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m Allogeneic hematopoietic stem cell transplantation (allo-HCT) is a curative option for
blood cancers, but the coupled effects of graft-versus-tumor and graft-versus-host disease
* Genomic anaIyS|§ _°f (GVHD) limit its broader application. Outcomes improve with matching at HLAs, but
1193 donor-recipient other factors are required to explain residual risk of GVHD. In an effort to identify genetic
sgmples found no asso- associations outside the major histocompatibility complex, we conducted a genome-wide
ciation with autosomal .. . . . .
. . e clinical outcomes study on 205 acute myeloid leukemia patients and their fully HLA-A-,
minor histocompatibility
antigens and acute HLA-B-, HLA-C—, HLA-DRB1-, and HLA-DQB1-matched (10/10) unrelated donors. HLA-DPB1
GVHD T-cell epitope permissibility mismatches were observed in less than half (45%) of acute

GVHD cases, motivating a broader search for genetic factors affecting clinical outcomes.
* Y-chromosome—

encoded minors that
mismatch paralogous

A novel bioinformatics workflow adapted from neoantigen discovery found no associations
between acute GVHD and known, HLA-restricted minor histocompatibility antigens
sites in female donors (MiHAS). These results were confirmed with microarray data from an additional 988
T samples. On the other hand, Y-chromosome-encoded single-nucleotide polymorphisms
GVHD. in 4 genes (PCDH11Y, USPYY, UTY, and NLGN4Y) did associate with acute GVHD in

male patients with female donors. Males in this category with acute GVHD had more
Y-encoded variant peptides per patient with higher predicted HLA-binding affinity than
males without GVHD who matched X-paralogous alleles in their female donors. Methods
and results described here have an immediate impact for allo-HCT, warranting further
development and larger genomic studies where MiHAs are clinically relevant, including
cancer immunotherapy, solid organ transplant, and pregnancy.

Introduction
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Allogeneic hematopoietic cell transplantation (allo-HCT) can cure certain inherited diseases and
acquired malignancies of the blood, yet biological mechanisms that provide beneficial effects, such as
graft-versus-tumor (GVT),"® also contribute to life-threatening graft-versus-host disease (GVHD).*
Outcomes improve dramatically with donor-recipient matching of HLAs, but GVHD still occurs at
frequencies of up to 70% in fully matched unrelated pairs, and to a lesser degree in related, HLA-
identical transplant recipients,® suggesting unaccounted-for genetic factors impact clinical responses.

Minor histocompatibility antigens (MiHAs) are germline-encoded immunogenic peptides presented by
specific HLA molecules on the surface of cancer cells or normal tissues. Although donor and recipient
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mismatching at the major histocompatibility complex (MHC)
confers the highest proportional risk of GVHD, many clinically
relevant MiHAs with defined HLA restriction have been identified,®
including Y-chromosome—encoded antigens that affect outcomes
in sex-mismatched HCT.” In other nonmalignant conditions, such
as solid organ transplant or pregnancy, MiHAs carry risk of
rejection®'° or miscarriage,’"'? respectively.

In leukemia, there is evidence for tumor-specific antigenicity
by exogenous activation of gene expression,'®'® gene fusion,'®
and alternative splicing.'” In all cancers, driver and passenger
mutations mark tumor progression,'®2° which may guide bio-
marker discovery?"?? and individualized treatment.?®2° A subset
of cancer variants give rise to immunoreactive neoantigens encoded
by somatic changes in tumor DNA, and these changes are
presented exclusively by tumors and targeted by patients’ normal
immune systems.?® In a clinical setting, this effect may theoret-
ically be exploited for GVT in allo-HCT?? or precision medicine
approaches to cancer immunotherapy.

Despite the physiological connection between MiHAs and neo-
antigens, there are important differences that should guide
genomic analysis. Neoantigen discovery from DNA or RNA sequences
requires high sensitivity to detect rare or private variants from
heterogenous tumor tissue,?® which is often chemically pre-
served.?® Sequencing patient and adjacent normal samples adds
cost but also reduces false positives.®®2' MiHAs, on the other
hand, arise from heritable germline polymorphisms that may
be common in populations and accessible with less expensive
microarrays or lower-coverage sequencing panels.?? In both
cases, antigens are only immunoreactive if they are displayed by
patient HLA in affected tissues. Therefore, it is important to
annotate variants with predicted MHC restriction, binding affinity,
and tissue-specific expression.

