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ABO O blood group as a risk factor for platelet reactivity
in heparin-induced thrombocytopenia
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Heparin-induced thrombocytopenia (HIT) is an unpredictable, potentially catastrophic adverse
effect resulting from an immune response to platelet factor 4 (PF4)/heparin complexes.
We performed a genome-wide association study (GWAS) with positive functional assay as the
outcome in a large discovery cohort of patients divided into 3 groups: (1) functional
assay-positive cases (n = 1269), (2) antibody-positive (functional assay-negative) controls
(n = 1131), and (3) antibody-negative controls (n = 1766). Significant associations (@ = 5 x
10~8) were investigated in a replication cohort (& = 0.05) of functional assay-confirmed HIT
cases (n = 177), antibody-positive (function assay-negative) controls (n = 258), and
antibody-negative controls (n = 351). We observed a strong association for positive
functional assay with increasing PF4/heparin immunoglobulin-G (IgG) level (odds ratio [OR],
16.53; 95% confidence interval [CI], 13.83-19.74; P = 1.51 x 1072%) and female sex (OR,
J 1.15; 95% Cl, 1.01-1.32; P = .034). The rs8176719 C insertion variant in ABO was significantly

associated with positive functional assay status in the discovery cohort (frequency = 0.41;
OR, 0.751; 95% Cl, 0.682-0.828; P = 7.80 x 10™°) and in the replication cohort (OR, 0.467; 95% Cl, 0.228-0.954;
P = .0367). The rs8176719 C insertion, which encodes all non-O blood group alleles, had a protective effect, indicating
that the rs8176719 C deletion and the O blood group were risk factors for HIT (O blood group OR, 1.42; 95% CI,
1.26-1.61; P = 3.09 x 10~%). Meta-analyses indicated that the ABO association was independent of PF4/heparin IgG levels
and was stronger when functional assay-positive cases were compared with antibody-positive (functional assay-negative)
controls than with antibody-negative controls. Sequencing and fine-mapping of ABO demonstrated that rs8176719 was
the causal single nucleotide polymorphism (SNP). Our results clarify the biology underlying HIT pathogenesis with
ramifications for prediction and may have important implications for related conditions, such as vaccine-induced
thrombotic thrombocytopenia.

® We identify the ABO O
blood group as a novel
risk factor for platelet
reactivity and HIT.

® Our results clarify the
biology underlying HIT
pathogenesis with
ramifications for HIT
prediction and
implications for related
conditions.
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Introduction

Heparin-induced  thrombocytopenia (HIT) is an antibody-
mediated adverse drug reaction that results from abnormal
platelet activation in patients receiving unfractionated heparin
(UFH) and low molecular weight heparin (LMWH)."? HIT devel-
ops in up to 2.4% of patients treated with UFH, has a significant
mortality rate, and results in potentially catastrophic thromboem-

thus represents a liability with heparin administration. Emerging
evidence also implicates platelet-activating antiplatelet factor 4
(PF4) antibodies in adenoviral vector severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) vaccine-induced throm-
botic thrombocytopenia (VITT), which is characterized by high
levels of HIT-mimicking antibodies to PF4-polyanion complexes,
unusual thrombotic sites, and high mortality, similar to autoim-

bolic complications, including life- and limb-threatening throm-
bosis.>** Prevention of HIT-related thrombosis is currently
possible only after manifestations of HIT are evident and the dis-
ease process has already begun.?> The inability to predict HIT
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mune HIT.4® Identification of genetic risk factors for HIT has the
potential to both inform our knowledge of HIT and related con-
ditions, such as VITT, and to elucidate clinically implementable
biomarkers for prevention of HIT.”


https://crossmark.crossref.org/dialog/?doi=10.1182/blood.2021014240&domain=pdf&date_stamp=2022-07-21

Despite decades of research into the immunopathology of HIT,
fundamental knowledge gaps remain.'®'" Although multiple
risk factors are known, triggers for antibody formation remain
poorly defined. The clinical significance of nonpathogenic PF4/
heparin antibodies and the molecular basis that distinguishes
them from pathogenic PF4/heparin antibodies remain unclear.
Although informative, prior targeted molecular approaches
have not fully identified the mechanisms of HIT, likely due to
the complicated and unusual nature of the HIT immune
response as well as the narrow focus of these targeted
approaches. Discovery-oriented approaches, such as genome-
wide association studies (GWAS), have the potential to identify
genetic risk factors without reliance on prior biological knowl-
edge. While prior GWAS have identified potential genetic risk
factors associated with the development of HIT, these studies
have been limited by a small number of HIT cases. The largest
HIT GWAS to date included 96 cases in the discovery cohort
and 86 cases in the replication cohort.*"® These studies are
also limited by the lack of functional assay confirmation of
these cases and the lack of a PF4/heparin antibody-positive
(functional assay-negative) control group, which enables differ-
entiation between genetic predictors of HIT and PF4/heparin
antibody production.

