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INTRODUCTION 

Allogeneic bone marrow transplantation is an effective therapy for many 
otherwise incurable diseases. Unfortunately, as currently practiced, the 
procedure continues to be associated with significant morbidity and mortality. 
This is because the procedure has consisted largely of variations based on a 
framework devised in the 1960s when comparatively little was known about 
immunology and stem cell biology. However, recent advances in the 
understanding of the basic biology underpinning bone marrow transplantation 
suggest new approaches that may significantly lessen toxicity of the procedure 
and broaden its usage in the management of malignancies and genetic 
disorders--involving both hematopoietic and non-hematopoietic tissues. 

BRIEF HISTORY OF THE FIELD 

E. Donnall Thomas, the father of clinical bone marrow transplantation, who hails 
from Mart, Texas, began research in the area in the early 1950s (1-3). Clinical 
studies in the late 1950s were halted because of severe problems with graft
versus-host disease (GVHD). Re-institution of clinical investigation awaited the 
delineation of major histocompatibility determinants in the dog and in man (4). 

With the ability to serotype sibling pairs for HLA determinants, allogeneic BMT 
seemed feasible and clinical studies began in earnest. The first successful 
allogeneic transplants were carried out in 1968, in 3 children with 
immunodeficiency disorders (Wiskott Aldrich syndrome in one and severe 
combined immunodeficiency in the other two) (5). All 3 were al ive and well when 
reported at the 251

h anniversaries of their transplants. Early studies in end-stage 
refractory leukemia patients were marked mostly by abject failure, but the 6-7% 
of the patients who were cured by the procedure (and were still alive when 
reported on 11-14 years later (6)) encouraged a relatively small band of like
minded to carry on. Over the years, various clinical investigators-some 
methodical and patient, others perhaps not as methodica~radually improved 
the field to where it is now. Approximately 15,000 allogeneic transplants are 
carried out each year worldwide (7) (and International Bone Marrow Transplant 
Registry statistics, 2000). 

BRIEF OVERVIEW OF CLINICAL ALLOGENEIC BMT 

In the basic schema of allogeneic bone marrow transplantation, the patient first 
receives high doses of chemotherapy and often radiation. After completion of the 
therapy the hematopoietic stem cells are collected from the stem cell donor and 
infused into the recipient; donor stem cells engraft and hematopoiesis is evident 
within 2 to 3 weeks. (Note: the terms bone marrow transplantation (BMT) and 
stem cell transplantation (SCT) are used interchangeably in this protocol.) 



Indications 

Allogeneic stem cells are transplanted for one of 4 basic indications: 
1) To provide hematopoiesis in cases in which hematopoietic stem cell function 

is impaired (e.g. aplastic anemia); 

2) To provide lymphopoiesis in diseases of impaired lymphocyte function (e.g. 
severe combined immunodeficiency disease). In these diseases, production 
of non-lymphoid blood cells (e.g. red cells, platelets, granulocytes, and 
macrophages) is often normal; the infused hematopoietic stem cells cure the 
disease by differentiating into normal lymphocytes; 

3) To rescue the patient from the effects of high dose anticancer therapy (e.g. 
leukemia); 

4) As gene therapy; in this instance, the infused stem cells differentiate into 
normal blood cells containing genes which are defective in the patient 
(examples include Sickle Cell Disease and Gaucher's Disease). 

Finding a Donor 

Successful transplantation requires a donor who is closely matched at the human 
leukocyte antigen (HLA) complex located on Chromosome 6 (Figure 1 )(8, 9). The 
HLA complex encodes 2 classes of HLA molecules, called HLA Class I and HLA 
Class II molecules, that bind peptide fragments from pathogens and endogenous 
proteins and display them on the cell's surface for recognition by appropriate T
cells. The HLA genes are highly polymorphic, that is, there are multiple alleles of 
each gene, and differences in HLA molecule structure between members of a 
donor-recipient pair lead to activation of immune cells from the differing 
individuals (this process is termed alloreactivity). HLA genes are inherited in an 

Figure 1. The HLA 
complex encodes 
HLA class I and II 
molecu les which are 
expressed on the 
cell surface. From 
reference 8. 
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autosomal codominant fashion. Thus, a given sibling pair has a one-in-four 
chance of being HLA matched; the likelihood of an individual having a matched 
sibling is thus determined by the number of siblings (calculated by the formula 
1-(0.75)n where n is the number of siblings). 

The HLA type may be d·; termined by a variety of methods. In the past, serotypes 
were determined by allosera specific for particular HLA molecules. Increasingly, 
however, the HLA type is being determined at the genetic level at varying levels 
of resolution, up to direct sequencing of the gene (10). Three genes are generally 
typed on each chromosome (two Class I molecules, HLA-A and HLA-B, and one 
Class II molecule, HLA-DR~ 1 ); the optimal donor is matched at all 6 loci and is 
thus termed a 6-of-6 match. If an HLA matched sibling is not identified, then the 
parents and children are HLA typed. Parents and children share the HLA genes 
from one chromosome due to autosomal codominant inheritance; occasionally, 
by chance, they share genes on the other chromosome as well. Clinical 
experience suggests that a mismatch at only one antigen is often compatible with 
successful transplantation; thus, 5-of-6 antigen matched family members may 
donate (11). Transplants with greater degrees of mismatch, i.e. two or three 
antigen mismatches, have been attempted and are sometimes successful; 
however, the risk of fatal alloreactions is so high that only a few centers routinely 
attempt these so-called haploidentical transplants (12, 13). 

If a suitably HLA matched family member is not identified, then a search for a 
suitably matched unrelated donor is carried out (14-16). Various registries around 
the world contain the HLA types of roughly 5 million individuals who have agreed 
to donate bone marrow if asked. These registries are accessed in the United 
States through the National Marrow Donor Program. Overall, the likelihood of 
finding a suitably matched unrelated donor is approximately 50%. 

Umbilical cord blood is relatively rich in hematopoietic stem cells and has been 
used as a stem cell source in several hundred successful transplants, from both 
related and unrelated cord blood donors (17-19). For still not completely defined 
reasons, cord blood is less likely to cause severe alloreactivity and thus greater 
degrees of HLA mismatch are compatible with a successful transplant. The 
actual number of stem cells in a cord blood collection is fairly low, thus limiting 
this approach for the most part to children; however, successful cord blood 
transplants in adults have been reported (20). 

Sibling ~atch 

(35%} 

1 I..OCUS family 
~l•mat~h (10%) 

Figure 2. The 
likelihood of finding 
a suitably HLA 
matched donor 
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Pretransplant Eligibility Determination 

To be eligible then for transplantation, the patient must have an appropriate 
disease and disease status as well as a suitable source of stem cells. In 
addition, the patient must have good organ function and no serious co-morbid 
illnesses. The upper age limit is 55 to 65, depending on the center's policies and 
the individual's physiologic age; less toxic preparative regimens (discussed 
below) are allowing exploration of transplantation in older patients. 

Preparative Regimen 

Before transplantation the patient receives a preparative regimen consisting of 
high doses of chemotherapy, often in combination with total body radiation 
(TB1)(21). The purpose of the preparative regimen is two-fold: 1) to 
immunosuppress the patient enough to prevent rejection of stem cells. Bone 
marrow is highly immunogenic and without intensive immunosuppression, the 
recipient will routinely reject the marrow; 2) to kill cancer cells in patients with 
malignancy. Traditionally, an additional reason for the preparative regimen is to 
create space for donor cells to graft. For example, one could imagine that there 
would be no room for donor cells to take root in a thalassemic patient with a 
greatly expanded marrow, full of abnormal hematopoiesis. Thus, common sense 
suggests that the idea of creating "hematopoietic space" is a viable concept, but 
it should be stressed that, based on laboratory investigation, the concept of 
hematopoietic space is uncertain ("hematopoietic space" is one of those medical 
terms invariably written or spoken surrounded by quotation marks). 

Preparative regimens were adapted from animal studies and deliver high doses 
of drugs or radiation that are both myeloablative and immunosuppressive. The 
two most commonly used regimens are high _dose cyclophosphamide (120 
mg/kg) with total body radiation (1200 cGy) and high dose busulfan (16 mg/kg) 
with cyclophosphamide (120 mg/kg). Many other regimens exist, most of them 
variations on these two regimens; there is little evidence that any one regimen is 
superior to another in terms of survival, although some may be less toxic. 
Significantly less toxic regimens are currently under development (discussed 
below). 

