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A B S T R A C T

Background: Identification of non-human leukocyte antigen (HLA) genetic risk factors could improve survival
after allogeneic blood or marrow transplant (BMT) through matching at additional loci or individualizing risk
prediction. We hypothesized that non-HLA loci contributed significantly to 1-year overall survival (OS), dis-
ease related mortality (DRM) or transplant related mortality (TRM) after unrelated donor (URD)BMT.
Methods: We performed a genome-wide association study (GWAS) in 2,887 acute myeloid leukemia (AML),
myelodysplastic syndrome (MDS) and acute lymphoblastic leukemia (ALL) patients and their �8/8 HLA-
matched URDs comprising two independent cohorts treated from 2000�2011.
Findings: Using meta-analyses of both cohorts, genome-wide significant associations (p < 5 £ 10�8) were
identified in: recipient genomes with OS at MBNL1 (rs9990017, HR = 1.4, 95% CI 1.24�1.56, p = 3.3 £ 10�8)
and donor-recipient genotype mismatch with OS at LINC02774 (rs10927108, HR = 1.34, 95% CI 1.21�1.48,
p = 2.0 £ 10�8); donor genomes with DRM at PCNX4 (rs79076914, HR = 1.7, 95% CI 1.41�2.05,
p = 3.15 £ 10�8), LINC01194 (rs79498125, HR = 1.86, 95% CI 1.49�2.31, p = 2.84 £ 10�8), ARID5B (rs2167710,
HR = 1.5, 95% CI 1.31�1.73, p = 6.9 £ 10�9) and CT49 (rs32250, HR = 1.44, 95% CI1.26�1.64, p = 2.6 £ 10�8);
recipient genomes at PILRB with TRM (rs141591562, HR = 2.33, 95% CI 1.74�3.12, p = 1.26 £ 10�8) and
donor-recipient genotype mismatch between EPGN and MTHF2DL with TRM (rs75868097, HR = 2.66, 95% CI
1.92�3.58, p = 4.6 £ 10�9). Results publicly available at https://fuma.ctglab.nl/browse.
Interpretation: These data provide the first evidence that non-HLA common genetic variation at novel loci
with biochemical function significantly impacts 1-year URD-BMT survival. Our findings have implications for
donor selection, could guide treatment strategies and provide individualized risk prediction after future vali-
dation and functional studies.
Funding: This project was funded by grants from the National Institutes of Health, USA
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Research in Context

Evidence before this study

Overall survival (OS) after blood or marrow transplantation
(BMT) has improved dramatically; however, the 1-year all-
cause mortality rate remains about 40% after human leukocyte
antigen (HLA)-matched unrelated donor (URD) allogeneic BMT,
leaving room for improvement. For over 20 years, inherited
genetic susceptibility to BMT outcomes has been investigated
with a candidate gene approach using small sample sizes and
heterogeneous populations of disease, and the results could not
be replicated or validated. Our prior exome-wide approach
using DISCOVeRY-BMT showed that rare coding variation in
donor and recipients significantly correlated with survival after
BMT and identified new genes and pathways.

Added value of this study

Our DISCOVeRY-BMT multi-cohort genome-wide association
study demonstrates that non-HLA common variants are associ-
ated with 1-year OS, transplant related mortality and disease
related mortality. We identified several regions, many of which
have clear biochemical function, in the donor genome, recipient
genome, and the shared genome (defined as allele mismatch/
difference between donor and recipient at a given loci) signifi-
cantly associated with survival. Our findings of novel genes
related to cellular metabolism, transcription factor binding,
cytokine and chemokine receptors, and leukocyte immuno-
globulin-like receptors, broadens our knowledge of post-alloge-
neic BMT survival outcomes and clearly show that genetic
variation outside the HLA region impacts survival in the first
year following BMT.

Implication of all the available evidence

Taken together, our findings to date provide evidence that both
common and rare genetic variation outside the HLA region
could improve donor selection and that better understanding
of these loci may lead to improved knowledge of the pathogen-
esis of, and yield improvements in, specific causes of death after
HLA-matched unrelated donor-BMT.
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1. Introduction

Blood or Marrow Transplantation (BMT) is a curative therapy for
acute leukemia and Myelodysplastic Syndrome (MDS); however, suc-
cess is limited by death due to disease relapse/progression or trans-
plant related causes, such as Graft versus Host Disease (GvHD),
infection and/or organ failure which have the greatest impact on
overall survival (OS) in the first year post-BMT [1]. OS after BMT has
improved dramatically over the past two decades, owing mainly to
improvements in reducing transplant-related mortality (TRM)
through high resolution human leukocyte antigen (HLA) typing,
patient selection, supportive care, and infection prophylaxis; none-
theless, the 1-year all-cause mortality rate remains about 40% after
HLA-matched unrelated donor (URD) allogeneic BMT [2,3]. Several
clinical variables, including disease status at transplant, stem cell
source, graft-source, patient age and donor age are associated with
survival outcomes [4], there are currently no established and vali-
dated genetic predictors of survival after BMT outside of HLA genes.

