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• Highlight evolving principles in stem cell transplantation that have 
increased utilization in the past two decades 

• Review current indications and potential new indications 

• Discuss scientific approaches that may improve outcomes 

• Explore patterns of utilization and barriers to access to therapies 
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Acute GVHD:  Pathophysiology

Copelan E. N Engl J Med 2006;354:1813-1826



T cell depletion increases relapse risk

Appelbaum FR. Nature 411: 385-389 (2001)
[from original, Horowitz M, Blood  (1990)]

be controlled. Third, the GVT effect has been closely intertwined
with the development of GVHD. If GVHD is to be controlled and the
GVT effect strengthened, strategies to separate the two are required.

Engraftment and non-myeloablative transplants
Studies performed more than three decades ago using outbred
species matched for major histocompatibility antigens found that
very high dose chemotherapy or systemic radiotherapy administered
to the recipient pretransplant was necessary to eradicate host T cells
sufficiently to prevent graft rejection11. Thus, until recently, most
transplant ‘preparative’ regimens included marrow-ablative doses of
therapy, not only for their anti-tumour effect, but also to ensure 
sustained engraftment. The intensity of these regimens limited the
application of transplantation to younger, relatively healthy patients
and made it difficult to distinguish the anti-tumour effects of the
graft from those of the intensive preparative regimen.

With the development of more specifically immunosuppressive
chemotherapeutic agents, such as fludarabine, and increased 
appreciation of the GVT effect, investigators have begun exploring
less intensive ‘non-myeloablative’ preparative regimens, for 
example, fludarabine with moderately high dose melphalan or
busulphan. Initial studies report sustained engraftment in recipients
of grafts from HLA-matched siblings, diminished toxicity compared
to conventional approaches, and long-term disease-free survival in a
proportion of patients12–14.

Although these studies focused largely on pretransplant cytotoxic
therapy to enable engraftment, post-transplant treatment of the graft
recipient with potent immunosuppression contributes significantly
to preventing graft rejection. One set of experiments is shown in 
Table 1. Using the model of DLA (the canine equivalent of HLA)-
identical littermates, Storb et al. showed that if no post-transplant
immunosuppression is given, dogs require 920 cGy total body irradia-
tion (TBI) to engraft. But if two potent immunosuppressive agents are
given post-transplant, the dose of TBI required to achieve engraft-
ment falls to 200 cGy, a dose far below that which causes bone marrow
aplasia15. These observations prompted studies of conditioning 
regimens of very limited intensity in humans, to determine whether,
as in animals, engraftment could be achieved with such low-dose 
therapy, and if so, what extent of tumour response would follow.

Initial clinical trials by our group involved patients who were not
candidates for conventional transplants because of age or other med-
ical problems, but who had haematological malignancies that were
otherwise appropriate for transplantation. The initial treatment plan
followed the animal model, and involved pretransplant treatment of
patients with 200 cGy TBI followed post-transplant by the adminis-
tration of mycophenolate mofetil and cyclosporine. Because occa-
sional cases of graft rejection were seen in the first cohort of patients,
low-dose fludarabine was added to the pretransplant regimen. Once
fludarabine was added, graft rejection ceased to be a problem. Results
in the first 109 patients have so far been reported16,17 . These patients
(median age 55) had a variety of otherwise incurable haematological
malignancies, but tolerated the transplant procedure well. Fifty-
seven percent were treated entirely as outpatients, with the remaining
requiring hospitalizations averaging approximately one week, as
compared with an average hospitalization of over one month with
conventional transplantation. The treatment-related death rate over
the first 3 months was 4.5%, substantially less than the 15–20% rates
seen in younger patients treated with conventional myeloablative
transplant regimens. Sixty-six percent of patients who had measur-
able tumour before transplant achieved a complete response with
this treatment. Responses were seen in virtually all categories of
haematological malignancy, but were most frequent and enduring in
patients with less rapidly proliferative diseases such as CML, chronic
lymphocytic leukaemia and nodular lymphoma, perhaps reflecting
the kinetics of the GVT response.

Non-haematological malignancies have also responded to similar
low-intensity transplant approaches. Childs et al. reported that 10 of

19 patients (53%) with metastatic renal-cell carcinoma exhibited 
disease regression, including three complete responses that have
endured for periods beyond 2 years18.

These studies show that engraftment of allogeneic haematopoiet-
ic cells can be achieved with very low dose therapy and can result in
pronounced anti-tumour effects. However, the procedure is also
accompanied by significant GVHD in approximately 50% of individ-
uals, and anti-tumour responses are frequently less than complete.
Thus, methods both to prevent GVHD and to augment the GVT
effect are required.