Lastly, it should be pointed out that some patients with immunodeficiencies do 
not require a preparative regimen, as they are already immunosuppressed by 
their disease. 
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Stem Cell Harvesting and Transplantation 

Hematopoietic cells can be harvested from the bone marrow or peripheral blood. 
In the bone marrow harvest procedure, marrow cells are aspirated under general 
anesthesia through multiple needle punctures in the posterior iliac crest and 
sometimes the anterior iliac crest and sternum (22). Approximately 10 ml/kg of 
marrow (mixed with blood) yields an adequate number of stem cells in most 
cases. Donors have residual discomfort for a few days after the procedure, but 
are generally well within a week; serious complications have been reported, but 
are rare. In the peripheral blood stem cell harvest procedure (23), donors receive 
subcutaneous injections of granulocyte-colony stimulating factor (G-CSF) for 
several days. G-CSF mobilizes stem cells to the peripheral blood, apparently by 
altering the expression of certain adhesion molecules (24, 25). Cells can then be 
collected by 1 or 2 3-4 hour apheresis procedures using peripheral veins 
(occasionally a central line is required). Donors occasionally have constitutional 
symptoms related to G-CSF administration; serious complications, generally 
related to central line placement, are unusual. Peripheral stem cell harvesting 
generally yields approximately 3 times as many stem cells and 10 times as many 
T-cells as bone marrow harvesting. Stem cells harvested from blood engraft 
sooner and more robustly; despite the increased number ofT-cells, the incidence 
of acute graft-vs.-host disease (GVHD) is not increased although chronic GVHD 
probably is (26). 

Stem Cell Processing 

Stem cells collected by bone marrow harvesting are first filtered to remove 
particulate matter and achieve a single cellular suspension. In cases of ABO 
incompatibility, red cells are removed by centrifugation if there is a major 
mismatch (e.g. donor blood type A and recipient blood type 0) and plasma is 
removed if there is a minor mismatch (e.g. donor blood type 0 and recipient 
blood type A). (Thus, red cell ABO incompatibility is not an impediment to bone 
marrow transplantation.) Stem cells collected by apheresis generally do not 
require additional processing to remove red cells. 

As discussed below, T-cell depletion lessens the incidence of GVHD and is a 
common practice at many centers (27). T-cells may be depleted by a variety of 
physical or immunologic methods. T-cells are most commonly depleted 
immunologically, either by "negative depletion," i.e. using antibodies directed to 
T-cells or by "positive stem cell selection" using monoclonal antibodies to CD34, 
an antigen expressed by most stem cells but not by T -cells. T -cell depletion 
methods lead to depletion of anywhere from 1.5 to 3.5 logs ofT-cells. 

Several groups are investigating methods to expand stem cell numbers 
in vitro (28, 29). Most methods investigated seem to cause stem cells to 
differentiate, losing their self-replicating and totipotent ability. However, some 
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investigators have reported preliminary findings suggesting that it may be 
possible to increase stem cell numbers without causing them to lose their 
"sternness". Such a procedure would be of special usefulness in cases where 
low stem cell numbers limit the outcome of the procedure, such as cord blood 
transplants in adults. 

Stem cells can be frozen and remain viable for years. However, only rarely is 
cryopreservation necessary in allogeneic transplantation as the cells are 
harvested and infused on the same day. (When a donor seems particularly 
unreliable, it may be prudent to collect and cryopreserve cells before the regimen 
begins.) 

Stem Cell Transplant 

Stem cells are transplanted simply by an intravenous infusion; the cells then 
home to niches in the recipient marrow space where they begin the process of 
donor-derived hematopoiesis. The molecular determinants of stem cell homing 
have begun to be described recently (30, 31). Stem cell recipients are commonly 
given hematopoietic growth factors to hasten maturation of donor hematopoietic 
stem cells (32). 

The Early Post-Transplant Period 

Patients typically have severe pancytopenia for at least 2 weeks after the 
transplant. During th is time patients require careful medical management with 
close attention to various issues including infectious diseases, need for red cell 
or platelet transfusion, management of mucositis and nutrition, and detection and 
management of card iac, pulmonary, hepatic, or renal dysfunction. If all goes 
well, donor cell engraftment is manifested with in 2 to 3 weeks and after a few 
more days of recovery, the patient is discharged; even under the best of 
circumstances the total hospital stay is frequently 4 to 6 weeks. 

The Late Post-Transplant Course 

Studies are generally done 1 month after transplantation to assess donor cell 
engraftment and disease status. Donor cell engraftment is confirmed by 
molecular tests (restriction fragment length polymorphisms [RFLPs] or variable 
number of tandem repeats [VNTRs]) or demonstration of donor sex 
chromosomes in sex-mismatched transplants using fluorescence in situ 
hybridization (33). Disease status is assessed by routine staging studies such as 
bone marrow examination or CT scans, depending on the disease. 
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Even after establishment of donor cell engraftment, patients require very close 
follow-up, mainly to assess for evidence of immunologic dysfunction, i.e. GVHD 
or infection. If all goes (perfectly) well, patients are close to normal within 6 to 12 
months post-transplant. A successfully transplanted patient is free of underlying 
disease, has solid, donor-derived hematopoiesis.L has no evidence of GVHD, and 
has an intact immune system. Last, but not least, the patient is off 
immunosuppression and the donor-derived immune system is tolerant of the 
patient. 

Complications 

Complications are very common after allogeneic BMT (see Table 1 ). In the early 
period of severe pancytopenia, hemorrhage or infection may occur. The most 
common infections at this stage are caused by gram positive or gram-negative 
bacteria and occasionally by yeast species (34). Early empiric treatment with 
broad-spectrum antibiotics usually manages infections successfully, but fatal 
sepsis occurs in a small percentage of patients. Five percent or fewer patients 
die of infection or hemorrhage early post transplant. 

Table 1. Complications of Allogeneic BMT 

Complication Cause of Death 

Toxicity of high-dose chemoradiotherapy 5-10% 
• Infections/bleeding during period 

of marrow hypoplasia 
• Veno-occlusive disease of the liver 
• Myopericarditis 

Rejection of graft 

AcuteGVHD 
(and associated infections 
including CMV IP) 

<1% 

15-20% 

Chronic GVHD 5% 

Interstitial pneumonitis-idiopathic 5% 
(not due to CMV) 

High dose therapy regimens are designed using drugs or radiation whose main 
side effects relate to myelosuppression (which is ameliorated by the stem cell 
infusion); however, high-dose therapy damages normal tissues, subcl inically 
probably in most patients and severely enough to be life threatening in some. 
Toxicity of high-dose therapy may involve the heart (hemorrhagic 
myopericarditis (35)), the liver (venoocclusive disease (36)), the lungs (idiopath ic 
pneumonitis (37)), and, less commonly, other organs. Heavily pretreated patients 
are more likely to have regimen-related organ toxicity and certain reg imens are 
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more or less likely than others to cause damage to particular organs; overall, 5% 
of patients die of organ toxicity. 

Graft rejection and resulting marrow failure is uncommon because the 
preparative regimen suppresses the recipient's immune system so profoundly 
(38). In the standard setting of a non T-cell depleted HLA matched sibling 
transplant, the likelihood of graft rejection is 2 % or less. However, certain 
features increase the risk of rejection, including T-cell depletion of the graft, 
greater degrees of histoincompatibility and less intensive preparative regimens. 
Most patients with graft failure die, but it is interesting to note that occasional 
patients who are able to survive with antibiotics and transfusion support after 
graft failure have recovery of autologous hematopoiesis, thus demonstrating that 
transplant preparative regimens, despite their high doses, are not truly 
myeloablative in all patients. 

GVHD is the most common and serious complication of allogeneic BMT (39-42). 

The pathogenesis of this syndrome is discussed in more detail below. Briefly, 
acute GVHD is caused by donor T-cells which recognize recipient alloantigens. 
The donor T -cells and secondary effector cells and cytokines cause damage to 
host tissues, particularly the skin, liver and intestines. The syndrome occurs a 
median of 21 days after transplantation and ranges in severity from mild to 
severe. A fairly reproducible grading system is used to assess severity of the 
syndrome with a score assessed from I to IV. Without prophylactic measures, 
the incidence of GVHD is greater than 90%, but even with prophylactic 
immunosuppression, the incidence of moderate to severe (grade II to IV) acute 
GVHD is approximately 35%; 20% develop grade Ill to IV disease, which is 
considered life threatening. Risk factors for GVHD include degree of 
histoincompatibility, older age, multiparous female donor for male recipient, lower 
intensity of post-transplant immunosuppression, and concomitant viral infection. 
GVHD is, by itself, profoundly immunosuppressive and the agents used to treat it 
compound the situation even further; opportunistic infections-especially CMV 
and invasive fungal infections--are the most common cause of death. 

