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CLINICAL AND POPULATION STUDIES ©

COVID-19 Is a Coronary Artery Disease Risk
Equivalent and Exhibits a Genetic Interaction With
ABOQO Blood Type

James R. Hilser, Neal J. Spencer(®, Kimia Afshari, Frank D. Gilliland‘®, Howard Hu®, Arjun Deb, Aldons J. Lusis®,
W.H. Wilson Tang®, Jaana A. Hartiala®, Stanley L. Hazen®;" Hooman Allayee

BACKGROUND: COVID-19 is associated with acute risk of major adverse cardiac events (MACE), including myocardial infarction,
stroke, and mortality (all-cause). However, the duration and underlying determinants of heightened risk of cardiovascular
disease and MACE post—COVID-19 are not known.

METHODS: Data from the UK Biobank was used to identify COVID-19 cases (n=10005) who were positive for polymerase
chain reaction (PCR*)-based tests for SARS-CoV-2 infection (n=8062) or received hospital-based International Classification
of Diseases version-10 (ICD-10) codes for COVID-19 (n=1943) between February 1, 2020 and December 31, 2020.
Population controls (n=217 730) and propensity score—matched controls (n=38860) were also drawn from the UK Biobank
during the same period. Proportional hazard models were used to evaluate COVID-19 for association with long-term (>1000
days) risk of MACE and as a coronary artery disease risk equivalent. Additional analyses examined whether COVID-19
interacted with genetic determinants to affect the risk of MACE and its components.

RESULTS: The risk of MACE was elevated in COVID-19 cases at all levels of severity (HR, 2.09 [95% Cl, 1.94-2.25]; £<0.0005)
and to a greater extent in cases hospitalized for COVID-19 (HR, 3.85 [95% Cl, 3.51-4.24]; ”<0.0005). Hospitalization for
COVID-19 represented a coronary artery disease risk equivalent since incident MACE risk among cases without history of
cardiovascular disease was even higher than that observed in patients with cardiovascular disease without COVID-19 (HR, 1.21
[95% ClI, 1.08-1.37]; £<0.005). A significant genetic interaction was observed between the ABO locus and hospitalization for
COVID-19 (P, =0.01), with risk of thrombotic events being increased in subjects with non-O blood types (HR, 1.65 [95%

interaction

Cl, 1.29-2.09]; P=4.8x107) to a greater extent than subjects with blood type O (HR, 0.96 [95% Cl, 0.66—-1.39]; ~=0.82).

CONCLUSIONS: Hospitalization for COVID-19 represents a coronary artery disease risk equivalent, with post—acute myocardial
infarction and stroke risk particularly heightened in non-O blood types. These results may have important clinical implications
and represent, to our knowledge, one of the first examples of a gene-pathogen exposure interaction for thrombotic events.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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caused by the SARS-CoV-2 virus has led to nearly ~ CoV-2 infection, is the markedly increased rate of car-
800 million confirmed infections and over seven diovascular disease (CVD) complications and postacute
million deaths.” One intriguing aspect of COVID-19,  risk of thrombotic events observed in patients, such as

Over the course of 4 years, the global pandemic  the severe respiratory illness associated with SARS-
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COVID-19, Adverse Cardiac Risk, and ABO Blood Type

Highlights

Nonstandard Abbreviations and Acronyms

CAD coronary artery disease

CVD cardiovascular disease

ICD-10 International Classification of Diseases
version-10

MACE major adverse cardiac event

mi myocardial infarction

PAD peripheral artery disease

myocardial infarction (MI) and stroke. For example, rates
of major adverse cardiac events (MACE=M|, stroke, or
all-cause mortality) in COVID-19 patients are increased
immediately after and during the first 30 days after infec-
tion as well as up to 2 years after infection.?”'* However, it
is not known how long the heightened risk of MACE per-
sists in COVID-19 patients, or what factors modulate this
risk. Furthermore, whether certain subgroups of COVID-
19 patients are at greater increased risk of adverse CVD
events is not entirely clear, and whether or not any of
these subgroups rise to the level of a coronary artery
disease (CAD) risk equivalent has not been explored. In
this regard, CAD risk equivalence has historically been
used as a benchmark for escalation of global CVD pre-
vention efforts, including lowering lipid goals and initia-
tion of antiplatelet therapies.'®2* As a consequence of
these and other unanswered questions, regulatory bod-
ies across the world have yet to adapt preventive CVD
guidelines for patients with prior COVID-19 infection.
Thus, determining the duration of increased CVD risk in
COVID-19 patients and whether COVID-19 represents a
CAD risk equivalent could have important clinical impli-
cations for patient care.

