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Key Points

• Most published SNP
associations with chronic
GVHD are likely to represent
false-positive findings.

• HRs for any true-positive SNP
associations are likely to be
much smaller than reported
previously.

Previous studies have identified single-nucleotide polymorphisms (SNPs) associated

with the risk of chronic graft-versus-host disease (GVHD) after allogeneic hematopoietic

cell transplantation. The current study determined whether these associations could be

replicated in large cohorts of donors and recipients. EachSNPwas testedwith cohorts of

patients having the same donor type (HLA-matched related, unrelated, or both) reported

in the original publication, and testing was limited to the same genome (recipient or

donor) and genetic model (dominant, recessive, or allelic) reported in the original study.

The 21 SNPs reported in this study represent 19 genes, and the analysis encompassed

22 SNP association tests. The hazard ratio (HR) point estimates and risk ratio point

estimates corresponding to odds ratios in previous studies consistently fall outside the

95%confidence intervalsofHRestimates in thecurrent study.Despite the largesizeof the

cohorts available for the current study, the 95%confidence intervals formostHRsdid not

exclude 1.0. Three SNPs representing CTLA4, HPSE, and IL1R1 showed evidence of association with the risk of chronic GVHD in

unrelateddonor-recipient pairs from1cohort, but noneof theseassociationswas replicatedwhen tested in unrelated donor-recipient

pairs froman independent cohort. TwoSNPs representingCCR6 andFGFR1OP showedpossible associationswith the riskof chronic

GVHD in related donor-recipient pairs but not in unrelated donor-recipient pairs. These results remain to be tested for replication in

other cohorts of related donor-recipient pairs. (Blood. 2016;128(20):2450-2456)

Introduction

Previous studies have identified genetic variants such as single-
nucleotide polymorphisms (SNPs) and other polymorphisms that
influence the risk of chronic graft-versus-host disease (GVHD) after
allogeneic hematopoietic cell transplantation (HCT).1-19 Many of the
reported variants regulate the function of immune cells, their receptors,
effector molecules, cytokines, or chemokines. Some results have
suggested that the assessment of these variants before HCTmight help
to assess the risk of adverse outcomes for each patient, guide the clinical
management of patients who are at high risk, and ultimately serve as
potential biologic targets for novel therapeutics.

Previous case-control or cohort studies of SNP associations with
chronicGVHD evaluated 50 to 353 individuals. No previous study has
comprehensively evaluated the association of these variants in the same
cohort simultaneously. In this study, we used genotyped or imputed

SNP data to determine how many of the previously published
associations we could replicate with substantially larger numbers of
individuals from 2 cohorts.

Methods

Literature search

We performed a comprehensive PubMed search using the terms “chronic
GVHD” and “polymorphism” to identify all studies published by August 2014
reporting an association of a genetic polymorphism with the odds ratio (OR) or
relative risk of chronic GVHD at an a level,0.05. Studies that did not meet this
threshold were not included. Reported associations of genetic deletions,
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insertions, microsatellites, or variable number tandem repeats with chronic
GVHD were excluded because the genotyping arrays used for our study do not
detect these variants.

Study cohort: FHCRC

Description. The Fred Hutchinson Cancer Research Center (FHCRC) cohort
included 3918 donor-recipient pairs of European ancestry who received
allogeneic HCT from 1990 through 2011 (Table 1). European ancestry was
determined by analysis of principal components. For purposes of this study, the
numbers of available non-European pairs in this cohort were not sufficient for
meaningful analysis. The cohort included recipients with either HLA-matched
relateddonors (MRDs) (N51819) or unrelateddonors (URDs) (N52019).The
number of recipients with HLA-mismatched related donors in our cohort is not
sufficient for meaningful stratified analysis. Indications for HCT included
hematologic malignancy or myelodysplasia. Patients treated with either
myeloablative or nonmyeloablative conditioning regimens were included in
the analysis,whereas patientswho receivedTcell–depleted grafts orwere treated
with rabbit antithymocyte globulin as part of the conditioning regimen were
excluded from the analysis, because these interventions decrease the risk of
chronic GVHD.

Baseline recipient and donor informationwas collected during the evaluation
before HCT. URD and recipient matching for HLA-A, HLA-B, and HLA-C;
DRB1; and DQB1 was confirmed by high-resolution methods in most cases.
Grade 2-4 acute GVHD was diagnosed according to previously described
criteria.20 Information regarding chronic GVHD and follow-up outcomes was
captured prospectively by the Long-Term Follow-Up program through medical
records from our outpatient clinic and from referring physicians who provided
the primary care for patients. Clinical extensive chronic GVHD was diagnosed
by historical criteria.21 Patients with clinical limited chronic GVHD were not
considered as having chronic GVHD unless and until they developed clinical
extensive disease. By National Institutes of Health (NIH) consensus criteria, this
definition used in this study includes classical and overlap chronic GVHD and
late acute GVHD. In the FHCRC cohort, the cumulative incidence of chronic

GVHD at 2 years after HCT was 44% (95% confidence interval [CI], 42-47)
amongpatientswithHLA-MRDsand48%(95%CI, 45-50) amongpatientswith
URDs. Methods for collection of biospecimens, genotyping, and imputation for
the FHCRC cohort are summarized in the supplemental Appendix, available on
the BloodWeb site.