Prior studies have demonstrated strong effects on OS and TRM by
genotypes at the HLA loci, however non-HLA candidate gene investi-
gations of survival after transplant have been unsuccessful [5,6]. The
identification of donor, recipient or a combination of donor-recipient
genetic variation outside the Major Histocompatibility Complex
(MHC) region associated with mortality outcomes in the first year
after URD-BMT could provide new insight on the biology of these
outcomes and/or ultimately improve BMT outcomes through match-
ing at these additional loci. We hypothesized that non-HLA genetic
variation in recipients and/or donors would significantly contribute
to OS and its two competing causes: TRM and Disease Related Mor-
tality (DRM). To inform our hypothesis we used two independent
cohorts for our study, Determining the Influence of Susceptibility
COnveying Variants Related to one-Year mortality after BMT (DIS-
COVeRY-BMT) composed of acute myeloid leukemia (AML), MDS and
acute lymphoblastic leukemia (ALL) patients and their �8/8 HLA-
matched unrelated donors. The use of a GWAS in the DISCOVeRY-
BMT study population allowed us to identify SNPs and genes associ-
ated with TRM, DRM and OS at 1 year post URD-BMT.

2. Methods

2.1. DISCOVeRY-BMT Cohorts

The DISCOVeRY-BMT study population was contributed by 151
centers in the United States to the Center for International Blood and
Marrow Transplant Research (CIBMTR) and consists of two cohorts of
ALL, AML and MDS patients and their healthy �8/8 HLA-matched
URDs described previously [5�11]. Cohort 1 received a first URD-
BMT (10/10 HLA-matched) between 2000 and 2008; Cohort 2
received a first URD-BMT (10/10 HLA-matched) between 2009 and
2011 or an 8/8 (but <10/10) HLA-matched first URD-BMT between
2000 and 2011. Additional inclusion criteria were T-cell replete
peripheral blood or marrow grafts, an available bio-repository sam-
ple from both recipient and donor, with no restrictions on condition-
ing regimen, age, sex or race/ethnicity.

Recipients and donors provided written informed consent for par-
ticipation in the Center for International Blood and Marrow Trans-
plant Research clinical outcome database and research repository.
The bio-specimen and database protocols were approved by the
National Marrow Donor Program (NMDP Institutional Review Board
(IRB), as well as the individual transplant and donor centers’ IRBs.
Recipients and donors were not compensated for their participation.
This study was reviewed and approved by the Roswell Park Compre-
hensive Cancer Center and NMDP IRBs. LSC, JW, EK, AR, ACG, YW,
AW, GB, QZ, LY, SL, SS, TH had access to all data and CH, DS, LP, XS,
DV had access to genotyping data during the duration of the study.

2.2. Genotyping, imputation, and quality control

We previously described the DISCOVeRY-BMT cohorts and geno-
typing and quality control (QC) in detail. Supplemental Figures 1 and
2 show quality control and study workflow, respectively [5�11].
Briefly, samples were assigned to plates using the Optimal Sample
Assignment Tool [12]. Genotyping was performed at the University
of Southern California Genomics Facility using the Illumina Omni-
Express BeadChip� containing approximately 733,000 single nucleo-
tide polymorphisms (SNPs). Typed SNPs were removed if the minor
allele frequency (MAF) < 1%, missing rate was > 2.0%, violation of
Hardy Weinberg equilibrium proportions (p < 1.0 £ 10�4). Popula-
tion specific quality control was performed and samples were
removed based on the SNP missing rate, reported-genotyped sex
mismatch, abnormal heterozygosity, cryptic relatedness, and popula-
tion outliers. The study is well powered to detect small effect sizes
(HR<1.5) for common variants with minor allele frequency (MAF) of
30�40% and for clinically relevant effect sizes in the range of 1.5�2.5
for MAF of 5�10% [13]. Population stratification was assessed via
principal components analysis using Eigenstrat software [14] and a
genomic inflation factor (λ) was calculated for each cohort. Following
quality control, the Omni Express Bead Chip in Cohorts 1 and 2
yielded 637,655 and 632, 823 SNPs, respectively, available for
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imputation. IMPUTE2 was used to perform SNP imputation via the
Michigan Imputation server with the Haplotype Reference Consor-
tium, hg19/b37 (http://www.haplotype-reference-consortium.org/
home) as the reference genome [15,16]. After filtering to include
SNPs with imputation quality scores >0.9 and MAF >0.005, 8,515,276
SNPs were available for analyses in both cohorts. Almost 95% of the
total patient and donor population self-reported as Non-Hispanic
White (European American (EA)), while individuals reporting as non-
Hispanic African-Americans and Hispanic Whites each comprised
approximately 1.5% of DISCOVeRY-BMT and the numbers were too
small for separate analyses. The remainder of the racial and ethnic
groups had fewer than 25 individuals each. After quality control,
Cohorts 1 and 2 include 2111 and 779 non-Hispanic European Ameri-
cans AML, MDS and ALL patients and 2219 and 808 non-Hispanic
European American donors, respectively. Of these, there are 2053 and
763 complete donor-recipient pairs in Cohorts 1 and 2, respectively.
(Supplemental Figure 1).
2.3. Statistical analysis