Given the variability in CVD outcomes exhibited by
patients, it is also reasonable to assume that increased
risk of MACE associated with post—=COVID-19 infection
can be attributed, at least in part, to genetic predispo-
sition. For example, large-scale genetic analyses have
identified over 20 loci that are associated with suscepti-
bility to SARS-CoV-2 infection and COVID-19 severity,®
including regions on chromosome 3p27 and the ABO
locus on chromosome 9g34. Interestingly, ABO, which
defines A, B, AB, and O blood types, was previously iden-
tified as a genetic susceptibility factor for plaque rupture
and Ml in the presence of CAD?%?7 and one of the first
loci to be identified for SARS-CoV-2 infection.?®=% Thus,
it is plausible that COVID-19 may increase the risk of
MACE through interactions with shared genetic deter-
minants, such as ABO. However, a link between inci-
dent MACE risks among post—COVID-19 subjects and
genetic variants associated with COVID-19-related traits
or CVD has not been reported.

In the present study, we leveraged data from the
UK Biobank to investigate the long-term risk of MACE
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* Risk of incident major adverse cardiac event was
increased during different time periods out to nearly
3 years among COVID-19 patients, particularly
among those requiring hospitalization.

* Hospitalized COVID-19 represented a coronary
artery disease risk equivalent since risk of major
adverse cardiac event among COVID-19 cases
without history of cardiovascular disease was higher
than that observed in patients with cardiovascular
disease without COVID-19.

* Use of antiplatelet agents among primary care sub-
jects without known cardiovascular disease attenu-
ated risk of myocardial infarction or stroke due to
hospitalization for COVID-19.

* Increased risk of thrombotic events (myocardial
infarction or stroke) among hospitalized COVID-19
cases resulted from a genetic interaction with the
ABO locus and was more pronounced in subjects
with non-O blood types.

among COVID-19 patients and whether COVID-19
rises to the level of a CAD risk equivalent. We also tested
whether the association of COVID-19 with risk of MACE
exhibited genetic interactions with known susceptibil-
ity variants that were specific to either risk of CVD out-
comes or COVID-19 traits.

MATERIALS AND METHODS
Data Availability

Individual-level data used in the present study are available
upon application to the UK Biobank (https://www.ukbiobank.
ac.uk/). All other relevant data are either provided in the article
or available upon request from the authors.

Study Population

Between 2006 and 2010, the UK Biobank recruited a total
of 503325 participants who were 40 to 69 years of age and
registered with a general practitioner of the UK National Health
Service3® At enrollment, extensive data on demographics,
medication use, and disease-related outcomes were obtained
through questionnaires and health records. Baseline blood
samples were also collected for measurement of serum bio-
markers that are either established disease risk factors or rou-
tinely measured as part of clinical evaluations. All UK Biobank
participants provided informed consent. The study protocol
was approved by the North West Multicenter Research Ethics
Committee and performed according to the Declaration of
Helsinki principles. The present study was approved by the
Institutional Review Board of the USC Keck School of Medicine.

Definition of COVID-19 Cases and Controls

Subsequent to the emergence of SARS-CoV-2 in early
2020, the UK Biobank released results of polymerase chain
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reaction (PCR)-based tests for SARS-CoV-2 infection (data-
field 40100) among its participants and data on hospital-based
International Classification of Diseases version-10 (ICD-10)
codes related to COVID-19 (UO7.1 or UQ7.2). Based on the
information provided for the period between February 1, 2020
and December 31, 2020, a total of 11115 COVID-19 cases
were identified (Figure 1). Of these individuals, 2868 cases
had been assigned a UO7.1 or U07.2 ICD-10 code and were
therefore hospitalized for COVID-19, whereas the remaining
8247 cases only received a positive PCR test for SARS-CoV-2
infection. As a comparison group, we defined population con-
trols as subjects who were already part of the UK Biobank hos-
pital in patient data system but had never received a positive
PCR test for SARS-CoV-2 or were assigned a COVID-19 /CD-
10 code between February 1, 2020 and December 31, 2020.
Population controls were first assigned a random number using
the rand function with uniform distribution in SAS (v9.4, SAS
Institute Inc, Cary, NC). Controls were then ranked based on
their random number and reiteratively matched 20x to each of
the 11115 cases. This strategy resulted in 222300 controls
being assigned, at a ratio of 20:1, a start date that corresponded
to the same date that each matched case received a positive
PCR test for SARS-CoV-2 or was assigned an /CD-10 code
for COVID-19 hospitalization (Figure 1). After exclusion of indi-
viduals who experienced an M, stroke, or who died within 30
days of entry into the analysis, complete demographic and clini-
cal data were available in 8062 cases with only a positive PCR
test for SARS-CoV-2 infection, 1943 cases who were hospital-
ized for COVID-19, and 217 730 randomly assigned population
controls (Figure 1; Table 1; Table S2). We also used propen-
sity score matching as another analytical method to minimize
the potential confounding effects of predisposing risk factors
among hospitalized COVID-19 cases. Propensity scores were
generated for hospitalized COVID-19 cases and population
controls based on age, sex, education, self-reported ethnicity,
diabetes, asthma, smoking, obesity, CVD status, lipid-lowering
medication use, and antihypertension medication using the
Twang package in R** (v4.3.0, R Core Team, Vienna, Austria).
Controls were then matched to cases at a ratio of 20:1 based
on the proximity of their propensity scores using a K-nearest
neighbor algorithm, as implemented in the Matching package in
R% (v4.3.0, R Core Team, Vienna, Austria). This strategy yielded
a data set of 1943 hospitalized COVID-19 cases and a subset
of 38860 propensity score—matched controls.