Chronic GVHD occurs, by definition, 1 00 or more days after BMT and is different 
from acute GVHD in terms of both pathogenesis and clinical manifestations. 
Animal data suggest that the syndrome may be an autoimmune phenomenon, 
mediated by T-cells that are reactive with HLA determinants shared by the donor 
and host. Clinically the syndrome resembles an autoimmune disease, with 
production of autoantibodies and manifestations similar to those of discoid and 
systemic lupus erythematosis, Sjogren's syndrome, systemic sclerosis, 
polymyositis, and primary biliary cirrhosis. Roughly 50% of transplant recipients 
develop the syndrome, which may range significantly in severity. Risk factors for 
chronic GVHD include prior acute GVHD and older age. Like acute GVHD, 
chronic GVHD and its treatments are associated with pronounced 
immunosuppression and frequent opportunistic infections. 
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Late infections are a common problem in allograft recipients due to the combined 
effects of prophylactic and therapeutic immunosuppressive drugs, the 
immunosuppressive effects of GVHD, and the long time required for full 
maturation of a new donor-derived immune system (34, 43, 44). The most common 
opportun istic infections include invasive fungal organisms, CMV, varicella-zoster, 
and encapsulated bacteria, although just about any opportunistic infection 
conceivable has been r•:ported. CMV in particular, has been a major cause of 
mortality throughout the history of BMT (43). The pathogenesis of this disease in 
BMT patients is clearly different from that in other immunocompromised patients, 
being closely intertwined with GVHD. Avoidance of CMV positive blood products 
(by choosing CMV seronegative donors or by depleting transfusions of white 
cells) prevents CMV infection in the occasional instance in which both donor and 
recipient are CMV seronegative. In donor recipient pairs where at least one is 
CMV seropositive prior to transplant, close monitoring for early reactivation 
(using the PP65 assay or PCR) with early ganciclovir treatment for patients who 
reactivate has significantly lessened mortality due to CMV. 

~R~ NONBACTERIAL I • ~ CINTERSTITIAU 

VtRAl f Hsv HcMv AOENOH vzv ~ 
FUNGAL (CANDIDA ASPERGJLLUS} • 
B~ ~ ~._-------,J-EN£APS.iJLATED --+ 

RISK ~ (ACUTE GVHD + Rx 
FACTOR --I I 

0 50 

T DAYS AFTER TRANSPLANT 

marrow 
infusion 

(CHRONIC G"J@ 
1-----t 

100 12 
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Figure 3. Infectious Syndromes at Various Times After Bone Marrow Transplantation 

Late compl ications, generally attributable to effects of the chemotherapy and 
preparative regimen, are common in long-term survivors (45) (see Table 2). An 
especially important late compl ication is the development of secondary 
malignancy, (46) emphasizing the importance of careful surveillance of these 
patients. 
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Table 2. Delayed Complications of Allogeneic BMT 

Endocrine Infertility 
Hypothyroidism 
Growth dysfunction (children) 
Adrenal insufficiency 

Skeletal Osteoporosis 
AVN 

Ophthalmological Cataracts 
Sicca syndrome 

Other organs: lungs, liver, Less common. Refer to Thomas, 
kidney, CNS et al. (eds.) Hematopoietic Cell 

Transplantation. 1999 
Second malignancies Leukemia/MDS, esp. auto BMT 

patients 
Sol id tumors-prior RT 

Disease Free Survival 

Despite its toxicity, allogeneic BMT has curative potential in a wide variety of 
malignant and non-malignant diseases(47-61) (see Table 3), with patients 
remaining in complete molecular remissions after long periods of follow-up. 
Survival is better in patients with earl ier disease such as acute leukemia in first 
remission as opposed to relapse, in younger patients, and in patients who 
received transplants from matched siblings as opposed to unrelated donors. 

Table 3. Allogeneic BMT: Disease-free Survival* 

Disease 

AN 
Untransfused 
Previously transfused 

CMU 
Chronic phase 
Accelerated phase 
Blastic phase 

AMU 
First CR4 

Second CR or early first relapse 
Refractory 

ALU 
First CR 
Second CR 
Refractory 

Myelodysplastic Syndrome 

Survival(%) 

80--90 
65-70 

55-75 
30--40 
5-15 

45- 70 
20--45 

10 

45-65 
30--45 . 
5-10 

45 

Myelodysplastic Syndrome 

Hodgkin's Disease 
failed standard approaches 

Non-Hodgkin's Lymphoma 
failed standard approaches 

SCID6 

Wiskott-Aidrich Syndrome 

Severe Hemoglobinopathies 

Multiple Myeloma 
Fanconi Anemia 
Congenital Pure Red Cell Aplasia 
Paroxysmal Nocturnal Hemoglobinuria 
Hereditary Storage Diseases 
Osteopetrosis 
Congenital Leukocyte Dysfunction Syndrome 

45 

40 

30 

80 

80 

80 
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*Percentages denoted are approximations derived from the literature and represent results in matched sibling transplants. 
Diseases without percentages listed have been successfully treated but experience is relatively limited. 

EMPHASISING THE DOWNSIDES OF CURRENT ALLOGENEIC BMT 
METHODS 

Inspection of any bone marrow survival curve will allow an individual to take 
away two lessons. First, the flat portion of the survival curve indicates the 
curative potential of the procedure, but the second point is often under 
appreciated: the earl ier part of the survival curve, always showing a steep decline 
to the plateau, indicates the pronounced treatment-related mortality of allogeneic 
transplantation under all circumstances. 

Figure 4. The good 
and the bad of 
allogeneic BMT. The 
flat portion of the curve 
indicates curative 
potential in CML. The 
early steep downward
going slope indicates 
early treatment-related 
mortality. 

Transplant related mortality varies depending on the age and underlying physical 
cond ition of the recipient, and the degree of histocompatability between the 
donor and recipient. In a child with early leukemia and thus not heavily 
pretreated, with an HLA matched sibl ing donor, the risk of mortality is 15-20%. 
In a 30-year-old adult with early leukemia and an HLA-matched matched sibling, 
the risk is 20-25%; in a 50 year old with early leukemia and an unrelated donor, 
the risk is 45%; in the worse case, an older patient with advanced leukemia and 
an unrelated donor the risk of death is 50% or more (International Bone Marrow 
Transplant Registry statistics, 2000). 

The main reason for the excessive toxicity of allogeneic BMT stems from the fact 
that the basic framework describing how to do the transplant was constructed in 
the 1960s when we knew comparatively little about immunology, and the basic 
framework hasn't changed since. The basic framework requires: that 
engraftment be achieved through very high doses of chemotherapy and radiation 
therapy; that cancer cells be killed, also, by very high doses of chemotherapy 
and radiation therapy; and that GVHD be prevented by very broadly 
immunosuppressive methods. Achieving adequate immune reconstitution really 
isn't assessed in this framework; we just hope. As illustrated in Table 4 and 
Figure 5, essentially all clinical research over the past 30 years addressing the 
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major issues of allogeneic transplantation has worked off of this framework, all 
variations on the same theme. 

Table 4. The Basic Framework of Allogeneic BMT 

PROBLEM APPROACH EXAMPLES 
Engraftment Very high doses of chemo/RT CTX/TBI, VP16/CTX/TBI, 

VP/TBI, Bus/Cy 
Kill cancer cells Very high doses of chemo/RT CTX/TBI, VP16/CTX/TBI, 

VP16/TBI, Bus/Cy 
Prevent GVHD Broad immunosuppression CSNMTX, CSNMP, 

CSNMTX/MP, FK/MTX, 
FKIMKP, FK/MTX/MP, 
CSNMMF, T cell depletion 

Immune reconstitution Just hope 
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Figure 5. Examples of Research Studies Confined by the Prescribed Framework 

Panel A: The problem addressed by the study illustrated here is the fact that relapses still occur 
after bone marrow transplantation. To address the problem within the framework, the dose of 
radiation in the preparative regimen was increased by 30% (62). This resulted in a significant 
reduction in relapse rate which, however, was offset by an increase in treatment-related mortality; 
overall survival was the same. 