Induction of immunological tolerance
Because of the importance of HLA compatibility in the outcome of
transplantation, most allogeneic transplants have been between
HLA-matched individuals. Before 1980, this exclusively meant HLA-
matched siblings, but only one in three patients have such donors
available. Since that time, approximately 6.5 million normal individ-
uals have been HLA-typed as potential unrelated volunteer marrow
donors. This allows for the identification of HLA-matched unrelated
donors for over 50% of patients lacking matched siblings.

GVHD results from T cells transplanted with the graft or develop-
ing from it reacting with major or minor histocompatibility antigens
of the genetically different host. The development of clinically signif-
icant GVHD, although associated with a reduced risk of leukaemic
relapse, leads to poorer overall survival owing to the direct effects of
the disease and the consequences of the immunosuppression used to
treat it19. Conventional methods to prevent GVHD have relied on a
combination of the antimetabolite methotrexate given early after
transplant to kill donor T cells responding vigorously to host anti-
gens, along with cyclosporine, which blocks a calcium-dependent
signal-transduction pathway distal to engagement of the T-cell
receptor. Despite such prophylaxis, significant GVHD develops in
40% of patients transplanted from matched siblings and 70% of
recipients of matched unrelated transplants20.

The higher incidence of GVHD in recipients of unrelated trans-
plants has variously been ascribed to unrecognized incompatibilities
in major histocompatibility antigens or greater heterogeneity in
minor histocompatibility antigens. Before 1998, HLA typing was
largely dependent on serologic methods, which do not identify all
differences. More recently, studies have been conducted in which
HLA-A, -B, -C, DRB1 and DQB1 have been analysed at the allele level
using automated direct sequencing. These studies detected 
allele-level mismatches in over 30% of serologically matched
donor–recipient pairs21. Allele-level mismatching at class I antigens is
associated with an increased incidence of graft rejection, but has no
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Figure 1Relapse rates following allogeneic and syngeneic marrow transplantation.
Relapse rates are least in patients who develop both acute and chronic graft-versus-
host disease (AGVHD!CGVHD), higher in those who develop no clinically evident
GVHD, and higher still if T cells are depleted from the marrow graft or in recipients of
twin transplants4.
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report that it is possible to segregate 
donors into those likely to cause GVHD 
and those who are relatively safe [11]. 
If this ability to discriminate between 
strong and weak alloresponders is 
verifi ed in further studies, these 
fi ndings could have important 
implications for donor selection.

Donor Graft Manipulation
Stem cell grafts contain distinct 
functional and phenotypic subsets of T 
cells, including antigen-inexperienced 
naïve T cells (TN), antigen-experienced 
memory T cells, (TM), and regulatory 
T cells (TREG). Recent studies have 
begun to dissect the contribution of 
these individual T cell subsets to GVHD 
and have identifi ed opportunities 
for more refi ned manipulation of 
the T cell content of stem cell grafts 
that may reduce GVHD without the 
severe T cell defi ciency associated 
with complete depletion (Figure 3). 
For example, the selective depletion 
of TN from allogeneic stem cell 
grafts abrogated GVHD in both 
CD4- and CD8-dependent multiple 

minor histocompatibility antigen–
mismatched mouse models, and the 
remaining TM provided reconstitution 
of immunity to pathogens [12,13]. 
Human TN and TM can also be 
distinguished based on phenotype—
TN are CD45RA+ and CD62L+, 
while TM are CD45RO+ and either 
CD62L+ or CD62L-, and emerging 
data suggest that alloreactivity for 
minor histocompatibility antigens is 
predominantly contained in the TN 
subset [14]. The human TM repertoire 
comprises less than 1% of the overall 
T cell receptor diversity and consists 
of large numbers of T cells specifi c 
for cytomegalovirus, Epstein Barr 
virus, and other pathogens that cause 
opportunistic infections in HCT 
recipients [15]. Thus, unless the 
donor has been previously sensitized 
to recipient minor histocompatibility 
antigens (which would convert 
alloreactive naïve T cells to the 
memory pool), transplants using stem 
cells depleted of naïve T cells could 
reduce or eliminate GVHD while 
preserving the transfer of memory T 

cells to common infectious agents. 
Such transplants would overcome a 
major limitation of transplantation 
using complete T cell depletion. The 
recognition that donor CD4+ CD25+ 
Foxp3+ TREG cells suppress T cell 
responses in vitro and in vivo suggests 
another attractive approach to donor 
graft manipulation for preventing 
GVHD. The importance of TREG in 
GVHD is supported by murine studies 
showing that their depletion from stem 
cell grafts exacerbates GVHD and that 
the infusion of additional TREG at the 
time of HCT reduces lethal GVHD, 
apparently by limiting the initial 
activation of alloreactive T cells in 
lymph nodes [16,17]. Clinical studies 
have suggested that stem cell grafts 
from donors with higher numbers of 
TREG confer a lower risk of GVHD [18], 
and efforts are in progress to isolate 
and expand populations of human TREG 
that might be used to supplement stem 
cell grafts and abrogate GVHD [19].

