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Genomic studies of GVHD---lessons learned thus far
C Ting1, G Alterovitz2, A Merlob2 and R Abdi1

GVHD remains the most significant complication of hematopoietic SCT, despite advances in HLA matching and the
identification of risk various factors. To account for the variation in the incidence and severity of this disease, many genetic
association studies have been performed in order to explore the role of immunoregulatory gene polymorphisms. These genes
include those that encode cytokines, chemokines, and costimulatory molecules. Polymorphisms in other classes of genes such
as those involved in drug metabolism, protein folding, and DNA replication have also been studied. In this review, we address
the current knowledge of the role of genetic polymorphisms in GVHD. We also discuss the potential pitfalls inherent in genetic
association testing and alternative strategies to address these problems.

Bone Marrow Transplantation (2013) 48, 4 -- 9; doi:10.1038/bmt.2012.9; published online 20 February 2012

Keywords: cytokines; chemokines; GVHD; genetics; genome-wide association study; polymorphisms

INTRODUCTION
Hematopoietic SCT (HSCT) has experienced major strides in the
past decade, elevating it as the treatment of choice for a variety of
hematological disorders. In addition to improvements in techni-
que and in viable progenitor cell sources, a better understanding
of the role of donor and recipient genes has improved clinical
outcomes.1 High-resolution genotyping of the HLA genes have
brought HSCT and post-operative therapy one step closer to the
grail of personalized medicine.2

However, nearly half of all HSCT recipients still develop GVHD.3

Acute GVHD (aGVHD) pathogenesis has been well elucidated, and
can be broken down into three phases. The first phase occurs
during pre-transplant conditioning, in which recipient tissues
respond to damage by secreting pro-inflammatory cytokines and
amplifying host APC activation. The second phase occurs after
engraftment, when donor T cells proliferate and differentiate in
response to host APCs. The final phase occurs when these donor T
cells traffic to sites of local tissue injury, where they amplify local
tissue damage synergistically with soluble inflammatory agents.4

However, chronic GVHD (cGVHD) remains poorly understood.
cGVHD presents with clinical manifestations that resemble
autoimmune diseases such as systemic lupus erythematosus and
scleroderma. Nearly 50% of HSCT recipients develop cGVHD5, and
responses to current immunosuppressive regimens are unpredict-
able from patient to patient.4 Although it remains a T cell-
mediated immune response, evidence suggests that the mechan-
isms involved in cGVHD differ significantly from its acute form.6 -- 8

The completion of the Human Genome Project, combined with
the advent of high-throughput genotyping arrays, unleashed a
wave of genetic studies on a wide spectrum of conditions and
diseases. Cracking the genome rekindled the vision of persona-
lized medicine, where therapies could be individually tailored on
the basis of a thorough understanding of genetic risk and
predisposition. This review will offer an overview of the genes
studied, and will address the strengths and limitations of current
methods. To this end, we do not attempt to review all of the
studies currently published on genetic studies of GVHD; we have
focused primarily on large-cohort studies.

CANDIDATE GENE STUDIES
Candidate gene studies are hypothesis-driven studies in which
genes of interest are selected and assayed on the basis of prior
biological hypotheses, and have by and large focused on
cytokines when it comes to GVHD. Studies have also explored
polymorphisms in chemokines, costimulatory molecules and
pharmacogenes.9 Table 1 summarizes the function and impor-
tance of the molecules discussed below.

Cytokine and chemokine polymorphisms and GVHD
Many associations have been reported between cytokine poly-
morphisms and GVHD, but it has often been difficult to validate
those associations. Nucleotide variations in genes such as these
may affect translation and transcription of their corresponding
cytokines.21 As GVHD is an immune-mediated disease, it is likely
that variations in these genes will modulate the progression and
severity of GVHD.

Thus, a number of pro-inflammatory and regulatory cytokine
genes have been studied for associations with GVHD. IL10, for
example, is a pleiotropic anti-inflammatory cytokine that regulates
T-cell activation, co-stimulation and Ag presentation.10 IL10 is
reported to stimulate naı̈ve CD4þ T cells to become regulatory
T cell populations.22 It was one of the number of genes interrogated
using the largest study cohort to date concerning GVHD.
Lin et al.23 conducted a two-phase discovery and validation study
using a total of 993 BM recipients and their HLA-identical sibling
donors. Their criteria for inclusion into the study were the
availability of pre-transplant blood samples and aGVHD grading
scores, as well as the use of MTX and CYA for pre-transplant GVHD
prophylaxis. Using proportional hazards regression models, which
describe how the risk for GVHD is modulated by covariates such as
patient age and treatment regimen, they found that homozygos-
ity for the A allele at a position 592 base pairs upstream from the
transcription start site (IL10/-592A) was associated with the lowest
risk of grades III and IV aGVHD.