Panel B: The problem addressed by the study illustrated here is the continuing high incidence of 
GVHD despite immunoprophylaxis with two drugs. To address the problem within the framework 
a th ird drug was added to the immunoprophylaxis regimen, result ing in even broader 
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immunosuppression (63). This resulted in a reduction in GVHD which, however, did not result in 
any improvement in overall survival. 
Thus, in many ways bone marrow transplantation has been stuck in a rut and 
one might reasonably charge the somewhat insu lar community of transplanters 
as being too blithe in its acceptance of the high rate of transplant-related 
mortality. It seems clear that meaningful advances in the field will require 
significant changes in the framework. Insights both from basic research and from 
the clinic have begun to suggest new approaches and recently developed assays 
may allow several important remaining questions to be addressed. Thus, one 
can begin to imagine new ways of doing transplants that are more firmly rooted in 
modern immunology and stem cell biology. 

ALTERING THE BMT FRAMEWORK BASED ON CLINICAL INSIGHTS
HARNESSING GRAFT VERSUS LEUKEMIA 

The bone marrow transplant field has relatively recently come to an appreciation 
that much of the curative potential of allogeneic BMT derives from an anti-tumor 
effect of allogeneic lymphocytes, termed graft-versus-leukemia (GVL), rather 
than from high doses of chemotherapy and radiotherapy (64-66). This appreciation 
is leading to a significant departure from the old BMT framework, as investigators 
attempt new strategies which emphasize this GVL effect and de-emphasize the 
reliance on high dose chemo-rad iotherapy. 

Graft-Versus-Leukemia Background 

Murine studies in the 1950s first suggested the existence of a GVL effect (67). In 
these stud ies, leukemic mice exposed to high dose total body radiation were 
rescued with either syngeneic or allogeneic marrow cells. The an imals receiving 
syngeneic cells died of leukemia, whereas the an imals receiving allogeneic cells 
died of GVHD; importantly, the an imals that died of GVHD did not have evidence 
of leukemia. Thus, allogeneic cell infusion had a pronounced anti-tumor effect. 
Over subsequent years, the GVL effect has been well documented and 
characterized in many animal stud ies (68). These stud ies concur in showing a 
significant GVL effect, but differ in many other respects according to the an imal 
model---in some, GVHD is closely correlated with GVL, while in others, the two 
are separate; in some, GVL is mediated by T-cells, in others by NK cells; in some 
by CD4+ T -cells, in others by CDS+ T cells, and so on. 

Despite the abundant evidence in animal models, a human GVL effect wasn't 
appreciated for many years. It was only in the late 1970s and especially in the 
1980s that a series of clinical observations began to suggest the likelihood of a 
human GVL effect. These observations included the human equivalent of the 
earl iest animal stud ies, that is, recipients of syngeneic transplants were much 
more likely to relapse than recipients of allogeneic transplants (65). In addition, it 
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was observed that among allogeneic transplants, those who developed GVHD 
were much less likely to relapse than those who did not develop GVHD (64). 

Lastly, depletion of T-cells from the donor bone marrow was very effective in 
preventing GVHD, but was associated with a markedly increased relapse rate 
(69). Observations from case reports and relatively small series led to a very 
large retrospective analysis by the International Bone Marrow Transplant 
Registry; this report confirmed, and to some extent extended, previous 
conclusions about human GVL (66). Analysis of such data allowed one to get an 
idea of just how powerful the GVL effect is. For example, the relapse rate in 
syngeneic transplant recipients was 60% and in allogeneic transplant recipients 
was 20%. All of the cures in the syngeneic transplants (40% of the total number 
of patients) and half of the cures in the allogeneic patients (the same 40% of the 
total) would be attributable to high dose chemo-radiotherapy. However, the 
additional cures in the allogeneic patients, another 40% of the total, would have 
to be attributable to the allogeneic cells, the only difference between the two 
types of transplant. Thus, through this fairly reasonable, if not precise, variety of 
inference, it appeared that GVL might account for half the curative potential of 
allogeneic BMT. 
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Figure 6. Clinical Evidence for Graft-vs.-Leukemia 

Attempts to Purposefully Harness GVL 

Based on an appreciation of the power of the GVL effect and the understanding 
that it was mediated by donor immune cells, most likely T-cells, numerous 
investigators attempted to purposefully harness the effect. In a few patients, in 
relapse after bone marrow transplantation, discontinuation of 
immunosuppression associated with a flare of GVHD resulted in complete 
remission (70, 71). The field really took off when relapsed patients were treated 
with an infusion of additional donor lymphocytes, obtained by apheresis from the 
original bone marrow donor, and then given to the recipient without the cover of 
immunosuppression (72-76). This procedure, termed donor leukocyte infusion 
(DLI) resulted in a high rate of complete remission in chronic myelogenous 
leukemia (CML) patients; many of these patients had no evidence of disease 
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even when tested by sensitive molecular techniques and the majority of these 
patients remain in remission, in many instances years after the DLI (77). Thus a 
single infusion of the immune cells was capable of putting a high percentage of 
otherwise incurable CML patients into remission, quite possibly cured of their 
disease. Dlls have activity in many hematologic malignancies, including acute 
myelogenous leukemia (AML), acute lymphocytic leukemia (ALL), 
myelodysplastic syndrr:;me (MDS), multiple myeloma and non-Hodgkin's 
lymphoma (NHL) (73, 75, 78, 79). However, the likel ihood of response varies by 
disease ranging from highest in CML (approximately 75%) to lowest in ALL 
(approximately 10%). Responses are usually, but not always, associated with 
GVHD. Certain variations on the procedure, such as giving lower T-cell doses or 
certain T-cell subsets, may lessen the likelihood of GVHD while maintaining the 
GVL effect (80, 81). 

Changing the Framework of Allogeneic of BMT by Emphasizing GVL and 
De-emphasizing High Doses of Chemotherapy and Radiation 

Because GVL is clearly such a powerful phenomenon, several investigators 
recently have begun to change the framework of allogeneic BMT from one which 
emphasizes high doses of chemotherapy to one which emphasizes the anti
tumor effect of allogeneic immune cells (82-88). In th is new type of transplant, 
termed non-myeloablative stem cell transplantation, the patient receives much 
lower doses of chemotherapy (and sometimes radiotherapy) than is given in a 
standard transplant. However, in the non-myeloablative transplant, the drugs in 
the preparative regimen are chosen for their potent immunosuppressive effect. 
Thus, much more tolerable doses of the drug are given with the aim of simply 
immunosuppressing the patient enough to allow the patient to accept the donor 
stem cell and lymphocyte graft; it is hoped then that the engrafted donor 
lymphocytes will mediate an anti-tumor effect. 

A case report illustrates th is approach: 
A 60-year-old woman with low-grade non-Hodgkin's lymphoma, after several 
years of disease control, had become refractory to treatment and now had 
progressive disease, minimally responsive to any standard agents. The patient 
had deep-seated chronic sinusitis and a moderate reduction in her card iac 
ejection fraction due to prior anthracycl ine therapy. Although prior studies have 
shown that allogeneic BMT has curative potential in th is disease, th is patient 
clearly was not a cand idate because of her age, decreased ejection fraction, and 
overall poor cond ition. She was treated with a non-myeloablative transplant 
regimen, consisting of cyclophosphamide 2g/m2 and fludarabine 90 mg/m2

. This 
is an easy regimen to give--doses are comparable to those given in a general 
oncolog ist's office. She then received G-CSF mobilized peripheral blood stem 
cells from her HLA matched sibling and standard immunoprophylaxis for GVHD 
after the transplant. She engrafted, had mild to moderate acute GVHD and 
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gradually evolved into complete remission; she remains in remission more than 
two years after the transplant. 

The field of non-myeloablative stem cell transplantation is still early with pilot 
studies going on at several institutions around the world. Two studies of 
particular interest have been reported by Khouri et al. (85, 89) and by Childs et al 
(84). Khouri et al. recently reported 2 year follow-up of 14 patients with advanced 
follicular lymphoma treated with a non-myeloablative transplant;(89) results in 
these patients were compared to a historical control group of 44 patients treated 
previously at the same institution with standard transplants. Patients treated with 
the nonmyeloablative approach received fludarabine and cyclophosphamide 
followed by allogeneic peripheral blood stem cell transplantation from HLA
matched siblings. Results in the patients receiving nonmyeloablative transplants 
were significantly better than in the historical controls, with day 100 mortality of 
0% (vs. 34%), grade II-IV acute GVHD of 7% (vs. 43%), overall 2-year survival of 
73% (vs. 45%), and 2-year disease-free survival of 73% (vs. 43%). 