Segregation of GVHD from GVT
Although these new approaches to 
allogeneic HCT are likely to reduce 
the severity of GVHD, an important 
concern for patients undergoing HCT 
for a malignant disease is whether 
reducing GVHD might increase the risk 
of tumor recurrence. Like GVHD, GVT 
is the result of donor T cells reacting 
with disparate minor histocompatibility 
antigens, and elimination of GVHD 
would seem almost certain to diminish 
the GVT effect. Elucidation of the 
molecular structure, HLA restriction, 
and tissue expression of human minor 
histocompatibility antigens, and the 
identifi cation of non-polymorphic 
leukemia-associated antigens that 
can be recognized by T lymphocytes 
offers the exciting prospect that 
targeted T cell therapy after HCT 
might selectively augment GVT activity 
[20]. An increasing number of minor 
histocompatibility antigens have now 
been molecularly characterized, and 
novel mechanisms of polypeptide 
processing have been uncovered 
[21]. Several minor histocompatibility 
antigens are expressed in both normal 
and malignant hematopoietic cells of 
the recipient, but not in epithelium 
[22]. Thus, donor T cells reactive with 
such tissue-restricted antigens will 
target recipient hematopoietic and 
leukemic cells without damaging non-
hematopoietic tissues or engrafting 

doi:10.1371/journal.pmed.0040198.g003 

Figure 3. Selective Manipulation of T Cell Subsets in Allogeneic Stem Cell Grafts to Reduce 
GVHD while Retaining GVT and Pathogen-Specifi c Immunity
Strategies being developed to modify the T cell content of allogeneic stem cell grafts include: 
a) depletion of the T

N subset of cells that contain the repertoire of T cells capable of recognizing 
minor histocompatibility antigens expressed on skin, gastrointestinal, and hepatic tissues; b) 
expanding T

REG cells that interfere with activation of alloreactive T cells to augment the stem cell 
graft; c) isolation and expansion of tumor-reactive T cells from naïve T cell progenitors for adoptive 
immunotherapy to augment the GVT effect; and d) retention of T

M cells in the graft to restore 
protective T cell immunity to pathogens.
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Evolution and Progress in Allogeneic SCT
Over the past 20 years: 

• A major goal is to maximize T cell effects--less intense chemotherapy is often 
used 

• Older patients are commonly transplanted (to 75 vs. 55) 

• Peripheral blood (vs. marrow) is commonly used as a stem cell source (correct?) 

• 100-day mortality now typically 5-10% (from 20-40%) 

• Almost all patients now have a donor (sibling, registry MUD, cord or haplo)
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Transplants by Recipient Age
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Reduced Mortality after Allogeneic 
Hematopoietic Cell Transplant1

Gooley et al. NEJM 363: 2091 – 2101, 2010
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• Historically outcomes were much poorer for patients who didn’t have 
matched family donors.  Each sibling has 1 in 4 chance of matching, so a 
patient with two siblings has ~50% chance of a family match. 

• Increases in size of volunteer donor registries dramatically improved 
outcomes for unrelated donor transplantation (but less so for 
underrepresented minorities) 

• Rise in cord blood transplantation and, more recently, improvements 
in haploidentical (half-matched) transplants have improved outcomes 
for patients lacking family donors (now nearly equivalent!) 

• Nearly everyone has a donor now! 

Changes in graft types used for stem cell transplants











• Improvement of non-transplant therapies in myeloma are improving 
outcomes independent of transplant.  Despite multiple studies 
demonstrating that transplantation further improves outcomes, there 
appears to be a plateau in utilization 

• Relapsed and refractory lymphoma respond to CAR-T therapies  Role 
for earlier use of CAR-T therapies being explored.  These studies may either 
reaffirm the role of autologous SCT or subsets that may do better with 
CAR-T 

• Acute myeloid leukemia therapy has evolved little over decades, 
except for subsets that may respond to targeted therapies.  
Immunotherapy is likely to still require transplantation due to ablation of 
healthy bone marrow cells 

Potential changes in utilization of SCT by disease



• Hemogloblinopathies (Sickle cell anemia and thalassemia) are major 
populations that can benefit from curative stem cell transplantation 

• Use of allogeneic transplantation has been limited, due to concerns 
about potentially fatal outcomes for “benign” diseases. 