The objective of this study was to identify and validate genetic
predictors of platelet reactivity and HIT using a GWAS approach.
We conducted this study in a large observational population of
patients who underwent laboratory testing for PF4/heparin anti-
bodies and the heparin-induced platelet activation (HIPA) assay
using the platelet laboratory at Greifswald University Hospital
(Greifswald, Germany; discovery cohort). Significant associations
with platelet reactivity from the discovery cohort were tested for
association in an independent, prospectively collected replica-
tion cohort from the University Hospital of Tours (Tours, France)
(replication cohort).!*13

Methods

Study populations

Discovery cohort An observational cohort of patients who
underwent laboratory testing for PF4/heparin antibodies and
HIPA at the platelet laboratory at Greifswald University Hospital
constituted the discovery cohort. Greifswald University Medicine
is used as a central testing facility for HIT diagnostic assays
across multiple institutions and uses standardized polyclonal
enzyme-linked immunosorbent assay (ELISA) for PF4/heparin
antibodies, including immunoglobulin-G (IgG), IgA, and IgM
quantification, and HIPA for functional assay confirmation of HIT.
HIPA is a washed platelet assay with very similar characteristics
to the serotonin release assay (SRA) used in North America.®
The HIPA assay has been extensively validated in comparison
with the SRA and by analysis of prospective clinical study
data.’®"? Samples for this GWAS were referred due to clinical
suspicion of HIT, were tested between 2002 and 2015, and
were completely deidentified before GWAS genotyping. The
discovery cohort was divided into 3 groups: (1) functional assay-
positive cases with both positive HIPA and positive PF4/heparin
antibodies; (2) antibody-positive (functional assay-negative) con-
trols with negative HIPA and positive PF4/heparin antibodies;
and (3) PF4/heparin antibody-negative controls with both nega-
tive functional assay (HIPA) and PF4/heparin antibody-negative
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results. This research received ethical approval from the institu-
tional ethics committee at Greifswald University.

Replication cohort The replication cohort was made up of 2
previously described cohorts recruited prospectively at the Uni-
versity Hospital of Tours (Tours, France).'™'®> The replication
cohort was similarly divided into 3 groups: (1) SRA-confirmed
HIT cases; (2) antibody-positive (functional assay [SRA]-negative)
controls with positive PF4/heparin antibodies; and (3) PF4/hepa-
rin antibody-negative controls with both negative functional
assay (SRA) and PF4/heparin antibody results. Both PF4-specific
ELISA and SRA were positive in every HIT case. More detailed
clinical data were available on these prospectively collected
patients, including age, sex, UFH vs LMWH treatment, platelet
counts before and following heparin treatment, and whether
patients underwent cardiopulmonary bypass surgery. This
research received ethical approval from both the University Hos-
pital of Tours ethics committee and the Ministry of Research.
Additional details regarding the discovery and replication popu-
lations are described in the supplemental Materials.

Genotyping, imputation, and quality control

GWAS genotyping was performed at the Laboratory for Geno-
typing Development, RIKEN Center for Integrative Medical Sci-
ences (IMS). All samples in the discovery and replication cohorts
were genotyped using the lllumina Infinium HumanOmniExpres-
sExome BeadChip, which contains 958497 markers, including
273000 functional exonic markers. Quality control was accom-
plished using sample and marker call rate =98%, sex mismatch,
duplicate concordance, and removal of related samples through
identity by descent. Genomic imputation was performed for
samples using Minimac4 and the phase3 v5 reference panel
data from the 1000 genomes project.?’ To ensure consistency
of our results with alternative imputation platforms, genomic
imputation was also performed using the Trans-Omics for Preci-
sion Medicine (TOPMed) Imputation Server.? During statistical
analyses, SNPs were removed for Hardy-Weinberg equilibrium
(HWE) P < .001 and minor allele frequency (MAF) <0.01.

Analysis and adjustment for ancestry

To minimize confounding by population stratification, GWAS
analyses were adjusted for the first 3 principal components
(PCs). Since the overwhelming majority of patients in both
cohorts were of European ancestry, the primary GWAS analysis
was restricted to these individuals (supplemental Figures 1
and 2). Estimated proportions of global ancestry were deter-
mined using ancestry-informative markers input into STRUC-
TURE with HapMap reference populations.?? In order to
incorporate samples with non-European ancestry, we also per-
formed a mixed-model analysis using Genome-wide complex
trait analysis (GCTA),?® which included successfully genotyped
individuals with any ancestry and included related samples.