Childs et al. recently reported an investigation of this approach in patients with 
renal cell cancer (84). Nineteen patients with refractory metastatic renal cell 
cancer received moderate doses of cyclosporine and fludarabine followed by 
infusion of allogeneic peripheral blood stem cells from HLA-matched siblings. 
Cyclosporine alone was used as immunoprophylaxis and patients were 
monitored carefully for engraftment of donor T cells. Cyclosporine was often 
tapered off to foster the establishment of complete donor T cell chimerism, and to 
allow donor T cells to mediate anti-tumor effects. Three patients had complete 
remissions, which were ongoing at 27,25, and 16 months. Partial remissions 
were seen in 7 patients. It was noted that responses commonly were delayed, 
occurring several months after the transplant, often following withdrawal of 
cyclosporine and often associated with GVHD; it was noted by the investigators 
that several of the partial responders seemed to be continuing to gradually 
evolve into remission. Ten patients developed GVHD; 1 died of GVHD and 
another died of bacterial sepsis. 

At this point the field of nonmyeloablative stem cell transplantation is early, but it 
is possible to begin to draw some conclusions. Although nonmyeloablative 
regimens vary greatly in intensity, all of them are less intensive than standard 
transplant regimens. Thus, the early phase of the nonmyeloablative transplant 
process is significantly less toxic that that of the standard transplant. 
Nonmyeloablative regimens are commonly given in the outpatient setting, post
transplant pancytopenia is less severe (in fact, with some regimens, patients 
commonly do not develop severe neutropenia and do not require transfusion), 
and regimen-related mucositis and organ toxicity is much less common. The 
generally smooth early course of the nonmyeloablative transplant has inspired 
such monikers for the procedure as "mini-transplant," "transplant-lite," and 
"drive-thru transplant." However, since fully capable allogeneic T cells are 
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infused in the process and immunoprophylaxis regimens are similar to those 
used in standard transplants, it should come as no surprise that GVHD remains a 
significant problem. This is especially true since part of the treatment strategy 
often involves a purposeful attempt to induce GVHD and associated 
graft-vs.-tumor by decreasing cyclosporine doses and even infusing additional 
lymphocytes from the donor. Thus, GVHD is a common problem and treatment
related mortality, occurring late and due to GVHD and associated infections is 
not inconsequential, ranging from 10% to nearly 40% in some series. It 
shouldn't be surprising that mortality would continue to be a problem with 
nonmyeloablative transplants despite less early toxicity; only 5% or so of 
standard allograft recipients die of early toxicity, with the majority of deaths being 
due to GVHD and infection. 

With regards to disease activity, studies thus far are too preliminary to allow any 
definitive conclusions about likelihood of response or duration of response in a 
given disease. However, response rates appear promising in CML, CLL, low
grade NHL and renal cell cancer. How responsive other hematologic 
malignancies, e.g. AML, ALL, MDS, and multiple myeloma, will be remains 
uncertain, but it should be kept in mind that previous experience with donor 
leukocyte infusion doesn't bode well for nonmyeloablative transplants in certain 
diseases. For example, since ALL rarely responds to DLI, then one wouldn't 
expect it to respond to nonmyeloablative stem cell transplantation. Whether 
nonmyeloablative stem cell transplantation will be useful in solid tumors besides 
renal cell cancer is unknown. Renal cell cancer was chosen for study because of 
prior clinical observations that had suggested it might be an "immune-responsive 
disease." However, malignant melanoma, despite also being sensitive to 
immunologic maneuvers, hasn't appeared responsive to nonmyeloablative stem 
cell transplantation, at least in early studies (R. Childs, personal communication). 
The approach is being tested in other solid tumors but results have not yet been 
reported. 

Thus, nonmyeloablative stem cell transplantation represents a real shift from the 
old framework of BMT; high dose chemoradiotherapy is substituted for by less 
toxic doses to achieve engraftment, and by donor immune cells to attack cancer 
cells. However, GVHD remains a problem and it remains uncertain if 
graft-vs.-tumor can be delivered without having to be associated with GVHD. 
Improvement in the situation will require a stronger foundation in terms of basic 
immunology and stem cell biology; this will involve application of recent basic 
studies, and addressing remaining questions by recently developed assays. 

ALTERING THE BMT FRAMEWORK BASED ON INSIGHTS FROM 
LABORATORY RESEARCH 

Basic and translational research over the past several years has led to major 
advances in our understanding of the basic immunologic issues of allogeneic 
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transplantation----alloreactivity, graft-vs.-host disease, graft-vs.-leukemia, and 
immune reconstitution (8, 9, 40, 42, 68, 90-97). In addition, although several important 
questions remain to be answered, new assays show promise in being able to 
address them. This enhanced understanding of fundamental issues suggests 
additional ways of altering the old framework of allogeneic BMT, which may 
result in less toxic and more effective methods of the procedure. 

Molecular and Cellular Basis of Alloreactivity 

Alloreactivity is the most serious impediment to successful transplantation. This 
process involves the recognition of non-self peptides by donor or recipient 
immune cells, resulting in graft rejection or GVHD. Although rejection is not 
common in clinical transplantation this is because the recipient is 
immunosuppressed by often very toxic methods. GVHD, of course, remains a 
major problem despite administration of standard immunoprophylactic 
medications. 

A review article written 10 years ago about GVHD was able to paint GVHD 
pathogenesis with only broad brushstrokes (42). In this model, GVHD is initiated 
by an antigen-presenting cell presenting antigen to a CD4+ T cell. Upon 
activation, the CD4+ cell secretes IL-2, recruiting other cellular effectors, which, 
along with various cytokines, mediate tissue damage (see Figure 7). This model 
is essentially correct, but 10 years ago the details were very sketchy, with limited 
understanding of the nature of minor histocompatibility antigens, optimal antigen 
presentation, costimulation, signaling pathways, lymphocyte homing, pathways of 
apoptosis, etc. Great strides in basic immunology over the past decade, both in 
terms of a better understanding of various molecular interactions from a 
reductionistic point-of-view, as well as a better "big picture" understanding of the 
highly organized integration of the immune system's various 
components (98, 99), have allowed the basic model of GVHD to be fleshed out 
significantly. 

1 . Antigen presentation 

2. Activation of indi· 
vidual T cans 

3. Clonal proliferation 
and differenliation 

Figure 7. Model for 
acute GVHD. From 
reference 42. 
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The first major requirement of alloreactivity is that an antigen exist that will be 
recognized as foreign. The most potent alloantigens are the major 
histocompatibility antigens encoded by the Major Histocompatibility Complex 
(MHC) (termed the HLA Complex in man) (8, 9). However, most bone marrow 
transplants are carried out in the HLA-identical setting; antigens inducing 
alloreactivity in this setting are termed minor histocompatibility antigens (95, 100-

103). It is now understood that minor histocompatibility antigens are peptides 
derived from polymorphic proteins, which may be encoded by autosomal 
chromosomes, the Y chromosome, or mitochondrial DNA. These proteins are 
degraded as part of the normal turnover of intracellular proteins, and peptides 
resulting from this process, a few amino acids in length, are incorporated into the 
peptide binding cleft of HLA molecules as they are assembled in the endoplasmic 
reticulum (104). The HLA molecule/peptide is transported to the surface of the cell 
where the tertiary structure of HLA molecule/bound peptide is presented to the T 
cell receptor of T cells passing by. For example, the protein encoded by the 
KIAA0223 gene has 2 alleles, one containing an arginine amino acid in a 
particular position and the other a histidine amino acid in this position (103). A 
peptide containing one amino acid or the other is transported to the cell surface 
along with a particular restricting HLA molecule (HLA-A2 in this case), where it 
serves as an alloantigen for an individual who has inherited the opposite allele. 
Several minor histocompatibility antigens have been characterized although 
many more remain to be. Although a great many proteins likely have 
polymorphisms, not all of these polymorphisms will translate into minor 
histocompatiblility antigens. For example, the polymorphic peptide may be 
produced in tiny amounts, or may not bind to the peptide-binding site of a given 
HLA molecule or may not lead to significant enough changes in tertiary structure 
to be recognized. The total number of relevant minor histocompatibility antigens 
in humans may be only a few dozen, and it is likely that in an individual donor
recipient pair only one or a very few minor antigens are irrimunodominant, 
meaning that they can elicit an alloreactive response. In one clinical study, 
disparity in a single minor histocompatibility antigen was able to account for most 
of the clinically significant GVHD observed (105). 