Statistical analysis of results in the FHCRC cohort. For purposes of
replicating previous results, each SNP was tested with subsets of the FHCRC
cohort of patients having the same donor type (MRD, URD, or both) reported in
the original publication; initial testing was limited to the same genome (recipient
or donor) reported in the original study usinggenotypes only from themicroarray
platforms that passed quality control for each SNP (supplemental Table 1).
The primary analysis used Cox regression models with no adjustments, treating
death and recurrent malignancy as competing risks. A secondary analysis used
multivariate Cox regression models with additional covariates for baseline
clinical risk factors that have strong effect on the risk of chronic GVHD (HLA-
matchedURDvsHLA-mismatchedURDvsHLA-MRD; female donor formale
recipient vs other combinations; mobilized blood cell graft-versus-marrow graft;
diagnosis of chronic myeloid leukemia vs other diseases; conditioning with total
body irradiation vs without; and patient age).22 HLA-matching of URDs was
coded according to categories shown in Table 1. The secondary analysis also
included thefirst 4 principal components to control for population stratification.23

Each SNP was evaluated for allelic or genotypic (recessive and dominant)
association as reported in the original study. For a SNP with a major allele “A”
and aminor allele “a,” the recessivemodel tests the hypothesis that the genotype
“aa” is associated with a higher or lower risk compared with the collective
genotypes “AA” and “Aa” used as the reference. The dominant model tests the
hypothesis that the collective genotypes “Aa” and “aa” are associated with a
higher or lower risk comparedwith the genotype “AA” used as the reference. The
allelic model tests the hypothesis that the minor allele “a” is associated with a
higher or lower risk comparedwith themajor allele“A,” and thenumber of copies
of theminor allele is modeled as an additive effect. Because themain goal of this
analysis was to replicate previously reported associations, a 2-sidedP# .05 was
selected as the threshold of significance, despite the multiple comparisons.

To compare results of the current study with those of previous case-control
studies, ORswere converted to the corresponding risk ratios after accounting for
the minor allele frequency and genetic model, with the incidence of chronic
GVHD set at 45%. Where necessary, risk alleles, genetic models, and ORs
reported in previous studies were inverted to match the analysis in the current
study.With these adjustments, the risk ratio froma previous case-control study is
used to approximate the corresponding hazard ratio (HR) that might be expected
in a cohort study.

Study cohort: DISCOVeRY-BMT

Description. Recipients and donors in the Determining the Influence of
SusceptibilityConveyingVariantsRelated toOneYearmortality afterUnrelated
Donor Allogeneic Blood or Marrow Transplant (DISCOVeRY-BMT) cohort
originated from the Center for International Blood and Marrow Transplant
Research (CIBMTR) and were selected for the DISCOVeRY-BMT Genome-
wide Association Study.24,25 CIBMTR is collaborative research program
organized by the National Marrow Donor Program/Be The Match Registry
and the Medical College of Wisconsin and collects data from a voluntary
working group of more than 450 transplant centers throughout the world.
Participating centers contribute comprehensive baseline and longitudinal follow-
up data as well as pretransplant biospecimens.

DISCOVeRY-BMT cohort 1 included 2609 patients who received a first
HLA-A,HLA-B, andHLA-C,DRB1,DQB1-matchedunrelatedHCT transplant
for treatment of acute lymphoblastic leukemia, acute myeloid leukemia, or
myelodysplastic syndrome between 2000 and 2008. Patients were excluded if
they had received T cell–depleted grafts or cord blood grafts, or if biorepository
samples were not available from both the donor and recipient. DISCOVeRY-
BMT cohort 2 included 572 patients who were selected according to the same
criteria but had HCT between 2009 and 2011, together with 351 patients who
receivedafirstHLA-A,HLA-B, andHLA-C,DRB1-matchedunrelatedHCTfor
the same indications between 2000 and2011without assessment ofHLA-DQB1
matching. For the purposes of this replication analysis, we included only
individuals of European ancestry and excluded those who were treated with
antithymocyte globulin as part of the conditioning regimen, yielding 1656 and

Table 1. Characteristics of the FHCRC study cohort (n 5 3918)

Characteristic No. (%)

Recipient age at transplantation, years

Median 43

Range 0-78

Diagnosis

Acute leukemia 1605 (41)

Chronic myeloid leukemia 971 (25)

Myelodysplastic syndromes or myeloproliferative neoplasms 638 (16)