Sequencing and fine-mapping of GWAS
association

In order to investigate functional markers in genome-wide asso-
ciated regions, multiplex polymerase chain reaction-based tar-
get sequencing was performed at RIKEN IMS, as previously
described.?* Sequencing was performed in all discovery and
replication cohort samples to acquire full coverage of the ABO
gene *5000 base pairs (kbps). Fine-mapping of causal variants
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Table 1. Demographic and laboratory characteristics of discovery and replication cohorts included in genome-wide

association study

Antibody-positive

Functional (functional assay- Antibody-negative
Characteristic assay-positive* negative) controls*'t controls*t P valuef
Discovery cohort
Total (n) 1269 1131 1766 —
Female, n (%) 535 (42.2) 412 (36.4) 697 (39.5) 016
Age (yr) 66.5 (13.6) 64.7 (15.6) 67.3 (13.5) .0004
IgG (OD)t 1.79 (0.71) 0.90 (0.40) 0.17 (0.12) <.0001
IgA (OD)t 0.74 (0.60) 0.50 (0.46) 0.21 (0.24) <.0001
IgM (OD)t 0.70 (0.43) 0.66 (0.42) 0.35 (0.25) <.0001
Ancestry, n (%)§
European 1252 (98.7) 1108 (98.0) 1735 (98.2) .408
African 2(0.2) 2(0.2) 3(0.2) 1.00
Asian 1(0.1) 1(0.1) 2 (0.1) 1.00
Admixed 14 (1.1) 20 (1.8) 26 (1.5) .395
Ancestral proportion (%)§
European 0.988 0.984 0.986 .233
African 0.006 0.008 0.007 .236
Asian 0.006 0.008 0.007 .348
Replication cohort
Total (n) 177 258 351 —
Female, n (%) 98 (55.7) 90 (34.9) 89 (25.4) <.0001
Age (yr) 67.2 (14.0) 67.1 (13.0) 69.8 (12.1) .014
Platelet count prior to 227.3 (63.3) 221.8 (63.3) 207.5 (51.0) .004
heparin (X10%/pL)
PF4/heparin antibodies (OD)t 2.47 (0.72) 1.17 (0.56) 0.21 (0.07) <.001
Ancestry, n (%)§
European 170 (96.1) 250 (96.9) 341 (97.2) 782
African 3(1.7) 2 (0.8) 1(0.3) 173
Asian 1(0.6) 0 (0) 1(0.3) .707
Admixed 3(1.7) 6(2.3) 8 (2.3) .904
Ancestral proportion (%)§
European 0.962 0.977 0.980 .625
African 0.026 0.018 0.013 .629
Asian 0.012 0.005 0.007 .866

OD, optical density.
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Values represent mean (standard deviation) unless otherwise specified.

*Functional assay-positive status was determined using the HIPA test in the discovery cohort and the serotonin release assay in the replication cohort.
tPF4/heparin antibody levels were determined using ELISA in both discovery and replication cohorts.

1P values for comparison across 3 groups were generated using Fisher's exact test for dichotomous variables and Kruskal-Wallis test for continuous variables.

§Ancestral proportions were generated using ancestry-informative markers from genome-wide arrays input into STRUCTURE with HapMap reference panels. Individuals were
considered to have European, African, or Asian ancestry if relevant ancestral proportions were =80 percent. Otherwise, individuals were considered admixed since patient-reported
race/ethnicity data were not available.

to improve accuracy in selecting functional SNPs.?> Genomic
regions for significant markers from genome-wide meta-analysis
were plotted and visually inspected alongside PAINTOR results.
Functional Mapping and Annotation of Genome-Wide Associa-
tion Studies (FUMA) was also used to facilitate functional

from the association with functional assay-positive status sum-
mary statistics was carried out using variants derived from ABO
sequencing in Probabilistic Annotation INtegraTOR (PAINTOR)
V3.0, a Bayesian probabilistic framework algorithm that integra-
tes association strength with functional genomic annotation data
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Figure 1. Genome-wide association with functional assay-positive status in the discovery cohort. P values were generated using logistic regression adjusted for
age, sex, and principal components 1-3 in an additive model. P values on the —logq scale are plotted on the left vertical axis, and the chromosomal position is plotted
along the horizontal axis. The significance threshold of 5 x 1072 is indicated by the solid red horizontal line, and the suggestive threshold of 1 X 107 is indicated by
the red dashed horizontal line. ORs are indicated by dot color as described in the legend on the right.