• Emerging gene therapies are exciting, but many involve autologous 
transplantation of genetically modified cells that produce corrected 
genes 

Potential new indications



• Impressive results in well controlled trials have been seen in systemic 
sclerosis (scleroderma) and multiple sclerosis (Sullivan, NEJM 2018, 
Atkins, Lancet 2016) 

• These “benign” diseases, in subsets of advanced patients, are 
associated with severe limitation of function and even high rates of 
mortality. While utilization is increasing, it remains very limited. 
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BACKGROUND
Despite current therapies, diffuse cutaneous systemic sclerosis (scleroderma) often has 
a devastating outcome. We compared myeloablative CD34+ selected autologous hemato-
poietic stem-cell transplantation with immunosuppression by means of 12 monthly infu-
sions of cyclophosphamide in patients with scleroderma.
METHODS
We randomly assigned adults (18 to 69 years of age) with severe scleroderma to undergo 
myeloablative autologous stem-cell transplantation (36 participants) or to receive cyclo-
phosphamide (39 participants). The primary end point was a global rank composite 
score comparing participants with each other on the basis of a hierarchy of disease 
features assessed at 54 months: death, event-free survival (survival without respiratory, 
renal, or cardiac failure), forced vital capacity, the score on the Disability Index of the 
Health Assessment Questionnaire, and the modified Rodnan skin score.
RESULTS
In the intention-to-treat population, global rank composite scores at 54 months showed 
the superiority of transplantation (67% of 1404 pairwise comparisons favored transplan-
tation and 33% favored cyclophosphamide, P = 0.01). In the per-protocol population 
(participants who received a transplant or completed !9 doses of cyclophosphamide), the 
rate of event-free survival at 54 months was 79% in the transplantation group and 50% 
in the cyclophosphamide group (P = 0.02). At 72 months, Kaplan–Meier estimates of 
event-free survival (74% vs. 47%) and overall survival (86% vs. 51%) also favored trans-
plantation (P = 0.03 and 0.02, respectively). A total of 9% of the participants in the trans-
plantation group had initiated disease-modifying antirheumatic drugs (DMARDs) by 54 
months, as compared with 44% of those in the cyclophosphamide group (P = 0.001). 
Treatment-related mortality in the transplantation group was 3% at 54 months and 6% 
at 72 months, as compared with 0% in the cyclophosphamide group.
CONCLUSIONS
Myeloablative autologous hematopoietic stem-cell transplantation achieved long-term 
benefits in patients with scleroderma, including improved event-free and overall survival, 
at a cost of increased expected toxicity. Rates of treatment-related death and post-trans-
plantation use of DMARDs were lower than those in previous reports of nonmyeloabla-
tive transplantation. (Funded by the National Institute of Allergy and Infectious Dis-
eases and the National Institutes of Health; ClinicalTrials.gov number, NCT00114530.)
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• Risk stratification for most diseases (e.g., acute myeloid leukemia, the 
primary indication for allo SCT) has evolved very little, despite the ‘omic’ 
revolution 

• In most cases, we still infuse donor grafts as collected, without enrichment 
or manipulation of cell subsets 

• Strategies to prevent and/or treat GVHD have not significantly evolved in 
over 25 years, despite many attempts and the advent of targeted and 
biologic therapies 

• Beyond conditioning, no therapies have typically been used to reduce 
relapse risk

What hasn’t changed much?



• Select patients most likely to benefit from allogeneic SCT 

• Manipulate the graft (to selectively inhibit GVHD, improve GVL) 

• Develop more selective pharmacologic approaches to inhibit GVHD 

• Apply post-transplant maintenance therapy 

What can we do to decrease relapse after SCT?



• Select patients most likely to benefit from allogeneic SCT 

• Manipulate the graft (to selectively inhibit GVHD, improve GVL) 

• Develop more selective pharmacologic approaches to inhibit GVHD 

• Apply post-transplant maintenance therapy 

What can we do to decrease relapse after SCT?



• Molecular profiling (incompletely done, in most centers) may add 
significantly to conventional pathology/cytogenetics and predict risk 
of relapse 

• Further studies are needed to determine how new stratification 
schemes may predict relapse after transplantation, and identify 
patients most likely to benefit from SCT (if and when) 

• Targeted therapies will likely be used in a tailored fashion before and 
after SCT (induction therapy and post-SCT maintenance) 

Personalized medicine in AML



33

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 366;12 nejm.org march 22, 20121082

undergo stem-cell transplantation], and cytoge-
netic characteristics) (Table S9 in the Supplemen-
tary Appendix), with the exception of the find-
ings for MLL-PTD, PHF6, and ASXL1 mutations. 