Clinical and Demographic Definitions

CAD was defined as positive for ICD-10 codes 124 and 125
and Ml was defined based on ICD-10 codes 121, 122, 123,
125.2, as well as doctor-diagnosed and self-reported M|, as
described previously.?” Similarly, stroke was defined based on
ICD-10 codes 163 and 164, as well as doctor-diagnosed and
self-reported stroke. CVD was defined as the composite of
CAD, M|, or stroke. Peripheral artery disease (PAD) was defined
based on ICD-10codes 1730,1731,1738, and I739. Obesity was
defined as a BMI 230 and diabetes was defined based on /CD-
10codes E10,E11,E12, E13, and E14.35 Asthma was defined
using previously reported criteria®” based on ICD-10 codes
J45 and J46, as well as doctor-diagnosed or self-reported
asthma. Education was categorized based on data provided
by the UK Biobank: (1) college/university/nursing/teaching;
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(2) national vocational qualification/higher national diploma/
higher national certificate; (3) A level; (4) O level/certificate of
secondary education; or (5) none of the above/not available.
Self-reported ethnicity was assessed using Data Field 21000.
Smoking status was defined as reporting never or ever smok-
ing using data field 20116. Use of lipid-lowering medications,
antihypertension medications, or antiplatelet agents (aspirin or
clopidogrel) at the time of enrollment in the UK Biobank was
based on self-reported data using Data Fields 6153, 6177,
10004, 6154, or 20003 (1141168318 and 1141168322 for
clopidogrel) and classified as never or ever. The numbers of all
COVID-19 cases and population controls for whom these data
were available are summarized in Table S2.

Time-to-Event Data

Incident MACE (M|, stroke, or death) were based on the num-
ber of days from the date of receiving a positive PCR test for
SARS-CoV-2 infection or an initial /CD-10 code assignment
for COVID-19 between February 1, 2020 and December 31,
2020 up to the assignment of an /CD-10 code for M|, stroke, or
all-cause mortality until October 31, 2022 (up to 1000 days
of follow-up). The causes of death for all COVID-19 cases and
population controls based on /CD-10 code data are shown in
Table S3. A subanalysis with cardiovascular mortality was also
performed where death could be attributed to an ICD-70 code
for Diseases of the Circulatory System (Chapter 1X). Control
subjects who were assigned an ICD-10 code for COVID-19
or had a positive PCR test for SARS-CoV-2 infection after
December 31, 2020 were censored at that date in the time-
to-event analyses.

Statistical Analyses

Differences in demographic and clinical characteristics at the
time of enrollment into the UK Biobank between cases and
controls were evaluated using y? tests for categorical variables
and 2-sample t-tests for continuous traits, respectively. Time-
to-event analyses were performed with Cox proportional haz-
ards models to test whether COVID-19 was associated with
risk of incident thrombosis (Ml or stroke), all-cause mortality,
or the composite MACE trait with all 3 outcomes (MI, stroke, or
all-cause mortality) over 1003 days of follow-up from the date
of entry into the analysis. Age at the time of COVID-19 diag-
nosis, sex, self-reported ethnicity, education, diabetes, asthma,
smoking status, lipid-lowering medication use, and antihyper-
tension medication use were included as covariates. Sensitivity
analyses were also performed in subjects stratified by CVD sta-
tus, age, sex, obesity, diabetes, and smoking. Conditional Cox
proportional hazards models were used for time-to-event anal-
yses with hospitalized cases and propensity score—matched
population controls, with inclusion of age at the time of COVID-
19 diagnosis, sex, self-reported ethnicity, education, diabetes,
asthma, smoking status, lipid-lowering medication use, and
antihypertension medication as covariates.