We sought a controlled, clinical-outcomes—based study in HLA-
matched donor-recipient pairs to discover genetic variation outside
the MHC that may contribute to the risk of acute GVHD following
allo-HCT.

Methods

Study design

The study population consisted of high-resolution HLA-A-
HLA-B—, HLA-C—, HLA-DRB1-, and HLA-DQB1-matched (10/10)
unrelated donor and recipient allo-HCT pairs. Patients were
selected to obtain equal numbers with and without clinical evidence
of grade IIIV acute GVHD, which was assessed as described
based on severity or degree of organ involvement before day 100
after transplant.3® All patients received myeloablative conditioning
for acute myeloid leukemia (AML) or other blood cancers in
complete remission (CR1 or CR2). After quality control and other
filtering (see “Whole-genome sequencing”), acute GVHD positive
and negative cohorts were balanced for age, disease status, self-
reported race or ethnicity, GVHD prophylaxis, and other factors
(Table 1).

Clinical data collection

Clinical data were collected by the Center for International Blood
and Bone Marrow Transplant Research (CIBMTR), a collaboration
between the National Marrow Donor Program and the Medical
College of Wisconsin representing a worldwide network of
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transplant centers that contribute detailed data on HCT. The
CIBMTR conducts research in compliance with all applicable
federal regulations pertaining to the protection of human research
participants. All participants provided informed consent for
participation in the CIBMTR research program, including sub-
mission of biological samples to the Research Repository, and this
study was approved by the National Marrow Donor Program
Institutional Review Board.

HLA typing and histocompatibility matching

HLA matching was determined at high resolution for HLA-A, HLA-B,
HLA-C, HLA-DRB1, and HLA-DQB1 through retrospective typing
of stored pretransplant samples and/or reported by the transplant
center and match assessment performed per CIBMTR criteria as
previously described.>* Five-locus haplotype matching was per-
formed with the HapLogic algorithm.%®

Whole-genome sequencing

Two hundred fifty donor and 250 HCT recipient samples (500
samples total) were sequenced at Human Longevity, Inc. (San
Diego, CA) to a mean coverage depth of 30X with 2 X 150 bp
paired reads using lllumina HiSeq X instruments. One hundred
twenty-five pairs came from transplants with clinical evidence of
acute GVHD; 125 pairs came from transplants without evidence of
GVHD. Ten recipient samples did not produce adequate sequencing
data. A further 2 recipient samples and 1 donor sample failed the
heterozygosity test that was applied to remove contaminated
samples. An additional 32 samples were missing data for their paired
donor or recipient and were removed from analysis. The final set
included 205 pairs of donor-recipient samples (102 acute GVHD
and 103 non-GVHD). Secondary analysis with Isaac alignment and
variant calling pipeline®® resulted in 1 binary alignment map®’ and
1 variant call format®® file per sample using the human genome
reference assembly hg38. Variants with below average read
depth (30X) were excluded from analysis.

Microarray data and analysis

The microarray data and primary analysis for supplemental Table 1
have been described previously.®®

Bioinformatics

Genomic similarity was measured using identity-by-descent (IBD)
sequencing with default parameters.*° This technique determines
phase for donor and patient genotypes to form haplotype segments
of varying lengths, which indicate common ancestry. Normalizing
the lengths of these segments to those of specific genomic features
(including the whole genome itself) gives a relative measure of
genetic similarity for each feature (Figure 1). For comparison, the
null distribution of normalized IBD in each region is simulated from
an all-by-all pairing of donors and recipients (excluding actual
HLA-matched pairs). X and Y chromosomes were excluded from
analysis. Removal of low-quality variants due to read misalignment
resulted in small broken intervals in the ARS and MHC, explaining
lower than expected genetic similarity for HLA-matched donor—
recipient pairs within these regions.