Chronic lymphocytic leukemia 110 (3)

Malignant lymphoma or multiple myeloma 593 (15)

Histiocytic sarcoma 1

Donor-recipient gender combination

Male to male 1337 (34)

Male to female 873 (22)

Female to male 946 (24)

Female to female 762 (19)

HLA and donor type

HLA-matched related 1819 (46)

Unrelated HLA-matched, confirmed by high-resolution typing 1213 (31)

Unrelated HLA-matched, unconfirmed by high-resolution typing 239 (6)

HLA-mismatched unrelated 666 (17)

Graft source

Bone marrow 2179 (56)

Mobilized blood cells 1739 (44)

Conditioning regimen

Myeloablative with ,1000 cGy total body irradiation 1340 (34)

Myeloablative with $1000 cGy total body irradiation 1887 (18)

Nonmyeloablative 691 (18)

Prior grade 2-4 acute GVHD* 2848 (73)

*Grades were not assigned for 23 recipients.
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527 recipients and 1601 and 514 donors in cohorts 1 and 2, respectively. The
cumulative incidence of chronic GVHD at 2 years after HCTwas 43% (95%CI,
41-45) in the combined cohorts. Methods for collection of biospecimens,
genotyping, and imputation for the DISCOVeRY-BMT cohort are summarized
in the supplemental Appendix.

Statistical analysis of results in the DISCOVeRY-BMT cohort.
Cox proportional hazards models evaluated time to extensive chronic GVHD.
Deaths from any cause and progression or recurrence ofmalignant diseasewere
treatedas competing risks.Multivariatemodelswere unadjusted, including only
the SNP of interest and then adjusted for the following covariates: donor sex
mismatch (female donor to male recipient or not), graft type (blood, marrow),
total body irradiation exposure (.900 cGy,#900 cGy, or none), and recipient
age (continuous). Dosage data accounting for the probability of each genotype
were used in all analyses of imputed data. To combine data fromDISCOVeRY-
BMT cohorts 1 and 2, the inverse variance weighting method was used
as implemented in the R package METAL. For adjusted analyses, we report
the METAL HRs, CIs, and P values under a fixed effects model because
heterogeneity between cohorts was low (0# I2 , 25).26

Results

Testing of SNPs in the FHCRC cohort

The primary goal of this study was to determine whether we could
replicate previously reported SNP associations with risk of chronic
GVHD(Table 2). Previous studies have identified29 informativeSNPs
associated with the risk of chronic GVHD according to allelic,
dominant, or recessive genetic models. Three of these could not be
typed or imputed from results on any of the platforms used for our
study. In the current study, results are reported for only 1 of the 4

TNFSF13B SNPs reported by Clark et al5 because they have nearly
perfect linkage disequilibrium, and results did not differ among them.
Likewise, the IL10 SNPs rs1800872 and rs1800871 are in strong
linkage disequilibrium. In the current study, results are reported only for
rs1800871.

The 21 SNPs reported in this study represent 19 genes. Seven were
donor SNPs representing 6 genes, and 13 were recipient SNPs
representing 11 genes. The TNFA SNP is located in the major
histocompatibility complex and therefore represents both the donor and
recipient in HLA-identical related pairs. The analysis encompassed 22
SNP association tests because previous studies of rs1800896 showed
both dominant and recessive associations.11,12

In an unadjusted analysis, results of this screen replicated results for
3 of the 22 SNP associations (Table 3). Related donor rs3093023
(CCR6) and rs2301436 (FGFR1OP) genotypes showed statistically
significant dominant genetic associations with the risk of chronic
GVHD (HR, 1.19; 95%CI, 1.02-1.38;P5 .02; andHR, 1.23; 95%CI,
1.06-1.44; P5 .01, respectively). Results of the adjusted analysis were
similar. Kochi et al27 previously identified rs968334 as a functional
SNP regulating the expression of CCR6, and this SNP has strong
linkage disequilibrium with rs3093023. Related donor rs968334
genotypes showed a statistically significant dominant genetic associ-
ation with the risk of chronic GVHD (N 5 1757; HR, 1.19; 95% CI,
1.03-1.39; P5 .02). Results of the adjusted analysis were similar (HR,
1.16; 95% CI 0.99-1.35; P5 .06).