QC was implemented using QCTOOL-v2, R 3.5.1 (Feather Spray)
and Plink-v1.9 [17]. OS analyses were performed using Cox propor-
tional hazard models implemented in gwasurvivr [18]. To assess 1-
year OS, surviving patients were censored at 1-year post BMT. Single
SNP analyses were coded as 0�2 minor alleles of the recipients, their
corresponding donors or the absolute value of the allele difference
between recipients and donors. Causes of death were adjudicated as
previously described [8]. Cox proportional hazard (OS) and compet-
ing risk models (TRM and DRM) were used to analyze single-variant
association while controlling for the significant univariate risk factors
of recipient age at BMT, disease (AML, ALL, MDS), disease status at
BMT (complete remission (CR) /early, not in CR/advanced), cell source
(peripheral blood, marrow), year of BMT and recipient Body Mass
Index (TRM models only) [18]. The two cohorts were analyzed sepa-
rately with meta-analyses performed by fitting random effects mod-
els with inverse variance weighting using the R package Metafor.
Genome-wide statistical significance was set at p<5 £ 10�8 for meta-
analyses; experiment wide correction for multiple testing was not
performed since donor and recipient (and D-R mismatch) are inde-
pendent genomes and hypotheses. Disease specific mortality analy-
ses were limited to myeloid diseases (AML, MDS) as were TRM, the
competing risk of DRM; ALL specific mortality was not sufficiently
powered to detect genome-wide associations across both cohorts.
Death due to graft versus host disease (GvHD), organ failure and
infection death comprise TRM [8], therefore TRM significant associa-
tions with MAF > 5% were further assessed for the association with
GvHD-, infection- and organ failure-death to better understand the
contribution of each cause specific mortality to the TRM association.
2.4. Co-localization analysis of the risk locus

Integrating GWAS and expression quantitative trait loci (eQTL)
studies can elucidate mechanisms of non-coding variants on disease,
however this is challenging due to the correlation (LD) between var-
iants and because some loci could contain multiple causal variants
[19]. We estimated the posterior probability that a genome wide sig-
nificant variant was causal both in our GWAS and in genome-wide
blood eQTL studies, while accounting for linkage disequilibrium (LD)
and allelic heterogeneity, using the software program eCAVIAR [20].
To measure the degree of co-localization of GWAS and blood eQTL
the co-localization posterior probability (CLPP) was calculated by
estimating the probability that the same variant is causal in both
eQTL and our GWAS studies. The CLPP was calculated with two sepa-
rate inputs, blood eQTL and GWAS z-scores using the LD in the Euro-
pean (non-Hispanic white) population. A higher CLPP score indicates
higher level of co-localization. A threshold of 1% for CLPP was used as
recommended when selecting for candidate causal SNPs [20].

2.5. Functional annotation of genetic variation associated with OS, TRM
and DRM

To better understand the potential function of the variants identi-
fied by GWAS, we derived additional information about significant
SNPs and genomic regions and performed genome-wide gene-based
testing using the web-based application Functional Mapping and
Annotation (FUMA). For significant variants and those in LD, FUMA
was used to: identify eQTLs across multiple tissues [21,22]; derive a
measure of deleteriousness using the combined annotation dependent
depletion (CADD) score computed by integrating 63 functional annota-
tions (the higher the score, the more deleterious with a scaled score
>10 for the top 10% and >20 for the top 1% variants in GRCh37v1.4)
[23,24]; and retrieve Regulome DB scores and probabilities, the latter
spanning 0�1 with 1 being most likely to be a regulatory variant [25]
and show significant Hi-C data loops across 21 tissues from GSE87112
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE87112 [26].
Additional analyses placing associations in genomic context of existing
data are described in the Supplement material.

2.6. Role of the funding source

The funding sources had no role in the study design, data analysis,
interpretation or decision to publish the results.