annotation of GWAS results, gene prioritization, and interactive
visualization.?®

Statistical analysis

Differences in demographics, clinical data, and laboratory char-
acteristics between case groups were tested in both cohorts
using Fisher's Exact test and Kruskal-Wallis analysis of variance.
Demographic variables were also tested in logistic regressions
for univariate association with functional assay-confirmed case
status in both cohorts independently. The primary GWAS analy-
sis used multivariable logistic regression assuming an additive
genetic model with functional assay-confirmed case status
as the outcome. Both PF4/heparin antibody-negative and
antibody-positive controls were considered controls in the pri-
mary analysis. Logistic regressions were used to generate odds
ratios (ORs) and 95% confidence intervals (Cls) after adjustment
for age, sex, and the first 3 PCs. Results were considered signifi-
cant with a Bonferroni-corrected, 2-sided « = 5 X 1078 in the
discovery cohort. In order to determine genomic associations
independent of the most strongly associated loci, additional
covariate adjustment for genome-wide associated SNP(s) was
performed in the discovery cohort. X chromosome variation was
also tested for association with positive functional assay status
using similar statistical models stratified by females and males.
A secondary GWAS analysis was performed with positive PF4/
heparin antibody status as the outcome. In this analysis, all PF4/
heparin antibody-positive individuals, including both functional
assay-positive and antibody-positive (functional assay-negative)
individuals, were considered cases, and all PF4/heparin antibody-
negative individuals were considered controls.

Significantly associated genomic loci from the discovery cohort
were then interrogated in the replication cohort after adjustment

ABO AND HEPARIN-INDUCED THROMBOCYTOPENIA

for clinical covariates, including age, sex, optical density level,
platelet count before heparin administration, and PCs 1-3 with
2-sided a = 0.05. We then performed a genome-wide meta-
analysis of the discovery and replication cohorts using a
random-effects model. The meta-analysis included GWAS results
adjusted for age, sex, and the first 3 PCs in an additive genetic
model for both cohorts. Meta-analysis was weighted using stan-
dard errors of ORs. Sensitivity analyses were performed to deter-
mine the robustness of significant associations. In meta-analyses,
functional assay-positive cases were compared with antibody-
positive (functional assay-negative) controls alone (excluding
antibody-negative controls) and to antibody-negative controls
alone (excluding antibody-positive controls). The association of
significant variants was then adjusted for PF4/heparin antibody
IgG levels.

Because both HIT and ABO SNPs are associated with thrombo-
embolism,?” we performed analyses to exclude the possibility
that the ABO association was due to SNP association with
thrombosis rather than functional assay-positive case status.
First, we generated polygenic risk scores (PRSs) using a set of
SNPs significantly associated (P < 5 X 10™8) with venous throm-
boembolism from genome-wide data for each sample as previ-
ously reported.?® In order to exclude variants from the ABO
gene in PRS, we excluded all SNPs located on chromosome 9.
The validity of PRSs was also assessed in BioVU, Vanderbilt Uni-
versity's DNA biorepository coupled to deidentified electronic
medical records resource using a phenome-wide association
study approach (supplemental Materials; supplemental Figure
3).273 A meta-analysis was performed with adjustment for PRS
in addition to age, sex, and PCAs 1-3. We then tested for the
association of known thrombosis risk SNPs with functional assay-
positive case status. ABO blood groups (A, B, AB, and O) were
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Figure 2. SNPs in ABO and the surrounding region that were most strongly associated with positive functional assay status from (A) meta-analysis of association
with functional assay-positive status and (B) fine-mapping of association in PAINTOR. (A) P values were generated using a random-effects meta-analysis of logistic
regressions adjusted for age, sex, and principal components 1-3 in an additive model for combined discovery and replication cohorts. P values on the —logyg scale are
plotted on the left vertical axis, and the chromosomal position is plotted along the horizontal axis along with the gene names and size of flanking region. The
significance threshold of 5 X 1072 is indicated by the black horizontal line. Pairwise LD (r) with this SNP is indicated by dot color as described in the legend in
the upper left corner. The right vertical axis indicates the regional recombination rate (cM/Mb), which is overlaid in blue. (B) PAINTOR posterior probabilities based on
the association of sequenced ABO SNPs in combined discovery and replication cohorts with functional annotations from FANTOMS, GENCODE, and Transcription
Factor Binding Site datasets. Posterior probabilities values on the logqg scale are plotted on the left vertical axis, and the chromosomal position is plotted along the
horizontal axis along with ABO exonic/intronic regions. Z Scores for association with functional assay-positive status are indicated by dot color as described in the

legend in the upper right corner.