Comparisons of donor—recipient variant call format files (Figures
3-5; supplemental Figure 2) was performed with RTG tools*' to
generate patient-specific variants, which were functionally anno-
tated with snpEff.*?> Sex-mismatched pairs were considered as
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Table 1. Counts of patients and donors in the GVHD and

non-GVHD groups

Table 1. (continued)

Acute No acute
Acute No acute Variable GvHD GvHD P
Variable GvHD GVHD il Female=male 21 (21) 6 (6)
Number of recipients 102 103 FamielE=lamiele 13 (13) 19 (18)
Number of centers 47 50 Donor-recipient CMV serostatus .68
Patient related Negative=negative 33 (32) 29 (28)
Recipient age at transplant, y .09 Negative-positive 37 (36) 36 (35)
0-9 3@ 1 Positive=negative 10 (10) 14 (14)
10-19 10(10) 6 () Positive-positive 19 (19) 23 (22)
20-29 16 (16) 17.(17) Uilssom 3(3) 1(1)
30-39 21 (21) 15 (15) Donor age at donation, y 18
40-49 23(23) ) 18-19 4(4) 1(1)
50-59 29 (28) 22 (21) 2029 45 (44) 54 (52)
Median (range) 41 (1-66) 44 (9-66) .58 30-39 29 (28) 31 (30)
Recipient race/ethnicity 79 40-49 16 (16) 15 (15)
White, non-Hispanic 87 (92) 94 (92) =50 8 (8) 2 (2)
African American, non-Hispanic 1(1) 2(2) Median (range) 30 (19-56) 28 (20-52) A1
Asian, non-Hispanic 2(2) 3@ Donor-recipient ethnicity matching
Hispanic, white 5(5) 3@ African American—African American 0 (0) 2(2
Unknown 7 (N/A) 1 (N/A) Asian-Pacific Islander-Asian-Pacific Islander 2(2) 2(2)
Recipient sex 009 Asian-Pacific Islander-white 0(0) 2(2
Male 64 (63) () White-African American 2(2) 1(1)
Female 38 (37) 57 (89) White-white 84 (82) 85 (83)
Karnofsky score 2l White-deceased 3(3) 2(2)
10-80 24 (24) 32(31) White-Native American 0 (0) 2(2)
90-100 72(71) 66 (64) White=unknown 4(4) 2(2)
Missing 6 (6) 5() Hispanic-white 1(1) 2(2
Disease related Hispanic-deceased 1(1) 0(0)
Disease status at transplant .61 Hispanic-unknown 1(1) 1(1)
Early (CR1) 71 (70) 75 (73) Multiple-white 3(3) 101)
Intermediate (CR2+) 31 (30) 28 (27) Unknown=white 1(1) 1(1)
Transplant related Year of transplant .61
Stem cell source 24 2000 0 3(3)
Marrow 27 (26) 35 (34) 2001 2(2) 4(4)
PBSCs 75 (74) 68 (66) 2002 1(1) 0
TCE nonpermissiveness 22 2003 1(1) 3(3)
Ambiguous DPB1 allele 0 1(1) 2004 5 (5) 8 (8)
Permissive DPB1 54 (54) 62 (63) 2005 15 (15) 11 (11)
Nonpermissive DPB1 46 (46) 35 (36) 2006 16 (16) 15 (15)
Data missing 2 (N/A) 5 (N/A) 2007 17 (17) 17.(7)
GVHD prophylaxis .80 2008 11 (11) 8 (8)
Tacrolimus + MMF =+ others 22 (22) 20 (19) 2009 14 (14) 9 (9)
Tacrolimus + MTX * others (except MMF) 56 (55) 57 (55) 2010 18 (18) 29 (21)
Tacrolimus + others (except MTX, MMF) 5 (5) 2(2) 2011 2(2) 3(3)
Tacrolimus alone 3@ 10) Follow-up among survivors, mo
CSA + MMF = others (except tacrolimus) 2(2) 3(3) Nhrateer crhered) 44 50
CSA + MTX = others (except tacrolimus, MMF) 12(12) 18 (17) Median (range) 60 (33-99) 61 (30-123) 93
CSA + others (except tacrolimus, MTX, MMF) 1(1) 1(1)
Data are expressed as n (%), except as noted. P values were calculated using the
CSA alone 101 1) Pearson X test to compare discrete variables or the Kruskal-Wallis test to compare
Donor-recipient sex matching .007 continuous variables.. . .
CMV, cytomegalovirus; CSA, cyclosporine; MMF, mycophenolate mofetil; MTX, metho-
Male-male 44 (42) 40 (39) trexate; PBSCs, peripheral blood stem cells.
Male=female 24 (25) 38 (37)
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Figure 1. Measurement of genetic similarity. Frequency distributions of IBD segments normalized by the total lengths of regions of interest for the following: (A) MHC,
including HLA-A, HLA-B, HLA-C, HLA-DR, and HLA-DQ; (B) chromosome 6; (C) and the whole genome. Horizontal black bars represent median values. Outliers (green dots)

are shown only for panel A (see text for details).

