrence of early marrow re
lapse, despite purging, might be taken as an indication that purging is not fully 
effective [41]. Most purging techniques can be demonstrated to have activity in 
vitro, although the limitations of assays for occult NBL pose problems. The 
major difficulty is demonstrating effectiveness in vivo. At present, it is likely 
that the main obstacle to disease-free survival is the ineffectiveness of our 
therapeutic regimens [42], not the reinfusion of small numbers of malignant 
cells. 
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Some patients who have received unpurged or inadequately purged mar
row are reported to have developed metastatic disease in a pattern suggestive 
of tumor embolization, such as lung metastases [43,44]. However, in general, 
the patterns of recurrence in purged and non purged marrow transplant have 
been similar, usually at the site of primary tumor, residual gross disease, bone, 
or bone marrow, suggesting that the major cause of relapse is ineffective 
cytotoxic therapy which fails to eradicate the tumor [20]. Also, when the 
results of allogeneic and autologous bone marrow transplant are compared, 
the relapse rates do not appear to be significantly different [32]. 

Although increased sensitivity and specificity has improved the efficiency of 
purging techniques, its role in transplantation remains controversial. Research 
now must take on the task of demonstrating the efficacy of purging in vivo 
through clinical trials. 

TBI. The benefits of TBI must be weighed against its toxicity. NBL is a very 
radiosensitive cancer, such that radiation therapy to residual disease sites may 
be quite valuable [45,46]. However, since most NBL patients are young, the 
role of TBI remains controversial. There is an understandable reluctance to 
use such therapy in young children because of the considerable and as yet ill
defined long-term toxicity [3]. 

Some researchers suggest that until targeted radiotherapy using radio la
beled metaiodobenzylguanadine (MIBG) has been shown to be effective, they 
would be reluctant to omit external irradiation from the overall treatment plan 
in NBL. Although like chemotherapy, radiation therapy has its own undesir
able side effects, it is an effective treatment for NBL, and its inclusion may be 
responsible for the absence of late relapses in some studies [47]. In a study by 
Philip et aI., who were the first group to use fractionated TBI associated with 
HDM regimen, the relapse rates in patients who received HDM with TBI were 
lower than those treated with HDM alone or in combination with other 
drugs [44]. 

However, other reviews demonstrate opposing results. A review of more 
than 300 ABMTs from Europe showed a constant 15% toxic death rate with 
no difference between patient status at graft, conditioning regimen, and even 
single- or double-graft programs [48]. A TBI-containing regimen is not statis
tically more toxic, and the long-term progression-free survival is not better. 
Therefore, a TBI regimen should be used sparingly and cautiously, especially 
in young children. Although it would appear to make sense to use TBI against 
radiosensitive and disseminated tumors such as NBL, a clear survival advan
tage of TBI- containing regimens versus non-TBI-containing regimens has not 
been demonstrated [49]. 

The arguments for or against TBI are both convincing. Since children have 
rapidly developing normal tissues, the long-term toxicity associated with any 
high-dose regimen - particularly TBI, which could limit growth and develop
ment and possibly lead to secondary malignancies - is of concern [50]. 
Although each patient must be carefully considered with regard to his or 
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her prognosis, the more recent reviews suggest that TBI may not be that 
effective and that other methods such as local irradiation and targeted radio
isotope therapy such as 131I_mIBG (metaiodobenzylguanidine) should be 
investigated. 

Recommendation/future directions 

Autotransplantation is most effective in children with advanced-stage NBL 
who have obtained a significant response to combination chemotherapy, to
gether with surgery and localized radiation therapy when indicated, and be
fore disease progression [34]. Intensive therapy followed by ABMT has shown 
itself to be effective in increasing survival rates. Unfortunately, the absence of 
a plateau in the survival curves and recent reports on very late relapses warn 
us against drawing premature conclusions about eventual cure rates [17]. 

Allogeneic transplantation is also a viable option for children with NBL. 
However, the availability of HLA and DR-matched allografts is very limited, 
restricting this type of marrow transplant to fewer than 1 in 5 children [3]. The 
existence of an immunologic antitumor effect has been established as a thera
peutic tool in allogeneic BMT [51]. However, this benefit does not translate 
into an improved overall survival because of a higher transplant-related mor
tality, largely due to graft-versus-host disease [19]. 

A newer alternative is the use of peripheral blood stem cells (PBSCs). The 
first studies describing the successful use of autologous PBSC transplantation 
(PBSCT) were reported in 1985 and 1986. These patients underwent PBSCT 
instead of ABMT because of residual marrow disease of fibrotic marrow 
collection sites resulting in inadequate yields of harvested cells [52]. PBSCT is 
gaining support because of its numerous advantages over ABMT, e.g., general 
anesthesia is not required, there is less discomfort for the patient, rapid he
matopoietic recovery occurs, and there is the potential for a reduced risk of 
tumor cell contamination [53]. Unfortunately, experiments do show that 
PBSC harvests may be contaminated with significant numbers of tumor cells. 
In a study by Moss et al. [54], 75% of PBSC harvests obtained from 31 patients 
with disseminated NBL contained neoplastic cells at diagnosis, 36% during 
therapy, and 14% at harvest. Six of 13 patients with minimal or no bone 
marrow disease had positive blood specimens. In another experience reported 
by Di Caro et al. [55], nine patients with NBL were treated with high-dose 
chemotherapy and autologous PBSC transplantation. Immunocytological 
analysis of the PBSC harvests showed the presence of circulating neoplastic 
cells in 3 of 9 patients. One child is still alive with no evidence of disease at five 
years. The others died at a median of 14 months after transplantation. In this 
study, there was no conclusive evidence that PBSCs gave way to a more rapid 
stem cell recovery. In contrast, a report by Kletzel et al. [56] demonstrated 
very positive results using PBSC rescue in six patients with advanced-stage 
NBL. All samples from bone marrow and PBSCs tested negative for the 
presence of NBL cells, leading the investigators to conclude that the risk of 
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tumor contamination in peripheral blood seems to decrease with therapy. 
Only one patient has relapsed, while the remaining five remain disease free at 
150 to 450+ days posttransplant. In this evaluation, the PBSCs engrafted more 
rapidly than bone marrow in comparable patients. 

Allogeneic bone marrow or PBSC rescue following myeloablative therapy 
is a definite alternative to ABMT. Like autologous bone marrow rescue, these 
approaches are used to overcome the toxic effects of mega therapy regimens. 
These approaches have resulted in higher response rates in NBL patients, but 
the problems of toxicity and relapse still remain. In advanced NBL, multi agent 
regimens with overlapping toxicities appear inadvisable with regard to high 
toxic death rates [25]. Most studies document relapse in approximately 45% to 
60% of patients, usually within the first year following infusion [57]. Children 
with NBL have a low long-term disease-free survival rate. Despite this fact, 
one cannot dispute the definite progress that has occurred with the intensive 
chemotherapy regimens made feasible by ABMT. 

For the future, new therapeutic approaches such as immunotherapy [58] 
should be further investigated. In order for new curative approaches to be 
discovered and for future breakthroughs to occur, a better understanding of 
the biology underlying the proliferative and metastatic characteristics of NBL 
must be obtained. 

Ewing's sarcoma (see table 3) 

Ewing's sarcoma (ES) is a primary malignant tumor of the bone, which occurs 
is children and adolescents. The prognosis for children with peripheral small
volume ES is generally good [9], whereas the prognosis for patients with 
multifocal primary bone disease or those who have experienced early or 
multiple relapses is dismal with conventional chemoradiotherapy and surgery 

Table 3. Current results of myeloablative treatments followed by ABMT for children with 
Ewing's sarcoma 

Investigators Patients Survival rate Therapy regimen 

Burdach et al. [59] 17 patients with 47% alive in CR at 49 12 Gy of hyperfractionated 
previous remission months TBI, fractionated HDM, 
induction high-dose etoposide, stem 
chemotherapy cell rescue (auto, allo, 

peripheral) 

Miser et al. [66] 68 patients (30 Overall disease-free VCR, adriamycin, 
with Ewing's) survival is 40% cyclophosphamide, TBI, 

unpurged marrow 

Horowitz et al. [67] 90 patients (44 14% survival in 8Gy of fractionated TBI 
with Ewing's) Ewing's patients, and ABMT 

30% overall 
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[59]. Introduction of multimodality therapy in the late 1960s and its refinement 
in the 1970s steadily improved the prognosis [60,61]. However, by 1980, a 
group of patients at high risk for treatment failure could be readily identified 
[62]. Few of those with overt metastatic disease at diagnosis or those with 
localized but extensive unresectable primary lesions of the trunk were curable 
[63]. The majority responded initially to treatment, but eventually suffered 
recurrences in the lung, bone, or bone marrow, and died of disseminated 
disease [64]. Myeloablative approaches with bone marrow rescue have been 
used by various investigators to improve the poor prognosis of ES. 

Results 

Initially promising results were achieved by Cornbleet et al. in 1981 using high
dose melphalan with ABMT. The patients had a high initial response rate, but 
generally relapsed when treated in PR [1]. In 1984, the European Bone Mar
row Transplant (EBMT) group reviewed 35 cases and similarly demonstrated 
a response rate of 66% in evaluable patients [65]. 

The 1992 analysis of the EBMT solid tumor registry showed a two-year 
survival rate of 31 % for 14 patients with metastatic ES grafted in first CR and 
a two-year survival rate of 37% for patients grafted in second CR. For 28 
patients grafted with measurable disease for intensification of primary 
therapy, the survival rate at two years was 25%. In relapsed patients, the two
year survival rate was 33% for 19 patients with sensitive relapse and 10% for 
patients with resistant relapse [29]. 

Burdach et al. [59] investigated the efficacy and feasibility of myeloablative 
regimens administered as consolidation therapy. The study included 17 pa
tients who underwent remission-induction chemotherapy and local treatment 
before myeloablative therapy. Seven had multifocal primary ES, and ten had 
early or multiple relapses. The regimen consisted of 12 Gy hyperfractionated 
TBI (two doses of 1.5 Gy for four days) plus fractionated HDM (30-45 mg/m2 

for four days) followed by high-dose etoposide (40-60 mg/kg) and hemopoi
etic stem cell rescue (either allo, auto, or peripheral). The results were an 
improvement from a 2% to 45% event-free survival rate in comparison to 
historical controls. Eight of 17 patients are alive in CR at median observation 
time of 49 months. 

Similarly, Miser et al. [66] have used ABMT in high-risk sarcoma as consoli
dation therapy. Sixty-eight patients diagnosed with high-risk sarcomas under
went ABMT after their first remission was obtained. The patients' diagnoses 
included 30 ES, 18 rhabdomyosarcomas, 10 primitive sarcomas, 9 peripheral 
neuroepithelioma, and 1 NBL. The cytoreductive therapy included VCR, 
adriamycin, cyclophosphamide, and TEl followed by infusion of frozen 
unpurged bone marrow. Five of 68 patients had treatment-related deaths, and 
32 of 68 relapsed. Overall disease-free survival at 24 months is 40%. 

Horowitz et al. [67] also explored the use of TEl plus ABMT as consolida
tion therapy. High-risk patients (25 with rhabdomyosarcoma, 44 with ES, 17 
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with peripheral neuroepithelioma, 4 with primitive sarcoma of bone, and 1 
with ectomesenchymoma) who responded completely to induction chemo
therapy and local irradiation proceeded with the consolidation therapy, which 
consisted of fractionated TBI of 80y and ABMT. Nineteen of 91 failed to 
achieve CR at induction therapy, and seven elected to forgo consolidation. 
Twenty of the transplant patients are long-term disease-free survivors. There 
was a 14% survival rate of the ES patients. This regimen had minimal to no 
impact on the outcome of patients with either localized or metastatic ES 
when compared with patients enrolled on a conventional chemotherapy 
protocol. 

The role of TBI is still questionable in ES. In vitro studies using Ewing's cell 
lines show TBI to be effective therapy. In vivo, this is not always the case. In 
vitro, two 40y TBI fractions result in a maximum tumor cell kill of 3 to 410gs. 
However, since patients who achieve CR to combined modality induction 
therapy may have up to 108 to 109 tumor cells (down from 1011 to 1012 at 
presentation), it is not surprising that TBI might not benefit high-risk patients 
[64] with ES, despite the fact that their tumors are known to be radiosensitive. 

In review of these studies, it appears that myeloablative therapy with 
ABMT benefits patients with poor-prognosis ES. The role of ABMT must still, 
however, be researched more thoroughly in this disease. Although initial 
responses seem to be promising, long-term disease-free survival still is in 
question. 

Rhabdomyosarcoma 

Rhabdomyosarcoma (RMS), tumor of the striated muscle, is the most com
mon soft tissue sarcoma and represents between 5% and 15% of all malignant 
solid tumors in children [4]. Most children with RMS are cured by conven
tional therapy, while a small group of patients with metastatic disease or 
unfavorable histology have a poor outcome [9]. The role of ABMT in this 
disease is unknown due to the small number of patients transplanted. 

Results 

In 1985, Houghton et al. demonstrated melphalan's activity against a series of 
seven childhood rhabdomyosarcomas, each derived from a different patient 
and maintained in vivo as xenografts in immune-deprived mice. A single 
administration of melphalan caused complete regressions of advanced tumor 
in 6 of 7 lines [68]. Melphalan was more cytotoxic than vincristine, cyclophos
phamide, doxorubicin, or dactinomycin in this model. Phase II studies in 
children with relapsed or resistant rhabdomyosarcoma have demonstrated a 
high response rate to high-dose melphalan with ABMT, confirming the data 
obtained in the xenograft model. The duration of response was almost invari
ably brief, with few long-term survivors [3]. 
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Building on the HDM regimen, Pinkerton et al. [3] added TBl. Because 
the long-term survival of children with stage IV disease remains poor, 
myeloablative therapy could be considered as consolidation treatment once 
CR had been achieved. Seven patients (four received myeloablative therapy in 
first CR having presented with advanced disease involving metastasis to bone 
in one case; one was in second CR after relapsing in lymph nodes; and two had 
residual disease after a partial response to salvage therapy) underwent treat
ment composed of vincristine infusion of 4mg/m2 over five days, melphalan 
140 mg/m2, and TBI 12Gy in six fractions followed by ABMT purged with 
Asta-Z or melphalan 120 to 140mg/m2 and TBI with unpurged marrow. In the 
two that underwent ABMT with disease, one died with candida septicemia, 
and one died relapsing on day 75 after achieving CR. Five patients remain 
disease free, all of whom were in CR at the time of high-dose therapy; how
ever, follow-up in these cases is short, with a median of 8 months. 

In a report from the EBMT solid tumor registry, 7 of 20 children with 
metastatic RMS are alive in CR post-BMT, 12 to 100 months from diagnosis. 
This heterogenous group received a variety of induction and transplant regi
mens. No advantage could be attributed to TBI or to tandem transplant 
programs at this time. However, a disease-free survival of 40% at two years 
compares very favorably with the best available conventional chemotherapy 
regimen [9,69]. 

The role of ABMT in RMS is not clear at this point. Results are positive, 
but long-term success has yet to be documented. Preclinical and clinical stud
ies revealing the benefits of myeloablative therapy show the potential need for 
more studies with high-dose chemoradiotherapy with stem cell rescue. 

Brain tumor 

Central nervous system tumors are a diverse group of neoplasms that account 
for 16% to 20% of all pediatric neoplasms and are exceeded only by leukemia 
as a malignancy occurring in children less than 15 years of age [70]. The five
year survival rate associated with all childhood CNS tumors is approximately 
50% [71]. Most common childhood CNS tumors are either low-grade 
astrocytomas or embryonic neoplasms such as medulloblastomas and 
ependymonas. Malignant brain tumors in children are known to have a poor 
outcome. Disease-free survival for the most common tumors - medullo
blastomas and ependymomas - is not more than 40% to 60% [72]. High
grade malignant glial tumors are usually fatal when treated with conventional 
therapy. Although the addition of radiation and chemotherapy extends sur
vival, fewer than 10% of patients live beyond three years [73]. Surgery and 
radiation therapy have been used to treat malignant CNS tumors for many 
years. Whereas cure rates with conventional therapy have been stagnant, new 
approaches such as aggressive chemotherapy have been utilized in treating 
brain tumors. To prevent the characteristic myelopsuppression involved with 
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high-dose chemotherapy, ABMT has been used. The results of clinical inves
tigations using high-dose chemotherapy followed by stem cell rescue are pre
sented below. 

Patients with gliomas that progress following initial therapy have a very 
poor prognosis, with a median survival of seven months. Giannone and Wolff 
[74] conducted a study with 16 patients with progressive CNS gliomas previ
ously treated with maximal radiation therapy and chemotherapy. The patients 
entered a phase II study with high-dose etoposide followed by ABMT. Nine
teen percent (3 of 16) experienced a tumor response. The responding patients 
were then treated with two more cycles of high-dose etoposide. The median 
survival for all 16 patients was four months, with the three responders alive at 
9, 10, and 54+ months. These results seem to correlate with the results using 
standard-dose etoposide [75]. The severe myelosuppression involved with this 
regimen and its modest activity suggests that this regimen is not efficient. 
Further tests are warranted with etoposide alone or in conjunction with other 
cytotoxic agents. 