For exploratory purposes, donor CCR6 rs3093023 and rs968334
genotypes and donor FGFR1OP rs2301436 genotypes were tested for
dominant genetic associations with the risk of chronic GVHD in
unrelated recipients (N5 2002, 1998, and 2011, respectively). Results
showed no statistically significant association in the unadjusted

Table 2. SNPs previously associated with risk of chronic GVHD

Gene Reference Population Genome Graft N SNP Alleles MAF* Model Statistic 95% CI

FAS 11 EUR R MRD 107 rs1800682 A/G 0.48 Dominant OR 3.6 1.1-11

IL10 11 EUR R MRD 106 rs1800871 C/T 0.19 Dominant OR 3.9 1.5-10

IL10 11 EUR R MRD 106 rs1800896 G/A 0.48 Dominant OR 2.3 1.1-5.3

IL10 12 EUR R MRD 95 rs1800896 A/G 0.45 Recessive HR 2.8 1.1-7.0

IL10 8 Korean R MRD 53 rs1800871 T/C 0.34 Dominant OR 0.07 0.01-0.61

IL10 8 Korean R MRD 53 rs1800871 T/C 0.34 Recessive OR 0.16 0.03-0.84

IL10RB 15 EUR R MRD 184 rs2834167 A/G 0.31 Dominant† OR 2.3 1.0-5.0

IL6 16 EUR R MRD 99 rs1800795 G/C 0.40 Recessive HR 0.24 0.07-0.77

CCR6 4 EUR D MRD 153 rs3093023 G/A 0.42 Dominant OR 4.2 1.5-11

FGFR1OP 4 EUR D MRD 156 rs2301436 G/A 0.45 Dominant OR 6.3 2.0-20

CTLA4 3 EUR D MRD 225 rs231775 A/G 0.43 Recessive HR 1.8 1.0-3.0

CTLA4 18 EUR D URD 147 rs3087243 G/A 0.37 Recessive HR 1.8 1.1-3.2

GSTP1 12 EUR D MRD 95 rs1695 A/G 0.28 Dominant HR 2.3 1.3-3.8

CD14 18 EUR R URD 147 rs2569190 G/A 0.47 Recessive HR 1.9 1.3-2.9

MADCAM1 1 EUR R MRD1URD 70 rs2302217 A/G 0.50 Dominant OR 3.6 1.1-11

HPSE 17 EUR R MRD1URD 225 rs4693608 A/G 0.45 Dominant HR 0.38 0.15-0.91

PARP1 2 EUR R MRD1URD 352 rs1805410 A/G 0.15 Allelic HR 1.8 1.3-2.5

TNFSF13B 5 EUR R MRD1URD 156 rs16972217 C/T 0.26 Allelic OR 2.7 1.4-5.4

IL1R1 10 EUR D MRD1URD 302 rs3917225 A/G 0.44 Dominant HR 1.3 1.1-1.6

TNFA 19 EUR-AF R MRD 82 rs361525 G/A 0.10 Dominant HR 2.6 1.3-5.2

FCRL3 14 Japanese R MRD 112 rs7528684 T/C 0.43 Recessive OR 0.21 0.06-0.60

IL2 6 Japanese R URD 326 rs2069762 T/G 0.33 Dominant OR 2.3‡ 1.4-3.6

CCL5 9 Korean R MRD1URD 50 rs1800825 C/G 0.15 Dominant HR 2.9 1.2-7.0

GZMB 7 Japanese D URD 353 rs8192917 A/G 0.20 Dominant§ HR 0.61 0.37-0.99

AF, African; D, donor; EUR, European; MAF, minor allele frequency; R, recipient.

*In some cases, minor allele frequencies reflect 1000 genomes results because data were not reported by the authors. Alleles are shown as major/minor, and, in some

cases, strand designations were adjusted for consistency with the current analysis. Results were identical for rs1800872 and rs1800871 because these SNPs are in perfect

linkage disequilibrium with each other. Results for rs16972217 were similar for 3 other TNFSF13B SNPs in strong linkage disequilibrium.

†Results reflect cases where patients and donors had the same interleukin-10 production levels based on IL10 genotypes.

‡Results for GT vs others; GG noted to have highest risk.

§Only in patients with acute myeloid leukemia or myelodysplastic syndrome in the multivariate model; not statistically significant in the univariate model.
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analyses (HR, 1.07; 95% CI, 0.93-1.22; P 5 .36; HR, 1.07; 95% CI,
0.94-1.23; P 5 .30; and HR 1.04; 95% CI 0.90-1.19; P 5 .62,
respectively). Results of the adjusted analyses were similar (data not
shown). Tests for homogeneity showed no significant differences
between the respective HRs for related and unrelated HCT.

URD rs3087243 (CTLA4) genotypes showed statistically signifi-
cant recessive genetic association with the risk of chronic GVHD (HR,
0.84; 95%CI, 0.72-0.99;P5 .04).Results of the adjusted analysiswere
similar. Related donor rs3087243 genotypes, however, did not show a
statistically significant recessivegenetic association (HR,0.95; 95%CI,
0.80-1.13; P 5 .57). A test for homogeneity showed no significant
difference between the respective HRs for related and unrelated HCT.