The second major requirement of alloreactivity is that a T cell with T cell receptor 
structure exists that is capable of recognizing as foreign the histocompatibility 
antigen. The T cell repertoire is formed in the thymus (106-108). T cell precursors 
rearrange their T cell receptor genes in a process of recombination analogous to 
that observed in immunoglobulin genes of 8 cells. Millions of different T cell 
receptors result (109). Many of these are non-functional, leading to apoptosis of 
the cell. Many others do not adequately interact with self-MHC molecules 
expressed by thymic epithelial cells; T cells containing such receptors would not 
be able to interact with self tissue to carry out surveillance for foreign peptides 
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and thus die by apoptosis also (110, 111). Some T cells contain T cell receptors 
that bind with excessive affinity to self-peptide/self MHC expressed by dendritic 
cells within the thymic medulla; these autoreactive T cells are deleted (112). Thus, 
there is a great amount of T cell death in the thymus and the only T cells that 
make in into the circulation are the ones that can interact with self MHC but not 
too tightly, those reactive with self peptides having been deleted. Thus, in the 
example above (105), an individual who had the arginine-coding allele of 
KIM0223 would have T cells reactive to the histidine-containing peptide but 
would lack T cells (self)-reactive to the arginine-containing peptide; the reverse 
would be true in an individual who had the histidine-coding allele. 

Graft-vs.-host disease requires, in addition to histoincompatibility and 
immunocompetent alloreactive T cells, that the host be unable to reject donor T 
cells. After high dose therapy, donor alloreactive cells have a numerical and 
perhaps functional superiority over host alloreactive cells. With these three 
requirements of Billingham's classic triad met (113), the stage is set for GVHD to 
occur. 

Infused donor T cells circulate in the secondary lymphoid tissues (lymph nodes, 
Peyer's patches and spleen) and percolate through the T cell regions of these 
tissues until they encounter their cognate antigen (98). The antigen is presented 
by highly specialized antigen presenting cells which have become activated in 
the peripheral tissues. The main antigen presenting cells involved are the 
dendritic cells (114, 115), which reside in peripheral tissues, serving as sentries to 
alert the immune system to the presence of foreign antigens that are causing 
tissue damage (116). The high dose preparative regimen directly causes tissue 
damage and allows infectious agents to breach epithelial borders in the gut, skin 
and liver; the tissue damage from the regimen is thus compounded by infection, 
leading to an "activation" of the tissue (40). Activated tissue releases various 
cytokines, especially IL-1, TNF-alpha, and GM-CSF, which, along with still 
undefined factors, activate dendritic cells. The activated dendritic cells, which 
may have engulfed antigen from microorganisms but also contain antigen that 
will be seen as foreign by donor T cells, migrate to the lymph node. In the lymph 
node the activated dendritic cell serves to present its complement of antigens 
(including allo-peptides) to donor T cells (99, 114). Donor CD4+ T cells interact 
with peptide presented in the context of HLA class II molecules and donor CDS+ 
T cells interact with peptide presented in the context of HLA class I molecules. 

Optimal activation of an alloreactive T cell by an antigen presenting cell requires 
3 components (117): 1) engagement of the T cell receptor by its cognate 
peptide/MHC complex; 2) tight adhesion between antigen presenting cell and T 
cell; and 3) importantly, delivery by the antigen presenting cell of a so-called 
costimulus (118). Dendritic cells abundantly express molecules important for all 
these components: HLA class I and II molecules, and several adhesion and 
costimulatory molecules. Engagement of the T cell receptor and engagement of 
receptors for costimulatory molecules (the best characterized costimulatory 
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interaction is between 87 expressed by the antigen presenting cell and CD28 
expressed by the T cell) activates the T cell through increasingly well-defined 
signaling pathways (119). Particular dendritic cells, by expressing certain profiles 
of cytokines and other molecules, tend to polarize responding T cells toward 
expressing certain cytokine profiles themselves (114). These cytokine profiles will 
favor either a cellular response to antigen (TH1 cells) or an antibody response to 
antigen (TH2 cells)(120). !n the case of GVHD, T cells are polarized toward a TH1 
response (40). Under these circumstances, activation of the T cell involves 
expression of IL-2 and its receptor (99, 121), expression of other cytokines, 
especially gamma interferon (40), and, in the case of cytotoxic cells, protein 
esterases required for killing activity. In addition, a new array of homing 
molecules is expressed that allows the T cells to home to peripheral sites which 
have been activated by inflammation (98). Thus, the 2 signals delivered by the 
antigen-presenting cell to the T cell lead to profound changes in the phenotype 
and function of the alloreactive T cell. Again, the first signal is delivered by the 
interaction of the MHC-peptide/T cell receptor interaction, and the second is 
delivered by the costimulus. If, however, the first signal is delivered but the 
second is not, then the T cell actually becomes either anergized or deleted and 
can no longer respond to its cognate peptide/MHC (117, 118) (this has important 
therapeutic implications as discussed below). A last cellular component of this 
phase of GVHD (again of potential therapeutic importance) is a cell type which 
plays the role of a negative regulator and can suppress alloreactive cells (122); the 
balance between these cells and alloreactive cells conceivably may control the 
intensity of GVHD. 

Figure 8. Effective interactions 
between antigen presenting cell 
and alloreactive T cell involve 3 
major components: adhesion, 
engagement of the T cell receptor 
(Signal 1 ), and a costimulus 
(Signal 2). Delivery of Signal 1 
without signal 2 results in anergy 
or deletion of the T cell. From 
reference 117. 

The effector phase of the GVH reaction involves the homing of activated T cells 
(CD4+ and CD8+) to peripheral sites (98), along with the recruitment of other cell 
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types and release of various cytokines (40). Earl ier concepts that cytotoxic T cells 
mediated the bulk of tissue destruction in GVHD were too simple. Clearly other 
cell types are recruited, including NK cells and macrophages. TH1 cytokines, 
especially gamma-interferon, prime macrophages to receive a second triggering 
signal, especially lipopolysaccharide which may leak through damaged intestinal 
mucosa. These activated macrophages release IL-1, nitrous oxide, and TNF
alpha; TNF-alpha, in particular, is responsible for much of the tissue damage 
associated with GVHD (123). Tissue destruction is mediated by a number of 
different mechanisms (40). Cytotoxic lymphocytes and natural killer cells kill 
through release of perforin and granzymes, and through Fas ligand/Fas 
interactions (124). Cytokines, released by the various cells involved in the 
reaction kill through engaging their receptors on target tissue and engaging 
apoptotic pathways. Although epithel ial tissues are the targets of GVHD, exactly 
which cells within the tissue are targeted is unknown. The localization of 
lymphoid infiltrate and apoptotic bodies to the stem cell regions of these tissues-
rete ridges of the skin and intestinal crypts in the intestinal mucosa--suggest that 
epithelial stem cells may be the target. 

GVHO (I) Recipient conttrtioniog 
Pathophysiology msue Oama~J» 

Figure 9. Model for 
acute GVHD which 
incorporates some 
recent concepts. 
From reference 40. 

Chronic GVHD appears to have a different pathophysiology from acute GVHD 
(41) . An imal stud ies suggest that the effector cells of chronic GVHD are actually 
autoreactive rather than alloreactive. The autoreactive T cells appear to be 
directed against a framework antigen of MHC class II molecules which is shared 
between donor and host. The cause for the development of these autoreactive 
clones is uncertain but thymic damage has been proposed as the major 
instigator. The thymus may become damaged in allogeneic transplant recipients 
from a variety of insults, including radiation, cyclosporine, and, especially, acute 
GVHD. It is postulated that the damaged thymus fails to delete autoreactive T 
cells and fails to produce the suppressor T cells that would normally inhibit 
autoreactive cells that managed to make it into the periphery. Another possible 
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explanation for the existence of autoreactive clones is that the state of severe T 
lymphocytopenia after BMT fosters the survival of autoreactive clones (98). Under 
normal circumstances various T cell clones compete for niches capable of 
supporting their survival; in a state of lymphocytopenia autoreactive clones are 
more likely to be able to survive this competitive struggle. Another feature of 
chronic GVHD is that it is especially characterized by excessive production of 
cytokines, some of which stimulate fibroblasts to produce collagen. Clinically, 
chron ic GVHD is notable for its similarity to a variety of autoimmune diseases 
and for severe cutaneous fibrosis. 