No phase III randomized trials have demonstrated an obvious advantage of 
chemotherapy in addition to radiotherapy. However, the efficacy of single 
agents or combinations of drugs have clearly been observed [76,77]. A reason 
for failure of chemotherapy could be in part due to the poor penetration of 
chemotherapeutic agents into the CNS tumors [70,78]. Alkylating agents such 
as busulfan and thiotepa are expected to exhibit a steep dose effect with no 
overlapping extramedullary toxicity. Therefore, Kalifa et a1. [79] designed a 
study treating children with measurable recurrent brain tumors with busulfan 
and thiotepa, two drugs know to have an excellent distribution into the CNS 
system in humans. Twenty children were treated with 150mg/m2/day x 4 of 
busulfan and 350mg/m2/day x 3 of thiotepa followed by ABMT. The overall 
response rate was 26%. One patient died of early toxicity. Out of the 19 
evaluable patients, five partial responses, three objective responses, ten with 
stable disease, and one with progressive disease were observed. These results 
are encouraging because this high-dose regimen seems to be effective in some 
pediatric brain tumors refractory to all conventional therapies. 

Kedar et a1. [73] evaluated high-dose chemotherapy with marrow reinfusion 
for patients with newly diagnosed brain tumors having a high risk of failure 
with standard treatment. Nine patients (six with brain stem glioma, one with 
high-grade oligodendroglioma-astrocyoma, one with thalamic anaplastic 
astrocytoma, and one with high-grade parietal glioma) were treated with high
dose thiotepa/cyclophosphamide chemotherapy followed by ABMT. Five 
patients died, two due to toxicity and three due to disease. Two patients are in 
CR at 22+ and 24+ months after diagnosis, and two patients are alive with 
disease. The overall response rate is not any better than that observed with 
conventional chemotherapy. However, the results and response of the two CR 
patients are encouraging, suggesting that there is a select group of patients 
who may benefit from this type of regimen. Additional studies are needed to 
test this concept. 
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Although transient, responses have been reported in several trials of high
dose chemotherapy with stem cell support in children with recurrent CNS 
malignancies [79-81]. Classical bifunctional alkylators in combination 
appear to be beneficial, but only temporarily. The use of high-dose 
chemoradiotherapy to extended fields involving the CNS in young children 
should be weighed very carefully due to long-term consequences such as 
compromised growth and mental development. This type of high-dose chemo
therapy seems to be a valid alternative, especially for those with refractory 
unresectable brain tumors. Most of the studies on high-dose treatment with 
stem cell rescue in patients with brain tumors have small sample numbers 
without extensive follow-up. More studies are warranted to provide a conclu
sive argument for the use of myeloablative therapy followed by ABMT in 
treating children with brain tumors. 

Wilms' tumor 

Wilms' tumor represents approximately 6% of childhood malignancies [2]. 
This tumor is among the most curable neoplasms in childhood, with more than 
80% in continuous CR. Due to its high cure rate, high-dose therapy with stem 
cell rescue is rarely considered; however, new approaches and strategies must 
be undertaken to cure those children who fail first-line and salvage therapy 
and to reduce treatment toxicity [9,82]. 

Early results from the Royal Marsden group, using high-dose melphalan 
alone for patients with high-risk Wilms', demonstrated 6 of 6 responses in 
patients with relapsed disease and two long-term survivors [3]. In a recent 
report by the EBMT solid tumor registry [82], 25 children with relapsing or 
resistant Wilms' tumor underwent high-dose chemotherapy associated with 
ABMT in the period June 1984 to December 1991. Seventeen children were in 
CR and eight had measurable disease at the time of high-dose chemotherapy. 
Three children died of early pneumonitis; two developed acute transient renal 
failure, and one developed chronic renal failure. Out of the eight with measur
able disease, two died of toxicity, five achieved CR, one obtained PR, and only 
one is presently alive in continuous CR at 39 months after ABMT. Of the 17 
children grafted in CR, eight are alive event-free at 14 to 90 months from 
ABMT. Seven relapsed at 3 to 23 months; one died of toxicity; one was lost to 
follow-up in CR at 12 months. Although pulmonary and renal toxicities seem 
to be high, the results from patients who received consolidation salvage 
therapy in CR is quite positive. High-dose chemotherapy with ABMT in 
patients with measurable disease can induce a tumor response, but long-term 
results are poor. This study reveals that high-dose chemotherapy with ABMT 
in children with resistant or relapsed poor prognosis Wilms' tumor is beneficial 
and of interest. Since this study is small and selective, additional large random
ized trials need to be performed. Currently, the National Wilms' Tumor Study 
Group #5 has proposed a study in which patients with Wilms' tumors will be 
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Figure 1. National Wilms' Tumor Study-5 regimen flow chart. 

treated similarly at time of relapse. The high-risk patients will be treated with 
ABMT after high-dose drug therapy consisting of Thiotepa and VP-16 (see 
figure 1). Comprehensive studies such as these are necessary to determine the 
definitive role of ABMT in treating Wilms' tumor. 

Other tumors 

Small studies on other solid tumors have been performed using ABMT. In 
a study of 24 relapsed osteosarcoma patients, Miser used a massive 
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cytoreductive regimen consisting of high-dose methotrexate, VCR, cyclophos
phamide, doxorubicin, dicarbazine, melphalan, and high-dose cisplatin fol
lowed by ABMT. Twelve patients responded and were disease free 6.5 months 
post-ABMT [1]. 

ABMT has also been reported in malignant germ-cell tumors. In a 
melphalan and etoposide regimen with ABMT, the EBMT solid tumor regis
try confirmed that patients with refractory disease did not benefit from 
ABMT, whereas the role of ABMT as consolidation in first CR or PR was 
questionable [9]. 

The studies on these tumors are small, and more research with myelo
ablative regimens and ABMT must be performed before the role of ABMT in 
these tumors can be deciphered. 

Conclusion 

Autologous bone marrow is a valuable source of hemopoietic recovery when 
used in conjunction with nyeloablative regimens for treating pediatric solid 
tumors. The results using this type of regimen seem to benefit patients, and are 
in general an improvement over conventional historical treatments. However, 
hopeful enthusiasm resulting from these initial responses has been tempered 
in view of the disappointing long-term results. To achieve greater success using 
ABMT in pediatric tumors, it is unlikely that further increments in dose will be 
helpful. More clinical research must be conducted using myeloablative chemo
therapy with stem cell rescue to clearly define its role in curing pediatric solid 
tumors. Yet at the same time, there exists a need to research new insights into 
the biology of these diseases, to improve the preparative regimens, to design 
innovative therapies such as combinations of chemotherapeutic drugs and 
immunotherapies, and to improve patient selection in studies. Hopefully, 
these tactics will lead to promising results such as reducing toxicity, lowering 
the percentage of relapse, achieving more complete remissions, and eventually 
reaching a time where more patients can be cured. 
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16. Autologous stem cell transplantation for the 
treatment of chronic myelogenous leukemia 

Ravi Bhatia and Philip B. McGlave 

Chronic myleogenous leukemia (CML) is a malignant disorder arising from 
the hematopoietic stem cell. It is characterized by abnormal expansion of 
malignant hematopoietic progenitor and precursor cells with concomitant 
suppression of normal hematopoiesis. CML is characterized cytogenetically by 
the 9;22 translocation resulting in the characteristic Philadelphia chromosome 
(Ph) [1] and, at the molecular level, the bcr/abl fusion oncogene [2]. Several 
studies have demonstrated a critical role for the bcr/abl oncogene in the 
pathogenesis of CML [3]. In contrast to other leukemias, treatment with 
conventional chemotherapy usually fails to induce a persistent complete cyto
genetic remission in CML, and does not alter the course of the disease or 
prevent progression to accelerated phase (AP) and blast crisis (BC) over a 
median of 3 to 5 years. Allogeneic bone marrow transplantation using HLA
matched sibling or unrelated donor marrow is at present the most effective 
therapy for CML and successfully eliminates the malignant clone in a large 
proportion of patients. However, allogeneic transplants are available to less 
than 50% of CML patients either because of lack of a suitable donor or 
because older patients are unable to tolerate the associated morbidity and 
mortality. In view of this, there is a clear need to develop alternative therapeu
tic strategies. Perhaps because of the perceived difficulty in obtaining a 
leukemia-free graft and the anticipated lack of benefit from a graft that is 
contaminated with leukemic cells, the use of autologous transplantation for 
the treatment of CML has been explored but not widely applied. However, 
evidence indicating that normal Ph-negative hematopoietic stem cells persist 
in CML and preliminary clinical experience with auto grafting suggest that this 
approach is feasible and may be beneficial in CML. 

Evidence for the persistence of residual normal Ph-negative 
hematopoietic stem cells in CML 

Several lines of evidence suggest that normal Ph-negative hematopoietic stem 
cells persist in the marrow of patients with CML. It was observed that the 
occasional patient recovering from busulfan-induced marrow hypoplasia had 
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long periods of Ph-negative hematopoiesis [4]. Transient cytogenetic remis
sions were observed in some CML patients following treatment with intensive 
chemotherapy similar to that used in the treatment of acute myleogenous 
leukemia [5-7]. Similarly, in early autotransplant studies, Ph-negative hemato
poiesis resulted transiently in some patients when marrow was collected in 
chronic phase (CP), cryopreserved, and reinfused at the time of disease pro
gression [8]. Recently, it has been demonstrated that treatment with 
interferon-a, besides inducing hematological responses in the majority of 
patients, results in complete cytogenetic remissions with restoration of Ph
negative hematopoiesis in some patients with CML [9]. Thus, different treat
ment modalities can result in the induction of varying degrees of Ph-negative 
hematopoiesis in patients with CML, indicating the persistence of normal stem 
cells. 

A number of laboratory studies have also confirmed the presence of Ph
negative progenitors in CML. The presence of both Ph-positive and Ph
negative colonies was observed following in vitro culture of bone marrow from 
patients with Ph-positive CML, indicating the existence of a normal stem cell 
population in at least some patients with CML [10]. In other studies, a signifi
cantly increased proportion of Ph-negative colonies was observed following 
treatment of CML bone marrow with interferon-y [11]. Eaves and colleagues 
demonstrated that ex vivo culture of CML bone marrow in Dexter-type long
term bone marrow culture resulted in selective outgrowth of Ph-negative 
progenitors in about 40% of patients [12]. Further studies demonstrated that 
these progenitors were nonclonal and therefore presumably normal [13]. In 
addition, other studies have suggested that normal stem cells in CML bone 
marrow can be differentiated from their malignant Ph-positive counterparts 
on the basis of phenotypic differences. CD34 + HLA-DR- primitive progeni
tors in CML are Ph-negative by cytogenetics and fluorescence in situ hybrid
ization (FISH) and bcr/abl negative by the polymerase chain reaction (PCR) 
as opposed to the CD34 + HLA-DR+ progenitors that comprise the malignant 
CML cell population [14,15]. These studies confirm the presence of Ph-nega
tive stem cells in at least some patients with CML and support the use of 
autologous transplantation as treatment for CML. 

Clinical experience 

Autologous transplantation with unmanipulated blood or marrow grafts 

Early experience with autologous transplant for CML was in patients with 
blast crisis CML. In the early 1970s, Buckner et al. performed autologous 
transplantation on seven CML patients who were in BC, utilizing intensive 
therapy with cyclophosphamide and total body irradiation followed by infu
sion of cryopreserved autologous marrow collected previously while the pa
tients were still in CP [8]. Blast cells were cleared from the marrow of all seven 
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patients. However, complete engraftment occurred in only two patients, and 
the one evaluable patient relapsed with BC within four months. These studies 
demonstrated the feasibility of using cryopreserved marrow for autologous 
transplantation for CML. 

These studies were extended by the Hammersmith group, which trans
planted 51 patients with CML BC between 1977 and 1983 using cryopreserved 
peripheral blood (PB) cells obtained by leukapheresis during CP [16]. Forty
eight patients achieved a second CP after autografting; however, the duration 
of the remissions was short, and the median survival was only 26 weeks. 
Twenty-one patients with relatively long remissions from BC were treated 
with second transplants either as consolidation or following recurrence of BC 
This group appeared to achieve a longer survival (52 weeks) compared to 
patients transplanted only once. In three patients, 14% to 67% Ph-negative 
metaphases were observed transiently following transplantation. 

Similar results were subsequently reported by Reiffers et al. [17] and con
firmed in several smaller studies [18]. It was observed that although CP was 
reestablished in most patients, it was usually short-lived, with recurrence of 
advanced disease and death within six months to one year. Similar results were 
recently reported from the Dana-Farber Cancer Institute, where 12 patients 
with BC CML were treated with high-dose cytarabine and melphalan followed 
by reinfusion of peripheral blood mononuclear cells (PBMNCs) collected 
during CP [19]. None of the patients returned to a Ph-negative status. Seven 
patients achieved complete or partial hematological remission, while five 
showed no response to therapy. Further, 6 of 7 patients who returned to 
chronic phase required treatment for acceleration within three months. 

These results led to studies evaluating the efficacy of autotransplantation 
for patients before the onset of transformation. The Hammersmith group 
reported the results for transplantation for 21 CP CML patients between 1984 
and 1992 with unmanipulated autologous PBMNCs [20]. Twelve patients sur
vive at a median of 82 months from the time of auto grafting (range: 9-105 
months). The five-year survival of the autografted patients was significantly 
higher compared with 636 age-matched controls treated with conventional 
chemotherapy (56% vs. 28%). Harvesting of peripheral blood stem cells soon 
after diagnosis or later in CP did not affect survival. Nine patients achieved 
some degree of Ph-negative hematopoiesis, including two patients who 
achieved completely Ph-negative hematopoiesis late (one year and three 
years) after transplantation. 

Reiffers et al. analyzed the results of 49 patients autografted for CML in CP 
entered in the European Bone Marrow Transplant registry between 1989 and 
1991 [21], some of whom may have been included in the above-mentioned 
study. Engraftment occurred in 45 patients and was significantly faster after 
PBMNC (30 patients) than bone marrow (19 patients) transplantation. Fifteen 
of 34 evaluable patients had a major cytogenetic response (>65% Ph-negative 
metaphases), ten of whom had complete cytogenetic responses. Eight of ten 
patients were still in cytogenetic remission 6 to 36 months after transplant. 
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Table 1. Autotransplantation for CML with unmanipulated grafts 

Cytogenetic 
response 

No. of patients Stem cell Survival (No. 
Study transplanted source CR PR(%Ph-)' months) 

Blast crisis 
Haines [16] 51 PBMNC 0 3 (14--67) 0.5-35 
Hammersmith 

Reiffers [17] 47 PBMNC 0 14 (>10) 4.0-49 
Bordeaux 

Matulonis [19] 12 PBMNC 0 0 5.5 
Dana-Farber 

Chronic Phase 
Hoyle [20] 21 PBMNC Ob 9 (not defined) 9-105 
Hammersmith 56% at 5 years 

Reiffers [21] 49 BM 19 10' 5 (>65) 17-52 
EBMTR PBMNC30 81 % at 3 years 

"% Ph- metaphases. 
bTwo late (1 and 3 years) responders. 
'Duration of cytogenetic response: 6-36 months. 
Abbreviations: PBMNC. Peripheral blood mononuclear cells; BM, bone marrow 

Thirty-seven patients were still alive 17 to 52 months after autotrans
plantation. The actuarial survival at three years was 81.5 ± 15%. No factors 
were identified that predicted CR or survival. 

These studies, summarized in table 1, suggest that auto grafting with 
unpurged autologous marrow or PBMNCs may extend survival for CML 
patients, particularly those transplanted in CP, and may be an option for 
patients who cannot undergo allogeneic transplantation. The mechanism by 
which autografting extends patient survival is unclear, although it may be 
related to a reduction in the size of the leukemic stem cell population by the 
transplant conditioning regimen. 

Autologous transplantation with marrow and blood purged ex vivo 

Eaves et al. demonstrated that incubation of bone marrow from some CML 
patients for ten days in long-term bone marrow culture causes a selective loss 
of primitive Ph-positive progenitors and enrichment with Ph-negative pro
genitors [12]. A variety of studies have shown that these Ph-negative 
hematopoeitic cells are nonclonal and presumably normal [13]. The 
Vancouver group has recently reported the results of a pilot study demonstrat
ing that ex vivo culture of bone marrow in 36 of 87 patients (41 % ) resulted in 
the selective elimination of malignant progenitors [22]. Twenty-two of these 36 
patients underwent transplantation with autologous ex vivo cultured bone 
marrow between November 1987 and March 1992; 16 of these patients were in 
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CP and 6 had advanced disease. Hematological recovery occured in 16 oi22 
patients (73%). Regenerating bone marrow cells were 100% Ph negative in 13 
patients and 75% to 94% Ph negative in the other three patients. However, 
Ph-positive cells became detectable in 12 of 13 patients in CR 4 to 36 months 
following transplant, while one patient died in remission. Thirteen of 16 CP 
patients and 3 of 6 advanced-disease patients are alive from 1 to 5.7 years from 
transplant. Four of 7 patients treated with low-dose interferon-a were re
turned to complete cytogenetic remission. Five patients failed to engraft or 
experienced slow engraftment and required 'back-up' untreated cells. This 
raises the concern that ex vivo manipulation may damage or deplete stem cells. 
These results indicate that use of a Ph-negative graft, rather than an unpurged 
graft, may result in an increased frequency of cytogenetic remission 
posttransplant. Elimination of the malignant clone after ex vivo culture, at
tainable in only 40% of patients, may be an important factor in the induction 
of cytogenetic remissions posttransplant. Brion et al. autografted two patients 
with ex vivo cultured marrow that contained residual bcr/abl+ cells after 
culture in both cases. Neither patient obtained cytogenetic remission 
posttransplant [23]. 