Previous studies evaluated 6 SNP associations with chronic
GVHD in a combined cohort of related and unrelated graft recipients.
Because the balance between related and unrelated grafts varied
considerably in these studies, we tested these SNPs with stratification
for type of graft (supplemental Table 3). Unrelated patient HSPE
rs4693608 genotypes showed a statistically significant dominant
genetic association with risk of chronic GVHD (HR, 1.26; 95% CI,
1.06-1.51; P 5 .01). Results of the adjusted analysis were similar.
Related patient HSPE rs4693608 genotypes, however, did not show
an association with the risk of chronic GVHD (HR, 0.98; 95% CI,
0.81-1.19; P 5 .86), and a test for homogeneity suggested a
significant difference between the respective HRs for related and
unrelated HCT (P5 .05). URD IL1R1 rs3917225 genotypes showed
a statistically significant dominant genetic association with the risk of
chronic GVHD (HR, 1.17; 95% CI, 1.02-1.35; P 5 .03). Results of
the adjusted analysis were similar. Related donor IL1R1 rs3917225
genotypes, however, did not show an association with the risk of
chronic GVHD (HR, 0.96; 95% CI, 0.82-1.11; P 5 .55). The other
4 SNPs previously associated with chronic GVHD in mixed related
and unrelated HCT cohorts showed no statistically significant

associations with chronic GVHD in separate analyses of related and
unrelated HCT (supplemental Table 3).

Comparison of current FHCRC results with previously

published results

As shown in Figure 1, the HR point estimates and risk ratio point
estimates corresponding to ORs in previous studies consistently fall
outside the 95%CIs for HRs in the current study of the FHCRC cohort.
HRs for SNPs showing a possible association with chronic GVHD in
the current study are much closer to 1.0 than those in previous studies.

Further testing of selected SNPs in the DISCOVeRY-BMT

cohorts

In the FHCRC cohort, SNPs representing CTLA4, HPSE, and IL1R1
showed evidence of association in URD HCT but not in MRD HCT,
whereas SNPs representingCCR6 andFGFR1OP showed evidence of
association with the risk of chronic GVHD in MRD HCT but not in
URD HCT. These 5 SNPs were tested for association with chronic
GVHD in a cohort of 2183 URD-recipient pairs from the combined
DISCOVeRY-BMT cohorts, according to the same recipient or donor
genome and dominant, recessive, or allelic genetic model reported
in the original study. No statistically significant associations were
observed in this analysis (supplemental Table 4). No large cohort of
related donor-recipient pairs with genotyping data is available for
replication of current results from testing SNPs representingCCR6 and
FGFR1OP in the FHCRC cohort.

Global survey of candidate SNPs

We also screened the set of 21 SNPs for association with chronic
GVHD in both the entire FHCRC cohort and in the related and

Table 3. Replication testing of candidate SNPs for association with the risk of chronic GVHD in the FHCRC cohort*

Unadjusted analysis Adjusted analysis

Gene Genome Graft SNP Alleles MAF Model N† HR 95% CI P HR 95% CI P

FAS R MRD rs1800682 A/G 0.46 Dominant 1640 0.99 0.85-1.16 .94 0.99 0.84-1.16 .85

IL10 R MRD rs1800871 G/A 0.24 Dominant 1622 1.07 0.92-1.24 .39 1.07 0.93-1.25 .34

IL10 R MRD rs1800871 G/A 0.24 Recessive 1622 0.96 0.69-1.34 .80 0.97 0.69-1.36 .86

IL10 R MRD rs1800896 T/C 0.48 Recessive 1196 1.01 0.83-1.24 .90 1.00 0.81-1.22 .97

IL10RB R MRD rs2834167 A/G 0.26 Dominant‡ 674 1.13 0.90-1.42 .30 1.10 0.88-1.39 .40

IL6 R MRD rs1800795 G/C 0.40 Recessive 1663 0.94 0.76-1.15 .52 0.93 0.76-1.15 .50

CCR6 D MRD rs3093023 G/A 0.44 Dominant 1758 1.19 1.02-1.38 .02 1.15 0.99-1.34 .08

FGFR1OP D MRD rs2301436 C/T 0.47 Dominant 1772 1.23 1.06-1.44 .008 1.18 1.01-1.38 .04

CTLA4 D MRD rs231775 A/G 0.38 Recessive 1761 0.92 0.76-1.12 .39 0.92 0.76-1.13 .43

CTLA4 D URD rs3087243 G/A 0.45 Recessive 2011 0.84 0.72-0.99 .04 0.84 0.72-0.99 .04

GSTP1 D MRD rs1695 A/G 0.35 Dominant 1291 1.01 0.86-1.19 .89 0.99 0.84-1.17 .91

CD14 R URD rs2569190 G/A 0.48 Recessive 1958 0.97 0.84-1.13 .69 0.96 0.83-1.11 .58

MADCAM1 R ALL rs2302217 A/G 0.47 Dominant 671 1.10 0.85-1.43 .47 1.16 0.89-1.51 .28

HPSE R ALL rs4693608 A/G 0.48 Dominant 2574 1.12 0.98-1.28 .09 1.15 1.01-1.31 .04