special cases with Y-chromosome-specific variants in male
recipients aligned to paralogous sites on the X chromosome. In all
samples, missense and nonsense variants were mapped to their
corresponding primary transcript and translated into amino acid
sequences for proteasomal cleavage site prediction with netChop
3.1.*3 MHC binding prediction was performed with netMHCpan
3.0** using patient HLA typing to determine MHC restriction.
Ranked peptides were further annotated with minor allele
frequencies from dbSNP*° build 147. Acute GVHD usually
affects the skin, liver, and gastrointestinal tract.*® While patient-
specific MiHA expression is most informative, collecting these data
requires invasive tissue biopsy specimens. Therefore, we opted to
corroborate our results with public data from the Genotype-Tissue
Expression Project*”*® using previously described methods®® to
associate MiHAs with a measure of broad tissue-specific gene
expression. The entire workflow is freely available at https://github.
com/wwang-nmdp/MiHAIP.

Visualization of X-Y paralogous regions (Figure 4A) were
performed with manual curation using the BLAST-like alignment
tool.?"

Statistics

P values were calculated using the x? test for Table 1 and the
Wilcoxon rank sum test with continuity correction for Figures 2,
4A-C, 5AD-E, and 6A,D-E. All other P values were calculated
using hypergeometric tests with sample and population counts
limited to patients with specified MHC restriction. Benjamini-
Hochberg false discovery was applied to correct for multiple
hypothesis testing in supplemental Table 1. All tests were performed
in R with default parameters.

Results

Donor-recipient matching extends beyond five
HLA loci

There is strong evidence that HLA-DPB1 T-cell epitope (TCE)
matching correlates with allo-HCT outcome.??°8 Generally speak-
ing, mismatched alleles between donor and recipient may be benign
(permissible) or alloreactive (nonpermissible) in either direction
(graft versus host or host versus graft), with clinical consequences
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that include GVHD or rejection, respectively. Several methods are
available to determine the direction and permissibility of HLA-DPB1
mismatching. Although pairs in this cohort were not explicitly
matched at this locus at the time of transplant, a retrospective
analysis revealed 16%, 60%, 68%, and 76% of donor-recipient
pairs were matched by HLA-DPB1 allele, TCE permissibility,>2
expression,®® or functional distance,®® respectively (supplemental
Figure 1). This is consistent with baseline likelihoods of finding
HLA-DPB1 matches with productive 10/10 searches.®’ We found
that HLA-DPB1 allele mismatching did not associate with acute
GVHD (P < .92), whereas TCE mismatching did associate as
expected (P < .038; 1-sided Fisher's exact test), leaving 56 out of
102 acute GVHD cases (55%) unaccounted for by mismatching
at 6 HLA loci.

We hypothesized that HLA-matched unrelated donor-recipient
pairs share genetic material outside the MHC. We used IBD
inference®® to measure broad genomic similarity (see Methods),
which revealed matching at the MHC regions as expected
(Figure 1A). Overall, high rates of IBD were observed at the
MHGC, indicated by many outliers in randomized pairs, which can
be attributed to very strong and recent natural selection acting
upon these loci in the human population.®? Genetic similarities
extended further, albeit to a lesser degree, across chromosome 6
(Figure 1B) and genome-wide (P < 2.2e-16; Figure 1C). Un-
expectedly, there was a single outlier in control experiments
where donors and patients were randomly paired. This simulated
pair shared 50% of their DNA, likely representing a parent—child
or full siblings. To protect confidentiality, we did not analyze
the relationship further.

Autosomal MiHAs do not associate with acute GVHD

To investigate patient-specific variation further, we developed
an integrative bioinformatics workflow adapted from neoantigen
discovery to perform comparative analysis of all HLA-matched
donor-recipient pairs regardless of TCE permissibility (supple-
mental Figure 2).