Rizzoli and colleagues demonstrated that mafosfamide treatment of CML 
bone marrow selectively enriches for Ph-negative stroma-adherent progeni
tors in some patients with CML. They evaluated treatment of bone marrow 
autografts with mafosfamide prior to autotransplantation [24]. Patients were 
selected for this therapy on the basis of laboratory assessment of the percent
age of Ph-negative stroma-adherent progenitor cells that resulted from 
mafosfamide treatment of the bone marrow. In 16 of 25 patients evaluated, 
more than 50% of stroma-adherent progenitors were Ph-negative. Using this 
as the criterion to select patients for transplantation, bone marrow from ten 
patients (five in CP, three in AP, and two in second CP) was treated with 
mafosfamide (100/-lg/ml for 30 minutes) and used for autografting. Recovering 
marrow meta phases were 100% Ph negative in 6 of 9 evaluable patients for a 
median duration of 6.5 months. However, with a median follow-up of 16 
months (range: 3-31 months), only one patient remained Ph negative; one was 
Ph positive in CP, while five patients evolved to Be. Two patients died of 
nonhematological causes. 

McGlave et al. performed autotransplantation with bone marrow cultured 
for 36 hours ex vivo in the presence of 1000u/ml y-interferon in 22 CP, 20 AP, 
and 2 second CP CML patients from 1988 to 1994 [25]. Twenty-nine patients 
had initial sustained engraftment, while 15 patients had delayed engraftment 
requiring reinfusion of autologous PBMNCs. The regenerating marrow 
metaphases were 100% Ph negative in 10 of 39 (26%) evaluable patients and 
11 % to 95% Ph negative in 12 of 39 (31 %) patients. In all but three evaluable 
cases, Ph-negative metaphases had dropped to less than 10% by one year after 
transplant. The projected three-year survival for CP patients was 71 % and for 
AP CML patients was 15%. Fifteen patients failed to engraft or showed slow 
engraftment requiring 'back-up' BM/PBMNC infusion. 
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These studies, summarized in table 2, demonstrate that ex vivo purging of 
CML marrow prior to auto grafting may increase the cytogenetic remission 
rate after transplant in those patients in whom the Ph-positive clone can be 
eliminated. Consideration needs to be given to the possible contribution of 
patient selection to the favorable outcome of this group of patients. However, 
even in this selected group, the leukemia usually relapses over a variable 
period of time posttransplant, indicating the need for improved methods for 
purging of the autograft and/or better therapy to maintain remissions. 

Autologous transplantation with peripheral blood or marrow purged in vivo 

It was demonstrated in early 1980s that treatment with intensive combination 
chemotherapy similar to that used for acute myeloid leukemia resulted in a 
significant reduction in the percentage of Ph-positive cells and allowed resto
ration of Ph-negative hematopoiesis in up to 50% of patients with CML. 
However, the cytogenetic remissions were transient, and attempts to extend 
the duration of Ph-negative hematopoiesis by using different chemotherapy 
combinations were unsuccessful [5-7]. These results, however, raised the pos
sibility that bone marrow or peripheral blood progenitor cells (PBPCs) col
lected during the recovery phase following chemotherapy could provide a 
suitable source of leukemia-free stem cells for autografting. In an early study, 
Korbling et al. collected PB cells from a CML CP patient following chemo
therapy at a time when the patient's marrow was 100% Ph negative and used 
these for autografting when the patient's disease subsequently transformed to 
Be. This patient had 100% Ph-negative hematopoiesis on recovery [26]. 

More recently, Carella et al. tried a similar approach to autotransplantation 
of CML patients, using intensive chemotherapy consisting of idarubicin, 
cytarabine, and etoposide (ICE). PBPC were collected by leukapheresis dur
ing recovery from chemotherapy-induced myelosuppression. Forty-six pa
tients were treated in this manner [27]. Apheresis products from 12 of 24 CP 
(50%) and five of 22 AP (23%) patients were 100% Ph negative, and were 
more than 50% Ph negative in an additional three CP and three AP patients. 
Sixty-four percent of patients treated within the first year from diagnosis had 
100% Ph-negative apheresis collections. Collections that were 100% Ph nega
tive were used as autografts in 16 patients (11 CP, 5 AP) following intensive 
chemoradiotherapy. Thirteen patients have engrafted and are alive, and five 
of these patients are Ph negative (31 %) 5 to 29 months after transplant. 
Hematopoiesis was polyclonal in all four female patients evaluated 
posttransplantation for X-chromosome inactivation patterns [28]. 

Simonsson et al. reported the results of 97 newly diagnosed patients treated 
in a study conducted by the Swedish CML group [29]. Patients without a donor 
for allogeneic transplant were treated initially with hydroxyurea and a-inter
feron for at least six months. Those who did not achieve a complete cyto
genetic remission were treated with one to three courses of intensive 
combination chemotherapy in an attempt to induce a complete cytogenetic 
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remission. Remissions were eventually achieved in 23 cases. Eighteen patients 
were autografted, 15 of them in CR and three with more than 50% Ph-positive 
metaphases. Seventeen patients remain alive posttransplant. Of the 16 pa
tients analyzed, nine are Ph negative 1 to 32 months from transplant, while 
seven relapsed cytogenetically 3 to 22 months after transplant. Of the remain
ing 79 patients, 32 are in continued CP, 34 underwent allogeneic transplanta
tion, and 13 have died, four from treatment-related causes and nine in Be. 
These results support the concept that intensive treatment reduces the size of 
the Ph-postive clone in CML and that autografting of these patients results in 
Ph-negative hematopoiesis posttransplant. 

Talpaz et al. collected PBMNCs and marrow cells during recovery from 
myelosuppression from 21 CML patients treated with conventional-dose che
motherapy [30]. CD34+ cells seperated from PBMNCs and marrow cells were 
used for autografting following high-dose chemoradiotherapy. Nine of 10 CP 
patients and 7 of 8 AP patients remain alive posttransplant, while none of the 
three BC patients remains alive posttransplant. Following conventional-dose 
chemotherapy, CD34+ cells from 3 of21 patients were completely Ph negative; 
positively selected CD34+ cells were partially Ph negative in 7 of 21 cases 
(30% to 92 %). Following auto grafting, the regenerating marrow was 100% Ph 
negative in 5 of 21 patients and partially Ph negative (26% to 96%) in another 
five patients. A direct correlation was observed between the frequency of Ph
negative cells in the autograft and the percentage of Ph-negative marrow cells 
17 to 55 weeks after transplant (figure 1). These results suggest that the 
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Figure 1. Survival for patients receiving autologous transplants. Chronic phase (CP), accelerated 
phase (AP), and blast crisis or second chronic phase (BC). Hatch marks represent surviving 
patients. 
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chances of obtaining cytogenetic remissions posttransplant are related to the 
achievement of cytogenetic responses with pre transplant treatment. 

Several other centers have initiated similar trials exploring the use of che
motherapy to induce Ph-negative hematopoiesis prior to harvesting bone 
marrow or PBMNCs for autografting [31-35]. The results of these studies are 
shown in table 3. Although there is considerable variability in the results from 
different centers, it appears that this approach may lead to the achievement of 
a Ph-negative state and/or a reduction in the leukemic load in the autograft. 
Achievement of Ph-negative hematopoiesis posttransplant may occur. It is 
less clear whether this is a result of the reduced leukemic burden resulting 
from effective purging of the autograft or whether a good response to conven
tional chemotherapy preselects those patients who are likely to respond well 
to the more intensive chemoradiotherapy used in transplant preparative 
regimens. 

Survival benefit from autologous stem cell transplantation 

Several reports from individual centers suggest that autologous transplanta
tion may be associated with prolongation of survival of CML patients, espe
cially those transplanted in CP, compared with patients treated with 
conventional chemotherapy. McGlave et al. compiled the results for 200 pa
tients with Ph-positive CML who underwent autologous transplantation with 
purged or unpurged marrow or primed peripheral blood progenitor cells or 
PBMNCs at eight different transplant centers in Europe and North America 
from June 1984 to January 1992 [36]. This was the first multicenter report on 
autologous transplantation for CML and included the largest number of 
auto transplanted CML patients studied to date. Of the 200 patients studied, 
125 were alive at the end of the study (median follow-up of 42 months; range 
1-91 months). The median survival time for 142 patients with CP CML had not 
been reached; the median survival was 35.9 months for patients with AP and 
4.1 months for patients in Be. The survival probability for CP patients was 
58%, with the last of 36 deaths occurring at 43.3 months (figure 2). Although 
relatively few patients are evaluable 43.3 months after transplant, these data 
suggest that autotransplantation may result in a plateau in the survival curve 
that is not observed with conventional chemotherapy. Furthermore, auto
transplant may increase survival of AP CML patients over that seen with 
conventional-dose chemotherapy. Aside from the disease phase at transplant, 
no other patient characteristics predicted survival, including source of stem 
cells (bone marrow versus PBMNCs) or ex vivo purging methods. These 
results confirm those from several smaller studies mentioned earlier, many 
of which were included in this analysis. It is of note that the majority of 
the survivors had recurrent or persistent CML based on cytogenetic or 
hematological criteria. Therefore, improved survival cannot be attributed to 
the elimination of malignant progenitors following autografting. This suggests 
that the beneficial effect of autografting may be related to a reduction rather 
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Figure 2. Relationship between the percentage of cells that are Ph+ and Ph- before and after 
transplantation. Using the Spearman rank test, there is a less than 0.001 % probability that the 
observed correlation (coefficient of correlation = 0.91) would have occurred if the null hypothesis 
of no correlation were true. 

than elimination of the leukemic cell load following myeloablative therapy. 
These results should be interpreted cautiously, since patient selection may 
have influenced these results and the analysis included a heterogenous group 
of patients from eight transplant centers. Controlled clinical trials will be 
required to definitively demonstrate the superiority of this approach over 
other treatment modalities in CML. 

Future approaches 

Reasons for failure of autologous transplantation treatment for CML 

The above results demonstrate that although auto grafting may result in a 
transient Ph-negative state, leukemia usually recurs within the first year fol
lowing transplant. Relapse following autologous transplantation could result 
either from the transplantation of residual primitive leukemic cells in the 
autograft or from the persistence of leukemic cells in the host following 
myeloablative therapy. This issue may be resolved by retroviral marking of the 
autograft prior to transplantation; the contribution of transplanted malignant 
stem cells to posttransplant relapse could then be assessed. Etkin et al. demon
strated that the marrow from patients with CML could be marked efficiently, 
allowing the use of this marking technique to study the question of relapse 
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origin [37]. To evaluate the contribution of infused Ph-positive cells to relapse 
posttransplant, the MD Anderson group used a safety-modified retrovirus 
containing the Neomycin resistance gene (NEO) to mark autologous marrow 
cells collected early in the recovery phase after conventional dose chemo
therapy. CD34+ cells were selected from the harvested marrow. Thirty percent 
of these cells were marked by exposure to the retrovirus and then mixed with 
unmarked cells and used for autotransplantation [38]. Following transplanta
tion, NEO-marked leukemic cells were found in blood and marrow at least 280 
days after transplant in both reported patients. These studies, besides demon
strating the feasibility of this approach, demonstrate that infused malignant 
cells contribute to relapse after transplant and indicate the need for improved 
methods for purging the autograft of leukemic stem cells. 

Improved methods for purging of CML blood and marrow 

A number of novel approaches to the in vitro purging of CML marrow are 
being developed. One promising approach is the selection of benign progeni
tors on the basis of phenotypic characteristics. Verfaillie et al. demonstrated 
that the CD34+ HLA-DR- cells obtained from CML bone marrow contain 
primitive progenitors that generate progeny that are nonmalignant by cytoge
netics and RT-PCR [14]. This was subsequently confirmed in a high propor
tion of patients in early CP (less than one year after diagnosis). Other 
investigators have verified this finding [15,39]. The recent observation that this 
progenitor population lacks the bcr/abl rearrangement at the genomic level 
[15,40] addresses the concern expressed by some investigators that primitive 
CML progenitors that do not express bcr/abl message and may not be detect
able by RT-PCR could be present [41]. Sufficient numbers of benign progeni
tors for autologous transplantation appear to be present in the marrow of early 
CP patients. However, in late CP, AP, or BC, the CD34+ DR- population is 
markedly reduced in number and contaminated with malignant cells [40]. 
Selection of CD34+ DR- cells from the bone marrow of patients with early CP 
may thus offer a source of leukemia-free cells for autografting, although other 
approaches will be required for patients with more advanced disease. 

The use of antisense oligonucleotides (AS Os) directed against either the 
bcr/abl oncogene or the myb gene is also being explored for ex vivo purging of 
CML bone marrow. ASOs complementary to the breakpoint junctions of bcr/ 
abl mRNA inhibit the expression of the p210 bcr/abl fusion protein and 
prevent development of tumors in experimental animals [42,43]. ASOs di
rected against c-myb, a proto-oncogene important in cell proliferation, selec
tively inhibit growth of CML progenitors in vitro [44]. De Fabritiis et al. 
autografted a patient with AP CML progenitors using bone marrow treated 
with ASOs to bcr/abl [45]. Posttransplant marrow evaluation with FISH and 
cytogenetics demonstrated approximately 10% of cells to be bcr/abl or Ph 
negative for up to nine months post-transplant. Luger et al. treated CD34+ 
marrow cells from five CML patients with c-myb ASOs prior to auto grafting 
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[46]. Bone marrow from two patients evaluated soon after transplant had 
approximately 15% Ph-negative metaphases. Although these results are en
couraging and indicate that this approach is likely to be feasible, additional 
studies will be needed to determine the benefit of this approach. Recently, 
ribozyme RNA sequences capable of cleaving other RNA molecules in a 
catalytic manner have been adapted to create targeted antisense molecules 
that specifically bind a target sequence and cleave adjacent sites. Leopold et al. 
constructed a multiunit ribozyme that binds the b3a2 bcr-abl junction and 
cleaves three sites close to the breakpoint [47]. Transfection of the ribozyme 
into bcr/abl transformed cells reduced bcr/abl mRNA levels by a thousand
fold, suggesting that this approach could be useful for ex vivo purging 
auto grafts in CML. 

Several studies have demonstrated that Ph-positive CML hematopoietic 
progenitors, in contrast to normal Ph-negative cells, are deficient in their 
ability to adhere to the marrow stromal microenvironment [48,49]. It may be 
possible to employ differences in adhesion to stroma and fibronection between 
CML and normal marrow progenitors to select for Ph-negative progenitors. In 
contrast to normal Ph-negative progenitors, Ph-positive CML progenitors do 
not respond to normal inhibitory signals and continue to proliferate even when 
in contact with stroma or fibronectin; treatment of CML bone marrow with 
cell-cycle-specific chemotherapeutic agents following culture in the presence 
of these ligands may result in selective elimination of the Ph-positive popula
tion [50]. Eaves et al. reported that the chemokine macrophage inflammatory 
protein-1a (MIP-1a) inhibits the proliferation of primitive normal progeni
tors, but does not inhibit the proliferation of CML progenitors. Treatment of 
marrow cultures with MIP-1a may therefore accentuate differences in prolif
eration between CML and normal progenitors [51]. This differential response 
following MIP-1a exposure could be exploited in therapeutic interventions 
with cell-cycle-specific chemotherapeutic agents directed against cycling ma
lignant CML progenitors. Another possible approach being evaluated is based 
on the observation that malignant CML progenitors have significantly reduced 
survival on stroma deficient in SCF (stem cell factor) compared with normal 
progenitors. This results in the generation of an increased proportion of 
Ph-negative colonies when CML marrow is cultured on such stromal layers 
[52]. It may be possible to purge CML marrow or peripheral blood progenitors 
by culture on SCF-deficient feeders, leading to selective depletion of 
Ph-positive progenitors. 

Another approach to ex vivo purging of CML bone marrow currently being 
evaluated is the use of immune effector cells to selectively target leukemic 
cells. Verma et al. reported that culture of CML marrow with rIL-2 for 1 to 2 
weeks resulted in the generation of cells cytotoxic for the A375 melanoma cell 
line and K562 cells of CML origin [53]. This technique resulted in the elimina
tion of Ph-positive cells from the bone marrow of four patients with CML. 
Miller et al. have developed techniques for large-scale ex vivo cultivation of 
activated NK cells that can be applied to immunotherapy protocols [54]. 
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Cervantes et al. demonstrated that activated NK cells generated from CML 
peripheral blood cells selectively suppress autologous primitive CML but not 
normal bone marrow progenitors [55]. Likewise, autologous T lymphocytes 
cultured from CML bone marrow were demonstrated to suppress autologous 
hematopoietic progenitors, whereas T lymphocytes similarly generated from 
normal bone marrow failed to suppress autologous progenitors [56]. These 
studies suggest that ex vivo culture of CML bone marrow with rIL-2 or with 
autologous rIL-2-activated NK or T cells may constitute a useful purging 
approach. 

Therapies to maintain remissions following autologous transplantation 

It is likely that resistant leukemic cells that survive myeloablative chemo
radiotherapy contribute to the leukemic relapses observed after autologous 
transplantation. Allogeneic transplants with bone marrow from normal indi
viduals that has been T depleted, or syngeneic transplants using bone marrow 
from identical twins, result in relapse in more than 50% of patients two years 
following transplant [57]. Therefore, in addition to improved purging meth
ods, treatment directed against leukemic cells that survive myeloablative 
therapy will also be required. 

In several of the clinical studies discussed above, a-interferon treatment 
following relapse posttransplant has resulted in restoration of a Ph-negative 
state. This occurs in some patients who failed to achieve cytogenetic responses 
to a-interferon treatment pre transplant. However, the use of a-interferon is 
limited by side effects that may be more pronounced in patients post
transplant, and its effectiveness may be limited to a small proportion of pa
tients. Therefore, there is a need for the development of other effective 
posttransplant treatments. 