PARP1 R ALL rs1805410 T/C 0.15 Allelic 3637 1.06 0.97-1.17 .20 1.05 0.96-1.16 .28

TNFSF13B R ALL rs16972217 C/T 0.23 Allelic 2589 0.93 0.84-1.02 .13 0.93 0.84-1.02 .13

IL1R1 D ALL rs3917225 A/G 0.44 Dominant 3737 1.06 0.96-1.18 .24 1.07 0.96-1.18 .22

TNF R MRD rs361525 G/A 0.05 Dominant 1662 0.97 0.76-1.24 .82 0.94 0.73-1.20 .62

FCRL3 R MRD rs7528684 A/G 0.45 Recessive 1652 1.02 0.86-1.21 .81 1.01 0.85-1.20 .93

IL2 R URD rs2069762 A/C 0.29 Dominant 1966 1.08 0.96-1.23 .21 1.06 0.94-1.21 .35

CCL5 R ALL rs1800825 A/G 0.02 Dominant 3582 0.89 0.69-1.16 .39 0.89 0.68-1.15 .37

GZMB D URD rs8192917 T/C 0.23 Dominant§ 927 1.04 0.85-1.26 .72 0.99 0.82-1.21 .95

*Alleles are shown as major/minor. Results for rs16972217 were similar for 3 other TNFSF13B SNPs in near perfect linkage disequilibrium. Statistically significant HRs

are highlighted in bold.

†Numbers reflect samples that passed quality control.

‡Comparisons were limited to patients with the same interleukin-10 production level.

§Testing was limited to patients with acute myeloid leukemia or myelodysplastic syndromes.
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unrelated subsets, testing donor and recipient genotypes with allelic,
dominant, and recessive models, using the first 4 principal components
as covariates. For this purpose,we set a threshold of interest atP, .001
to account formultiple comparisons. No SNP associationmet this level
of statistical significance.

Discussion

Only 2 of the candidate SNPs tested in this study (CCR6, FGFR1OP)
remain as possibly associated with the risk of chronic GVHD. These
associations were replicated in related donor-recipient pairs but not in
URD-recipient pairs from the FHCRC, and the results have yet to be
tested in other cohorts of related donor-recipient pairs. An overriding
effect of HLA-DP mismatching or more extensive mismatching for
minor antigens could explain why genetic associations observed with
MRD in our study could not be replicated with URD, but such a
mechanismcouldnot explain the similarly frequent caseswhere genetic
associations observed in URD (eg, CTLA4, HPSE, ILR1) were not
observed with MRD. Because we have no demonstrable biological
explanation for the lack of correspondence between results with MRD
andURD, the evidence for a true associationof theseSNPswith chronic
GVHD remains indeterminate. TheHRs for all tested associationswere
much closer to 1.0 than reported in previous studies. Similar reductions
in HRs or ORs toward 1.0 across several studies have been observed in
the analysis of SNP associations with other diseases and may have a
variety of explanations.28-30 A global survey of candidate SNPs did not
yield any new findings that would meet the threshold of statistical
significance adjusted for multiple comparisons.

The inability to replicate previous results in the current study is
reminiscent of a previous study that replicated only 1 of 16 SNPs

previously reported to be associated with acute GVHD.31 At least 2
explanations should be considered in accounting for our inability to
replicate previous results in the current study. Four SNPs, respectively
representingFCRL3, IL2,CCL5, andGZMB, were previously tested in
Asian cohorts only. Population stratification could account for the lack
of association of these SNPs with chronic GVHD in the FHCRC
European ancestry cohort. The T allele of rs1800871 in IL10, however,
waspreviouslyassociatedwith an increased riskof chronicGVHDboth
in a European ancestry cohort11 and in an Asian cohort.8 Therefore,
population stratification cannot explain why this SNP was not
associated with the risk of chronic GVHD in the current study.

As a second explanation, it is possible that unknown heterogeneity
in the pathogenesis of chronic GVHD and stratification of genetic risk
factors might mask associations that would be apparent in specific
subsets of patients.32 Although our conclusions are valid for the
FHCRCandDISCOVeRY-BMTcohorts, theymight not reflect results
in cohorts of patients selected or treated in ways that differ from our
cohort. Finally, changes in the criteria for the diagnosis or lack of
precision in making the diagnosis of chronic GVHD during the past
decade could have contributed to our inability to replicate previous
results.33 Criteria for the diagnosis of chronic GVHDwere not defined
in 4 of the previous studies.1-3,15 Two studies used historical criteria for
the diagnosis of extensive chronicGVHD,9,18 and only 1 used the 2004
NIH criteria for chronic GVHD.5 The remaining studies used historical
or modified criteria for the diagnosis of limited or extensive chronic
GVHD.21 In the current study, we used historical or modified criteria
for the diagnosis of extensive chronic GVHD, which include classical
and overlap chronic GVHD together with late acute GVHD according
to NIH criteria. The cumulative incidence frequencies of chronic
GVHD were closely similar between the FHCRC and DISCOVeRY-
BMT cohorts. Criteria for the diagnosis in the current study did not
include patients with limited chronic GVHD. In the FHCRC cohort,
however, ,5% of the patients had limited chronic GVHD that never
met criteria for extensive chronic GVHD. Therefore, it is unlikely that
the use of clinical extensive chronic GVHD as the diagnostic criterion
accounts for our inability to replicate previous results.