A follow-up study explored polymorphisms in the IL10 receptor
beta subunit (IL10Rb) for associations with aGVHD. A single
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nucleotide polymorphism (SNP; A/G) at cDNA position 238 of
the IL10Rb gene was genotyped in a cohort of 953 HLA-
identical donor -- patient pairs. Using multivariate analysis, Lin
et al.24 reported that the IL10/-592 A recipient allele and the
IL10Rb/c238 G donor allele were significantly associated with a
lower risk of grades III-IV aGVHD. Taken together, these two
studies highlight the potential importance of the IL10 pathway in
modulating the effects of severe aGVHD.

We conducted a candidate gene study on common functional
chemokine polymorphisms using 1370 extensively HLA-matched
donor -- recipient pairs. CCR5 is a chemokine receptor that has a
critical role in leukocyte trafficking in Th1-mediated immune
responses, and has been studied extensively for its role in the
progression of HIV to AIDS. Previous studies have demonstrated
that blockade of CCR5 reduces the incidence of GVHD in
animal models.25 We identified a significant association between
a high-expression CCR5 recipient haplotype, increased disease-
free survival and overall survival. When we considered
donor -- recipient pairs with the same CCR5 genotype, we found
highly significant associations between disease-free survival
(Po0.001) and overall survival (P¼ 0.007). These data offer
support for the importance of the chemokine system in BM
transplant outcomes.

Previous reviews have asserted that the inconsistency of results
seen for these examples are surely mirrored in other genes that
have been studied for association with GVHD.9 Confident
assessments on which genetic polymorphisms modulate the
incidence and severity of GVHD will require higher-powered
statistical studies involving much larger sample populations that
have been controlled for confounding variables such as racial
admixture, gender mismatch and clinical covariates. Like many
complex diseases, GVHD probably results from the cumulative
effect of numerous genes, each with relatively modest effect sizes.
Because of this, the importance of sensitive studies using large
cohorts is critical in order to confidently detect the associations
and avoid spurious ones. Table 2 summarizes large-cohort
studies to date on associations between genetic polymorphisms
and GVHD.

Noncytokine immunoregulatory gene polymorphisms and GVHD
In addition to cytokines and chemokines, studies have examined
polymorphisms in other classes of immunoregulatory genes.
Cytotoxic T-lymphocyte associated protein (CTLA)-4 is a negative
co-stimulatory molecule expressed on the surface of T-helper cells
and T-regulatory cells.12 Polymorphisms in this gene have been
associated with a variety of autoimmune diseases, including
GVHD,28 and has recently become a promising clinical target.34 A
study by Perez-Garcia et al.28 on CTLA-4 polymorphisms and

GVHD is particularly interesting as it demonstrates the potentially
complicating factors of alternative splicing and different
protein isoforms. In a cohort of 536 HLA-identical sibling donor --
recipient pairs, they found an association between a CTLA-4
polymorphism (CT60AA) and an increased frequency of aGVHD.
Strangely, this CTLA-4 phenotype results in higher production
of a soluble isoform of CTLA-4. As CTLA-4 is a negative
costimulatory molecule, this result seems counter-intuitive, as
increased levels of CTLA-4 should result in more negative
costimulation. However, the authors draw a distinction between
the full-length CTLA-4 isoform and the soluble isoform.
They suggest that the soluble isoform interferes with binding
between the full-length isoform and its ligand, which would
interrupt the negative costimulatory pathway. It is a reminder of
the fact that genotype does not necessarily reflect phenotype, and
reflects the necessity of functional studies to properly interpret
study findings.

Heat shock proteins (HSP) operate in both extracellular and
intracellular environments. Inside the cell, they function as
protein-folding chaperones and have a role in protein trafficking.
In extracellular environments, they are implicated in peptide
binding, APC presentation and the stimulation of pro-inflamma-
tory cytokines.13 Studies have shown that the HSP70 family is
involved in the production of cytokines seen in GVHD pathogen-
esis35,36, and studies have identified and validated a specific
polymorphism with higher GVHD incidence.37,38 For details on this
and other studies, please refer to Table 2.