KIT mutations were associated with reduced 
overall survival among patients who were posi-
tive for the t(8;21) core-binding–factor alteration 
(P = 0.006) but not among patients with the 
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Figure!1.!Mutational!Complexity!of!Acute!Myeloid!Leukemia!(AML).

A Circos diagram (Panel A) depicts the relative frequency and pairwise co-occurrence of mutations in patients with 
newly diagnosed AML who were enrolled in the Eastern Cooperative Oncology Group E1900 clinical trial. The length of 
the arc corresponds to the frequency of mutations in the first gene, and the width of the ribbon corresponds to the 
percentage of patients who also had a mutation in the second gene. Pairwise co-occurrence of mutations is denoted 
only once, beginning with the first gene in the clockwise direction. Panel A also shows the frequency of mutations in 
the test cohort. Panels B and C show the mutational events in patients with mutant DNMT3A and mutant FLT3, re-
spectively. Since, for clarity, only pairwise mutations are encoded, the arc length was adjusted to maintain the rela-
tive size of the arc, and the correct proportion of patients with only a single mutant allele is represented by the not-
otherwise-occupied space within each mutational subset (all panels). ITD denotes internal tandem duplication, PTD 
partial tandem duplication, and TKD tyrosine kinase domain.
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Background
Acute myeloid leukemia (AML) is a heterogeneous disease with respect to presenta-
tion and clinical outcome. The prognostic value of recently identified somatic muta-
tions has not been systematically evaluated in a phase 3 trial of treatment for AML.
Methods
We performed a mutational analysis of 18 genes in 398 patients younger than 60 
years of age who had AML and who were randomly assigned to receive induction 
therapy with high-dose or standard-dose daunorubicin. We validated our prognos-
tic findings in an independent set of 104 patients.
Results
We identified at least one somatic alteration in 97.3% of the patients. We found that 
internal tandem duplication in FLT3 (FLT3-ITD), partial tandem duplication in MLL 
(MLL-PTD), and mutations in ASXL1 and PHF6 were associated with reduced overall 
survival (P = 0.001 for FLT3-ITD, P = 0.009 for MLL-PTD, P = 0.05 for ASXL1, and 
P = 0.006 for PHF6); CEBPA and IDH2 mutations were associated with improved over-
all survival (P = 0.05 for CEBPA and P = 0.01 for IDH2). The favorable effect of NPM1 
mutations was restricted to patients with co-occurring NPM1 and IDH1 or IDH2 
mutations. We identified genetic predictors of outcome that improved risk stratifi-
cation among patients with AML, independently of age, white-cell count, induction 
dose, and post-remission therapy, and validated the significance of these predictors 
in an independent cohort. High-dose daunorubicin, as compared with standard-
dose daunorubicin, improved the rate of survival among patients with DNMT3A or 
NPM1 mutations or MLL translocations (P = 0.001) but not among patients with 
wild-type DNMT3A, NPM1, and MLL (P = 0.67).
Conclusions
We found that DNMT3A and NPM1 mutations and MLL translocations predicted an 
improved outcome with high-dose induction chemotherapy in patients with AML. 
These findings suggest that mutational profiling could potentially be used for risk 
stratification and to inform prognostic and therapeutic decisions regarding pa-
tients with AML. (Funded by the National Cancer Institute and others.)
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with AML who had MLL translocations (P = 0.01; 
P = 0.06 with adjustment for multiple testing) 
(Fig. S11C and S11D in the Supplementary Ap-
pendix) and in those who had NPM1 mutations 
(P = 0.01; P = 0.10 with adjustment for multiple 
testing) (Fig. S11E and S11F and Table S13 in the 
Supplementary Appendix). Because the adjusted 
P values for NPM1 mutations and MLL transloca-
tions (P!0.10) are close to statistical significance, 
they should be studied further in prospective trials.

We then separated the patients in our cohort 
into two groups: patients with mutations in 
DNMT3A or NPM1 or with MLL translocations and 
patients with wild-type DNMT3A and NPM1 and 
no MLL translocations. Dose-intensive induction 
therapy was associated with a marked improve-
ment in the rate of survival among patients who 
were positive for DNMT3A or NPM1 mutations or 
MLL translocations (P = 0.001) (Fig. 4C) but not 
among patients with wild-type DNMT3A and 
NPM1 and no MLL translocations (P = 0.67) (Fig. 
4D). This finding was independent of the clini-
cal covariates of age, white-cell count, and sta-
tus with respect to transplantation, treatment-
related death, and response to chemotherapy 
(adjusted P = 0.008 and P = 0.34 for patients with 
mutant and wild-type genes, respectively), sug-
gesting that high-dose anthracycline chemo-
therapy provides a benefit in genetically defined 
subgroups of patients with AML. 