then derived based on haplotypes of rs8176719 and rs8176746,
as previously described, and tested for association with func-
tional assay-positive status in both cohorts combined.'32 Al
statistical analyses were performed using R v4.04 (R Core
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Team, Vienna, Austria), PLINK v1.90,%® and SAS v9.4 (SAS,
Cary, NC). Additional details related to statistical analysis,
genotyping, imputation, quality control, sequencing, fine-
mapping analysis, and PRS are described in the supplemental

Karnes et al
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Functional assay positive versus antibody positive (functional assay negative) controls

Functional assay positive versus antibody negative controls

Figure 3. Genome-wide association results for positive functional assay status vs patients with positive antibodies (above) and vs patients with negative anti-
bodies (below) from the meta-analysis of discovery and replication cohorts. P values were generated using random-effects meta-analysis logistic regression
adjusted for age, sex, and principal components 1-3 in an additive model. P values on the —logyg scale are plotted on the left vertical axis, and the chromosomal posi-
tion is plotted along the horizontal axis. The significance threshold of 5 x 1078 is indicated by the red horizontal lines. ORs are indicated by dot color as described in

the legend on the right.

Materials. Genome-wide data and phenotype data used in
this analysis have been provided on the database of Geno-
types and Phenotypes, at accession #phs002863.

Results

After quality control, a total of 1269 functional assay-positive
cases, 1131 antibody-positive (functional assay-negative) con-
trols, and 1766 antibody-negative controls were included in the
discovery cohort for GWAS analysis. Functional assay-positive
cases were more likely to be female and have higher PF4/hepa-
rin 1gG levels compared with both PF4/heparin antibody-
positive and PF4/heparin antibody-negative controls (Table 1).
In univariate logistic regressions, odds of functional assay-
positive status increased with PF4/heparin IgG levels (OR, 16.53;
95% Cl, 13.83-19.74; P = 151 X 107°%) and female sex
(OR, 1.15; 95% ClI, 1.01-1.32; P = .034). A total of 177 HIT
cases, 258 PF4/heparin antibody-positive controls, and 351
antibody-negative controls were included in the replication
cohort. Similarly, HIT cases were more likely to be female and
have higher PF4/heparin 1gG levels (Table 1). Platelet count
before heparin administration was also significantly increased in
HIT cases. In univariate logistic regressions, odds of HIT were
increased with PF4/heparin 1gG levels (OR, 18.53; 95% ClI,
12.02-28.57; P = 7.25 X 10~%)), female sex (OR, 3.02; 95% Cl,
2.14-4.26; P = 3.38 X 1079, and platelet count prior to hepa-
rin (OR, 1.03; 95% Cl, 1.00-1.06; P = .033 per increase of 10 X
10° per ulL). In both discovery and replication cohorts, age was
not significantly associated with functional assay-positive status.

GWAS analysis in the discovery cohort included 9065510

assayed and imputed genomic markers after quality control fil-
ters (supplemental Table 1). A total of 47 SNPs were significantly

ABO AND HEPARIN-INDUCED THROMBOCYTOPENIA

associated with functional assay-positive case status at a
genome-wide significance level with no evidence of genomic
inflation (\ = 0.998) (Figure 1; supplemental Figure 4). All of
these SNPs were within a 6.4 kb region of the ABO gene locus
on chromosome 9. The most strongly associated allele was the
rs36058710 T insertion allele (MAF = 0.36; OR, 0.730; 95% ClI,
0.661-0.807; P = 7.96 x 1079, which was imputed and in link-
age disequilibrium (LD) with the rs8176719 C insertion polymor-
phism (? = 0.79; D' = 0.98). The rs8176719 C insertion/
deletion allele was considered to be the functional polymor-
phism responsible for this association based on the biological
plausibility of ABO blood groups in platelet reactivity and HIT
risk. The rs8176719 C insertion allele was significantly protective
for functional assay-positive case status (MAF = 0.41;
OR, 0.751; 95% Cl, 0.682-0.828; P = 7.80 X 1077). In the repli-
cation cohort, the rs8176719 C insertion allele was also signifi-
cantly protective (« = 0.05) for functional assay-confirmed HIT
with the same direction of effect and similar frequency (MAF =
0.38; OR, 0.467; 95% Cl, 0.228-0.954; P = .0367). Rs8176719
genotypes were in HWE in both the discovery cohort (P = .749)
and the replication cohort (P = .489). The protective effect of
the rs8176719 C insertion indicated that the rs8176719 C dele-
tion was a risk factor for HIT. Deletion of the ABO rs8176719 C
allele produces O blood group individuals, whereas insertion of
the rs8176719 C allele produces A, B, or AB blood group indi-
viduals (supplemental Figure 5).3