The acute GVHD and non-GVHD groups displayed comparable
numbers of missense variants (P = .32; Figure 2A) and known
MiHAs (P = .80; Figure 2B) restricted with patient HLA (P = .76;
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Figure 2. Autosomal variants do not associate with GVHD. The number of patient-specific missense variants (A) as well as known unrestricted (B) and HLA-restricted
(C) MiHAs is comparable in the acute GVHD and non-GVHD groups. (D) Known, HLA-restricted MiHAs ordered by log-odds ratio (acute GVHD to non-GVHD). SNP,

single-nucleotide polymorphism.

Figure 2C). Ordering MHC-restricted MiHAs by log ratio (Figure 2D)
revealed DPH1 (rs35394823) and LB-NISCH-1A (rs887515) as
the lowest and highest ranking; however, no associations
achieved statistical significance. Thus, we expanded our study to
include preexisting single-nuclear polymorphism microarray data
from nonoverlapping patient samples. With the addition of 988
HLA-matched donor-recipient pairs (4566 acute GVHD, 532
non-GVHD), no statistically significant associations were iden-
tified for 17 known MiHAs represented in both data sets
(supplemental Table 1).

Y-chromosome-encoded variants associate with
acute GVHD

There were 89 sex-mismatched cases in our cohort (Figure 3A).
Male recipients with female donors (F>M) were more likely to
develop acute GVHD (78%) than male recipients with male
donors (52%, P < .02) Sequence analysis of the entire Y

€ blood advances s octoser 201s - voLUME 2, NUMBER 19

chromosome of F>M pairs identified only 6 missense variants
(relative to the reference genome hg38) encoding a total of
9 variant peptides in 10 out of 21 recipients (48%) with acute
GVHD. By contrast, the Y chromosomes of all 6 non-GVHD males
matched the reference (Figure 3B). The variant peptides were
confined to 4 genes: PCDH11Y, USP9Y, and UTY, which have
reactive minor histocompatibility epitopes determined in vitro,564
and NLGNA4Y, a neuroligin with unknown HCT significance.
Except PCDH11Y, which is specific to the brain and heart, all
genes have broad tissue expression (supplemental Figure 3)
and thus make qualified candidates for MiHA presentation in
GVHD-affected tissues. Filtering by class | MHC restriction
(Figure 3C) revealed several variant and reference peptides
with strong affinity for their respective HLA allele in both
the acute GVHD and non-GVHD groups (Figure 3D); however,
there were significantly more predicted binders per GVHD
male (P < .015; Figure 3E), suggesting a possible compound
effect of multiple Y-linked MiHAs. HLA-DPB1 alone did not

X-Y MISMATCHING IN allo-HCT 2423
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Figure 3. Y-chromosome variants associate with acute GVHD. (A) Acute GVHD in sex-matched and sex-mismatched donor-recipient pairs, including a statistically

significant association (star) in female-to-male (F>M) allogeneic stem cell transplant. Variants were identified in 4 genes (PCDH11Y, USP9Y, UTY, and NLGN4Y), which

are displayed with approximate locations on the Y chromosome (B). Precise genomic coordinates and nucleotide and amino acid positions are tabulated, with variant

residues shown in red. In some cases, alternative proteasomal cleavage prediction resulted in multiple peptides. (C-E) HLA-restricted affinity prediction for each color-

coded peptide is shown for acute GVHD and non-GVHD patients (C) and summarized (D), with application of the recommended threshold for strong binders per male

recipient (E). WT, wild-type.

explain the association, as 12 out of 21 F>M patients with acute
GVHD (57%) were permissibly matched compared with 3 out
of 5 without GVHD (60%) (P < .26; 1 patient was not typed at
HLA-DBP1.)

Paralogous X-Y mismatching explains acute GVHD
risk in male recipients with female donors

Risk of chronic GVHD from allo-HCT is higher in male patients with
female donors because of B-cell alloreactivity,”®°®” which is
detectable by antibody response that occurs after,?® but not before,
transplant.?® Results presented here extend risk in this patient
segment to the acute form of GVHD by implicating male-specific
variants in four genes. Although definitive clinical recommendations
require confirmatory analysis, it is possible to investigate the genetic
basis for risk in this cohort.