The human heparanase gene (HPSE) is typically expressed on a
variety of cells, including hematopoietic cells, platelets, activated
endothelial cells and others.39,40 Its role in cancer metastasis has
been well elucidated41, and evidence indicates its involvement in
inflammation and autoimmunity.42 A large-cohort study using
unrelated HLA-matched donor -- recipient pairs discovered a highly
significant correlation between HPSE SNPs and both aGVHD and
extensive cGVHD.15 While the mechanisms behind aGVHD have
been well elucidated, cGVHD pathogenesis remains poorly
understood. Genes for which associations with cGVHD are
identified could provide valuable clues into the mechanisms
behind cGVHD, which appear to be distinct from those underlying
aGVHD.6 -- 8

The nucleotide oligomerization domain (NOD)2 is expressed
in epithelial cells, monocytes and DCs,43 and is the fifteenth
member of a larger family of apoptosis regulators that
possess caspase recruitment domains (CARD15).1 Stimulation
of NOD2/CARD15 results in the oligomerization of NFkB, a
transcription factor that encodes a number of pro-inflammatory
cytokines. Although the precise mechanism by which NOD2/
CARD15 polymorphisms affect its function or modulate
GVHD remain unknown, two large-cohort studies have demon-

Table 1. Summary of molecules discussed, thought to be involved in GVHD pathogenesis

Molecule Category Function Ref.

IL10 Cytokine Anti-inflammatory. Downregulates Th1 cytokines, costimulatory molecules and
MHC class I Ags

10

CCR5 Chemokine (receptor) Involved in leukocyte trafficking in Th1-mediated immune responses 11

CTLA-4 Negative costimulatory Surface protein expressed on Th1 and Tregs. Transmits inhibitory signals to
activated T cells

12

HSP70-hom Heat shock protein Multiple functions. Involved in protein folding and trafficking, Ag presentation
and stimulation of pro-inflammatory cytokines

13,14

HPSE Enzyme Involved in controlling cell division. 15

NOD2/CARD15 Pattern recognition receptor Has a role in cell apoptosis and promoting inflammation 16,17

MTHFR Pharmacogene Metabolizes folate to folic acid 18

TS Pharmacogene Generates thymidine triphosphate from folate precursors, involved in DNA
synthesis and repair

19,20
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strated a significant association between a NOD2/CARD15 SNP
and GVHD.16,17

Pharmacogene polymorphisms
Studies have also explored the role of pharmacogene polymorph-
isms and how they affect GVHD incidence.44The methylene
tetrahydrofolate reductase (MTHFR) gene is one of the more
extensively studied pharmacogenes in relation to GVHD, and
encodes an enzyme responsible for the metabolism of folate into
folic acid,18 which in turn is required for the de novo synthesis of
thymidine. Drugs such as MTX inhibit this process, thus interfering

with cell division. Studies have pursued this gene with the
reasoning that defective folate metabolism could inhibit the
proliferation of host Ag-specific T cells. Two SNPs in the MTHFR
gene, 677T/C and T1298 A/C, have been shown to alter its
enzymatic activity. A study by Murphy et al.45 identified an
association between donor MTHFR SNP 677T* and a decreased
incidence of both aGVHD and cGVHD. Later studies also reported
an association between recipient MTHFR SNP 677T* and a
decreased risk of aGVHD.19,46

Studies on thymidylate synthase (TS), another folate-dependent
enzyme involved in DNA replication, also demonstrate the
potential importance of copy number variation and its influence

Table 2. Large-cohort genetic association studies on GVHD

Gene Polymorphism rs number Cohort Type of
GVHD

Association
Ref.

IL10 �592, �1082,
�2763,
�3575

rs1800872,
rs1800896,

rs6693899, rs1800890

MRD
(993)

aGVHD,
cGVHD

�592*A(p) associated with lower risk of aGVHD, TRM 24

�592, �1082,
�2763,
�3575

rs1800872,
rs1800896,

rs6693899, rs1800890

URD
(936)

aGVHD,
cGVHD

Nsa 26

IL10Rb c238 (A,G) rs2834167 MRD
(993)

aGVHD c238*G(d) associated with lower risk of aGVHD 24

c238 (A,G) rs2834167 URD
(936)

aGVHD,
cGVHD

Nsa 26

c238 (A,G) rs2834167 MRD
(309)

aGVHD,
cGVHD

c238*AA(p) associated with increased risk of aGVHD 27

CTLA4 +49, CT60 rs231775,
rs3087243

MRD
(536)

aGVHD CT60*AA(d) associated with higher risk of aGVHD 28

HPSE rs4693608, rs4364254 URD
(414)

aGVHD,
cGVHD

Associated with an increased risk of aGVHD, cGVHD. d/p
discrepancy is associated with increased risk of aGVHD