Genetic and Gene-Pathogen Interaction

Analyses

Details on genotyping arrays, quality control metrics, and impu-
tation methods used by the UK Biobank have been described
previously.® Briefly, ABO blood types were provided by the UK
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Subjects with prior hospital in-patient episode (HESIN)
data and alive on February 1, 2020 (n=416,588)

1 l

All cases: PCR* test and/or ICD10 code for | Population controls: No PCR* test or
COVID-19 prior to January 1, 2021 (n=11,115) | ICD10 code for COVID-19; randomly
assigned an enrollment date based

Hospitalized (severe) cases: on start dates of all COVID-19 cases
ICD10 code for COVID-19 (n=2,868) at ratio of 20:1 (n=222,300)

l

Exclusion of individuals with thrombotic event (Ml or
stroke) or death within 30 days of date of entry into
analysis and complete clinical/covariate data

l l

All cases: PCR* test and/or ICD10 code for | Population controls: No PCR* test or
COVID-19 prior to January 1, 2021 (n=10,005) | ICD10 code for COVID-19; randomly
assigned an enrollment date based

Hospitalized (severe) cases: on start dates of all COVID-19 cases
ICD10 code for COVID-19 (n=1,943) at ratio of 20:1 (n=217,730)

l

Association of COVID-19 with MACE through October 31, 2022
and evaluation of COVID-19 as a CAD risk equivalent

l

Association of COVID-19 with thrombotic events as function of genetic variation

Figure 1. Overview of clinical and genetic analyses.

A study was designed with 416588 UK Biobank subjects who had hospital in-patient data and were alive on February 1, 2020 (pink box).
COVID-19 cases at all levels of severity were defined as subjects who had either a positive polymerase chain reaction (PCR) test for SARS-
CoV-2 infection or received a hospital-based International Classification of Diseases version-10 (ICD-10) code for COVID-19 through
October 31, 2022 (light green box). Severe cases were defined as the subset of subjects who were hospitalized for COVID-19 (dark green
inset box). Population controls were defined as subjects alive on February 1, 2020 and who did not have a positive PCR test for SARS-CoV-2
infection or who had ever been assigned a hospital-based /CD-10 code for COVID-19 through December 31, 2020 (yellow box). Controls
were then randomly assigned an enrollment date based on the start dates of all COVID-19 case and matched to cases at a ratio of 20:1. After
exclusion of subjects with thrombotic events or death within 30 days of the date of entry into analysis (gray box), 10005 COVID-19 cases
and 217 730 population controls (green and yellow boxes) were used to evaluate association of COVID-19 with major adverse cardiac events
(MACE), defined as myocardial infarction (M), stroke, or all-cause mortality, up until October 31, 2022 (orange box). Gene-pathogen exposure
interactions on the risk of thrombotic events were performed with previously identified genetic variants (blue box).
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Table 1. Clinical Characteristics of Hospitalized COVID-19 Cases and Population Controls =)
Cases All controls Propensity score-matched E
Trait (n=1943) (n=217730) P value* controls (n=38860) P valuet =
Age at start of follow-up 70.4 (8.1) 68.4 (8.1) <0.001 70.6 (8.0) 0.32 g %
Men/Women 1069/874 96403/121327 <0.001 21730/17130 0.44 E/"; g
Ethnicity <0.001 1.00 L&
White 1750 (90.1) 205378 (94.3) 35068 (90.2) 5
Asian 65 (3.4) 4222 (1.9) 1331 (3.4) g
Black 75 (3.9) 3541 (1.6) 1390 (3.6)
Chinese 8 (0.4) 706 (0.3) 160 (0.4)
Mixed 11 (0.6) 1246 (0.6) 234 (0.6)
Other 24 (1.2) 1920 (0.9) 481 (1.2)
Unknown 10 (0.5) 717 (0.3) 196 (0.5)
Education <0.001 0.59
College/University/Nursing/Teaching (A) 694 (35.7) 102402 (47.0) 13471 (34.7)
NVQ/HND/HNC (vocational qualification; B) 242 (12.5) 27947 (12.8) 4705 (12.1)
A level (high school; C) 79 (4.1) 11793 (5.4) 1610 (4.1)
O level/CSE (less than high school; D) 300 (15.4) 36854 (16.9) 5816 (15.0)
None of the above/not available (E) 628 (32.3) 38734 (17.8) 13258 (34.1)
Ever smoker 1069 (565.0) 96301 (44.2) <0.001 21685 (55.8) 0.50
History of Ml stroke, or CAD (CVD) 392 (20.2) 25236 (11.6) <0.001 8321 (21.4) 0.19
Diabetes 498 (25.6) 20433 (9.4) <0.001 10660 (27.4) 0.08
Asthma 427 (22.0) 32197 (14.8) <0.001 8707 (22.4) 0.65
Lipid-lowering medication use 579 (29.8) 41698 (19.2) <0.001 12289 (31.6) 0.09
Antihypertension medication use 633 (32.6) 47863 (22.0) <0.001 13252 (34.1) 0.17