Previous studies evaluated between 50 and 353 individuals,
whereas 18 of the 22 SNPs evaluated in the FHCRC cohort were
tested in 1200 to 3737 individuals, and the 5 SNPs evaluated in the
DISCOVeRY-BMT cohorts were tested in 2115 to 2183 individuals.
HRs with nominal statistical significance (P , .05) in the FHCRC
cohort were in the range from 1.15 to 1.25. These HRs are consistent
with those reported in other studies of immune-mediated diseases.34-37

Point estimates for hazard and risk ratios from previous studies
consistently fell outside the 95% CIs for HR estimates in the current
study, demonstrating that the inability to replicate previous results in the
current study cannot be explained by insufficient statistical power.

Wewere able to testSNPs representingCTLA4,HPSE, and IL1R1 for
association with chronic GVHD in a large cohort of unrelated pairs from
the DISCOVeRY-BMT cohorts. In this cohort, any GVHD persisting
after day 100 is considered chronicGVHD, similar to the definition used
for the FHCRC cohort in this study. The results did not support any
association of these SNPs with the risk of chronic GVHD. In the current
study, the minor allele frequencies of SNPs representing CCR6 and
FGFR10P spanned a narrow and highly favorable range from 0.42 to
0.47. If the incidence of chronic GVHD incidence is 0.45, a cohort of
1000 to 2500 patients would be needed to provide at least 80% power to
verify HRs within the 1.15 to 1.23 range observed for these SNPs in our
study. We conclude that a definitive analysis of the chronic GVHD
associationsof theCCR6andFGFR1OPSNPs reportedherewill depend
on further studies in sufficiently powered large cohorts with chronic
GVHD diagnosed by criteria similar to those used in the current study.

0.25 0.33 0.50 0.67

Hazard or risk ratio
1.0 1.5 2.0 3.0 4.0

rs1800682
rs1800871d

rs1800871r

rs1800896
rs2834167
rs1800795
rs3093023
rs2301436
rs231775
rs3087243
rs1695
rs2569190
rs2302217
rs4693608
rs1805410
rs16972217
rs3917225
rs361525
rs7528684
rs2069762
rs1800825
rs8192917

Figure 1. HR point estimates and risk ratio point estimates corresponding to

ORs in previous studies consistently fall outside the 95% CIs of HR estimates

in the current study. Adjusted HR point estimates (♢) and 95% CIs (―) from the

FHCRC cohort are shown together with HR point estimates (♦) or risk ratio estimates

corresponding to ORs (d) in previous studies. Results for rs1800871d and

rs1800871r, respectively, represent dominant and recessive genetic models.
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Despite our best efforts, we were unable to replicate the results
of previous studies and, as such, our results offer no support for
biologically plausible inferences resulting from those studies. In
the absence of an obvious explanation for the inability to replicate
previous results, we would conclude that most, but not necessarily
all, of the previous results were false positives. We acknowledge
that our study could have false-negative results, but, if so, it is likely
that many true effects are too small to be detected, despite the large
size of our cohort.

Our results have important implications for future genetic
association studies of chronic GVHD. The current study used the
historical definition of chronic GVHD to match the diagnostic criteria
used inmost previous studies. Future studies could benefit by using the
more refined criteria for diagnosing chronic GVHD developed by the
NIH Consensus Development Project. Previous studies evaluated
associations for only a small numbers of SNPs. Future studies would
benefit from expanding the number of SNPs to be evaluated.
Genomewide surveys offer broad opportunity for discovery but incur a
very heavy statistical penalty formultiple comparisons.A curated set of
candidate SNPs that are known to alter immune function could be used
to elucidate specific biological mechanisms, as suggested by a recent
study of SNPs associated with sclerosis in patients with NIH-defined
chronicGVHD.32 In designing such studies, careful considerationmust
be given to the number of SNPs and genetic models that can be tested
while accounting appropriately formultiple comparisons, theminimum
minor allele frequency, the anticipated effect size, the available
numbers of patients and donors, and the need to replicate any new
discoveries in an independent cohort.
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16. Socié G, Loiseau P, Tamouza R, et al. Both
genetic and clinical factors predict the

development of graft-versus-host disease
after allogeneic hematopoietic stem cell
transplantation. Transplantation. 2001;72(4):
699-706.