The above-mentioned studies demonstrating the utility of interleukin-2 in 
ex vivo purging of CML marrow also suggest that it may be of use as systemic 
therapy following autotransplantation for CML. In fact, systemic interleukin-
2 is being studied as posttransplant immunotherapy for acute myelogenous 
leukemia and lymphomas [58]. Similarly, studies are underway to determine 
the effect of the immunomodulator Linomide (roquinimex) following autolo
gous marrow for CML [59]. Another potentially useful approach is the use of 
cellular therapy with activated NK- and T-cell populations, discussed above 
with reference to ex vivo purging, for systemic antileukemia therapy in the 
posttransplant setting. 

Another potentially useful approach to posttransplant therapy following 
CML autotransplantation is the introduction of drug resistance genes into 
Ph-negative autologous hematopoietic cells prior to transplant. Following 
transplantation, systemic chemotherapy may be employed to selectively 
target nontransduced cells, including residual malignant cells that may have 
persisted in the host. This approach is currently being used in patients under
going autografting for breast cancer, in whom the multidrug resistance 
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(MDR) gene is introduced into autologous marrow stem cells [60]. A similar 
approach may be possible in CML in combination with selection of Ph
negative progenitors. 

Conclnsions 

Autologous transplantation, even with an unpurged graft, can result in a 
transient Ph-negative state in CML patients. Ex vivo and in vivo purging 
methodologies can be employed to obtain a completely or partially Ph
negative autograft and appear to be associated with improved chances of 
achieving Ph-negative hematopoiesis following transplant. Although most 
patients will relapse within a year of transplantation, autografting of CML 
patients, especially in CP, may result in improved survival compared to con
ventional treatment in spite of disease relapse posttransplant. Autologous 
transplantation using either marrow or blood as a source of progenitors offers 
an alternative treatment option for patients without a suitable allogeneic 
donor. It may eventually be possible to achieve long-term restoration of Ph
negative hematopoiesis once improved methods for marrow purging are avail
able and better antileukemia treatments for use after transplant have been 
developed. 
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17. Health care economics and 
bone marrow transplantation 

Ilana Westerman, Teresa Waters and Charles Bennett 

Cancer care is expensive, and Americans paid over $35 billion for cancer 
related treatment in 1990. One of the most costly cancer treatments is bone 
marrow transplantation (BMT) for malignant diseases which, in 1989, cost 
approximately $193,000 per patient [1,2]. In an era of health care reform, 
increasing importance is placed on costs and cost-effectiveness estimates of 
expensive therapies. These factors are taking on a larger role in the decision to 
use such expensive therapies. However, American efforts for quickly evaluat
ing new or expensive therapies on an economic basis lag behind the progress 
in other countries that have government-subsidized health care systems, such 
as Canada and Australia. In these countries, evidence of both clinical effec
tiveness and cost-effectiveness is required before allowing new drugs to be 
marketed [3]. In the past five years, medical research journals have begun to 
publish articles on the costs of care of many therapies. Without this informa
tion, insurers, formulary committees, physicians, and health maintenance or
ganizations must make policy decisions hindered by the absence of objective 
data on cost-effectiveness. 

The cost-effectiveness of a therapy is only one of the concerns that need to 
be addressed when evaluating medical technologies. A therapy such as BMT 
that is very effective and that provides a higher quality of life or long-term 
survival requires more than a cost-effectiveness analysis. Alternative thera
pies, especially standard therapies, must be studied as well. While studies on 
costs of care are appropriate to guide the development of more cost-effective 
therapies and supportive care agents, such considerations should not diminish 
enthusiasm for investigation of new therapies that may be expected to be very 
expensive and possibly not cost-effective. 

As physicians and health policy makers, we must be able to evaluate the 
cost-effectiveness of medical therapies. To address these questions, it is impor
tant to analyze the following issues: costs; benefits; cost-effectiveness; cost
reduction methods; and health care decision making, which compares 
alternatives in therapies based on cost-effectiveness. In this chapter, we will 
outline these terms frequently used by policy analysts to evaluate medical 
technologies. Then we will illustrate how these measures can be applied to 
evaluate costs and cost-effectiveness for bone marrow transplantation. 

Jane N. Winter (ed.) BLOOD STEM CELL TRA NSPLA NTA T10N. 1997. Kluwer Academic Publishers. ISBN 
0-7923-4260-7. All rights reserved. 



Defining cost, effectiveness, and cost-effectiveness 

While there are many important economic terms being applied to health care 
policy, the concepts of costs, effectiveness, and cost-effectiveness are central 
ingredients in most health policy assessments. We will define each of these 
terms below. 

Costs of therapy 

The cost of therapy is defined in terms of the associated economic burden it 
creates, measured in monetary terms [4-11]. The perspective from which the 
evaluation is undertaken is crucial to the cost of therapy. If the perspective is 
that of the patient, then costs can be measured in terms of out-of-pocket 
expenditures as well as indirect costs related to lost wages (morbidity costs) 
and lost income from premature death (mortality costs). However, if the 
perspective is that of a third-party insurance payer, the cost of therapy will be 
measured in terms of the dollar volume of claims that must be paid for patients 
who are treated with the particular form of therapy, with the incorporation of 
some return on investment for the stockholders. Finally, many studies evalu
ate costs from a societal perspective. This strategy requires that we attempt to 
measure the actual economic value of all resources that are used in therapy. 
The societal cost is therefore measured as the value of these resources in terms 
of their next best alternative use, and is determined by what is paid for these 
resources in viable economic markets. As an example, if the going rate for a 
physician assistant is assumed to be $40/per hour, the social opportunity cost 
of an hour of the physician assistant's time is typically assumed to be $40/per 
hour - a number that is substantially different in various countries, since that 
is the fee that someone else would be willing to pay for that hour in another 
situation. The social opportunity cost of all other inputs for a therapy can be 
considered in a similar fashion. 

The costs of therapy are generally divided into direct and indirect costs. 
Direct costs reflect medical care given during the episode of illness and include 
physician fees, hospital charges, medications, blood products, etc. [12]. Direct 
medical costs may account for as little as 10% of all transplantation-related 
expenses. Indirect costs include morbidity costs and mortality costs. Morbidity 
costs are expenses incurred due to illness, such as travel, lodging, and food, 
which may amount to 30% to 40% of family income and be as high as 60% of 
the indirect costs. Mortality costs are usually calculated as the value of forgone 
earnings or the value of life calculated by a willingness to trade perfect health 
for days of life. In this chapter, we will concentrate on direct costs, since this is 
the standard practice in most cost-effectiveness analyses [13-21]. The rationale 
for use of these costs is that indirect costs are markedly variable (e.g., they 
differ based on geographic location) and are linked closely with most measures 
of effectiveness. 
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Cost measurement 

In the health care arena, medical charges are a poor measure of the costs of 
therapy [22]. Internal accounting systems often allocate overhead costs to 
various centers and departments in a manner that may not closely resemble 
cost consumption. In addition, charges are also determined by market demand 
forces, which have little to do with underlying cost. Thus, internal and external 
forces often distort the relationship between medical charges and medical 
resource consumption, making charges less useful in cost analyses. 

The full cost of therapy will include all treatment and follow-up costs, and 
should also take into consideration the costs of diagnosis and terminal care 
costs. The usual scenarios presented are in the acute care setting and are 
carried out for short periods of time. These studies frequently show very high 
costs for BMT: costs of managing leukemic patients for the first year after 
bone marrow transplantation were almost 30 times greater than those for 
standard maintenance chemotherapy [23]. However, if the patients treated 
with standard chemotherapy relapse and require induction chemotherapy or 
BMT, costs were only 1.7 times greater. Relapse and supportive terminal care 
is expensive, and costs continue to accrue as long as the patient lives. Leuke
mia BMT/HDC patients live longer than standard chemotherapy patients, and 
this longer follow-up time is needed to offset the higher early costs. 

The costs of therapy assessments must also include those incurred from 
expensive supportive and terminal care [24,25]. Almost one third of one's total 
lifetime medical expenditures are spent in the last six months of life on aver
age, with mean medical expenditures for cancer patients being reported as 
over $21,000 (in 1980) for the last 12 months of life and over $16,000 for the 
last six months of life. These costs do not vary markedly across different cancer 
diagnoses and are not decreased markedly by hospice or home care. Terminal 
care costs for persons with cancer are high, with little opportunity to decrease 
costs unless services are withheld. A few patients do voluntarily do this by 
writing living wills. 

The investigators must decide at a very early stage what categories of cost 
items they wish to include in the analysis and the level of detail at which they 
will focus. The choice of the proper cost items to include is closely linked to the 
questions or hypotheses that are being evaluated. For example, if one wanted 
to know the cost savings available from using PBPCTs rather than ABMT, 
then one would include only the costs incurred after induction. However, if 
one wanted to know what costs would be saved if one shifted from the 
inpatient to the outpatient setting (i.e., the incremental cost difference be
tween the two settings), one would again include all costs in both settings, 
including costs such as personnel, if this shift in practice settings would be 
likely to have an impact on the type and number of staff personnel that are 
involved. If the perspective of the analysis were long term, then it would also 
be necessary to include the effects on fixed costs of the medical center, such as 
the cost of maintaining the treatment center building. 
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In practice, the types of data required for cost analyses are difficult to 
obtain unless the medical system involved has a very sophisticated billing/ 
utilization database and cost-accounting system [24,25]. It is often difficult to 
obtain data on all resources in the typical multicenter trial. This approach 
requires the identification of all the inputs associated with a health care service 
and the assignment of an appropriate cost to each. This task is very easy for 
simple services such as antibiotic administration, radiograph performance, or 
laboratory tests. However, a more complex therapy, such as BMT, is a consid
erably greater challenge because of the variability of inputs from one patient 
to the next. Most complicated of all is the entire episode of care from diagnosis 
to death, because this requires detailed cost and resource-use data from many 
medical providers over an extended period of time. Very few medical systems 
have an accounting system detailed enough to support this type of complete 
analysis, referred to as 'microcosting,' and even fewer systems have performed 
the necessary time-motion studies required to identify the inputs used in the 
microcosting system. 

However, with the advent of managed care and large integrated medical 
systems, a few providers have developed sophisticated micro costing manage
ment systems that allow for estimation of patient-specific cost. The labor 
inputs in these systems are usually based on estimates by laboratory and 
department supervisors rather than by direct measurements, and a variety of 
assumptions are built into these systems. It is likely that as the number and size 
of managed care systems increases, many more providers will adopt these 
information systems. While management systems have not received a large 
amount of attention in medical research, they will be increasingly used in 
multicenter trials. 

Costs have been measured by direct accounting of all services used by HDC 
patients in the study of Gulati and Bennett [26,27]. An alternative accounting 
method estimates the consumption of resources and costs in a multivariate 
prediction model in which predicted charges serve as a proxy for costs and are 
estimated for room and board, radiographs, laboratories, and the operating 
room. This model has been used to estimate charges for leukemia patients and 
general medical patients [28]. 

Another strategy that has been used for estimating costs is based on con
verting hospital charges from medical bills into costs using the ratio of cost to 
charges (RCCs) included in each medical system's annual report to Medicare. 
Medicare RCCs are mostly a holdover from the era before DRGs (diagnosis
related groups), when Medicare reimbursed hospitals on the basis of incurred 
costs. Medicare developed a system for estimating the reasonable and neces
sary costs of providing medical care rather than paying the full hospital 
charges. This system involved a detailed report from each hospital that was 
filed yearly with the Health Care Financing Agency (HCF A). Each hospital 
included in this report a set of ratios, the RCCs. The Medicare RCCs and per 
diem costs (for the lodging part of the hospital bill) are a moderately standard
ized means of estimating costs across medical systems in the United States in 
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which a Medicare Cost Report is filed. Although the Medicare Cost Report is 
no longer used to determine reimbursement, it still serves as the primary 
source of government data on hospital costs. 

There are several limitations to the RCC method of cost estimation. First, 
this system does not separate out overhead and other fixed costs and therefore 
provides an estimate of average rather than marginal costs. It may overstate 
potential cost savings as a result. Second, Medicare Cost Reports are based on 
complex, detailed instructions that may be interpreted differently by indi
vidual hospital systems. Finally, RCCs are averages of all the cost/charge ratios 
within a large medical system's revenue center, such as radiology, pharmacy, 
or pathology. If an individual patient's use of resources is far from average, the 
Medicare RCCs are not likely to be an accurate reflection of true costs for a 
given revenue center. 

Departmental RCCs can be determined from the detailed budget data from 
a medical system. Conversion of charges to costs using these ratios more 
closely approximates the marginal cost than do the Medicare RCCs, but they 
still represent average rather than marginal costs and may still be imprecise if 
individual patients have cost/charge relationships that differ significantly from 
the average of the department. In addition, researchers require access to 
detailed financial records if they are to use these data sources in multicenter 
cost research. 

Rather than adding up a complete laundry list of the individual resources 
being consumed, most cost studies start with an aggregated measure of costs, 
such as hospital or physician bills, and attempt to count 'big-ticket' items. The 
prices assigned to each big-ticket item are usually charges derived from a 
single institution or an estimate based on expert opinion. While this approach 
is practical for many cost studies, it does limit the ability to control the factors 
that are included as a 'cost' in the analysis. This approach has several other 
limitations as well. First, it has never been empirically validated within a given 
institution or across institutions. Second, the appropriate set of big-ticket 
items necessary to estimate costs has never been agreed upon. Third, the 
method usually treats big-ticket items such as leukapheresis as if they are 
homogenous, while they may differ in terms of duration, frequency, and post
harvest manipulations. 

In addition to 'costing out' hospital services, one must also consider how to 
estimate the cost of physician services. Most commonly, physician fees, based 
on actual charges, have been used. Unfortunately, physician charges may vary 
widely, especially in the fee-for-service setting. Based on these issues, the new 
Medicare Fee Schedule based on the Resource-Based Relative Value Scale 
(RBRVS) developed by Hsiao and colleagues is likely to be more appropriate 
for assigning costs to physician services [29]. The basic principle of the RBRVS 
is that the price of a service is a reflection of the long-term cost of providing 
that service. Hsiao et al. used three cost components to calculate the RBRVS: 
(1) the work input required to provide a service; (2) the opportunity cost of 
specialty training; and (3) the practice overhead expenses, such as office staff 
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and malpractice coverage. The first component of the RBRVS reflects the 
time spent and the intensity or difficulty of the service provided. Most of the 
RBRVS system has been incorporated into the Medicare Fee Schedule. Medi
care fees under RBRVS are linked to the Physician's Current Procedural 
Terminology (CPT) classification system, so that in order to model physician 
costs in a cost-analysis project, some map must be created between CPT codes 
and the data on physician services. 

Cost analyses are usually classified into one of three types: randomized 
controlled trials, nonrandomized or observation studies, and cost
effectiveness models [30-32]. A proper cost study in a randomized clinical trial 
is most often associated with secondary objectives of the trial. We have now 
completed several cost substudies involving oncology therapies. In each case, 
cost or resource consumption patterns were not a primary endpoint. Some 
have argued that since randomized clinical trials do not include cost as a 
primary endpoint, the trials are therefore not designed to answer most eco
nomic questions of interest. In addition, requirements for monitoring phase III 
trials may distort the true economic implications of the study. 

While the conflicting demands of economic and clinical trials are apparent, 
and not all clinical trials are suitable for an economic substudy, we feel that 
many randomized trials are suitable for an economic analysis. The ability to 
analyze the data by an 'intention to treat' offers good protection against biases 
that may affect other types of analyses. Also, some of the distortions that 
randomized clinical trials create for economic analyses apply equally well to 
analyses of clinical outcomes. 

Observational cost studies include both nonrandomized treatment com
parisons and descriptive studies that lack a comparison group. These cost 
studies are often carried out in areas where there is still very little published 
empirical cost data. The data can be used to make sample size projections for 
randomized controlled trials or to provide estimates for cost-effectiveness and 
other health policy studies, but they require careful attention to sensitivity 
analyses and are subject to the bias of the investigator; thus, these studies 
are the least reliable. Large pharmaceutical benefit managers (PBMs) 
have detailed medical and claims information on millions of persons and 
are being used by large medical system providers and insurers to generate 
cost-effectiveness profiles. However, very little attention has been given to 
statistical adjustment techniques to control for bias of the investigators non
random patient selection variations over time, and differences in practice 
settings. 

Time effects are an important consideration in medical cost analyses [33]. 
First, the value of money diminishes over time because of inflation, so that cost 
studies from different years are not directly comparable unless adjustments for 
inflation are made. The most common way is to use the medical care compo
nent of the Consumer Price Index (CPI) or its subcomponents. The costs of 
therapy may also decrease over time as more procedures are performed 
[34,35]. The marginal cost (cost of treating one more patient) may decrease as 
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more patients are treated at an individual institution. For example, once 
dedicated space and staff time are allocated to BMT, the cost of treating one 
more patient should be lower. Integrated health systems in the managed care 
environment seek to provide comprehensive inpatient and outpatient services 
and attempt to minimize the financial impact of BMT by referring patients to 
specially designated 'centers of excellence' whose volume of procedures help 
to control costs. 

Also, time effects are important because future medical expenditures are 
considered less costly than current ones, due to the fact that current expendi
tures remove money today, while future expenditures allow one to invest 
money at the market rate of return until it is needed. For this reason, cost 
studies use a technique called 'discounting' to account for the difference 
between the present and future value of money. 