PCDH11Y, USP9Y, UTY, and NLGN4Y have paralogs on the X
chromosome”® with 72%, 91%, 86%, and 24% amino acid
identity, respectively. We mapped Y-encoded variant peptides
from each male patient to paralogous sites on their female donor’s
X chromosomes. All the variant peptides observed in males with
acute GVHD mismatched corresponding sites (Figure 4A). By
contrast, the 6 males without GVHD were X-Y matched at these
sites, suggesting their donor-female immune systems were edu-
cated, and consequently nonalloreactive, to same-as-self peptides
encoded at these positions.

2424 WANG et al

The only other category with increased (albeit statistically in-
significant) risk of acute GVHD were male recipients with male
donors (Figure 3A). Y-Y mismatching was explored as a possi-
ble explanation; however, the number of predicted high-affinity
binders per patient (maximum 3) was comparable between
recipients with and without acute GVHD in the M>M direction
(P = .62; Figure 4B) and considerably lower than acute GVHD
recipients in the F>M direction (maximum 12; Figure 3E). Further-
more, all female donors, regardless of recipient sex, lacked
variants representing high-affinity binding peptides. These findings
associate acute GVHD risk, with explanatory genetic factors,
specifically in male patients with female donors, at least in this
cohort.

Discussion

Allo-HCT is a curative option for many disorders, yet side effects
limit its widespread application. GVHD remains a principal barrier to
more effective treatment and improved quality of life, but immune
responses that contribute to therapeutic benefit and adverse events
are physiologically coupled (Figure 5). In malignant conditions,
tumor and normal cells are genetically distinct and analytically
separable. In the context of allo-HCT, immunoreactive peptides
resulting from tumor-specific somatic mutations (neoantigens) may
contribute specifically to GVL. On the other hand, the tissue-
specific expression and immunogenicity of germline polymorphisms
(MiHAs) determine their relative contributions to GVL or GVHD. As
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Figure 4. Paralogous X-Y mismatching explains acute GVHD risk in
male recipients with female donors. (A) Six missense variants on the A
Y chromosome are exclusive to sex-mismatched male patients with acute 807 . 7
GVHD. These variants correspond to 9 variant peptides, which are PCDHA1Y =2
. B
restricted to 4 genes. Genomic positions for PCDH11Y, USP9Y, UTY, and 2 = 25
L @
NLGN4Y are shown with dotted lines to paralogous genes on the X . - 8
chromosome. Protein coding sequence alignments indicating identity é g 2.0 4
matches (bars) and mismatches (dots) are shown for regions that contain E é
individual variant residues (red) and peptides with high-affinity prediction USPoY s §
oY ... o5 i
(bold). Ending amino acid coordinates are given to the right of each . é =15
sequence alignment. Two male-specific variants are named biallelic g 2
polymorphisms rs2524543 and rs2563389 with minor allele frequencies / : PCDH11X* i 104 o= I
o o . . . uTY Y B E— e—
46% and 45%, respectively (red). Note the predicted cleavage sites (black Acute- Non-acute-
triangles) created by coding variants in PCDH11Y and USP9Y. *For clarity, GVHD GVHD
other alternative cleavage sites are not shown (see Figure 4 for details), and DPDYGDNSAVTLSIL 611
chromosome X is shown in reverse (3') orientation. (B) The number of LEPEETTTLE= 1T
) . A ; o DPDYGDNSAVMLSIL 543
predicted high-affinity binding peptides per patient in male-to-male \
allogeneic HCT recipients with and without acute GVHD. i TII'Tl 1| ‘TTTTT?T? £36
{ \ NLLLNFVTIEETKADD 928
NLGN4Y B v 152524543 (54:46%)
KDM6A* \ ' CDSISNCSSSSSDPYSVS 992
UsPox FEEVE=TEETETTTTT
CDSISKCSSSSSDPYSVS 1024
152563389 (55:45%)
“TEPVLGLSQTPISQQS 422
IR
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aenaxe  LLILTE= T
EIHRCIINNTYRLVELCVAKLS 167
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Chromosome Y X =111
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treatment options advance, it is important to precisely define
genetic factors that affect (or do not affect) clinical outcomes.