Comprehensive Mutational Profiling for Risk 
Stratification and Clinical Management of AML

On the basis of cytogenetic classification alone, 
63% of the patients in the ECOG E1900 cohort 
were categorized as having an intermediate-risk 
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Figure!3.!Revised!Risk!Stratification!of!Patients!with!
AML!on!the!Basis!of!Integrated!Genetic!Analysis.

Panel A shows a revised risk stratification on the basis 
of integrated cytogenetic and mutational analysis. The 
final overall risk groups are shown on the right. Panel B 
shows the effect of integrated mutational analysis on 
risk stratification in the test cohort of patients with AML 
(with P values for the comparison of all curves), and 
Panel C shows the reproducibility of the genetic prog-
nostic schema in an independent cohort of 104 patients 
from the E1900 trial (with P values for the comparison 
of all curves). In Panels B and C, the black curves show 
the patients whose risk classification remained un-
changed, the blue curve shows patients who were re-
classified from intermediate risk to favorable risk, and 
the red curve shows patients who were reclassified 
from intermediate risk to unfavorable risk.
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tic findings in an independent set of 104 patients.
Results
We identified at least one somatic alteration in 97.3% of the patients. We found that 
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mutations. We identified genetic predictors of outcome that improved risk stratifi-
cation among patients with AML, independently of age, white-cell count, induction 
dose, and post-remission therapy, and validated the significance of these predictors 
in an independent cohort. High-dose daunorubicin, as compared with standard-
dose daunorubicin, improved the rate of survival among patients with DNMT3A or 
NPM1 mutations or MLL translocations (P = 0.001) but not among patients with 
wild-type DNMT3A, NPM1, and MLL (P = 0.67).
Conclusions
We found that DNMT3A and NPM1 mutations and MLL translocations predicted an 
improved outcome with high-dose induction chemotherapy in patients with AML. 
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stratification and to inform prognostic and therapeutic decisions regarding pa-
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report that it is possible to segregate 
donors into those likely to cause GVHD 
and those who are relatively safe [11]. 
If this ability to discriminate between 
strong and weak alloresponders is 
verifi ed in further studies, these 
fi ndings could have important 
implications for donor selection.

Donor Graft Manipulation
Stem cell grafts contain distinct 
functional and phenotypic subsets of T 
cells, including antigen-inexperienced 
naïve T cells (TN), antigen-experienced 
memory T cells, (TM), and regulatory 
T cells (TREG). Recent studies have 
begun to dissect the contribution of 
these individual T cell subsets to GVHD 
and have identifi ed opportunities 
for more refi ned manipulation of 
the T cell content of stem cell grafts 
that may reduce GVHD without the 
severe T cell defi ciency associated 
with complete depletion (Figure 3). 
For example, the selective depletion 
of TN from allogeneic stem cell 
grafts abrogated GVHD in both 
CD4- and CD8-dependent multiple 

minor histocompatibility antigen–
mismatched mouse models, and the 
remaining TM provided reconstitution 
of immunity to pathogens [12,13]. 
Human TN and TM can also be 
distinguished based on phenotype—
TN are CD45RA+ and CD62L+, 
while TM are CD45RO+ and either 
CD62L+ or CD62L-, and emerging 
data suggest that alloreactivity for 
minor histocompatibility antigens is 
predominantly contained in the TN 
subset [14]. The human TM repertoire 
comprises less than 1% of the overall 
T cell receptor diversity and consists 
of large numbers of T cells specifi c 
for cytomegalovirus, Epstein Barr 
virus, and other pathogens that cause 
opportunistic infections in HCT 
recipients [15]. Thus, unless the 
donor has been previously sensitized 
to recipient minor histocompatibility 
antigens (which would convert 
alloreactive naïve T cells to the 
memory pool), transplants using stem 
cells depleted of naïve T cells could 
reduce or eliminate GVHD while 
preserving the transfer of memory T 

cells to common infectious agents. 
Such transplants would overcome a 
major limitation of transplantation 
using complete T cell depletion. The 
recognition that donor CD4+ CD25+ 
Foxp3+ TREG cells suppress T cell 
responses in vitro and in vivo suggests 
another attractive approach to donor 
graft manipulation for preventing 
GVHD. The importance of TREG in 
GVHD is supported by murine studies 
showing that their depletion from stem 
cell grafts exacerbates GVHD and that 
the infusion of additional TREG at the 
time of HCT reduces lethal GVHD, 
apparently by limiting the initial 
activation of alloreactive T cells in 
lymph nodes [16,17]. Clinical studies 
have suggested that stem cell grafts 
from donors with higher numbers of 
TREG confer a lower risk of GVHD [18], 
and efforts are in progress to isolate 
and expand populations of human TREG 
that might be used to supplement stem 
cell grafts and abrogate GVHD [19].