3. Results

Recipient and donor characteristics are shown in Table 1. Cohorts
were comparable on all characteristics except for disease, disease status,
graft source, performance status, and use of total body irradiation.
Cohort 1 has a higher proportion of ALL and fewer MDS patients than
Cohort 2, with similar proportions of AML in both cohorts. Similarly,
there was a higher proportion of intermediate, and lower proportion of
advanced disease in Cohort 1 versus Cohort 2. Despite these differences,
there was no significant OS difference between Cohorts 1 and 2 (p = .8)

3.1. Associations with overall survival in AML, All and MDS patients

One region in recipient genomes, 3q25, contained five genome-
wide significant variants associatedwith OS (Fig. 1, outer circle, Table 2,
Supplemental Table 1). The quantile-quantile plot (QQplot) for all OS
analyses shows low genomic inflation (λ<1.03) for Cohorts 1, 2 and
meta-analyses (Supplemental Figure 3). The significant variants were
strongly correlated (r2 > 0.95) with the lead variant, rs9990017
(typed), adjacent to Muscleblind Like Splicing Regulator 1 (MBNL1) a
highly conserved gene whose protein is expressed in most blood and
marrow hematopoietic cells. Supplemental Figure 4A-C shows the G
allele at rs9990017 associates with increased risk of all-cause mortality
(OS) in the first year after URD-BMT (HR = 1.4, 95% CI, 1.24, 1.56,
p = 3.3 £ 10�8), which is largely driven by TRM (HR = 1.48, 95% CI,
1.26, 1.75, p = 2.7 £ 10�6) but is also associated with DRM (p = .002).
Fig. 2 highlights the variants in the region significantly associated with
gene expression ofMBNL1 in blood (eQTLgen) and lymphoblastoid cell
lines (GEUVADIS and TWINS_UK). Hi-C data show the region contain-
ing rs9990017 interacts with an active transcription start site (TSS)
across multiple blood cell lines. The maximum CADD annotation in the
region, rs79130661, approached 20 (CADD = 19.4) indicating the vari-
ant in the 30 untranslated region (UTR), and in LD (r2 = 0.8) with
rs9990017, is predicted to be near the top 1% of deleterious variants in
the genome. MAGMA gene-based analyses show MBNL1 approaches
(p = 5.3£ 10�6) but does not exceed genome-wide significance.

Allele difference (mismatch) between donors and recipients was
associated with a small region on Chromosome 1 containing long
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Table 1
DISCOVeRY-BMT Recipient and Donor Characteristics by Cohort.

Characteristic Cohort 1, N = 2110* Cohort 2, N = 777* p-value#

Recipient Age, years 0.057
<20 240 (11%) 79 (10%)
20�39 527 (25%) 173 (22%)
40�59 931 (44%) 340 (44%)
�60 412 (20%) 185 (24%)
Recipient Age, years <0.001
Median (standard

deviation)
46.6 (17.5) 50.0 (17.6)

Donor Age, years 0.010
<20 11 (0.5%) 12 (1.5%)
20�39 1487 (70%) 569 (73%)
40�59 604 (29%) 192 (25%)
�60 8 (0.4%) 4 (0.5%)
Donor Age, years <0.001
Median (standard

deviation)
32.8 (9.3) 30.6 (9.6) <0.001

Male Recipient 1191 (56%) 429 (55%) 0.554
Male Donor 1437 (68%) 563 (72%) 0.025
Disease <0.001
ALL 483 (23%) 94 (12%)
AML 1282 (61%) 488 (63%)
MDS 345 (16%) 195 (25%)
Disease Status <0.001
Early 1005 (48%) 386 (50%)
Intermediate 528 (25%) 127 (16%)
Advanced 577 (27%) 264 (34%)
Graft Source <0.001
Bone Marrow 745 (35%) 210 (27%)
Peripheral blood 1365 (65%) 567 (73%)

Characteristic Cohort 1, N = 2110 * Cohort 2, N = 777 * p-value #

KPS/LPS pre-BMT <0.001
<90 619 (29%) 248 (32%)
90�100 1282 (61%) 490 (63%)
(Missing) 209 (9.9%) 39 (5.0%)
Body Mass Index 0.025
Underweight 41 (1.9%) 20 (2.6%)
Normal 780 (37%) 241 (31%)
Overweight 659 (31%) 266 (34%)
Obese 630 (30%) 250 (32%)
Donor-Recipient Sex 0.125
F donor to F recipient 341 (16%) 113 (15%)
F donor to M recipient 332 (16%) 101 (13%)
M donor to F recipient 578 (27%) 235 (30%)
M donor to M recipient 859 (41%) 328 (42%)
Conditioning Regimen Intensity 0.300
Myeloablative 1540 (73%) 552 (71%)
Reduced/NMA 570 (27%) 225 (29%)
TBI-containing Regimen <0.001
Yes 973 (46%) 280 (36%)
No 1137 (54%) 497 (64%)

* n (%).
# Pearson's Chi-squared test; Fisher's exact test; Early=CR1 or MDS-RA/RARS, Intermedia-

te=CR2+, Advanced=Not in Remission or MDS-RAEB, KPS: Karnofsky Performance Score, LPS:
Lansky Performance Score, NMA: non-myeloablative, TBI: total body irradiation.