Geographic and market economic factors also affect health care costs, 
although these effects have not been well studied. Different practice settings 
(e.g., fee-for-service or capitated medical care plans) can affect the cost of 
providing a given type of care due to variations in organizational structures 
and incentives, different practice patterns, and different levels of efficiency. 
Care in an academic tertiary care center may differ markedly from care in a 
community hospital and may have different costs. Cost differences result from 
different staffing patterns, use of intensive care beds, and availability of post
discharge facilities. In a study evaluating the clinical and economic effects of 
GM-CSF as adjunct therapy for ABMT for lymphoid malignancies at six 
medical centers, clinical differences between GM-CSF and placebo were simi
lar at all six hospitals. GM-CSF was consistently associated with a marked 
decrease in the duration of severe neutropenia, generally the limiting factor 
for hospital discharge. Economic results, as measured by duration of hospital
ization, were more variable. Two of the six hospitals actually had a slightly 
higher mean hospitalizations for the GM-CSF group than the placebo group. 
However, the overall estimated mean benefit for the GM-CSF group was 
3.4 days. 

Material and labor costs for medical care can vary according to the type and 
location of the medical system and can create differences in the cost of provid
ing a medical service. Labor costs are the most variable according to geo
graphic location. However, large managed care systems have also lowered 
pharmaceutical costs dramatically through negotiated discounts from pharma
ceutical companies. Therefore, comparison of cost studies from different 
health care systems should not be done without some adjustment for these 
differences. 

In addition, the perspective of the investigators needs to be considered 
because of concerns about potential bias. In unblinded studies, the investiga
tor or the pharmaceutical firm may minimize side effects or toxicities attrib
uted to a new agent. In many phase III double-blind studies, pharmaceutical 
companies are involved in trials designed to help with FDA approval of new 
agents. However, as noted by Hillman et ai., discussions and agreements about 
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what to do with the economic results of the study must be considered prior 
to initiating the research project [19]. Guidelines have been proposed to 
help investigators who are involved with economic evaluations of new 
pharmaceuticals [19]. 

Effectiveness of therapy 

Most studies seek to identify whether a medical intervention results in a 
statistically demonstrable improvement over established therapies. When this 
impact is limited to only a few important outcomes of BMT such as mortality 
or is under tightly controlled clinical situations, this is an evaluation of efficacy. 
The effectiveness of a therapy is more broadly defined to include its impact on 
all outcomes of importance to the patient and in situations consistent with 
everyday medical practice. There are several broad categories of effectiveness 
measures [36,37]. 

The simplest and most common measures of effectiveness are unidimen
sional indicators of outcome, e.g., life-years saved. Next, for a more detailed 
measure of effectiveness, one can choose to consider the impact of a therapy 
on a number of outcome dimensions (e.g., physical, social, and mental func
tioning). Instruments such as the SF-36 and the FLIC are used in these assess
ments [38-41]. The patient usually receives an overall score based on the 
responses to questions about functional ability or capacity; typically, the scor
ing algorithm reflects the instrument developer's judgments about the relative 
importance of the individual items, rather than the respondent's own prefer
ences. Unidimensional or multidimensional measures may be disease specific 
(e.g., for breast cancer) or else generic (e.g., the SF-36) in which case compari
sons can be made across diseases. 

Another measure of effectiveness incorporates the decision maker's own 
preferences for the alternative outcomes of the therapy [42,43]. Decision 
analysis is a technique that allows for comparison of therapies for clinical and 
cost-effectiveness. It evaluates alternative therapies by estimating the prob
ability of all relevant events or outcomes in the future. In a decision analysis 
pertaining to the individual patient, it is that patient's preferences that are 
used to value-weight the outcomes associated with alternative therapies. In 
these cases, a value-weighted measure of therapy effectiveness, the Quality 
Adjusted Life Year (QALY), is used [44]. 

The QAL Y is based on two important aspects of outcomes generally per
ceived by patients as important: quantity of life and quality of life. If an 
individual could live one's entire life in excellent health, the QAL Y score 
would be the same as one's life expectancy. If the individual experiences 
toxicities, such as overwhelming sepsis or respiratory failure, the QAL Y score 
is basically life expectancy reduced by the value-weighted amount of time the 
individual suffers the effects of the sepsis or respiratory failure. The value 
associated with being in respiratory failure (per unit of time) - often called 
the 'disutility' of the respiratory failure state - should reflect individual 
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preferences. In most studies, if the health state being evaluated is deemed to 
be as good as excellent health state, it is assigned a value of 1.0. If it is felt to 
be as undesirable as the worst state (typically assumed to be death), it is 
assigned a value of zero. States that are intermediate in preference to the best 
and worst are assigned a number along the interval from 0 to 1 accordingly 
[44]. 

There is no consensus as to the best way for making adjustments for quality 
of life. Clearly, quality of life is sUbjective. In one randomized trial comparing 
continuous versus intermittent therapy, prolongation of life was valued more 
than life with recurrent cancer, despite the side effects of chemotherapy [43]. 
While little is known about quality of life for patients undergoing BMT, pilot 
studies suggest that quality of life estimates are similar to those for patients 
who receive standard chemotherapy. 

General strategies for measuring cost-effectiveness 

The term cost-effectiveness is often applied to many aspects of medical thera
pies [45]. However, its meaning is very specific. Cost-effectiveness analysis 
involves the explicit comparison of one option or program with one or more 
alternatives. When one of two therapies is more effective and is more expen
sive than the other, it is cost-effective if the additional effectiveness is worth 
the additional cost. Similarly, if one intervention is less effective and less costly 
than a second, it is cost -effective if the loss in effectiveness is judged to be more 
than offset by the reduction in cost. Therefore, cost-effectiveness analysis 
cannot address whether a specific therapy is worthwhile by itself, but rather 
how it compares to other potential alternatives. The main objective of cost
effectiveness analyses is to evaluate multiple options so that policy makers can 
choose among the alternatives. With health care expenditures being the major 
concern of policy makers, legislators, patients, providers, and insurers, cost
effectiveness analyses are an objective method of deciding, for example, to 
spend more money on preventive services, screening, or therapies. However, 
cost-effectiveness analyses are not meant to limit the total health care 
expenditures. 

Under the category of cost-effectiveness analyses, there are several differ
ent methods of economic analysis. In each method, the final measure is given 
as a ratio, with incremental costs in the numerator and incremental health care 
benefits/outcomes in the denominator. One popular measure of incremental 
health benefit is the difference in life expectancy between alternative treat
ments. This is the most common type of health care analysis. In cost utility 
analysis, remaining survival is adjusted for less than full quality with QAL Ys. 
Cost-effectiveness analysis may also focus on 'nonsurvival' outcomes, such as 
complication avoided. 

The basic assumption for all forms of economic analyses is that one is trying 
to find the most efficient means of maximizing the net health benefits of a 
particular group of people given a constraint of limited financial resources. 
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These analyses are neutral to the group of patients and therapies being stud
ied, and only the net health benefits are taken into consideration. 

Cost-benefit analysis 

Cost-benefit analysis allows for comparison of medical expenditures with 
other types of expenditures - such as education, defense, transportation, and 
public health. Benefits are expressed in units of dollars. The two most common 
methods for evaluating the financial benefits of a therapy are the human
capital approach and the willingness-to-pay approach. Both have significant 
limitations. In the human-capital approach, survival is valued in terms of how 
much an individual could produce for society, usually measured by lost wages. 
One objection is that it does not seem appropriate to value people solely by 
their economic contributions. Second, it is not clear how to estimate the 
benefits of individuals who do not work or who are retired. 

The other approach is to measure benefit by using the willingness-to-pay 
method. This approach requires that patients estimate how much they would 
be willing to pay to obtain a certain health benefit or to avoid a bad outcome. 
However, individuals with fewer resources are willing to pay significantly less 
than wealthier individuals. 

Costs and effectiveness of allogeneic bone marrow transplants 

A limited number of studies have been conducted on the costs and cost
effectiveness of allogeneic bone marrow transplantation. A review of three 
signature papers will follow, each of which includes a distinct analytic frame
work. Since there have been numerous medical advances in transplanta
tion and supportive care, the findings of these studies must be viewed in a 
dynamic fashion. The literature review will provide both a methodological 
background and estimates of the cost and cost-effectiveness of bone marrow 
transplantations. 

Since the 1970s, allogeneic organ transplantation has greatly proliferated, 
primarily because of technological advances in minimizing rejection of donor 
organs. While studies in the 1970s and 1980s reported the costs of liver, heart, 
and kidney transplantations, the first study of bone marrow transplantation for 
a hematologic malignancy, acute nonlymphocytic leukemia, was conducted by 
Welch et al. in 1989 [46]. This study evaluated 41 patients who participated in 
a prospective trial of allogeneic bone marrow transplantation versus intensive 
chemotherapy at the Fred Hutchinson Cancer Center in Seattle. Seventeen 
patients had a HLA-matched donor and therefore received an allogeneic bone 
marrow transplant, while 19 patients did not have a suitable donor and re
ceived two courses of consolidation chemotherapy followed by monthly main
tenance chemotherapy. 
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Resource-based measures of costs were collected for five areas: number of 
nonintensive care unit days spent in hospital, number of days spent in the 
intensive care unit, number of lab tests performed, number of X-rays, and the 
number of operating room procedures. Because of the large discrepancy be
tween charges and costs, hospital charges were not directly included in cost 
estimates. A charge estimate equation was derived to serve as a proxy for the 
costs of each procedure. All the resource data were collected by one observer 
to diminish variability. Because patients were divided into study arms solely 
on the basis of donor availability, bias was minimized for accrual into the 
different arms. 

Clinical results of the study showed that the overall survival rate of bone 
marrow transplant patients was much higher than that of chemotherapy pa
tients: 10 of 17 versus 5 of 19 were alive at five years. Differences in resource 
intensity of bone marrow transplant patients versus chemotherapy patients 
were observed. Patients treated with chemotherapy alone averaged seven 
hospitalizations, while bone marrow transplant patients had 4.6 hospitaliza
tions. However, although chemotherapy patients spent 10% more time in the 
hospital, bone marrow transplant patients spent most of their hospital time in 
ICU centers (57% for bone marrow transplant patients versus 5% for chemo
therapy patients). Over a five-year period, patients who survived had lower 
costs than patients who did not. For example, the average cost of a chemo
therapy survivor was $79,000 versus $157,000 for a non survivor, and the aver
age cost of a bone marrow transplant survivor was $166,000 versus $232,000 
for a nonsurvivor. 

Although chemotherapy costs were lower than bone marrow transplanta
tion costs, bone marrow transplantation for acute nonlymphocytic leukemia 
had a favorable incremental cost-effectiveness (ICE) ratio relative to standard 
chemotherapy: 

Cost (BMT ~Chemotherapy) 
ICE = -------'---------,-----"--------;-

# of years of survival after therapy (BMT -Chemotherapy) 

The bone marrow transplant procedure cost only $10,000 more than che
motherapy per life year gained, which is even lower than the incremental costs 
of treatment of moderate hypertension in middle-aged men ($13,500 per life 
year gained). 

Allogeneic bone marrow transplants became less cost effective as the prac
tice of mismatched donors proliferated, which creates a lower survival rate, 
and as the age of recipients increased. For example, if the upper age limit were 
increased to 55 years, a 125% rise in bone marrow transplant dollars results. 
Concerns of age discrimination are also raised in this type of study. Finally, the 
amount of time bone marrow transplant patients spend in intensive care units 
may be shortened as changes in practice patterns occur. The use of step-down 
units will greatly increase the cost-effectiveness estimates of bone marrow 
transplants. 
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As the clinical efficacy of a medical treatment improves and treatment 
protocols become standardized, many hospitals and managed care organiza
tions require detailed data on the costs of transplantation and the extent of 
resources utilized. A 1989 paper entitled, 'Cost of allogeneic bone marrow 
transplants in four diseases' analyzed the costs of allogeneic bone marrow 
transplants for several different pathologies and aided physicians and health 
care managers in planning and designing new treatment programs [47]. The 
four diseases studied were acute myelogenous leukemia (AML), severe com
bined immunodeficiency (not considered here), severe aplastic anemia, and 
chronic granulocytic leukemia. 

Data were collected for 12 months after the initial diagnosis because most 
acute clinical complications occur within six months to one year of transplan
tation. The study was conducted in three Parisian hospitals where the same 
treatment protocol for allogeneic HLA-identical BMT was administered for 
each disease. Cost components included pharmaceuticals and blood products, 
disposable medical supplies, laboratory tests, radiological imaging, medical 
and nursing care, HLA typing and donor costs, and outpatient care. A very 
comprehensive data set was created through collection of data on medical 
resource use and the inclusion of indirect and personnel costs into cost 
estimates. 

Patients with acute nonlymphocytic leukemia were admitted to the hospital 
at least twice. The first admission prior to transplantation was for chemo
therapy (vincristine, daunorubicine, cytarabine, lomestine) and supportive 
care (with antibiotics for febrile episodes, transfusions of irradiated blood and 
platelets, and oral decontamination). Patients then were readmitted for the 
bone marrow transplantation. After preparation with total body irradiation 
and cyclophosphamide, methotrexate was given to prevent GVHD, and other 
medications were used as necessary. Costs associated with the most common 
posttransplant complications were calculated: severe thrombocytopenia last
ing three months, interstitial pneumonia, and localized zoster infection. The 
standard costs of bone marrow transplantation and the costs with complica
tions for bone marrow transplantation for patients with acute myelogenous 
leukemia are listed in table 1. Uncomplicated cases cost an estimated $40,923, 
and complicated cases cost an estimated $55,839. 

A second series of estimates were derived for transplantations for patients 
with severe aplastic anemia. Patients with severe aplastic anemia were admit
ted to the hospital on average 40 days prior to transplantation. They were 
treated with chemotherapy (cyclophosphamide), radiation therapy (6 Gy 
thoraco-abdominal irradiation), ketaconzole, and antibiotics. Cyclosporin A 
and methotrexate were administered to prevent GVHD. Patients remained in 
the hospital for 35 days on average after transplantation. Complications sec
ondary to GVHD almost tripled the cost of the procedure. All costs are listed 
in table 2, including costs for complications (primarily representing the costs 
for GVHD treatment). Uncomplicated cases cost an estimated $84,537, and 
complicated cases cost an estimated $232,007. 
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Table 1. Allogeneic bone marrow transplantation cost in adult acute myelogenous leukemia (in 
U.S. dollars)b 

Cost components Direct standard cost'" Cost with complications'" 

Medical supplies 2,188 5.4% 2,569 4.6% 
Pharmaceutical products 6,841 16.7% 9,027 16.2% 
Blood products 6,467 15.8% 11,514 20.6% 
Laboratory tests and X-ray 12,002 29.3% 13,803 24.7% 
Nursing care 11,266 27.5% 15,327 27.5% 
Physicians' time 2,159 5.3% 3,599 6.4% 

Total 40,923 100% 55,839 100% 

'Note: table lists costs, not patient charges 
bFrom Viens-Bitker C, Fery-Lemonnier E, Blum-Boisgard C, et al. Cost of allogeneic bone 
marrow transplantation in four diseases. Health Policy 12:309-317, 1989. 

'French Francs converted to U.S. dollars at the 1989 rate of 0.16339 $/FF (an average of January, 
June, and December rates). 

Table 2. Allogeneic bone marrow transplantation cost in severe aplastic anemia (in U.S. dollars)" 

Cost components Direct standard cost'" Cost with complications'" 

Medical supplies 6,189 7.3% 11,786 5.1% 
Pharmaceutical products 18,982 22.5% 69,587 30.0% 
Blood products 17,184 20.3% 81,835 35.3% 
Laboratory tests and X-ray procedures 26,267 31.1% 42,150 18.1% 
Nursing care 14,149 16.7% 22,702 9.8% 
Physicians' time 1,766 2.1% 3,947 1.7% 

Total 84,537 100% 232,007 100% 

'Note: table lists costs, not patient charges 
bFrom Viens-Bitker C, Fery-Lemonnier E, Blum-Boisgard C, et al. Cost of allogeneic bone 
marrow transplantation in four diseases. Health Policy 12:309-317, 1989. 

'French Francs converted to U.S. dollars at the 1989 rate of 0.16339 $/FF (an average of January, 
June, and December rates). 

Patients with chronic granulocytic leukemia had treatment very similar to 
patients with severe aplastic anemia, with the major differences being that 
patients were admitted to the hospital only ten days prior to transplantation 
when immunotoxins could be used for T-cell depletion of the bone marrow. 
Costs for this procedure are reported in table 3. Uncomplicated cases cost an 
estimated $64,937. 

The cost for a bone marrow transplantation for hematologic malignancies 
appears to vary depending on the underlying pathology and the extent of 
complications. The cost of an uncomplicated bone marrow transplant for acute 
myelogenous leukemia was $40,923, for severe aplastic anemia $84,538, and 
for chronic granulocytic leukemia $64,938. This study did not include the costs 
of hospitalization/housing (beyond nursing/physician care); therefore, blood 
products were the largest factor in the difference in costs. However, other 
studies that consider hospitalization costs have concluded that days in the 
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Table 3. Allogeneic bone marrow transplantation cost in chronic 
granulocytic leukemia (in U.S. dollars)b 

Cost components 

Medical supplies 
Pharmaceutical products 
Blood products 
Laboratory tests and X-ray procedures 
Nursing care 
Physicians' time 

Total 

'Note: table lists costs not patient charges 

Direct standard cost'" 

3,351 
16,751 
9,984 

23,842 
9,787 
1,222 

64,937 

5.1% 
25.8% 
15.4% 
36.7% 
15.1% 
1.9% 

100% 

bFrom Viens-Bitker C, Fery-Lemonnier E, Blum-Boisgard C, et 
al. Cost of allogeneic bone marrow transplantation in four dis
eases. Health Policy 12:309-317, 1989. 