Several suggestive associations were also observed with
P values <1 X 107¢ in the discovery cohort. On chromosome
19, the rs59537957 T insertion allele was associated with func-
tional assay-positive case status (MAF = 0.32; OR, 1.296; 95%
Cl, 1.175-1.43; P = 2.37 X 1077). This SNP is downstream of
both the solute carrier family 1 member 5 gene (SLC1A5) and
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Figure 4. Forest plot of ABO blood group associations with positive functional assay status in discovery and replication cohorts combined. ORs, 95% Cls, and P
values were generated using logistic regression adjusted for age, sex, principal components 1-3, and cohort (discovery vs replication) in an additive model. Logistic
regressions for the association of blood groups compare the relevant blood group (eg, O, A, B, or AB) to all other blood groups combined. Sensitivity analyses
included functional assay-positive cases compared with PF4/heparin antibody-positive controls alone (excluding antibody-negative controls) and functional assay-
positive cases compared with PF4/heparin antibody-negative controls alone (excluding antibody-positive controls) and after adjustment for PF4/heparin antibody 1gG

levels.

the fukutin-related protein gene (FKRP). On chromosome
12, the rs12825115 T allele was protective for functional
assay-positive case status (MAF = 0.12; OR, 0.691; 95% ClI,
0.598-0.790; P = 5.77 x 1077). This intronic SNP is located in
the adhesion G protein-coupled receptor D1 gene (ADGRD1).
After adjustment for the rs8176719 locus, no SNPs reached
the genome-wide significance threshold, but the suggestive
signals on chromosomes 19 and 12 remained (supplemental
Figure 6). Similar results were also observed when utilizing
TOPMed for genomic imputation (supplemental Figure 7).
No X chromosome variation was associated with functional
assay-positive case status (supplemental Figure 8). In the sec-
ondary GWAS analysis of positive PF4/heparin antibody sta-
tus, no genome-wide significant associations were observed
(supplemental Figure 9). In the random-effects meta-analysis,
the rs8176719 C insertion allele was strongly protective with
an OR of 0.758 and P = 2.88 x 107 (Figure 2; supplemental
Figure 10). For this SNP, the P value for Cochrane's Q statistic

was 0.592, and the I heterogeneity index was 0, indicating
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a lack of heterogeneity. The rs36058710 T insertion allele
was again the most significant association observed
(OR, 0.739; P = 4.12 X 107 "% Q = 0.466; I* = 0). Multiethnic
mixed-model association analysis produced consistent results
compared with the primary meta-analysis (supplemental
Figure 11). The rs8176719 C insertion allele was strongly
protective for functional assay-positive status (OR, 0.879;
P=28.42x107").

Sensitivity analyses for genomic association

The rs8176719 C insertion allele was significantly protective for
functional assay-positive status when compared with antibody-
positive controls but not when compared with antibody-
negative controls (Figure 3). Meta-analysis after adjustment for
PF4/heparin antibody levels indicated that the strength of the
ABO association was reduced but was still present at a genome-
wide level (supplemental Figure 12). Adjustment for a thrombo-
embolism PRS had little effect on the association of ABO with
functional ~assay-positive status (supplemental Figure 13).
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Furthermore, no other SNPs from known thrombosis-associated
genes showed a significant association (« = 0.05) in meta-
analysis results (supplemental Table 2).

Fine-mapping of ABO association

Sequencing was performed for the ABO gene =5 kbp, consti-
tuting a 30068 bp region. At least 20X coverage was achieved
in 99% of the target region. A total of 956 polymorphic sites
were identified, including 335 variants with MAF >0.01. PAIN-
TOR identified rs8176719 as the SNP with the highest posterior
probability (0.994) in the ABO sequence dataset of being the
functional polymorphism responsible for the association (Figure 2;
supplemental Table 3). The aggregated results of FUMA also indi-
cated that rs8176719 was the most likely causal SNP, based
on functional annotations and deleterious score (supplemental
Table 4). FUMA-based Annotate Variation (ANNOVAR)* results
ranked rs8176719 as the most likely causal variant based on LD
(A and functional consequences, while FUMA-based Combined
Annotation-Dependent Depletion (CADD)* identified rs8176719
as the top SNP based on a deleterious score with a CADD score
of 15.84, twice as large as the next closest variant.