4 T. Hahn et al. / EClinicalMedicine 40 (2021) 101093
intergenic non-protein coding RNA 2774 (LINC02774) (Fig. 1, inner
circle, Table 2, Supplemental Table 1). One variant in the region
reached genome-wide significance, rs10927108 (HR = 1.34, 95% CI
1.21, 1.48, p = 2.0 £ 10�8), with increasing copies of the T allele
between the donor-recipient pairs showing increasing risk of all-
cause mortality, driven by both TRM (HR=1.39, 95% CI,1.19, 1.61,
p = 1.72 £ 10�5) and DRM (HR = 1.31, 95% CI 1.14, 1.50,
p = 1.68 £ 10�4) (Supplemental Table 3, Supplemental Figure 5).

3.2. Associations with disease-related mortality in AML and MDS
patients

DISCOVeRY-BMT is comprised of lymphoid and myeloid diseases,
thus all DRM analyses, and its competing risk, TRM, were done using
myeloid diseases (AML and MDS) together. The DRM QQplots shows a
low genomic inflation (λ<1.02) for both cohorts and themeta-analyses
(Supplemental Figure 6). The donor genome has four genome-wide
significant regions associated with death due to AML or MDS: at
14q23.1(rs79076914, HR = 1.7, 95% CI, 1.41�2.05, p = 3.15 £ 10�8),
10q21.2 (rs79498125, HR = 1.86, 95% CI, 1.49, 2.31, p = 2.84 £ 10�8),
10p11.22 (rs2167710, HR = 1.5, 95% CI, 1.31, 1.73, p = 6.9 £ 10�9) and
5p15.2 (rs32250, HR = 1.44, 95% CI, 1.26, 1.64, p = 2.6 £ 10�8) (Fig. 3,
middle circle, Table 2, Supplemental Table 2). No genome-wide signifi-
cant associations with death due to AML or MDS are seen in recipient
genomes (Fig. 3, outer circle) or when comparing allele matching at
each SNP in the recipient and donor (Fig. 3, inner circle). The chromo-
some 14 region (60,262,026�60,597,197 bp) contains several donor
variants at Pmeta<5 £ 10�8 that increase risk of DRM in AML and MDS
patients. The most significant chromosome 14 donor association
rs79076914, is located 610 bp from the canonical transcription start



Fig. 1. Circular Manhattan plot of SNP associations with overall survival. Chromosomes are numbered on the outside. p = 5 £ 10�8 is marked with dashed red lines. Each SNP p value
association with overall survival is a colored dot, with genome-wide significant SNPs as red dots. Results are shown for recipient (outer circle), donor (middle circle) and donor-
recipient mismatches (inner circle), respectively.
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site of Pecanex 4 (PCNX4) increased risk of DRM 1.7-fold. This region
contains numerous genome wide significant eQTLs in blood and LCLs
for Dehydrogenase/Reductase 7 (DHRS7), a steroid and retinoid metab-
olizer gene, and PCNX4 (Supplemental Figure 7). The co-localization
analyses done with eCAVIAR provides evidence that rs114514727 may
be causal for the shared signal of the donor DRM GWAS association
and PCNX4 expression (Supplemental Table 4). Rs79076914 also shows
some association with worse OS (HR = 1.41, 95% CI, 1.21, 1.65,
p = 1.06 £ 10�5) but not at a genome-wide level. The Chromosome 10
donor genome associations with DRM reside in a well-known acute
lymphoblastic leukemia-associated gene, ARID5B (Supplemental
Figure 8) and is a molecular determinant of antimetabolite drug sensi-
tivity [27]; rs79498125 confers an »1.9-fold increased risk of disease
death (HR = 1.86, 95% CI 1.49, 2.31, p = 2.8 £ 10�8) and resides in an
area of strong transcription across multiple blood cell lines. We also
identified a Chromosome 10 significant association independent of
rs7949815 (Supplemental Figure 9), in LINC02628 rs2167710
(HR = 1.5, 95% CI 1.31, 1.73, p = 6.9 £ 10�9). Rs32250, the most signifi-
cant variant in the chromosome 5 region near CT49 does not show
strong evidence of impacting transcription or gene expression (Sup-
plemental Figure 10). These three variants show some association
with OS but not at a genome-wide level: 10q21.2 (rs79498125,
HR = 1.33, 95% CI, 1.12, 1.60, p=.001), 10p11.22 (rs2167710, HR = 1.24,
95% CI, 1.12, 1.37, p = 2.8 £ 10�5), and 5p15.2 (rs32250, HR = 1.23, 95%
CI, 1.12, 1.36, p = 1.08£ 10�5).
3.3. Associations with transplant related mortality in AML and MDS
patients