'French Francs converted to U.S. dollars at the 1989 rate of 
0.16339 $/FF (an average of January, June, and December rates). 

hospital account for the largest percent of total costs and largest differences in 
cost estimates [48]. 

Data have not been collected for all diseases associated with transplanta
tion, and cost data for a particular pathology are generally not applicable to 
other pathologies. As the concern over health care dollars increase, more 
studies will be conducted. One pitfall that health care providers will encounter 
is the use of old data. When a treatment regimen for a disease changes, due to 
new surgical procedures, new pharmaceuticals, or improvements in supportive 
care, the costs for treating that disease must be reanalyzed. 

Professionals in the health care industry who are familiar with the treat
ment protocols are vital to cost analysis studies. For example, if a study does 
not include the clinically relevant time frame, important cost data could be 
lost. An example would be collecting cost data for bone marrow transplanta
tion from the time of the transplant onward in which all the costs of the initial 
chemotherapy, hospitalization time, and pretransplant pharmaceuticals would 
not be included in the analysis. 

These three studies provide a good introduction to the costs of allogeneic 
bone marrow transplants. However, these estimates quickly become outdated 
as protocols and therapies change. The addition of new, more costly 
chemotherapuetic agents or supportive care agents can even lower the overall 
costs of a transplant. Additional studies will be needed as new technologies in 
transplantation develop and investigators gain experience with allogeneic 
transplants. 

Costs of autologous boue marrow trausplaut 

Like allogeneic bone marrow transplant (AlBMT), the cost of autologous 
bone marrow transplant (AuBMT) is quite high. Current estimates of AuBMT 
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costs in U.S. hospitals range from $50,000 to $200,000 per patient [49]. Varia
tions in costs result from both patient heterogeneity and institutional differ
ences. Given this wide range of costs, it is arguable that AuBMT may be 
cost-effective for some types of patients and institutions and not others. De
tailed research determining the costs of AuBMT for specific types of patients 
using specific clinical practices is necessary. 

Sources of cost variation 

Patient heterogeneity. AuBMT is currently being used for treatment in a wide 
variety of cancers, including, but not limited to, breast cancer, Hodgkin's 
disease, non-Hodgkin's lymphoma, and acute myeloblastic lymphoma. This 
range of diseases alone creates wide variation in patient characteristics and 
their responses to therapy. Additional sources of variation among patients are 
early versus late disease, age, and complete versus partial versus nonresponses 
to initial therapy. 

Institutional differences. Costs of AuBMT differ widely among institutions. 
There are several potential explanations for these discrepancies. Differences 
may simply be the result of difficulties in determining costs as opposed to 
charges. This issue has been addressed earlier. If this is the primary driver of 
cost differences, more sophisticated and compatible cost accounting systems 
will relieve this problem. It is also possible, however, that true differences in 
efficiency exist between hospitals. For example, some hospitals are exploring 
the substitution of outpatient care for inpatient stays at the beginning and 
ending portions of a patient's AuBMT treatment. Such substitutions signifi
cantly reduce costs. The ability to make this change, however, depends cru
cially on the proximity of the patient's residence or the presence of nearby 
facilities to handle this subacute patient. Evidence that facilities can develop 
more efficient delivery of AuBMT over time is presented by Bennett et al. 
[48]. Costs of AuBMT for non-Hodgkin's lymphoma at the University of 
Nebraska Medical Center decreased at a rate of 10% per year from 1987 to 
1991 (p = 0.001). 

Preliminary studies 

AuBMT in New Zealand. Beard et al. [50] present one of the first papers to 
include AuBMTs in a BMT cost analyses. The New Zealand study is unique 
for a number of reasons. First of all, since the authors were able to follow some 
of their 41 patients for a relatively long period of time, they were better able 
to capture the long-term benefits of BMT. Specifically, although the costs of 
BMT are initially quite large, when these costs can be 'spread out' over longer 
life years gained, the cost-effectiveness of BMT is quite remarkable. The 
authors were also able to construct a classification scheme for the quality of life 
of their patients. This classification scheme was used to weight the life years 
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gained from the treatment and to derive a somewhat more realistic view of the 
value of BMT. 

Beard et al. [50] find that BMT is highly cost-effective, estimating that cost 
of each quality adjusted life year (QALY) gained by BMT is NZ$13,272 (after 
two years of follow-up) and NZ$3868 (for the 18 patients who could be 
followed for ten years). This compares extremely favorably with other cost 
studies using the life year or quality-adjusted life year framework (e.g., renal 
dialysis US$40,000 per life year [1 D. The drawback to this study is, of course, 
that it is based on costs in a New Zealand hospital. Given the strong differ
ences between the New Zealand and U.S. health care systems, one must be 
extremely careful in interpreting these results. The authors do make a number 
of important methodological points that should be kept in mind when conduct
ing a cost-effectiveness of BMT study: 1) length of follow-up is critically 
important in determining cost-effectiveness, since the long-term benefits of 
BMT may be spread out over longer periods of time; 2) calculating a quality
of-life weighting scheme for BMT patients is a viable method for adjusting for 
complications and is especially important for AlBMT patients who may suffer 
significant graft versus-host disease; and 3) considerations of the age of pa
tients (average age in sample = 23) further reinforce the cost-effectiveness of 
BMT from the point of view of society as life years saved represent significant 
earnings. 

AuBMT in France. Dufoir et al. [51] reported on a study of 40 patients, 
comparing the costs of AuBMT (n = 11), AlBMT (n = 14), and chemotherapy 
(n = 15) for patients with acute myeloid leukemia (AML). All patients were a 
subset of patients from two cooperative trials (BGM 84 and BGMT 87; total 
n = 196) who were treated in a single center (Centre Hospitalier Regional de 
Bordeaux) and achieved complete response after induction chemotherapy. 
Dufoir et al. [51] found that the cost per additional year of life saved was 
similar for the AlBMT and chemotherapy groups (US$20,646 versus 
US$19,990, p = NS), while AuBMT was significantly less cost-effective at 
US$26,667. Again, we would recommend caution in extrapolating these re
sults to the U.S. health care system. First, it is likely that some significant 
differences exist between the clinical practices and cost structures of CHR 
Bordeaux and U.S. hospitals. In addition, at least some of the difference in cost 
per life year between AlBMT and AuBMT may be attributable to differences 
in quality of life; as pointed out by Beard et al. [50], AlBMT patients are 
susceptible to graft-versus-host disease. Nonetheless, this study is useful be
cause it is the first study to attempt to compare the costs of three alternatives 
(AlBMT, AuBMT, and chemotherapy). In addition, the study provides a nice 
identification of major cost drivers in the treatment of AML: pharmaceuticals, 
single-use materials (syringes, gloves, etc.), blood products, laboratory tests, 
radiographic procedures, surgical procedures, medical and paramedical staff 
time, and accommodations. 
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AuBMT versus peripheral blood stem cell transplant (PBSCT) in Europe. A 
presentation at the American Society of Clinical Oncology [52] by Smith et al. 
included estimates of the costs of PBSCT and AuBMT for recurrent 
Hodgkin's disease or lymphoma. Using utilization data on 58 patients treated 
at six hospitals in Germany, Belgium, and the u.K. and using cost data from 
their own Massey Cancer Center, Smith et al. estimate the cost of AuBMT at 
$58,281 and the cost of PBSCT at $39,960, a difference of 31 %. While the long
term survival questions concerning the efficacy of AuBMT versus PBSCT 
have still not been answered for these patients, based on these striking eco
nomic results, the authors find strong support for PBSCT. 

AuBMT in the U.S. Published studies examining the costs and cost
effectiveness of AuBMT in the U.S. are rare. Hillner et al. [49] estimate the 
cost-effectiveness of AuBMT for metastatic breast cancer using a hypothetical 
cohort of 45-year-old women, various probabilities of recurrence, complica
tion, death, etc. from the published data, and cost data based on a small sample 
of patients at their medical center. The authors find that the estimate for costs 
per year of life saved is most sensitive to whether the risk of recurrence is 
constant over a patient's lifetime or decreases after some finite period. The 
assumption of normal survival after five years of disease-free survival reduces 
the cost per year of life saved associated with AuBMT from $115,800 to 
$28,600 and cost per quality-adjusted life year saved from $96,600 to $27,300. 
This result once again reinforces the need to follow AuBMT patients for long 
periods of time in order to accurately assess the cost-effectiveness of this 
procedure. 

There is some evidence that the potential for institutions and/or professions 
to improve outcomes and lower costs for a given intervention is significant. 
Bennett et al. [48] investigate this 'learning curve' phenomenon in the case of 
high-dose chemotherapy and autologous transplant at the University of 
Nebraska Medical Center. Clinical and financial data were combined to de
velop cost measures. Medicare cost-to-charge ratios were used to convert 
hospital charges to costs. All patients were seen at the University of Nebraska 
Medical Center between 1987 and 1991 and received high-dose chemotherapy 
in conjunction with either autologous bone marrow or peripheral stem cell 
transplantation. Patients who died in the hospital were excluded from cost 
calculations because their costs differed markedly from those of survivors. 

One hundred and seventy-eight auto transplants were performed for pa
tients with Hodgkin's disease. The mortality rate decreased steadily over the 
five year period (see figure 1). The costs of autotransplants also decreased 
significantly between 1987 and 1991 (see figure 2). The most significant reduc
tion in costs was due to the decrease in hospital days per patient. In 1987 a 
patient stayed in the hospital an average of 51 days; in 1991, this figure was 
only 32 days. Changes in cost per day, medications, etc. changed very little 
over time. 
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Figure 1. Bennett CL, Armitage lL, Armitage GO. Costs of care and outcomes for high-dose 
therapy and autologous transplantation for lymphoid malignancies: results from the University of 
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Figure 2. Bennett CL, Armitage lL, Armitage GO. Costs of care and outcomes for high-dose 
therapy and autologous transplantation for lymphoid malignancies: results from the University of 
Nebraska 1987 through 1991. lCO 13(4):969-973, 1995. 

One hundred and forty-nine autotransplants were performed for patients 
with non-Hodgkin's lymphoma. In-hospital mortality decreased markedly 
over time (see figure 3). Average costs for treatment of non-Hodgkin's 
lymphoma also decreased from $91,000 in 1987 to $74,000 in 1991. Again, 
hospitalization days were important for these cost reductions: length of stay 
averaged 45 in 1987 and 38 days in 1991. 

Factors associated with decreasing costs were hospital staff improvements, 
improvements in technology, and patient selection. For example, over time the 
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Figure 3. Bennett CL, Armitage JL, Armitage GO. Costs of care and outcomes for high-dose 
therapy and autologous transplantation for lymphoid malignancies: results from the University of 
Nebraska 1987 through 1991. lCO 13(4):969-973, 1995. 

transplant team learned how to better use antibiotics by adding a specialist in 
infectious diseases and oncology to the transplant team. The introduction of 
hematopoietic growth factors also represented a significant improvement in 
technology, improving outcomes and decreasing costs [48]. 

The learning curve phenomenon is not merely an interesting note to cost 
and outcomes research. Careful attention must be paid to the point in the 
learning curve that has been reached by an institution. Figures 1 and 2 present 
an example of a possible learning curve. It is highly important to conduct 
evaluations when a technology, or the institution performing the technology, 
has reached part C of the curve. Only in this time frame can one be reasonably 
certain that differences in outcomes or costs between two technologies are not 
due solely to differences in where the individual institutions are in their 
learning curves. 

An ongoing study being led by Julie M. Vose, M.D. (P.I.) at the University 
of Nebraska and a number of cooperative sites across the U.S. promises to 
provide a rich data set to examine the cost-effectiveness of AuBMT for non
Hodgkin's lymphoma, the second largest category of patients to receive 
AuBMT (after breast cancer). In addition, this trial will also provide critical 
information on the effectiveness and cost-effectiveness of AuBMT versus 
PBSCT. Although definitive clinical trials comparing AuBMT and PBSCT 
have not been conducted in U.S. hospitals, based on anecdotal evidence and 
experience, support for PBSCT as an effective and cost-effective alternative 
for many AuBMT patients is growing. Bennett and colleagues have begun to 
conduct cost analyses on the first patients in this trial. Using detailed patient 
billing information, professional practice, laboratory, and pharmacy records, 
and department-specific ratios of costs to charges (RCCs), the research team 
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has the following objectives: 1) to document the costs associated with AuBMT 
and PBSCT in U.S. hospitals and to identify major cost drivers; and 2) to 
compare the costs and costs per life year associated with the two procedures 
and determine the relative cost-effectiveness of each. 

What do we know? 

Estimates of the costs and cost-effectiveness of AuBMT in the U.S. are still 
quite sketchy. Preliminary studies from the U.S. and abroad provide some 
reason to believe that AuBMT compares favorably with the cost per life year/ 
quality-adjusted life year of other medical procedures such as CABG and 
renal dialysis. We still have much to learn, however. 

The good news is that we have good ideas about how to go about answering 
the question of the costs and cost-effectiveness of AuBMT, and we have 
already done a lot of leg work. We know that patients need to be followed for 
more than a few months to capture the long-term benefits of BMT. We are 
also exploring the hypothesis that certain major categories of costs drive the 
costs of BMT. If we can determine the major cost drivers, we will not need to 
collect as much detailed utilization data, and can reduce data collection costs 
for future analyses. Finally, it is likely that any cost-effectiveness study will 
have a limited shelf life. Methods of treatment and institutional patterns of 
care will continue to evolve as we try to treat these diseases more effectively 
and cost-effectively. As these changes occur, older studies of older methods 
will become obsolete. We must continually expand our knowledge to keep 
abreast of changes and improvements. 

Health care policy alternatives based on cost-effectiveness 

Health care costs are the maj or concern of policy makers, regardless of efficacy 
[53-55]. Decisions about care are being made on the basis of cost and 
many insurance plans exclude patients from BMT. Three fifths of leukemia 
patients who were eligible for human leukocyte antigen typing were excluded 
from consideration for bone marrow transplantation because of financial is
sues, and of those typed, 14% did not receive the transplant for the same 
reason. 

The technology assessment of BMT has been clouded by the lack of data on 
outcomes, the difficulty in choosing appropriate controls, and reimbursement 
issues [56]. Historical control groups are frequently used, which may not have 
the same survival curves as concurrent controls, since patients are now diag
nosed early and medical support systems have improved. Furthermore, ac
crual to clinical trials has been difficult, with many patients opting for BMT 
outside of the clinical trial setting. General strategic concerns for evaluating 
costs and cost-effectiveness include the following: 
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1. How can estimates of efficacy and cost-effectiveness be derived when the 
clinical trial results are not available, so as to establish thresholds for 
specific decisions? 

2. What is the optimal strategy for maximizing life-years at minimum cost? 
Should all eligible patients receive BMT, or those at greatest risk of relapse, 
or only those with 'sensitive' relapse? 

3. What is the cost per life-year gained of alternative strategies, e.g., two 
differing costs and toxicities? 

4. How can quality-of-life values be factored into the analysis, especially when 
two strategies have very different risks and benefits? 
Patient care decisions should be made in a rational fashion and should 

include data about patient preferences, efficacy, quality of life, and cost. These 
data will be available in the years to come, and sensitivity analyses allow 
for the testing of all reasonable clinical assumptions. However, caution is 
needed when comparing cancer therapy cost-effectiveness estimates with 
other medical therapies because of marked variation in methodologies and 
assumptions. 

Rational decisions for cancer care will be based on cost-effectiveness analy
ses in many managed care systems. However, this process is not an easy one 
because of four methodological concerns: 
1. Definitional problems concerning an understandable benefit, such as life

years saved. 
2. Inadequate information about clinical efficacy. (sensitivity analyses are 

useful here when data are uncertain) 
3. Conceptual and measurement issues about costs of care. (however, with 

large integrated health systems, this limitation should decrease) 
4. Estimating the treatment effectiveness in the routine practice setting. 

Despite these concerns, data can be collected for evaluation of cost
effectiveness. Rationing of health care occurs; however, it is hoped that factors 
other than dollars per life year saved will be used. Compassion, social equity, 
and justice are other important factors. Bedside rationing is not appropriate; 
rather, policy decisions must be made at the population or group level. 