15

NOD2 SNP 8, 12, 13 rs17860491,
rs2066845, rs5743293

URD
(342)

aGVHD SNP13(d) associated with higher risk of aGVHD 16

SNP 8, 12, 13 rs17860491,
rs2066845, rs5743293

MRD
(403)

aGVHD,
saGVHD, GI
GVHD

Mutations(d) associated with reduced risk of aGVHD, saGVHD and
GI GVHD. Mutations in both p/d associated with higher saGVHD

17

SNP 8, 12, 13 rs17860491,
rs2066845, rs5743293

URD
(390)

aGVHD,
cGVHD

Nsa 29

MTHFR 1298 (A,C),
677 (C,T)

rs1801131. rs1801133 MRD,
URD
(304)

aGVHD 1298*C(p) associated with increased risk of aGVHD. 677*T(p)
associated with lower risk of aGVHD

30

TSER 3R/2R MRD,
URD
(304)

aGVHD 3R/2R(d) associated with increased risk of aGVHD 30

IL1A �889 URD
(426)

aGVHD Nsa 31

IL1b �511, +3954 rs16944,
rs1143634

MRD
(570)

aGVHD Nsa 23

IL1RN 9261 rs448341 MRD
(570)

aGVHD Nsa 23

IL6 �174 rs1800795 MRD
(570)

aGVHD Nsa 23

�592 rs1800872 MRD
(309)

aGVHD,
cGVHD

�592*AA(p) associated with higher risk of aGVHD 27

IL23R rs11209026,
rs11465804

URD
(390)

aGVHD,
cGVHD

Nsa 29

1142 (G,A) rs11209026 MRD,
URD
(407)

aGVHD 1142*G(d) associated with lower risk of aGVHD 32

PARP1 rs1805410 URD
(470)

cGVHD SNP(p) associated with higher risk of cGVHD 33

RFC1 rs6844176 URD
(470)

aGVHD SNP(p) independently associated with higher risk of aGVHD 33

TNF �308 rs1800629 MRD
(570)

aGVHD Nsa 23

Abbreviations: aGVHD¼ acute GVHD; cGVHD¼ chronic GVHD; GI¼gastrointestinal; MRD¼matched related donor; Nsa¼no significant association;
sa¼ severe acute; SNP¼ single nucleotide polymorphism; URD¼ unrelated donor.
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on disease progression. The TS enhancer region (TSER) is made up
of 28 base pair repeats. Individuals with a homozygous three-
repeat genotype, TSER 3R/3R, exhibit enhanced mRNA transcrip-
tion of TS compared to individuals homozygous for only two
repeats, TSER 2R/2R.20 This may result in enhanced enzyme
expression, which could increase the rate of DNA transcription
and, thus, cell proliferation. Studies have shown that a donor TSER
haplotype 3R/2R is associated with a higher risk of aGVHD.19 It is
likely that copy number variation in other genes can affect the
incidence and severity of GVHD. More importantly, these studies
demonstrate the importance of non-cytokine genes in modulating
the immune response, something that should be considered in
identifying genes for future candidate studies.

The limitations of candidate gene approaches
The candidate gene approach, like any other genetic association
study, is susceptible to a number of factors that can confound
results. The complex etiology of diseases like GVHD is likely the
cumulative effect of many genes, each with modest effect sizes.
Insufficiently powered studies will fail to detect these associations,
indicating the need for more sensitive studies utilizing larger study
cohorts. In these cohorts, latent population substructure may
result in the erroneous association of alleles more informative of
ancestry rather than disease susceptibility. External factors such as
heterogeneity of therapy for study subjects and discrepancies in
genotyping from center to center are also present.

Furthermore, candidate gene studies on GVHD have by and
large focused on polymorphisms in single genes. The inherent
assumption in this approach is that each gene has a discrete,
independent contribution to disease pathogenesis, and this may
be one of the reasons why there has been such contradictory
evidence in candidate gene studies conducted thus far. Pleiotropy
and interactions between genes---particularly cytokines---have the
potential to be very significant confounding variables, and have
rarely been addressed in published studies. Previous reviews have
stressed the various theoretical and empirical reasons why gene --
gene interactions are important in complex disease.47 Although
analyzing how interaction between genes contributes to complex
disease is potentially difficult to address, this nevertheless remains
an important factor to consider in designing future candidate
studies. In the same way that haplotype analysis grew out of the
shortcomings of interrogating individual SNPs, an approach that
collectively analyzes the effect of a panel of genes may yield new
insights that traditional candidate gene approaches have missed.