17. Ostrovsky O, Shimoni A, Rand A, Vlodavsky I,
Nagler A. Genetic variations in the heparanase
gene (HPSE) associate with increased risk
of GVHD following allogeneic stem cell
transplantation: effect of discrepancy between
recipients and donors. Blood. 2010;115(11):
2319-2328.

18. Vannucchi AM, Guidi S, Guglielmelli P, et al.
Significance of CTLA-4 and CD14 genetic
polymorphisms in clinical outcome after
allogeneic stem cell transplantation. Bone Marrow
Transplant. 2007;40(10):1001-1002.

19. Viel DO, Tsuneto LT, Sossai CR, et al. IL2
and TNFA gene polymorphisms and the risk of
graft-versus-host disease after allogeneic
haematopoietic stem cell transplantation.
Scand J Immunol. 2007;66(6):703-710.

20. Leisenring WM, Martin PJ, Petersdorf EW, et al.
An acute graft-versus-host disease activity index
to predict survival after hematopoietic cell
transplantation with myeloablative conditioning
regimens. Blood. 2006;108(2):749-755.

21. Lee SJ, Vogelsang G, Flowers ME. Chronic
graft-versus-host disease. Biol Blood Marrow
Transplant. 2003;9(4):215-233.

22. Flowers ME, Inamoto Y, Carpenter PA, et al.
Comparative analysis of risk factors for acute
graft-versus-host disease and for chronic graft-
versus-host disease according to National
Institutes of Health consensus criteria. Blood.
2011;117(11):3214-3219.

23. Patterson N, Price AL, Reich D. Population
structure and eigenanalysis. PLoS Genet. 2006;
2(12):e190.

24. Hahn T, Sucheston-Campbell LE, Preus L, et al.
Establishment of definitions and review process
for consistent adjudication of cause-specific
mortality after allogeneic unrelated-donor
hematopoietic cell transplantation. Biol Blood
Marrow Transplant. 2015;21(9):1679-1686.

25. Sucheston-Campbell LE, Clay A, McCarthy PL,
et al. Identification and utilization of donor and
recipient genetic variants to predict survival after
HCT: are we ready for primetime? Curr Hematol
Malig Rep. 2015;10(1):45-58.

26. Willer CJ, Li Y, Abecasis GR. METAL: fast
and efficient meta-analysis of genomewide
association scans. Bioinformatics. 2010;26(17):
2190-2191.

27. Kochi Y, Okada Y, Suzuki A, et al. A regulatory
variant in CCR6 is associated with rheumatoid
arthritis susceptibility. Nat Genet. 2010;42(6):
515-519.

28. Bush WS, Moore JH. Chapter 11: Genome-wide
association studies. PLOS Comput Biol. 2012;
8(12):e1002822.

29. Zollner S, Pritchard JK. Overcoming the winner’s
curse: estimating penetrance parameters from
case-control data. Am J Hum Genet. 2007;80(4):
605-615.

30. Ioannidis JP. Why most published research
findings are false. PLoS Med. 2005;2(8):e124.

31. Chien JW, Zhang XC, Fan W, et al. Evaluation
of published single nucleotide polymorphisms
associated with acute GVHD. Blood. 2012;
119(22):5311-5319.

32. Inamoto Y, Martin PJ, Flowers MED, et al.
Genetic risk factors for sclerotic graft-versus-host
disease. Blood. 2016;128(11):1516-1524.

33. Jagasia MH, Greinix HT, Arora M, et al. National
Institutes of Health Consensus Development
Project on Criteria for Clinical Trials in Chronic
Graft-versus-Host Disease: I. The 2014 Diagnosis
and Staging Working Group report. Biol Blood
Marrow Transplant. 2015;21(3):389-401.

34. Jostins L, Ripke S, Weersma RK, et al;
International IBD Genetics Consortium (IIBDGC).
Host-microbe interactions have shaped the
genetic architecture of inflammatory bowel
disease. Nature. 2012;491(7422):119-124.

35. Barrett JC, Clayton DG, Concannon P, et al; Type
1 Diabetes Genetics Consortium. Genome-wide
association study and meta-analysis find that over
40 loci affect risk of type 1 diabetes. Nat Genet.
2009;41(6):703-707.

36. Qu HQ, Bradfield JP, Li Q, et al. In silico
replication of the genome-wide association results
of the Type 1 Diabetes Genetics Consortium.
Hum Mol Genet. 2010;19(12):2534-2538.

37. Stahl EA, Raychaudhuri S, Remmers EF, et al;
BIRAC Consortium; YEAR Consortium. Genome-
wide association study meta-analysis identifies
seven new rheumatoid arthritis risk loci. Nat
Genet. 2010;42(6):508-514.

2456 MARTIN et al BLOOD, 17 NOVEMBER 2016 x VOLUME 128, NUMBER 20

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/128/20/2450/1396944/blood728063.pdf by guest on 07 M

ay 2024