Segregation of GVHD from GVT
Although these new approaches to 
allogeneic HCT are likely to reduce 
the severity of GVHD, an important 
concern for patients undergoing HCT 
for a malignant disease is whether 
reducing GVHD might increase the risk 
of tumor recurrence. Like GVHD, GVT 
is the result of donor T cells reacting 
with disparate minor histocompatibility 
antigens, and elimination of GVHD 
would seem almost certain to diminish 
the GVT effect. Elucidation of the 
molecular structure, HLA restriction, 
and tissue expression of human minor 
histocompatibility antigens, and the 
identifi cation of non-polymorphic 
leukemia-associated antigens that 
can be recognized by T lymphocytes 
offers the exciting prospect that 
targeted T cell therapy after HCT 
might selectively augment GVT activity 
[20]. An increasing number of minor 
histocompatibility antigens have now 
been molecularly characterized, and 
novel mechanisms of polypeptide 
processing have been uncovered 
[21]. Several minor histocompatibility 
antigens are expressed in both normal 
and malignant hematopoietic cells of 
the recipient, but not in epithelium 
[22]. Thus, donor T cells reactive with 
such tissue-restricted antigens will 
target recipient hematopoietic and 
leukemic cells without damaging non-
hematopoietic tissues or engrafting 

doi:10.1371/journal.pmed.0040198.g003 

Figure 3. Selective Manipulation of T Cell Subsets in Allogeneic Stem Cell Grafts to Reduce 
GVHD while Retaining GVT and Pathogen-Specifi c Immunity
Strategies being developed to modify the T cell content of allogeneic stem cell grafts include: 
a) depletion of the T

N subset of cells that contain the repertoire of T cells capable of recognizing 
minor histocompatibility antigens expressed on skin, gastrointestinal, and hepatic tissues; b) 
expanding T

REG cells that interfere with activation of alloreactive T cells to augment the stem cell 
graft; c) isolation and expansion of tumor-reactive T cells from naïve T cell progenitors for adoptive 
immunotherapy to augment the GVT effect; and d) retention of T

M cells in the graft to restore 
protective T cell immunity to pathogens.
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Can we  
selectively  

inhibit these...

But        
not  

these?

Improving immune outcomes of stem cell transplants

Riddell	&	Appelbaum,		
Graft	v.	Host	Disease,		
PLOS	Medicine,	2007



• Select patients most likely to benefit from allogeneic SCT 

• Manipulate the graft (to selectively inhibit GVHD, improve GVL) 

• Develop more selective pharmacologic approaches to inhibit GVHD 

• Apply post-transplant maintenance therapy 

What can we do to decrease relapse after SCT?



What are the unmet needs in HCT in 2018?

Donor/Access

Disease control 
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Unrelated donor HCT

Infection

Toxicity



MM provides an optimal setting to understand  
socio-demographic disparities in transplant utilization 

•Most common disease treated with transplantation 

•Transplant is SOC as initial therapy 

•Vast majority of transplants are autologous, therefore not limited 
by donor availability 

•Higher incidence in Blacks 

•Incidence increases with age
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Changes	in	MM	relative	survival	ratio	in	the	Netherlands

≤	65	years	

>	65	years

Schaapveld	M,		Eur	J	Cancer	46:	160,	2009

AHPCT changed MM outcome. Population-level data
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Race Barriers: Auto HCT In Multiple Myeloma

• Estimated autologous stem cell transplant utilization rates 
(STUR) for myeloma using CIBMTR data 2008-2014 (N=28,450) 
and incidence rates from SEER

Schriber JS et al. Cancer, 2017

Year All patients Non-Hispanic 
Whites 

Hispanics Blacks

2008 19.1% 22.6% 12.2% 8.6%

2014 30.8% 37.8% 20.5% 16.9%



Hari	P	Net	al,		Biol	Blood	Marrow	Transplant	16:	395,	2010

Progression-free	survival Overall	survival

Similar treatment*, similar outcome

*AHPCT		



➢	Median	of	median	age	of	subjects	61	years	vs.	69	years	in	unselected	patients.
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Underutilization of HCT in Myeloma: Conclusions 

•Availability of Autologous SCT impacts MM outcomes at the 
population level	

•Autologous SCT still vastly underutilized in the US	

•Underutilization more pronounced among blacks and patients 
older than 65 years, with no medical justification	