Important issues about alloreactivity remain to be completely addressed, in 
particular the identity of the majority of the minor histocompatibil ity antigens and 
the relative importance of various cytokines. But the deep understanding of 
many of the immunologic details of GVHD has suggested many new approaches 
which may lead to a more precise approach to the problem (125, 126) (see Table 
5). I will limit my discussion below to two promising approaches. 

Table 5. Potential Sites for GVHD Intervention 

SITE FOR INTERVENTION METHOD OF INTERVENTION 
Activated host dendritic cells Deplete host dendritic cells 

Minimize host tissue damage 
- germ-free environment 
- less toxic reg imen 

Alloreactive donor T cells T cell deplete BM 
Selectively T cell deplete BM 
Target T cells in vivo 

Interaction between DC/T cells MoAb to adhesion molecules 
Dummy peptides inhibiting TcRJMHC 
interaction 
Co-stimulation blockade 

Inhibit T cell signal ing TcR signaling 
IL-2R signaling 
Co-stimulatory pathway signaling 

Target cytokines Shift response to TH2 (IL-10, IL4) 
Receptor antagonists, soluble receptors, 
MoAbs to cytokines IL-2, IL-1, y-INF, TNF 

Block homing to inflamed sites MoAbs, antagonists to homing molecules 

Methods to selectively deplete or inhibit alloreactive T cells 
Since GVHD is initiated by donor T cells, it seems reasonable to assume that an 
effective method for preventing GVHD would be simply to deplete the bone 
marrow cells ofT cells. Indeed, this approach has been intensively investigated 
and shown to prevent GVHD, depending on completeness ofT cell depletion (27). 

If T cells are nearly completely removed, then the incidence of acute GVHD 
approaches zero, even without the use of prophylactic immunosuppressive 
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medications. Importantly, the incidence of chronic GVHD approaches zero as 
well. Unfortunately these beneficial effects are balanced by a significant increase 
in the likelihood of graft rejection, disease relapse, and poor immune 
reconstitution. In most instances these downsides are so prominent as to cancel 
out the beneficial effect of GVHD prevention. Thus a goal in T cell depletion 
would be to selectively deplete alloreactive T cells, leaving the others intact. 

We are currently investigating an approach which takes advantage of the 
expression by alloreactive T cells of various cell surface antigens, in particular 
the IL-2 receptor. In this approach a mixed lymphocyte reaction is set up in 
which irradiated recipient peripheral blood mononuclear cells (containing antigen 
presenting cells) are cocultured with donor T cells. The alloreactive T cells are 
activated and express CD25, a subunit of the IL-2 receptor. CD25-expressing 
cells are targeted with an anti-CD25 monoclonal antibody linked to the ricin A 
chain, a potent compound which poisons cells by inhibiting ribosomal activity. 
Preclinical studies have shown that the procedure depletes alloreactive T cells 
while leaving responses to third party antigens intact (127) (see Figure 1 0). 
Additional optimization of the procedure is ongoing and preliminary work has 
begun to upscale the procedure for clinical use. 
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Figure 10. Flow 
cytometric analysis 
showing selective 
depletion of alloreactive T 
cells by targeting IL-2 
receptor with immunotoxin. 
Panel A. Alloreactive T 
cells expressing CD25 
after stimulation by 
recipient cells in MLR (red 
dots are CD8 cells and 
yellow dots are CD4 cells). 
Panel B. Depletion of 
alloreactive T cells by 
immunotoxin to CD25 
Panel C. T cell responses 
to third-party antigens are 
preserved. 

Another approach aimed at specifically inhibiting alloreactive responses is based 
on appreciation of the importance of costimulation in T cell responses to antigen. 
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As outlined above, inhibition of costimulation during the engagement of a T cell 
receptor with its cognate antigen will either anergize or delete the particular T 
cell. Numerous agents inhibit costimulation. Guinan et al. have reported a series 
of 12 patients who were undergoing haploidentical transplantation (i.e. mismatch 
for an entire HLA haplotype)(1 08). Before infusion, donor bone marrow was 
cocultured with irradiated recipient cells in the presence of CTLA41g, an inhibitor 
of B7:CD28 mediated costimulation. After coculture the frequency of recipient
specific donor T cells was markedly reduced, while third party responses 
remained intact. The incidence and severity of GVHD after infusion of the 
"anergized" marrow was significantly less than that usually seen in haploidentical 
transplant patients. 
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reference 128. 

Thus, new insights into the biology of alloreactivity have allowed investigation of 
novel approaches that may more specifically inhibit alloreactive cells and thus 
prevent GVHD. Another goal of transplantation is to achieve engraftment of stem 
cells without the use of immunosuppressive chemotherapy or radiation. We have 
observed two recipients of standard liver transplants who had complete 
engraftment of donor hematopoietic stem cells with establishment of donor
derived hematopoiesis, demonstrating the feasibility of donor hematopoietic stem 
cell engraftment without standard pre-treatment of the recipient (129, 130). Since 
the alloreactivity of graft rejection is in many ways the mirror image of GVHD, 
one can imagine applying the novel approaches for GVHD prevention discussed 
above for graft rejection as well. For example, one could imagine exposing host 
cells to a donor alloantigen in the presence of a costimulus-blocking agent. Such 
an approach might render the host cells non-reactive to donor cells, allowing 
them to engraft without any chemotherapy, radiation, or broadly 
immunosuppressive drugs. 

Investigating the Role of the Thymus in Immune Reconstitution 

Infections, often in association with GVHD, are the most common cause of death 
after allogeneic stem cell transplantation. The most serious infections are those 
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that are normally handled by intact T cell mechanisms. Thus, the mechanisms of 
T cell immune reconstitution are essential to understand if transplants are to be 
done more safely (96, 131, 132). 

The thymus produces the entire T cell repertoire in childhood. After puberty the 
thymus involutes and the individual lives for the rest of his life off of the immune 
repertoire that was present when the thymus stopped functioning. Under normal 
circumstances this is compatible with a long lifespan but what happens when the 
system is stressed by bone marrow transplantation (131)? The high doses of 
chemoradiotherapy wipe out the recipient's immune system, which is then 
replaced by the relatively limited number of donor T cells contained in the donor 
bone marrow inoculum. In the child the thymus is thought to be intact and can 
thus contribute to production of a full T cell repertoire. However, in adults it has 
been thought that full T cell reconstitution is not possible because the thymus is 
involuted. Any increase in T cell number would require peripheral expansion of 
post-thymic T cells present in the donor bone marrow inoculum; expansion of this 
limited number of cells would likely lead to a restricted immune repertoire. The 
issue of the thymus' contribution to immune reconstitution has been difficult to 
address because of the lack of an assay for directly measuring thymic output. 

Douek et al. have recently developed an assay that allows direct assessment of 
thymic function in bone marrow transplant recipients (133). This assay is based 
on the T cell receptor gene rearrangement process that occurs during T cell 
maturation in the thymus, as described above. As recombination occurs 
segments of intervening DNA are looped out and then exist as episomes, which 
are termed T cell receptor gene rearrangement excision circles (TRECs). 
However, since non-chromosomal DNA is not replicated during cell division, the 
episomes are diluted out when T cells go through cell divisions. Thus recent 
emigrants from the thymus contain these TRECs while post-thymic T cells that 
have undergone cycles of cell division, generally (although not necessarily) after 
exposure to antigen, do not. Douek et al. found that a particular segment of DNA 
was rearranged in 70% of a~ T cell receptor-containing T cells, resulting in a 
particular episome with a conserved DNA sequence at the joining region; this 
allowed construction of a quantitative PCR assay that could be used to determine 
TREC levels in vivo as a measure of thymic function. TRECs are not present in 
children with DiGeorge's syndrome but are present after thymic 
transplantation (134) . After control of HIV by antiretroviral therapy, adult HIV 
patients have rising TREC levels (133), indicating that adults, contrary to prior 
dogma, do have a functioning thymus. 

We have used the TREC assay to study thymic function in both autologous and 
allogeneic transplant recipients. The study in autologous patients, all of whom 
were adults, showed evidence of thymic production of new T cells by day 100 
after transplantation (135). Although there was an inverse correlation between 
thymic function and age, significant thymic output was observed in many older 
patients, even into the sixth and seventh decades. Increased thymic output 
correlated with, and was predictive of, increased na'lve T cell numbers and 
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broader T cell receptor repertoires. Likewise, analysis of TRECs in allogeneic 
transplant recipients has shown evidence of thymic function in adults (136) . 