We identified SNP associations with TRM and donor-recipient
genotype mismatch at 4q13.3 (Fig. 4, inner circle) and recipient var-
iants at 7q22 (Fig. 4, outer circle, Table 2, Supplemental Table 2). The
QQplot shows a low genomic inflation (λ<1.03) for both cohorts and
the meta-analyses (Supplemental Figure 11). Genotype mismatches
between the donor and recipient associate with a region spanning
from 75,084,800�75,191,890 bp on Chromosome 4 (Fig. 5) at the
genome-wide level. For rs75868097 (75,148,954 bp), the most signif-
icant variant in this region (HR = 2.66, 95% CI 1.92,3.58,
p = 4.6 £ 10�9), the increased risk of TRM was attributable to either
donor or recipient having at least one A allele (A/A or A/T) when the
corresponding match was TT; the frequency of this mismatch in
cohorts 1 and 2 was »2.7% and 2% respectively (Supplemental Figure
12). Due to the low allele frequency, a dosage effect analysis was not
possible as there are an inadequate number of donor-recipient pairs
with 2, 3 or 4 of the A alleles between the pair. Given the association
is due to a pair having 1 copy of the risk allele between them, unsur-
prisingly the risk allele (A) is associated with higher recipient TRM in
donor genome only (HR = 2.98, 95% CI 1.92, 4.54, p = 7.4 £ 10�7) and
recipient genome only (HR = 2.19, 95% CI 1.36, 3.53, p = .001). This
TRM association is also seen in OS (HR = 1.75, 95% CI 1.37, 2.26,
p = 1.23 £ 10�5) but not at the genome-wide level.



Table 2
Lead genome wide significant variants associated with 1-year survival outcomes in DISCOVeRY-BMT.

BMT outcome Rsid lead SNP Chr Position (hg 19) Nearest Gene Genome Alleles Effect Allele Freq HR (95% CI) P

OS rs9990017 3 152,206,062 MBNL1 Recipient T/G 0.11 1.39 (1.24, 1.56) 3.3 £ 10�8

rs10927108 1 244,184,670 LINC02774 Donor-Recipient allele mismatch C/T 0.27 1.34 (1.21, 1.48) 2.0 £ 10�8

DRM rs79076914 14 60,559,239 PCNX4 Donor C/A 0.051 1.7 (1.41, 2.05) 3.15 £ 10�8

rs79498125 10 63,695,702 ARID5B A/G 0.06 1.86 (1.49, 2.31) 2.8 £ 10�8

rs2167710 10 33,877,364 LINC02628 A/T 0.65 1.5 (1.31, 1.73) 6.9 £ 10�9

rs32250 5 12,465,740 CT49 T/G 0.55 1.44 (1.26, 1.63) 2.6 £ 10�8

TRM rs75868097 4 75,148,954 EPGN Donor-Recipient allele mismatch A/T 0.027 2.65 (1.91,3.58) 5.9 £ 10�9

rs141591562 7 99,947,974 PILRB Recipient A/G 0.03 2.33 (1.74, 3.12) 1.26 £ 10�8

Variants (SNPs) are within a gene or in LD (r2 > 0.8) with variants in a gene; bolded allele is the effect allele; for mismatch loci the effect allele frequency is the frequency of the
associated mismatch across both cohorts
OS: Overall survival, DRM: Disease-related mortality, TRM: Transplant-related mortality, SNP: single nucleotide polymorphism, hg19: human genome 19 position, Freq: fre-
quency, HR: hazard ratio, CI: confidence interval.
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Rs75868097 and the 57 associated variants in LD span two genes,
methylenetetrahydrofolate dehydrogenase 2-like protein (MTHFD2L),
responsible for carbon metabolism and conversion of folate to for-
mate in the mitochondria [28] and Epithelial Mitogen (EPGN), an epi-
dermal growth factor. Genome-wide gene-based association analyses
Fig. 2. Chromosome 3 regional recipient association plot of overall survival. A) Regional m
higher the -log10 number, the lower the p-value. Rs9990017, the most significant genome-w
The x-axis is the chromosome position in mega bases (Mb). B) Corresponding CADD scores
identified in three separate cohorts: eQTLGen (solid red dots), GEUVADIA (solid blue dots) an
line and annotated with E) HiC data from a lymphoblastoid cell line with the F) ENCODE e
down the left side (ie., E026, etc.) correspond to specific epigenome road map cell lines. The
figure.
using MAGMA show EPGN significantly associates with TRM
(p = 5 £ 10�8).