Association of ABO blood groups

Following imputation of blood groups, 35.2% of patients in
both cohorts were assigned the O group, 47.3% were
assigned the A group, 11.5% were assigned the B group, and
6.0% were assigned the AB group. The observed protective
effect from our GWAS of the rs8176719 C insertion, which
encodes all non-O blood group alleles, indicated that the
rs8176719 C deletion, which determines the O blood group
allele, was a risk factor for HIT. The O blood group, corre-
sponding to the deletion of the rs8176719 C allele, was a
strong risk factor for functional assay-positive status com-
pared with all other blood groups (OR, 1.42; 95% CI, 1.26-
1.61; P=3.09 X 1078 (Figure 4). We also did not observe an
increased OR in individuals with the A2 blood group allele,
defined based on 3 SNP ABO haplotypes as previously
reported.®” The effect of the O blood group was also more
pronounced when functional assay-positive cases were com-
pared with antibody-positive controls than when compared
with antibody-negative patients. The effect of the O blood
group was also robust to adjustment for PF4/heparin 1gG
levels.

Discussion

Here we present results from the largest available study of
genetic determinants of platelet activation capacity of anti-PF4/
heparin IgG antibodies in HIT, strengthened by functional assay
confirmation of cases and by the inclusion of both antibody-
positive (functional assay-negative) and antibody-negative con-
trol groups. Our study adds to prior evidence of female sex as a
risk factor for HIT and the strong influence of PF4/heparin anti-
bodies on HIT risk. Our independently replicated GWAS results
describe a novel ABO association with HIT, implicating ABO
blood groups in HIT pathogenesis and the O blood group as a
risk factor for HIT. Our results suggest that the observed associa-
tion between the O blood group and HIT is largely independent
of PF4/heparin antibody levels. Furthermore, this association
was observed to be stronger when functional assay-positive
cases were compared with antibody-positive controls relative to
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antibody-negative controls. Our results may have important
implications for the understanding of HIT pathogenesis, for HIT
risk prediction, and potential prevention of HIT, but likely also
for other Fc-y receptor lla (FcyRlla)-mediated disease,*®%? of
which VITT is the most recent highly relevant example.

Two previous reports have used GWAS to study HIT, and nei-
ther implicated ABO variation."*"® However, these studies
included a small number of suspected HIT cases and did not
confirm cases using a functional assay, relying instead on
PF4/heparin antibody test results and 4Ts scores. The lack of
a functional assay test is known to result in misclassification,
and a confirmatory functional assay is clinically recommended
for antibody-positive patients since at least half of ELISA-
positive patients will test negative in the functional
assay.? "% SNPs may exert their effects only at distinct
stages in the progression of HIT, and different SNPs may be
predictors of PF4/heparin antibody formation, thrombocyto-
penia, or thrombosis. To differentiate genetic determinants of
HIT vs PF4/heparin antibody production, the current study
divided discovery and replication cohorts into 3 groups. Prior
GWAS did not use this approach, potentially explaining the
difference in results in addition to small sample sizes and the
lack of functional assay testing.” Indeed, the results of the
present study indicate that functional assay characterization
and differentiation of risk between antibody-positive and
antibody-negative groups were necessary to observe the O
blood group association.

Our results strongly suggest HIT is influenced by variation in
ABO, which codes for the glycosyltransferase enzyme that is
responsible for the histo-blood group ABO, the major human
alloantigen system that determines blood groups. Our observed
ABO association may not be due to a direct effect of the O
blood group but may be mediated through other ABO-associ-
ated traits. The ABO locus has been repeatedly associated with
multiple phenotypes through GWAS, including thromboembo-
lism and p-selectin, a marker of platelet activation.?”*?
P-selectin is elevated in HIT cases as well as O blood group indi-
viduals, and functional assay-positive samples induce platelet
p-selectin expression when PF4 is present.***** Alternatively,
von Willebrand Factor (VWF) and factor VIII (FVIII) levels are
lower in O blood group patients, and VWF has been shown to
strongly bind PF4.%¢*” Lower VWF levels might leave more PF4
available for the formation of PF4/heparin complexes on the
platelet surface, increasing HIT risk in O blood group individuals.
However, many O blood type individuals have low VWF levels,
and this does not explain the increased capacity of anti-PF4/
heparin IgG antibodies to activate washed platelets in vitro. Our
observed association, which was independent of antibody titers,
may indicate the capacity of PF4/heparin antibodies to interact
with Fc-receptors, especially when the FcyRlla is modulated by
the ABO blood group. Mendelian randomization studies would
help to establish causal relationships between HIT, ABO varia-
tion, and ABO-associated biomarkers, such as p-selectin, FVIII,
and VWF.