Refining and developing approaches to address the shortcomings
of past candidate gene studies are necessary for this approach to
reach its full potential (see Figure 1).

GENOME-WIDE ASSOCIATION STUDIES (GWAS)
The first wave of GWAS discovered over 150 susceptibility loci
mapped to 60 complex diseases and traits.48 The unique potential
of GWAS rests in its hypothesis-free nature; as it assays the entire
genome rather than a predefined subset of genes, there is a
potential to discover new, unexpected associations. However,
there are a number of attendant statistical complications with
GWAS, and its application to GVHD has been limited.

To demonstrate the applicability of GWAS for GVHD, Ogawa
et al.49 measured the SNP-by-SNP donor -- recipient disparity in a
cohort of 1598 HLA-A, B, C, DRB1 and DQB1 matched unrelated
donor -- recipient pairs. A number of these pairs were unmatched
at HLA-DPB1, and the study successfully associated SNPs around
this locus with aGVHD. By limiting their analysis to various HLA
restriction categories, they identified an additional six associations.
The authors assert that their experience demonstrates that GWAS
can be successfully applied to GVHD.

Using a two-stage discovery and validation method, McCarroll
et al.50 identified an association between UGT2B17, a common
gene deletion polymorphism, and its effect on HSCT outcomes.
Using a discovery cohort of 414 HLA-identical sibling donor --
recipient pairs, they identified six genes of interest (UGT2B17,
UGT2B28, GSTT1, GSTM1, LCE3C and OR51A2). A phase II validation
study corroborated an association of donor -- recipient mismatch of
homozygous UGT2B17 deletion with aGVHD using two cohorts of
336 and 595 HLA-identical sibling donor -- recipient pairs. Func-
tional studies have demonstrated that donor marrow with a
homozygous UGT2B17 deletion elicits CD8þ UGT2B17-specific
T-cell responses in recipients who express at least one copy of
the gene.51,52

A number of complicating factors exist when it comes to GWAS,
such as over-representation of certain alleles in certain popula-
tions, heterogeneity of treatment for a given condition and other
external factors that would influence the interpretation of GWAS
data.53 Like candidate gene studies, its sensitivity and accuracy
depends on large, properly controlled sample sizes. Sophisticated
statistical methods such as Bayesian network analysis have helped
to make the most of GWAS data.31 As technology, methods, and
databases improve in quality and detail, genome-wide studies for
GVHD may yield new, unexpected associations.

Hypothesis

Identify genes of
interest based on

biological hypotheses

Assay Genes

Genotype samples
for identified

candidate genes

SNP Studies

Identify significant
SNP associations
(stringent p-value)

Functional Studies
Are identified

SNPs functional?
Viable clinical targets?

• in vitro studies
• proteomics

Common
practice

Suggested
directions

Validation Cohort

Re-test SNPs for
association with a

novel cohort
(stringent p-value)  

Multigenic Studies

• Gene interaction?
• Haplotype analysis?
• Novel statistical analyses

(Bayesian networks)

Figure 1. Methodologies for Candidate Gene Study. Common study methods for candidate gene studies to date. In order to more reliably
identify associations, suggestions have been offered to improve the effectiveness of candidate gene approaches in GVHD. A full color version
of this figure is available at the Bone Marrow Transplantation journal online.
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CONCLUSIONS AND FUTURE DIRECTIONS
As our knowledge of immunoregulatory genes and histocompat-
ibility grows, the promise of personalized medicine for GVHD
becomes more tangible. To this end, the full potential of genome-
wide study is yet to be realized. Suboptimal sample sizes, a host of
confounding variables and the difficulty in translating results into
functional knowledge has thus far limited the effectiveness of this
approach. The majority of candidate gene studies have yielded
results that are yet to be rigorously validated. The ability of GWAS
to identify predictive markers and therapeutic targets makes it an
attractive option for complex disease phenotypes such as GVHD,
but they require careful planning and expertise in a variety of
fields, including bioinformatics, statistics, immunology, clinical
expertise, genomics and epidemiology. However, with meticulous
experimental design, the unbiased nature of GWAS may yet yield
new and unexpected insights for GVHD, as it has for a number of
other diseases.
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