The most significant recipient SNP association with TRM is in 7q22
region at rs141591562 (Fig. 4, outer circle, Table 2, Supplemental
Table 2) in Paired-immunoglobulin type 2-like receptor b (PILRB).The
eta-analysis SNP �log10(p-values) are plotted as solid black dots in the top panel. The
ide association is labeled and marked with a thin blue line that transverses all panels.

in the region for the variants are shown as solid gray dots. C) Significant MBNL1 eQTLs
d TwinsUK (solid green dots). D) Genes in the region are plotted as red boxes on a gray
pigenome roadmap for all blood, T-cell, HSC and B-cells; the cell line numbers shown
colors indicate the ChromHMM status as defined in the key on the bottom left of the



Fig. 3. Circular Manhattan plot of SNP associations with disease related mortality. Chromosomes are numbered on the outside. p = 5 £ 10�8 is marked with dashed red lines. Each
SNP p value association with disease-related mortality is a colored dot, with genome-wide significant SNPs as red dots. Results are shown for recipient (outer circle), donor (middle
circle) and donor-recipient mismatches (inner circle), respectively.
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A allele confers a 2.3-fold increased risk of TRM (HR=2.33, 95% CI 1.74,
3.12, p = 1.26 £ 10�8) (Supplemental Figure 13). Death due to GvHD,
infection and organ failure comprise TRM and analyses of cause-spe-
cific mortality show an association with death due to GvHD
(HR = 3.78, 95% CI 2.50, 5.70, p = 2.2 £ 10�10), but not organ failure
(p = .36) or infection (p = .33). This GvHD associations in recipient
rs141591562 translates to a modest association with OS (HR = 1.32,
95% CI 1.04, 1.68, p = .02).

4. Discussion

We conducted the first GWAS of OS, DRM and TRM 1-year after
BMT in two cohorts of recipients and their unrelated donors and
identified multiple regions of association. Several of these associa-
tions have annotations implying biochemical function. Confirmation
of these findings in additional cohorts and further studies of the func-
tional consequences of these SNPs may contribute to donor selection
and/or provide more individualized risk prediction/prognosis and the
development of strategies to mitigate toxicity.

We demonstrated that genome-wide significant recipient SNPs in
MBNL1 associate with OS (all-cause mortality), with contributions to
both TRM and DRM.MBNL1 is an RNA-binding protein which can reg-
ulate alternative splicing with both repressor and activator functions,
can auto-regulateMBNL1mRNA and regulates the mRNA of hundreds
of genes [29,30]. A recent study demonstrated thatMBNL1 is required
for the pathogenesis of AML or ALL with the mixed lineage leukemia
(MLL) gene rearranged and that MBNL1 is frequently overexpressed
in MLL-AML and MLL-ALL [31]. MLL-fusion proteins bind directly to
the promoter region of MBNL1 which has been proposed as a
potential therapeutic target for MLL-leukemias. In addition to its
influence on leukemic cell survival,MBNL1 has a broad role in cellular
RNA metabolism that is triggered in response to viral infections and
stress [32,33]. GvHD is initiated via activation of antigen presenting
cells (APCs) in response to stress from tissue damage which triggers a
cascade of complex immune signaling pathways, expression of MHC
class II, cell signaling and other immune-related genes requiring
induction of RNA processing [34-36].

In donor genomes, DRM for AML and MDS patients was signifi-
cantly associated with variants in PCNX4, with in silico analyses dem-
onstrating rs114514727 is causal for this association and PCNX4
expression. PCNX4 is expressed in many organs and tissues including
the blood and bone marrow, GI tract, liver and skin; these associations
may warrant additional study to elucidate its association with death
due to myeloid disease [37]. The other regions of association identified
are less clear at this time and would benefit from a third cohort.

The Chromosome 4 region where donor and recipient allele mis-
matches significantly associate with TRM contains other genome-wide
significant variants, including rs76183531 (p = 6.6 £ 10�9), that are
potentially deleterious (CADD = 17) and multiple loci that impact the
binding of important transcription factors. Specifically, rs7694828
(p = 8.2 £ 10�9) (RegulomeDB rank = 2b and probability score = 0.78) at
75,186,404 bp is located in a binding site of the transcriptional regulator
CTCF (CCCTC-binding factor) across »150 cell lines including lympho-
blastoid cell lines (LCL), lymph node, K562 (blast crisis cell line from
chronic myeloid leukemia), bone, brain, lung, connective tissue and
skin. CTCF functions as an insulator, preventing the influence of CIS-act-
ing enhancers on gene activation and defines TAD boundaries. A con-
served TAD boundary (75,100,000�75,260,000) encompasses this



Fig. 4. Circular Manhattan plot of SNP associations with transplant-related mortality. Chromosomes are numbered on the outside. p = 5 £ 10�8 is marked with dashed red lines.
Each SNP p value association with transplant-related mortality is a colored dot, with genome-wide significant SNPs as red dots. Results are shown for recipient (outer circle), donor
(middle circle) and donor-recipient mismatches (inner circle), respectively.