The usefulness of cost-effectiveness analyses is not limited to policy makers. 
It is a method that explicitly defines the risks, benefits, and outcomes of 
alternative therapies. Patients who are undergoing expensive therapies such as 
BMT - many of whom are committing a large amount of financial and 
emotional resources - need to evaluate the same issues. 
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259,262,268 
graft-vs.-leukemia effect and, 75-76 
pulmonary complications and, 233 
rationale for administration of, 

255-257 
Cytomegalovirus (CMV) 

allogeneic umbilical cord blood 
transplants and, 195 

graft-vs.-host disease mimicked by, 
88 

interleukin-2 and, 275 
pulmonary complications and, 231, 

232, 242 
unrelated donor transplants and, 

223,224,226 
Cytopenia, 159-160 
Cytosine deaminase gene, 17-18, 19 
Cytotoxic T lymphocytes (CTLs), 31 

in allogeneic umbilical cord blood, 
206-207 

gene therapy and, 15, 16 
graft-vs.-host disease and, 88 
graft-vs.-leukemia effect and, 75 
pulmonary complications and, 232, 

246 
Cytoxan, 365 

Dactinomycin, 347 
Dana-Farber Cancer Institute, 113, 359 
Daunorubicin, 365, 388 
Deoxyadenosine, 112 
2'-Deoxycoformycin, 112 
Diabetes mellitus, 318, 320, 322 
Diagnosis-related groups, 380 
Dianhydrogalactitol, 335 
Dicarbazine, 352 
Diffuse alveolar hemorrhage (DAH), 

244-245 
Diffuse lymphoma, 103 
Donor leukocyte infusions (DLI), 

43-44,46 
Donor mononuclear cells (MNCs) 

for chronic myelogenous leukemia 
relapse, 63-69, 70, 75 

graft-vs.-leukemia effect of, 63-71, 
74-75 

ineffectiveness in relapse of some 
diseases, 72-73 
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for nonrelapse complications, 76-77 
pancytopenia with bone marrow 

aplasia and, 65-67 
Doxorubicin (Adriamycin), 345, 347, 

352 
in VAM-TBI, 337, 340 

Ectomesenchymoma,347 
Effectiveness of therapy, 384-385 
Encephalomyelitis, 319, 323 
Engraftment 

allogeneic umbilical cord blood 
transplants and, 191, 197-198 

unrelated donor transplants and, 
221-222 

Engraftment failure, see Graft failure 
env protein, 4-5, 6 
Epstein-Barr virus, 76, 100, 195 
Erythropoietin, 256, 263-267 

allogeneic umbilical cord blood cell 
transplants and, 203, 204 

clinical applications of, 280 
in combination with other agents, 

276 
endogenous, 266 
exogenous administration of, 

266-267 
ex vivo expansion and, 165, 168, 171, 

172,179 
Etoposide (VP-16-213), 269 

for brain tumors, 349 
for chronic myelogenous leukemia, 

365 
for Ewing's sarcoma, 345, 346 
for germ-cell tumors, 352 
in ICE, 363, 365 
for neuroblastoma, 337, 340 
in OMEC, 336, 339 
radiolabeled antibodies and, 129 
for Wilms' tumor, 351 

Europe, 393 
European Bone Marrow Transplant 

(EBMT) registry, 65, 73, 346, 359 
Ewing's sarcoma, 345-347 
Ex vivo expansion, 159-179,360-363 

of allogeneic umbilical cord blood 
cells, 204-205 

cell characterization in, 161-162 
cell processing in, 162-163 
cell sources in, 162 
cell types and numbers required in, 

173-174 
clinical trials with, 178-179 
culture conditions affecting, 164-173 



potential applications of, 159-161 
regulatory considerations in, 177-178 
systems for, 174-177 

Familial erythrophagocytotic 
lymphohistiocytosis,219 

Fanconi anemia, 190, 199, 219, 220 
Feeding/perfusion, in ex vivo 

expansion, 169, 170 
Filgrastim, 255, see also Granulocyte 

colony-stimulating factor 
Flow cytometry 

of CD34 cells, 151-152 
in ex vivo expansion, 161 

fit-ligand, 165 
Fludarabine, 365 
Fluorescence in situ hybridization 

(FISH), 358, 368 
5-Fluorocytosine (5-FC), 19 
5-Fluorouracil (5-FU), 19, 179 
Follicular lymphoma, 13, 103 
Food and Drug Administration 

(FDA), 177,211,255,383 
France, 392 
Fred Hutchinson Cancer Research 

Center, 240, 241, 243,386 
Fungal infections, 268 

gag protein, 4-5, 6 
Ganciclovir, 18,224 
Gaucher's disease, 220 
Gene therapy, 3-23 

antisense, see Antisense 
oligonucleotides . 

chemotherapy sensitization genes in, 
16-18 

ex vivo expansion in, 160-161 
gene marking trials in, 13-14 
viral vector systems in, 3-12 

Germ-cell tumors, 352 
Globoid cell leukodystrophy, 199 
Glomerulonephritis, 318 
Glycophorin A, 161 
Gold, 327 
Graft enhancement, 259-262 
Graft failure 

cytokines in, 257-259 
primary, 257 
secondary, 221-222, 257 
unrelated donor transplants and, 

225,226 
Graft rejection, 188, 195 

Graft-vs.-host disease (GVHD), 87-94, 
131,132,153,187,388 

acute, see Acute graft-vs.-host 
disease 

allogeneic umbilical cord blood 
transplants and, 190, 192, 193, 194, 
195,196,198,199-200,207-208, 
212 

autologous, 35, 42-43, 88, 91 
chronic, see Chronic graft-vs.-host 

disease 
classical requirements for, 88 
cytokines and, 75, 90-94, 259, 262, 

268 
donor mononuclear cells and, 67-70, 

76 
gene therapy and, 12, 19-20 
graft-vs.-Ieukemia effect and, 58, 59, 

67-72,74 
immunologic background of, 87-88 
leukemia relapse protective effects 

of, 60, 61-62, 63-64, 67-69, 70, 74 
minimal residual disease and, 

108-109 
post-transplant immunotherapy and, 

31-32,34,36,43,45,47 
pulmonary complications and, 242 
thalassemia and, 306 
transfusion-associated, 66 
unrelated donor transplants and, 

218, 225 
Graft-vs.-Ieukemia (GVL) effect, 

57-77 
allogeneic bone marrow transplants 

and, 27, 28,57-58, 62-72 
in animal models, 57-59 
in clinical bone marrow transplants, 

59-62 
cytokines and, 75-76 
of donor mononuclear cells, 63-71, 

74-75 
effector cells responsible for 

reactivity of, 73-75 
gene therapy and, 20 
post-transplant immunotherapy and, 

27,28,34,35-36,38,43,45,46,47 
unrelated donor transplants and, 224 

Graft-vs.-tumor (GVT) effects 
allogeneic bone marrow transplants 

and, 27 
gene therapy and, 12 
post-transplant immunotherapy and, 

27,30,32 
Granulocyte colony-stimulating factor 
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(G-CSF), 255, 256, 263, 264, 265 
allogeneic umbilical cord blood 

transplants and, 191, 204, 205 
clinical applications of, 280 
delayed use after transplant, 279 
donor mononuclear cells mobilized 

by, 67 
engraftment and, 222 
erythropoietin and, 276 
ex vivo expansion and, 165, 168, 171, 

174 
GM-CSF and, 276-277 
graft enhancement and, 259-262 
graft failure and, 257-259 
interleukin-1 and, 272 
interleukin-2 and, 39, 40 
interleukin-3 and, 270 
interleukin-11 and, 274 
peripheral blood progenitor cell 

mobilization with, 146-148, 151 
radio labeled antibodies and, 135 
stem cell factor and, 273, 278 
thrombopoietin compared with, 275 
unrelated donor transplants and, 222 

Granulocyte-macrophage colony
stimulating factor (GM-CSF), 255, 
256, 263, 264, 265, 268, see also 
PIXY 321 

allogeneic umbilical cord blood 
transplants and, 187, 191,207 

clinical applications of, 280 
economics of using, 383 
erythropoietin and, 276 
ex vivo expansion and, 165, 168, 174, 

179 
G-CSF and, 276-277 
gene therapy and, 17 
graft enhancement and, 259-262 
graft failure and, 257-259 
interleukin-1 and, 272 
interleukin-2 and, 33, 39 
interleukin-3 and, 270, 277-278 
interleukin-6 and, 269, 270, 278 
peripheral blood progenitor cells 

and, 146-147 
PIXY 321 compared with, 271-272 
thrombopoietin compared with, 275 

Growth factors, 255-281, see also 
specific types 

cost of, 279-280 
delayed use after transplant, 278-279 
ex vivo expansion and, 165-168 
in graft enhancement, 259, 262 
peripheral blood progenitor cell 

408 

mobilization with, 146-148 
pulmonary complications and, 

232-233 
unrelated donor transplants and, 226 

Haploidentical donors, 221 
Head and neck cancer, 18, 19,20 
Hematopoiesis 

allogeneic umbilical cord blood 
transplants and, 187, 188-189, 190, 
191-192, 197-199 

cytokines and, 256-257 
Ph-negative, see Ph-negative 

hematopoietic stem cells 
Hematopoietic chemoprotection, 21-22 
Hematopoietic growth factors, see 

Growth factors 
Hemolytic anemia, 318 
Hepatitis B virus (HBV), 306, 309, 311, 

312 
Hepatitis C virus (HCV), 306, 309, 311 
Herpes simplex virus (HSV), 232 
Herpes simplex virus (HSV)-thymidine 

kinase gene, see Thymidine kinase 
gene 

Herpes simplex virus (HSV) vectors, 
11-12 

High proliferative potential colony
forming cells (HPP-CFCs), 147, 
169 

High proliferative potential colony
forming unit (HPP-CFU), 161, 
201,202 

Histocompatibility, of unrelated 
donors, 217-218 

HLA, see Human leukocyte antigen 
Hodgkin's disease 

autologous bone marrow transplants 
for, 391, 393 

cytokines and, 258, 264, 279 
gene therapy and, 15 
GM-CSF and interleukin-3 for, 

277-278 
interleukin-1 and, 273 
interleukin-6 and, 269 
minimal residual disease and, 101, 

102 
post-transplant immunotherapy and, 

34 
pulmonary complications and, 239 
radio labeled antibodies in treatment 

of, 129 
Human antimouse antibody (HAMA), 



125, 126, 127, 136 
Human immunodeficiency virus (HIV) 

testing, 210 
Human leukocyte antigen (HLA) 

allogeneic umbilical cord blood 
transplants and, 188, 190, 191, 192, 
193,197,198,200,207,209,212 

haploidentical donor transplants and, 
221 

identical donor transplants and, 92, 
187,217,221,223,224,262,306 

interferon-a and, 69 
nonidentical donor transplants and, 

240,241,246 
pulmonary complications and, 231 

Human leukocyte antigen (HLA)-A 
allogeneic umbilical cord blood 

transplants and, 195, 208 
unrelated donor transplants and, 

217,218,220,222 
Human leukocyte antigen (HLA)-B 

allogeneic umbilical cord blood 
transplants and, 195,208 

unrelated donor transplants and, 
217,218,220,225 

Human leukocyte antigen (HLA)-B7, 
17,206 

Human leukocyte antigen (HLA)-C, 
218 

Human leukocyte antigen (HLA)-DP, 
222 

Human leukocyte antigen (HLA)-DQ, 
222 

Human leukocyte antigen (HLA)-DR 
allogeneic umbilical cord blood 

transplants and, 195,202-203,206, 
208 

chronic myelogenous leukemia and, 
358,368 

ex vivo expansion and, 162 
unrelated donor transplants and, 

217,220,222 
Hunter syndrome, 191 
Hurler disease (mucopolysaccharidosis 

1),219 
4-H ydroperoxycyclophosphamide (4-

HC), 112, 342 
Hydroxychloroquine, 327 
6-Hydroxydopamine, 338, 342 
Hydroxyurea, 363,365 

ICH3,151 
Idarubicin, 365 

Idarubicin, cytarabine, and etoposide 
(ICE), 363, 365 

Identical sibling donors, 187, 262 
acute graft-vs.-host disease and, 223 
engraftment and, 221 
graft-vs.-host disease and, 92 
histocompatibility of, 217 
relapse and, 224 
thalassemia and, 306 

Idiopathic pneumonia syndrome (IPS), 
242 

Idioplastic aplastic anemia, 199 
Immune ablation, 317-329 
Immunoadherent selection of CD34 

cells, 151 
Immunoadsorption of CD34 cells, 

152-154 
Immunomagnetic selection of CD34 

cells, 150-151 
Immunotherapy, see Adoptive 

immunotherapy; Post-bone 
marrow transplant immunotherapy 

Incremental cost-effectiveness (ICE) 
ratio, 387 

Inflammatory bowel disease, 318, 320, 
328 

Interferon (IFN) 
gene therapy and, 16, 17 
interleukin-2 and, 34 
in post-transplant immunotherapy, 

34-35 
Interferon-a (IFN-a) 

allogeneic umbilical cord blood 
transplants and, 206 

chronic myelogenous leukemia and, 
63,69,363,365,370 

graft-vs.-leukemia effect and, 69 
in post-transplant immunotherapy, 

34-35,43 
Interferon-y (IFN-y), 27 

chronic myelogenous leukemia and, 
361 

gene therapy and, 17 
graft-vs.-host disease and, 93 
interleukin-2 and, 28 
in post-transplant immunotherapy, 

34, 44 
Interleukin-1 (IL-1), 256 

acute graft-vs.-host disease and, 223 
allogeneic umbilical cord blood and, 

205 
clinical applications of, 280 
ex vivo expansion and, 172, 178, 179 
graft-vs.-host disease and, 91, 93, 259 
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interleukin-6 compared with, 270 
properties of, 272-273 

Interleukin-2 (IL-2), 256 
acute graft-vs.-host disease and, 223 
allogeneic umbilical cord blood and, 

206,207 
chronic myelogenous leukemia and, 

369-370 
clinical applications of, 280 
gene therapy and, 15, 16, 17 
graft-vs.-host disease and, 59, 92, 93 
graft-vs.-Ieukemia effect and, 59, 

75-76 
with interleukin-2-activated grafts, 

35-43 
lymphokine activated killer cells 

and,28-34,36,39 
in post-transplant immunotherapy, 

28-34,35-43,44,46 
properties of, 275 

Interleukin-2 (IL-2) receptors, 28, 206 
Interleukin-3 (IL-3), 256, 268, see also 

PIXY 321 
allogeneic umbilical cord blood 

transplants and, 203, 204, 205 
clinical applications of, 280 
ex vivo expansion and, 165-168, 171, 

172,178,179 
GM-CSF and, 277-278 
interleukin-l and,272 
interleukin-2 and, 33 
interleukin-11 and, 274 
peripheral blood progenitor cell 

mobilization with, 146 
PIXY 321 compared with, 271-272 
properties of, 270-271 

Interleukin-4 (IL-4) 
allogeneic umbilical cord blood 

transplants and, 207 
clinical applications of, 280 
gene therapy and, 17 
graft-vs.-host disease and, 93 
interleukin-2 and, 33, 46 

Interleukin-5 (IL-5), 207 
Interleukin-6 (IL-6), 256 

allogeneic umbilical cord blood 
transplants and, 203, 204, 205, 207 

clinical applications of, 280 
ex vivo expansion and, 165-168, 172, 

179 
GM-CSF and, 278 
graft-vs.-host disease and, 93 
interleukin-2 and, 28, 33 
interleukin-11 and, 274 
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properties of, 269-270 
Interleukin-7 (IL-7), 17,46 
Interleukin-8 (IL-8), 93 
Interleukin-10 (IL-I0), 93 
Interleukin-11 (IL-11), 165, 256, 274, 

280 
Interleukin-12 (IL-12), 17,46 
International Bone Marrow Transplant 

Registry, 324 
In vitro assays, 161 
In vivo assays, 161-162 
In vivo purging, 363-366 
Iron overload, 306, 308, 309, 311, 312 
Italian Cooperative Group for 

Neuroblastoma (ICGNB), 339 
Itraconazole, 224 

Juvenile chronic myelogenous 
leukemia (CML), 194, 195, 199 

Ketaconzole, 388 
Kostman syndrome, 199 

LCME1 study, 338 
LCME2 study, 338 
Lesch-Nyhan syndrome, 199 
Leukemia, 121, 323, 348 

acute lymphoblastic, see Acute 
lymphoblastic leukemia 

acute lymphocytic, see Acute 
lymphocytic leukemia 

acute myeloblastic, 13, 14, 391 
acute myelocytic, 199 
acute myelogenous, see Acute 

myelogenous leukemia 
acute myeloid, see Acute myeloid 

leukemia 
acute nonlymphocytic, 35, 60, 388 
chronic granulocytic, 388, 389 
chronic lymphocytic, see Chronic 

lymphocytic leukemia 
chronic myelogenous, see Chronic 

myelogenous leukemia 
chronic myeloid, see Chronic 

myeloid leukemia 
chronic myelomonocytic, 131 
cost measurement of treatment for, 

379 
cytokines and, 258 
minimal residual disease and, 100, 

101 



pediatric, 237 
peripheral blood progenitor cell 

transplants and, 149 
post-bone marrow transplant 

immunotherapy and, 37-38 
relapse of, see Leukemia relapse 
thalassemia and, 305 

Leukemia relapse 
allogeneic bone marrow transplants 

and, 62-72 
graft-vs.-host disease protection 

against, 60, 61-62, 63-64, 67-69, 
70, 74 

syngeneic bone marrow transplants 
and, 60-61 

Leukocyte adhesion deficiency, 219 
Linomide, 370 
Lipopolysaccharide (LPS), 93 
Liver cancer, 20 
Lomestine, 388 
Long-term culture initiating cells 

(LTC-ICs) 
allogeneic umbilical cord blood 

transplants and, 202-203, 204, 205 
ex vivo expansion and, 161, 163, 

168-169,172,173,174,176,178 
Lung cancer 

autologous bone marrow purging 
and, 112 

gene therapy and, 17, 20 
minimal residual disease and, 99 
post-transplant immunotherapy and, 

44 
small cell, 99, 112 

Lymphocytes 
of allogeneic umbilical cord blood, 

205-208 
cytotoxic, see Cytotoxic T 

lymphocytes 
Lymphokine activated killer (LAK) 

cells,27 
interleukin-2 and, 28-34, 36, 39 

Lymphoma, 121, 324 
acute myeloblastic, 391 
autologous bone marrow purging 

and, 111, 112-114 
Burkitt's, 100 
diffuse, 103 
donor mononuclear cells for relapse, 