PF4/heparin antibody tests are not able to differentiate
patients who will and will not develop HIT, and functional
assay confirmation is required to confirm HIT. Because the
SRA and HIPA tests are technically demanding, often
restricted to specialized laboratories, and may result in
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significant delays in HIT diagnosis, alternative approaches to
HIT risk stratification have a potential role in HIT diagnosis
and treatment. The ABO association for the present study
was evident when comparing functional assay-positive cases
to antibody-positive (functional assay-negative) controls, indi-
cating an interaction between O blood type and PF4/heparin
antibody levels. The production of PF4/heparin antibodies in
the presence of type O blood might predispose a patient to
HIT, suggesting that O blood type could be used to better
differentiate patients that will develop HIT vs patients with
nonpathogenic PF4/heparin antibodies. ABO blood group
might conceivably be used alongside other clinical character-
istics to better predict functional assay-positive status before
the acquisition of a laboratory result of a functional HIT test,
which is not always widely available. However, the transla-
tional potential of the ABO blood group is limited by the
modest OR for HIT risk and the high prevalence of the O
blood group. Furthermore, the potential for positive antibody
and functional assay results likely evolves with a patients’
changing clinical circumstances. Additional studies will be
necessary to determine whether ABO blood groups or other
ABO variation has clinical utility in predicting HIT.

Genetic predictors of platelet reactivity in HIT identified in our
study may inform the pathogenesis of rare adverse drug reac-
tions related to COVID-19 vaccination. Two adenoviral vector
vaccines containing the SARS-CoV-2 spike protein have been
reported to cause the rare immune, thrombotic disorder VITT.
VITT is characterized by high levels of HIT-mimicking antibodies
to PF4-polyanion complexes and unusual thrombotic sites, simi-
lar to autoimmune HIT.*®484? However, anti-PF4 antibodies
occurring after vaccination bind to different sites on PF4 and
also cause different reactivity patterns.®® Furthermore, Fc
receptor-dependent platelet activation has been observed in
COVID-19 patients, and prior studies have also observed incon-
sistent associations between the ABO locus and COVID-19
infection and severity.>1-5

Several limitations are worthy of mention in this study. Although
our study is one of the largest studies of HIT to date, the sample
size is small relative to emerging GWAS literature. We are
underpowered to detect variants with low effect sizes and fre-
quencies. A definitive diagnosis of HIT was not possible in the
discovery cohort due to the lack of clinical data, although all
samples were referred due to clinical suspicion of HIT. Thus
platelet activation assay reactivity was used as a model for HIT
in the discovery cohort, confirming these associations in a well-
characterized and prospectively-collected replication cohort.
Our study also included only patients that underwent functional
assay and antibody testing due to clinically suspected HIT in the
context of heparin/LMWH exposure. We acknowledge that our
control populations may be enriched for conditions leading to
thrombocytopenia, which may confound our genetic association.
We attempted to adjust for a confounding effect due to genetic
predisposition to thromboembolism, and our analyses suggest
that enrichment of SNPs associated with thromboembolism was
not responsible for our observed ABO association. Furthermore,
our association between the O blood group and HIT is in the
opposite direction of what would be expected with an over-
abundance of thrombosis in HIT cases since thromboembolism
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is most strongly associated with the A blood group.?” Due to
the lack of ABO serotyping data in our 2 cohorts, we were also
unable to confirm the existence of rare or novel ABO variation
that resulted in the O blood group. Finally, the overwhelming
majority of our cohorts were of European ancestry, and our
results may not be generalizable to more diverse populations,
especially considering the differential frequencies of ABO blood
groups across different racial/ethnic groups.>*>°

We present results from the largest available study of genetic
determinants of platelet reactivity in HIT, strengthened by
functional assay confirmation of cases and by the inclusion of
both a PF4/heparin antibody-positive (functional assay-nega-
tive) control group and a PF4/heparin antibody-negative con-
trol group. Our independently replicated GWAS results
describe a novel ABO association with platelet reactivity in
HIT, strongly implicating ABO variation in HIT pathogenesis
and the O blood group as a risk factor for HIT. Our results
indicate that this association is stronger when functional
assay-positive cases were compared with antibody-positive
(functional assay-negative) controls than to antibody-negative
controls. These findings have important implications for the
understanding of HIT pathogenesis, HIT risk prediction, and
possibly related conditions, such as VITT, and indicate
that the ABO blood group might be a modifier of FcyRlla-
mediated disease.
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