Importantly, GVHD appears to inhibit the thymus' ability to function. This is 
particularly true of chronic GVHD, in line with animal studies that have 
demonstrated that the thymus is a major target of GVHD. 
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Figure 12. TREC Assay in Autologous Transplant Recipients. 
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Left panel: Increases in numbers of TREC in peripheral blood mononuclear cells post transplant. 
B=baseline. E=engraftment of neutrophils. Solid line=mean for CD34+ selected grafts, dashed 
line=mean for CD34-unselected grafts. Right panel: Relation between age and numbers of 
TRECs. From reference 135. 
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Thus, the TREC assay has shown that the thymus may reawaken in adults after 
transplantation and emphasizes the importance of avoiding GVHD if full immune 
reconstitution is to occur. Preclinical studies have suggested that certain 
hormones and cytokines, in particular IL-7 (137), have significant thymopoietic 
activity. One can imagine that it may be possible to use such an agent to 
enhance thymic recovery after stem cell transplantation, thus hastening the 
reconstitution of a full T cell repertoire. 

Investigating GVL- and GVH-specific clones using a new assay of antigen
specific T cells 

As discussed above, GVL is an extremely potent anti-tumor phenomenon. 
However, although mechanisms have been worked out in animal models (68) 

(and vary from model to model), the mechanisms in humans are poorly 
understood (138). In particular, it is not known if GVL and GVHD are directed 
against the same or different antigens. Theoretically tumor cells could express 
tumor-specific antigens, i.e. peptides derived from mutant proteins or over
expressed proteins. On the other hand tumor cells may express the same 
alloantigens expressed on normal tissues and thus be targeted by the same cells 
that cause GVHD. Many cl inical observations suggest that the GVL phenomenon 
is really an alloreactive phenomenon, for example, the lower relapse rate post
transplant of patients who develop GVHD (64) and the close correlation of GVHD 
to response in recipients of donor leukocyte infusions (75). However, some 
clinical observations suggest that GVL sometimes may be separate from GVHD; 
for example, allograft recipients who do not develop GVHD nevertheless have a 
lower relapse rate than recipients of syngeneic transplants (66). In addition, many 
patients have been reported who had responses to donor leukocyte infusions but 
did not have GVHD (77 , 80, 81 ). Whether antileukemia activity was mediated in 
such patients by subcl inical alloreactivity or by truly leukemia-specific 
mechanisms is unknown. Dissection of the relevant mechanisms has been 
limited by insufficient assays. 

Douek and colleagues have recently developed a quantitative PCR assay for 
monitoring antigen-specific T cells (139, 140) (and unpublished observations). This 
assay was initially developed for responses to viral antigens. Briefly, a T cell 
population is exposed to a given antigen presented by antigen presenting cells. 
The antigen-specific T cells are activated and express activation antigens, 
allowing them to be sorted according to cell surface molecule expression. eDNA 
is then prepared from the responding T cells and the complementarily 
determining region 3 (CDR3) region of the T cell receptor is expanded using 
anchored PCR and a primer for the constant region of the gene. The PCR 
product is then ligated into E coli; colonies are plucked and the inserts are 
sequenced. Roughly 10-15 separate clones are thus isolated in the typical T cell 
response to a virus, with 2 or 3 clones being dominant. Knowledge of the 
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specific clonal CDR3 region sequence allows clone-specific primers to be 
constructed for a quantitative PCR reaction. This assay has been used to 
monitor viral-antigen specific T cell clones and has recently been adapted to 

allow study of responses to tissue antigens, i.e. minor histocompatibility antigens 
or leukemia-specific antigens. Isolated populations of host leukemia cells and 
normal cells can be used to separately stimulate donor T cells. Putative GVH
specific and GVL-specific clones can then be followed in vivo and correlated with 
clinical GVHD and clinical GVL (as measured by quantitative PCR for leukemia
specific chromosomal translocations). T cell receptors that appear to be 
associated with GVH or GVL can be used to probe eDNA libraries to determine 
the antigens to which they are directed (141). We are just beginning these studies 
in our program and thus have no news to report, but it should be clear that 
sophisticated immunologic assays might shed light on GVH and GVL 
mechanisms. If GVL antigens were found to be different from GVH antigens then 
one could imagine using this knowledge to enhance GVL, such as by adoptively 
transferring antigen-specific T cell clones expanded in vitro (142), or by 
vaccinating either the donor pre-transplant (143), or the recipient post-transplant, 
with the leukemia-specific antigen. 

An Entirely New Framework for BMT 

Thus, advances in basic immunology allow one to imagine completely changing 
the framework of allogeneic BMT, from the toxic approach mandated by the state 
of knowledge in the 1960s, to a more sophisticated approach incorporating our 
current, deeper understanding of the essential immunologic issues (Table 6). 
Based on safer and more precise methods, allogeneic transplantation is likely to 
evolve significantly over the next decade. It is likely that genetic disorders 
involving hematopoiesis, especially sickle cell disease and thalassemia, will be 
transplanted more safely and frequently. Transplantation for malignancies will 
continue, with an emphasis on allogeneic immunotherapy in immune-sensitive 
malignancies. However, as more novel therapeutics become available that 
specifically target the molecular abnormalities of particular cancers, 
transplantation for certain malignancies may wane; this phenomenon is already 
being observed in the case of CML, which appears to be especially sensitive to a 
new agent, STI571, which selectively inhibits the overactive abl tyrosine kinase 
that drives the disease (144). 
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Table 6. Reasonably Conceivable Changes to the Framework of Allogeneic BMT 

PROBLEM OLD NEW 
Engraftment High-dose chemo/RT Donor-specific tolerance through 

blockade of costimulation 
GVHD Broad Recipient-specific tolerance or 

i mmu nosu ppression selective depletion of alloreactive 
Tcells 

Immune Just hope Stimulation of thymus by certa in 
reconstitution cytokines, hormones 
Anti-leukemia High-dose chemo/RT Tumor-specific T cells 

- adoptively transfered 
- vaccination with tumor-

specific antigen 

NEW INDICATIONS: HEMATOPOIETIC STEM CELLS FOR NON
HEMATOLOGIC DISEASES 

A remarkable series of experiments has recently demonstrated the extraordinary 
plasticity of tissue stem cells (1 45). A long-held dogma has described 
development in terms of embryonic stem cells giving rise through intermediaries 
to increasingly differentiated tissues. Differentiated skin cells were skin cells-only 
and differentiated muscle cells were muscle cells-only, but even stem cells of 
given tissues----i.e. hematopoietic stem cells, neural stem cells, etc. were felt to 
be differentiated such that they could only give rise to cells of a particular lineage, 
i.e. hematopoietic stem cells could only make blood cells. 

Figure 14. Hematopoietic stem cells 
can differentiate into many different 
tissues. From reference 145. 

However, even in the 1950s, experiments had shown that nuclei from specialized 
cells when placed into oocytes could redirect cell fate(146). Dolly affirmed this 
when differentiated mammary gland cells were redirected into a fully developed 
animal (1 47). It has recently become clear that this developmental plasticity is not 
restricted to an embryonic environment. Stem cells from various tissues, under 
the right circumstances, can differentiate into other tissues. Neural stem cells 
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are especially multipotent, giving rise to blood cells, nerve cells, and all germ 
layers in chimeric embryos (148, 149). Hematopoietic stem cells can give rise to 
blood vessels (145), liver tissues (150-152), and muscle cells(153, 154). In early 
studies, adult hematopoietic stem cells, fairly easily isolated by immunologic 
techniques, have been used to successfully treat animal models of muscular 
dystrophy (154), a hepatic enzymatic defect (150), and myocardial 
infarction (155). Although much work remains to be done, it seems quite likely that 
hematopoietic stem cells will be used to treat a variety of non-hematologic 
diseases in the future. Autologous stem cells will probably be used in instances 
where repair of otherwise normal tissue is desired, but allogeneic stem cells may 
be used in diseases characterized by lack of a normal gene (e.g . muscular 
dystrophy). In this instance all of the same immunologic issues discussed above 
would apply and is encouraging to think that the immunology is coming well 
enough along that it may be possible to carry out such transplants safely. 
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