Despite research associating several autosomal MiHAs with
clinical outcomes, none are routinely matched in allo-HCT. Target
tissue expression partially determines the predominance of GVT
or GVHD. For example, HA-2 (rs61739531) is expressed in cells
of hematopoietic origin”' where there is evidence for GVL in AML
with low risk of GVHD.”? However, expression patterns are not
wholly determinant. For example, ZAPHIR (rs2074071) asso-
ciates with GVT, but not GVHD, in renal cell carcinoma patients
receiving nonmyleoablative allo-HCT.”® Similarly, other ubiqui-
tously expressed MiHAs are associated with GVL in chronic
myelogenous leukemia without evidence of GVHD, suggesting
complex alloreactivities from antigen processing, presentation,
and costimulation.” This is consistent with studies of cancer
vaccines where therapeutic benefit results from the synergistic
effects of multiple cancer-specific neoepitopes combined with
immune checkpoint blockade.”®”® In all cases, MHC restriction is
an important qualifier, but filtering patients by HLA reduces the
number of samples available for retrospective analysis.

Here, we analyzed common autosomal MiHAs with characterized
HLA restriction in separate cohorts of 205 and 988 matched
samples. We extended the capabilities of commonly used
bioinformatics tools to aid comparative genomic analysis of
donor-recipient pairs, incorporating MHC matching and antigen
restriction as well as HLA-predicted binding affinity and tissue
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expression into a common workflow. This study was designed
specifically to interrogate acute GVHD in AML patients who were in
remission at the time of transplant. Consequently, leukemic cell
counts were relatively low, and whole-genome sequences repre-
sented primarily germline polymorphism. Thus, bioinformatics anal-
ysis focused on MiHAs with broad tissue expression patterns.
Future studies will apply these methods to patients with active
disease, analyzing somatic variants (possible neoantigens) expressed
in cells of hematopoietic origin within larger cohorts that are
balanced for GVL-related outcomes including relapse.

Our analysis of autosomes revealed no statistically significant
associations with acute GVHD among individual MiHAs. These
results confirm a recent genome-wide association study of unrelated
allo-HCT where MHC mismatching outweighed other genetic
factors as contributors to GVHD risk.”” As with neoantigens, it
seems plausible that multiple recipient-specific variants contribute
to GVHD; however, unlike clonal expansion of somatic mutations
in cancer, population-genetic mechanisms account for the co-
occurrence of germline-encoded MiHAs. Indeed, there is evi-
dence that arbitrary HLA-matched donor-recipient pairs may
present thousands of MiHAs,”® which have a cumulative effect
on T-cell responses.”® Although MiHAs are individually common
(with minor allele frequencies in our cohort ranging from 19% to
61%; supplemental Table 1), alloreactive combinations may be
rare, making it difficult to power case—control studies. Indeed,
segmenting patients into subsets sharing =2 MiHAs lacked
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Figure 5. MiHAs contribute to the therapeutic benefits and adverse effects
of allo-HCT. In the donor-to-recipient direction, germline-encoded variant peptides
(some of which may be presented by recipient HLA molecules) are expressed on
both normal and tumor tissue and thus may contribute to GVT or graft-versus-host
(GvH) effects. Tumor-specific somatic mutations that encode immunoreactive
neoantigens contribute to GVT. In the recipient-to-donor direction, MiHAs may have
host-versus-graft (HvG) effects in various clinical contexts leading to rejection in
HCT and solid organ transplant (SOT) or miscarriage in pregnancy. Matching of
HLAs reduces alloreactive responses from donor or host immune systems in
transplantation settings. With cord blood HCT, HLA matching is usually performed
at fewer (6) loci. This model does not fully illustrate the genomic and immunological
complexities of graft predominance with multiple unit infusion. With haploidentical
pairs, GvH effects in the recipient are controlled nongenetically with prophylaxis.
Predictable patterns of germline inheritance determine match rates at HLA (4/8)
and MiHAs (50%) with consequent effects on GVT. The presence and therapeutic
benefit of neoantigens (because they are not heritable) are predicted to be
independent of graft source.

statistical power even when HLA restriction was limited to
common alleles. Larger unrelated cohorts are necessary. Addi-
tionally, we plan comparable studies in related and haploidentical
HCT pairs where shared donor-recipient haplotypes should
reduce the number of MiIHA combinations under consideration.
These studies will also assess whether results reported here are
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