73 
follicular, 13, 103 
GM-CSF and interleukin-3 for, 

277-278 
Hodgkin's, see Hodgkin's disease 

minimal residual disease and, 100, 
106-107 

non-Hodgkin's, see Non-Hodgkin's 
lymphoma 

parenchymal, 239 
post-transplant immunotherapy and, 

30 
undifferentiated, 100 
unrelated donor transplants for, 219 

Macrophage colony-stimulating factor 
(M-CSF),256 

clinical applications of, 280 
ex vivo expansion and, 171 
graft enhancement and, 259 
properties of, 267-268 

Macrophage inflammatory protein-1 a 
(MIP-1a), 168, 369 

Mafosfamide, 361 
Major histocompatability complex 

(MHC),46 
gene therapy and, 16 
graft-vs.-Ieukemia effect and, 58, 74 
interferon-y and, 34, 44 
interleukin-2 and, 31, 36 

Major histocompatability complex 
(MHC) class I, 15-16, 89 

Major histocompatability complex 
(MHC) class II, 35, 88-89, 90 

M195 antibodies, 130-131 
Marginal costs, 382-383 
Maroteaux-Lamy syndrome 

(mucopolysaccharidosis VI), 219 
MB-1 antibodies, 126 
Medicare Cost Report, 381 
Medicare Fee Schedule, 381-382 
Medicare ratio of cost to charges, 

380-381,395 
Melanoma 

cytokines and, 260 
gene therapy and, 17, 18, 19 
post-transplant immunotherapy and, 

28,44,45 
Melphalan, 269 

for chronic myelogenous leukemia, 
359 

for Ewing's sarcoma, 345, 346 
for neuroblastoma, 335, 336, 337, 

338,339,340,343 
in OMEC, 336, 339 
for osteosarcoma, 352 
for rhabdomyosarcoma, 347-348, 348 
in VAM-TBI, 337, 340 
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for Wilms' tumor, 350 
Memorial Sloan Kettering Cancer 

Center, 70, 244 
Mesothelioma, 18, 19 
Methotrexate, 22, 61, 71, 88, 92, 131, 

132, 388 
allogeneic umbilical cord blood 

transplants and, 190, 196 
for osteosarcoma, 352 
pulmonary complications and, 246 
for rheumatoid arthritis, 327 
thalassemia and, 306 
unrelated donor transplants and, 

222, 223 
Methylprednisolone, 190, 196, 199,222 
MHC, see Major histocompatability 

complex 
Minimal residual disease (MRD), 

99-115 
assays for the detection of, 99-107 
clinical utility of detection, 107-110 

Mitoxantrone, 365 
Molecular biologic techniques, 101 
Monoclonal antibodies, see also 

specific types 
autologous bone marrow purging 

and,111-112 
to MHC, 88-89 

Mononuclear cells, see Donor 
mononuclear cells; Peripheral 
blood mononuclear cell 
transplants 

Mucopolysaccharidosis I (Hurler 
disease),219 

Mucopolysaccharidosis VI (Maroteaux
Lamy syndrome), 219 

Multiple drug resistant (MDR) gene, 
21,370-371 

Multiple myeloma 
CD34 cell selection in treatment of, 

152, 153 
cytokines and, 261, 264, 265, 279 
donor mononuclear cells for relapse, 

73 
gene therapy and, 13, 14 
post-transplant immunotherapy and, 

34 
Multiple sclerosis, 319, 320, 322, 324, 

325,326 
Myasthenia gravis, 319, 320, 322, 324, 

325,327 
Myelodysplastic syndrome (MDS), 324 

allogeneic umbilical cord blood 
transplants and, 199 
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cytokines and, 260, 261, 265 
donor mononuclear cells for relapse, 

73 
post-transplant immunotherapy and, 

32, 43 
radiolabeled antibodies and, 132-134 
unrelated donor transplants for, 219 

Myelofibrosis, 258 
Myeloma, 149, see also Multiple 

myeloma 
gene therapy and, 15 
minimal residual disease and, 104 
post-transplant immunotherapy and, 

45 
unrelated donor transplants for, 219 

Myositis, 319, 321 

National Marrow Donor Program 
(NMDP), 194-195,220-221,225 

National Wilms' Tumor Study Group, 
350-351 

Natural killer (NK) cells, 27, 369-370 
in allogeneic umbilical cord blood, 

194,207 
graft-vs.-host disease and, 91, 94 
graft-vs.-leukemia effect and, 59, 74, 

75 
interferon-y and, 34 
interleukin-2 and, 33, 36, 38, 75, 76, 

275 
Neomycin phosphotransferase gene, 

13-14 
Neomycin resistance gene, 341, 368 
Nested polymerase chain reaction 

(PCR),102 
Neuroblastoma, 346 

allogeneic umbilical cord blood 
transplants for, 193, 199 

autologous bone marrow transplants 
for, 334-345 

controversies in treatment of, 
341-344 

cytokines and, 258, 260, 264 
gene therapy and, 13, 14, 15, 17 
minimal residual disease and, 99 
peripheral blood progenitor cell 

transplants for, 149 
Neutropenia, 159, 173,233,256 
Neutrophil recovery, 277 

erythropoietin and, 276 
interleukin-l and, 272 
interleukin-3 and, 271 
PIXY 321 and, 272 



New Zealand, 391-392 
Non-Hodgkin's lymphoma 

autologous bone marrow purging 
and, 113 

autologous bone marrow transplants 
for, 391, 394-396 

cytokines and, 258, 260, 261, 264, 
265,279 

donor mononuclear cells for relapse, 
73 

gene therapy and, 14, 15 
interleukin-1 and, 273 
minimal residual disease and, 99, 

100, 101, 103, 104, 114 
peripheral blood progenitor cell 

transplants for, 149 
post-transplant immunotherapy and, 

29,30,32,34,35 
pulmonary complications and, 239 
radiolabeled antibodies in treatment 

of, 125-128, 135 
Nonidentical donors, 240, 241, 246 
Nonrandomized (observation) studies, 

382 
Nonspecific immunotherapy, 27-44 

Opportunistic infections 
allogeneic umbilical cord blood 

transplants and, 195 
pulmonary, 232, 233 
unrelated donor transplants and, 

223-224 
Oral mucositis, 232 
Osteopetrosis, 199 
Osteoporosis, 220 
Osteosarcoma, 351-352 
Ovarian cancer 

cytokines and, 258, 279 
gene therapy and, 18, 19,22 
minimal residual disease and, 99 
post-transplant immunotherapy and, 

29,30 
Oxygen tension, in ex vivo expansion, 

169-171 

p53,20 
Paclitaxel, 42 
Pancreatic cancer, 19 
Pancytopenia, 65-67, 232 
Parenchymal lymphoma, 239 
Pediatric bone marrow transplants, 

240,245 

Pediatric leukemia, 237 
Pediatric solid tumors, 333-352, see 

also specific types 
D-Penacillamine, 327 
Pentoxifylline, 93 
Peripheral blood mononuclear cell 

(PBMNC) transplants 
for chronic myelogenous leukemia, 

359-360,361,364-366 
ex vivo expansion in, 163 
immunotherapy following, 43-44 

Peripheral blood progenitor cell 
(PBPC) harvesting, 143-154, see 
also Peripheral blood progenitor 
cell transplants 

CD34 cell selection in, 144, 149-154 
chemotherapy mobilization of, 

145-146 
growth factor mobilization of, 

146-148 
in steady state, 144-145 
tumor-cell contamination in, 148-149 

Peripheral blood progenitor cell 
(PBPC) transplants, see also 
Peripheral blood progenitor cell 
harvesting 

allogeneic umbilical cord, 202-204 
for chronic myelogenous leukemia, 

363 
economics of, 379 
gene therapy and, 13, 14 

Peripheral blood stem cell (PBSC) 
transplants 

autologous bone marrow transplants 
vs., 393, 396 

interleukin-2 and, 35-43 
for neuroblastoma, 344-345 
pulmonary complications and, 

232-233 
purged autologous bone marrow vs., 

110,113,114 
radiolabeled antibodies and, 127 

Peripheral neuroepithelioma, 346 
pH 

adenoviral vectors and, 8 
ex vivo expansion and, 172-173, 176, 

177,178 
Ph-negative hematopoietic stem cells, 

359,360-361,363,364,366,368, 
369 

persistence of, 357-358 
remission and, 370-371 

Physician's Current Procedural 
Terminology (CPT) classification 
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system, 382 
PIXY 321,165,179,256,271-272 
Platelet recovery, 268-269 

interleukin-1 and, 273 
interleukin-3 and, 271 
interleukin-11 and, 274 
PIXY 321 and, 272 

Pneumocystis carinii, 231, 247 
Pneumonia 

bacterial, 231 
viral, 232 

Pokeweed anti-viral protein, 112 
pol protein, 4-5, 6 
Polycythemia vera (PV), 43 
Polymerase chain reaction (PCR), 358, 

368 
autologous bone marrow purging 

assessed with, 110-114 
in chronic myelogenous leukemia, 64 
competitive (quantitative), 106 
gene therapy and, 14 
minimal residual disease detected 

with, 99, 101-107, 108-110 
nested, 102 
pulmonary complications analyzed 

with, 247 
reverse transcription, 64, 108, 109, 

368 
tumor-cell contamination detected 

with, 149 
Post-bone marrow transplant 

immunotherapy, 27-47 
nonspecific, 27-44 
tumor-specific, 44-45 

Prednisone, 223 
Primary graft failure, 257 
Progenitor cells, see Peripheral blood 

progenitor cell harvesting; 
Peripheral blood progenitor cell 
transplants 

Prostate cancer, 17 
Prostatic-specific antigen (PSA), 16 
Psoriasis, 323, 324 
Pulmonary complications, 231-250 

diagnostic approaches to, 247-249 
impact of transplant techniques, 

232-233 
incidence and significance of, 231 
noninfectious, 242-247 
predicting outcome of, 240-242 
predicting respiratory failure, 

239-240 
pulmonary function testing for, 233-

239 
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temporal sequence of, 231-232 
Pulmonary function testing, 233-239 
Pulmonary hemorrhage, 244-245 

Q-BEND,151 
Quality Adjusted Life Year (QALY), 

384-385, 392 
Quality of life, 224-225 

Radiografts, 239 
Radiolabeled antibodies, 121-136 

in acute leukemia treatment, 
130-134 

design of trial for, 122-125 
in Hodgkin's disease treatment, 129 
in non-Hodgkin's lymphoma 

treatment, 125-128, 135 
Randomized controlled trials, 382 
Relapse, see also Leukemia relapse 

donor mononuclear cell 
ineffectiveness in, 72-73 

unrelated donor transplants and, 224 
Renal cell carcinoma, 15, 17, 28 
REP gene, 10, 11 
Replication-incompetent retroviral 

vectors, 5-6 
Resource-Based Relative Value Scale 

(RBRVS),381-382 
Respiratory failure, 239-240 
Retroviral vectors, 3-7, 160-161 
Reverse transcription polymerase 

chain reaction (RT-PCR), 64, 108, 
109,368 

Rhabdomyosarcoma, 346, 347-348 
Rheumatoid arthritis, 321, 322, 323, 

324,325,326-327 
Royal Marsden group, 350 

St. Jude Children's Hospital, 112 
Sargramostim, 255, see also 

Granulocyte-macrophage colony
stimulating factor 

Scleroderma, 318, 321, 325, 327 
Secondary graft failure, 221-222, 257 
Seeding density effects, in ex vivo 

expansion, 172-173 
Serum-depleted medium, in ex vivo 

expansion, 171-172 
Severe autoimmune diseases (SADS), 

317-329 
animal models of, 318-319 



bone marrow transplants in animal 
models of, 319-323 

patient selection for bone marrow 
transplant, 326-328 

results of bone marrow transplants 
in, 323-324 

Severe combined immunodeficiency 
disease (SCID), 388 

retroviral vectors for, 3-4 
unrelated donor transplants for, 219 

Sibling donors, 190-194, see also 
Identical sibling donors 

Small cell lung cancer, 99, 112 
Solid tumors 

autologous bone marrow transplants 
for pediatric, 333-352 

cytokines and, 279 
gene therapy for, see Gene therapy 

Steady state, cell harvesting in, 
144-145 

Stem cell factor (SCF), 256, 273 
allogeneic umbilical cord blood 

transplants and, 203, 204, 205 
for chronic myelogenous leukemia, 

369 
clinical applications of, 280 
ex vivo expansion and, 165-168, 172, 

178,179 
G-CSF and, 278 
interleukin-1 and, 272 
interleukin-ll and, 274 
peripheral blood progenitor cell 

mobilization with, 147-148 
Steroids, 88, 92,326-327,328 
Streptavidin, 135 
Stroma, 168-169 
Suicide genes, 12, 19-20 
Survival 

allogeneic umbilical cord blood 
transplants, 193-194, 198 

autologous stem cell transplants and, 
366-367 

pulmonary complications and, 
240-242 

unrelated donor transplants and, 225 
Syngeneic bone marrow transplants, 

57,60-61,87,88 
Systemic lupus erythromatosus, 318, 

321,322,324,325,328,329 

t(14;18), 103 
Taxol,22 
T-cell depleted transplants, 28, 153,389 

acute graft-vs.-host disease and, 222 
engraftment and, 221-222 
graft-vs.-Ieukemia effect and, 74 
leukemia relapse and, 62 
minimal residual disease and, 108, 

109 
opportunistic infections and, 223-224 
from unrelated donors, 221-222, 

223-224,225,226 
T cells 

chronic myelogenous leukemia and, 
370 

graft-vs.-host disease and, 90-91 
graft-vs.-Ieukemia effect and, 73-74, 

75 
interleukin-2 and, 32, 34, 275 
post-transplant immunotherapy and, 

44,45 
severe autoimmune diseases and, 

318 
Teniposide, 336, 338 
Teniposide, doxorubicin, melphalan, 

cisplatin, and total body 
irradiation (VAM-TBI), 337, 340 

Testicular cancer, 99 
Thalassemia, 305-314 

in adult patients, 312 
class I, 306-308 
class II, 308-310 
class III, 310-312 
mortality and causes of death from, 

312-314 
Thalidomide, 93 
Theiler's encephalomyelitis virus 

(TEMV),319 
Thiotepa, 222, 226, 349, 351 
Thoractomy, 249 
Thrombocytopenia, 232, 269 

amegakaryocytic, 199 
cytokines and, 256, 268 
ex vivo expansion and, 159, 173 

Thrombopoietin, 256 
ex vivo expansion and, 165, 171, 174 
properties of, 275 

Thymidine kinase gene, 17-18, 19-20, 
76 

Thymoma, 29 
Total body irradiation (TBI), 87 

allogeneic umbilical cord blood 
transplants and, 195, 196 

autologous graft-vs.-host disease 
and,88 

for chronic myelogenous leukemia, 
358 
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controversy over, 343-344 
engraftment and, 221 
for Ewing's sarcoma, 345, 346-347 
interleukin-l and, 272 
for neuroblastoma, 335, 336, 337, 

338,339,340,343-344 
PIXY 321 and, 271-272 
pulmonary complications and, 231 
radiolabeled antibodies and, 121, 

124, 128, 130, 132, 133-134 
for rhabdomyosarcoma, 348 
thalassemia and, 305 
in VAM-TBl, 337, 340 

Transforming growth factor (TGF), 
280 

Transforming growth factor-13 (TGF-
13),44,46 

allogeneic umbilical cord blood 
transplants and, 204 

ex vivo expansion and, 172 
gene therapy and, 17 

Transfusion-associated graft-vs.-host 
disease (GVHD), 66 

Trimethaprim-sulfamethoxazole, 247 
Tuberculosis, 239 
Tumor-cell contamination, 148-149 
Tumor-infiltrating lymphocyte marking 

trials, 13, 15-16 
Tumor necrosis factor (TNF), 27 

gene therapy and, 16, 17 
graft-vs.-host disease and, 259 
interleukin-2 and, 34 
interleukin-6 compared with, 270 

Tumor necrosis factor-a (TNF-a) 
allogeneic umbilical cord blood 

transplants and, 206, 207 
clinical applications of, 280 
graft-vs.-host disease and, 91, 92-93, 

94 
Tumor necrosis factor-13 (TNF-13), 28 
Tumor purging, see Autologous bone 

marrow purging 
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Tumor-specific immunotherapy, 44-45 

Ulcerative colitis, 323, 324, 328 
Undifferentiated lymphoma, 100 
University of Colorado, 152 
University of Minnesota, 195-196,223, 

224,241 
University of Nebraska Medical 

Center, 112, 113,244,245, 391, 
393,395 

Unrelated donors 
for allogeneic umbilical cord blood 

transplants, 194-200, 208-209 
for bone marrow transplants, 

217-226 

Vaccines, cancer, 16,44,47 
Vincristine, 388 

for Ewing's sarcoma, 345 
for neuroblastoma, 334, 336, 337, 

338,340 
for osteosarcoma, 352 
for rhabdomyosarcoma, 347, 348 

Vincristine, melphalan, etoposide, and 
carboplatin (OMEC), 336, 339 

Viral pneumonia, 232 
Viral vector systems, 3-12 
VP-16-213, see Etoposide 

Wild-type adeno-associated viruses, 10 
Wild-type adenoviruses, 7-8 
Wild-type herpes simplex viruses 

(HSV),12 
Wild-type retroviruses, 4-5 
Wilms' tumor, 350-351 
Wiskott-Aldrich syndrome, 219 

Yeast infections, 224 
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