•Reasons are unknown, likely interconnection of race, education, 
income, geographic distribution, physician and patient bias	



Underutilization of AlloHCT: AML
• 887 adults with non-

APL AML dx’d in 2007 
from SEER PoC study 
(14 US registries)

• Cytogenetic risk not 
reported

• 27.5% < age 60 
received alloHCT, 2.7% 
> age 60

Doria-Rose et al., Leuk Lymphoma 2014



Unique challenges in older patients
• Increased rates and poorer outcomes due to complications (infections and 

GVHD) 

• Poorer tolerance of immunosuppression (e.g., steroids) 

• Greater likelihood of Comorbidities 

• Caregiver challenges are more common 

• May be less connected or more apprehensive about novel therapies 

• Lower incomes and greater dependence on Medicare

49





Age Barriers: Allo HCT In AML

~3-6% patients age 
60-75 years receive 

allogeneic HCT *

*Ustun C et al. Bone Marrow Transplant, 2013 
*Doria- Rose VP et al. Leuk & Lymphoma, 2014



Transplantation:  Timing matters
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BARRIERS TO HCT 
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Coverage Barriers To HCT
• Essential phases that need health insurance coverage 

• Covered indication and specific transplant procedure 
• Donor search 
• Hematopoietic progenitor cell collection 
• Inpatient care and outpatient care 
• Medications  
• Unexpected costs (e.g., complications) 
• Clinical trials 
• Out-of-pocket costs 

• Lack of or inadequate coverage for any above can jeopardize 
access to and outcomes of HCT

Majhail NS. Biol Blood Marrow Transplant. 2015



Coverage Barriers: Example Of Medicaid  
• Variation in coverage for transplant by state Medicaid programs 
• Evaluated coverage for: 

• Indications 
• Donor search 
• Medications 
• Clinical trials 
• Out-of-pocket costs  

Preussler JM et al. J Oncol Pract. 2014



Ensure Adequate Coverage For HCT

• Coverage for HCT can be restrictive and regressive 
• Ensure adequate coverage for various phases of transplantation 

• Coverage for patient out-of-pocket costs 
• Common standards and policies for coverage 

• Less variation among plans and states



Referring Physician Barriers For Allo HCT
• Survey of hem/onc’s (N=113 respondents; ~10% response rate) 
• Case vignettes of accepted indications (AML, ALL, CML, MDS); 

odds ratio for no HCT referral: 
• Age 60 years (vs. 30 years): 8.29 (P<0.001) 
• Black (vs. White): 2.35 (P<0.001) 
• No HCT coverage (vs. coverage present): 6.95 (P<0.001)  

• Majority reported negative perception of HCT outcomes 
• 51% agreed: “…risk or morbidity/mortality after HCT is very high” 
• 57% agreed: “…outcomes of unrelated donor HCT are much worse than 

sibling donor HCT”  
• 32% agreed: “…because of high risks of allo HCT, I refer only after 

failure of conventional chemotherapy”

Pidala J et al. Bone Marrow Transplant. 2014
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Goal:  Compress timeline to transplant



Paying for Cures Conference • Financing and Reimbursement of Cures in the US (FoCUS)

NEWDIGS Initiative • MIT Center for Biomedical Innovation

Parallels between HSCT and CAR-T therapy (phases of care)

62

3 to 6 months 
(typical case 
rate period)

One year 
risk-adjusted overall 

survivalPre-transplant period (therapies to 
achieve disease control, diagnosis, 

assessment, donor workup) 

HSCT
Long-term follow-up (care 
coordinated between HCT 

center and community).  
Issues include long-term 

complications/relapse

typical 0-2w  
stay; major 

toxicities before 
one month

Milestone at survival 
plateau (one year?  

two? 
risk-adjusted overall 

survivalPre-treatment period (therapies to 
achieve disease control, diagnosis, 

assessment, manufacturing) 

CAR-T
Care primarily with 
referring oncologist. 

Relapse greatest cause 
of mortality 

In HSCT, a critical dyad between payer and transplant center

For T cell therapies, a triad is necessary (payer, transplant center, developer)



• Stem cell transplantation has seen radical scientific and clinical changes that 
have dramatically improved application to older subjects with reduced 
morbidity and mortality

• Novel graft sources and approaches to conditioning have made 
transplantation available and safe for most patients under 75

• Access problems increase with age and are also associated with race and 
socioeconomic status

• Expanding indications include hemoglobin disorders and greater application 
in autoimmune disease

• Scientific improvements in risk stratification, GVHD therapies and 
combination of SCT with other therapies will further improve outcomes

Overall conclusions
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