8 T. Hahn et al. / EClinicalMedicine 40 (2021) 101093
region [38] and is adjacent to a TAD containing CXCL (1,2,3,5,6,8,9,11).
Interestingly, this region has been previously identified in a GWAS of
vaccine response. Kennedy et al. identified four variants in strong LD
where the homozygous minor allele associated with lower levels of IL-
1b following smallpox vaccination in a population of almost 500 indi-
viduals [39]. All four variants were genome-wide significant in our
GWAS, specifically if the donor-recipient pair had one or more minor
alleles between them (eg, at least 1 out of 4 alleles), the recipient experi-
enced significantly higher risk of TRM than those pairs who were both
homozygous common. IL-1b is a pro-inflammatory cytokine secreted
early in the inflammatory response and may be contributing to the risk
of TRM through the combination of initiation and maintenance of host
tissue inflammation and donor cell inflammatory response.

In recipient genomes, TRM, driven specifically by death due to
GvHD, was associated with variants in the 7q22 region spanning the
protein coding gene PILRB. The most significant variant, rs141591662
is in strong LD with rs7777462 (r2 = 0.78) and rs150702181
(r2 = 0.85), both of which impact transcription factor binding (Regulo-
meDB rank=2b, probability score � .80). In LCLs, rs7777462 impacts
binding of TBX21 (RegulomeDB rank = 2b, probability score = 0.79),
which specifies Th1 lineage and represses alternative T cell fates [40].
Both variants reside in transcription start sites, an enhancer region or
strong transcription region across all 27 T- and B-Cell, HSC and blood
cell lines and are significant eQTL for PILRB and Paired-immunoglobu-
lin type 2-like receptor a (PILRA) across blood and LCL [41].

Paired immunoglobulin-like receptors (PILRs) and killer immuno-
globulin-like receptors (KIRs) are part of a family of leukocyte immu-
noglobulin-like receptors (LILRs) [42]. PILRB is an inhibitory receptor
protein and its pair, PILRA, is an activating receptor with broad effects
on immune response and neural function [43]. PILRA/B have oppos-
ing effects on development of acute GvHD in murine models [44,45].
High expression of PILRB and PD-L1 on regulatory dendritic cells has
been shown to control murine GvHD, with younger mice exhibiting
higher PILRB levels compared to older mice [46]. Recently, PILRA was
shown to be required for MHC class I mediated alloantigen specific
memory in monocytes and macrophages and promotes allograft
rejection, with PILRB promoting tolerance [47].

While our study is the largest to date, it has some limitations. The
cohorts are European American only and given the health disparities
in access to and outcomes following transplant we are making a con-
certed effort to increase this dataset to better represent the US trans-
plant population. While these data represent most unrelated
allogeneic transplants performed in the US from 2000 to 2011, a third
cohort would be a valuable addition for replication and for perform-
ing OS, TRM and DRM in the ALL recipient-donor pairs. Lastly, despite
almost 3000 donor-recipient pairs, genome-wide analyses of cause-
specific deaths remains underpowered for less common variants
(MAF < 0.05), however we were able to examine genome-wide sig-
nificant loci for cause specific mortality in more common variants
(MAF > 0.05).

OS (all-cause mortality) is a composite phenotype of utmost
importance to improving survivorship post URD-BMT. Detection of
recipient and mismatch genetic variants associated with improved
OS has implications for individualized patient risk/prognosis and
advancing our understanding of contributors to all causes of death.
Association of the donor variants to DRM and mismatches between
donors and recipients to TRM clearly show that donor germline varia-
tion matters. Hence donor selection and matching on loci in addition



Fig. 5. Chromosome 4 regional association plot of transplant related mortality with donor-recipient allele difference. A) Regional meta-analysis SNP �log10(p-values) are plotted as
solid black dots at the top of the figure. The higher the -log10 number, the lower the p-value. Rs75868097, the most significant genome-wide association, is labeled and marked
with a thin blue line that transverses all panels. The x-axis is the chromosome position in mega bases (Mb). B) shows significant associations in previous GWAS as solid blue dots,
including one study of smallpox vaccine cytokine responses. C) Corresponding CADD scores in the region for the variants are shown as solid gray dots. D) Genes in the region are
plotted as red boxes on a gray line and annotated with E) HiC data from a lympho blastoid cell line with the F) ENCODE epigenome roadmap for all blood, T-cell, HSC and B-cells;
the cell line numbers shown down the left side (ie., E026, etc.) correspond to specific epigenome road map cell lines. The colors indicate the Chrom HMM status as defined in the
key on the bottom left of the figure.

T. Hahn et al. / EClinicalMedicine 40 (2021) 101093 9
to HLA may decrease specific causes of death and lead to improved
understanding of the pathogenesis of those specific causes and yield
improvements in OS after URD-BMT. Thus, we are pursuing addi-
tional replication and validation cohorts in European populations and
a multi-ethnic cohort. Functional studies will be imperative to vali-
date these findings if we are to successfully identify high-risk patients
and alter approaches to treatment, prognosis and donor selection to
improve survival after allogeneic BMT.
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