Data are shown as mean (SD) for age and numbers (%) for categorical traits. P values for comparisons between cases and controls were derived from a 2-sample
ttest for age and y? tests for categorical traits. Matching of controls was done using propensity scores generated using all variables shown in the Table. CAD indicates
coronary artery disease; CSE, certificate of secondary education; CVD, cardiovascular disease; HNC, higher national certificate; HND, higher national diploma; MI, myo-
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cardial infarction; and NVQ, national vocational qualification.
“For comparisons between cases and all controls.
tFor comparisons between cases and propensity score-matched controls.

Biobank using Data Field 23165 and were defined based on
genotypes of 2 variants at the ABO locus (rs8176746 and
rs8176719), as described previously.*® Genotypes of the lead
variants at the loci with the strongest effect sizes for SARS-
CoV-2 infection only (rs73062389) or hospitalized COVID-
19 (rs11385942) on chromosome 3p21,* and for CAD
(rs4977574) on chromosome 9p213°-42 were extracted from the
imputed data for #90 million single nucleotide polymorphisms
(SNPs) that were available in the UK Biobank® for the same
subset of subjects used in the clinical analyses. Logistic regres-
sion models were used to test the association of ABO-derived
blood types (A, B, or AB versus 0), rs73062389, rs11385942
with hospitalized COVID-19 cases versus SARS-CoV-2~ con-
trols; hospitalized COVID-19 cases versus SARS-CoV-2+ sub-
jects; and SARS-CoV-2+ cases versus SARS-CoV-2~ controls,
with adjustment for age at the time of COVID-19 diagnosis, sex,
ethnicity, based on the first 10 principal components, as provided
by the UK Biobank in Data Field 22009, and genotyping array.
Cox proportional hazards models were used to assess whether
ABO blood type (non-O [AA, AO, BB, BO, or AB] versus O) or
genotypes at rs73062389, rs11385942, or rs4977574 were
associated with incident Ml or stroke, with adjustment for age
at the time of ICD-10 code assignment, sex, first 10 principal
components, genotyping array, education, diabetes, asthma,
smoking, lipid medication use, and antihypertension medication

Arterioscler Thromb Vasc Biol. 2024;44:2321-2333. DOI: 10.1161/ATVBAHA.124.321001

use. To determine whether the association of COVID-19 with
risk of Ml or stroke differed as a function of ABO blood type or
genotype, an interaction term was included in the model, with
adjustment for the same covariates. Due to the relatively low
frequency of the minor alleles of rs73062389 and rs 11385942
(=10% for each) and since previous studies had demonstrated
that increased risk of hospitalized COVID-19 was similar in sub-
jects with 1 or 2 copies of the risk allele (A) at rs11385942,%
dominant models were used for genetic analyses with these 2
variants. Analyses with rs4977574 assumed an additive genetic
model. All clinical and statistical genetics analyses were per-
formed with SAS 9.4 (SAS Institute Inc, Cary, NC).

RESULTS

Definition and Clinical Characteristics of
COVID-19 Cases and Controls

An overview of the analytical strategy used to identify
COVID-19 cases and controls in the UK Biobank is
presented in Figure 1. We first validated our definitions
of COVID-19 cases using the strongest known genetic
determinants of SARS-CoV-2 infection (rs73062389)
and hospitalization for COVID-19 (rs11385942)
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on chromosome 3p21.2% Both rs73062389 and
rs11385942 yielded associations specifically with
SARS-CoV-2 infection and severe COVID-19, respec-
tively (Table S1) that were directionally consistent with
previous reported effect sizes.?® Compared with con-
trols, COVID-19 cases at all levels of severity were more
likely to be male, exhibit differences in demographic and
clinical characteristics, and have more CVD-associated
comorbidities (Table S2). These differences were even
more pronounced when population controls were com-
pared with hospitalized COVID-19 cases (Table 1). In
addition, the most common causes of death among
COVID-19 cases and population controls were due to
diseases of the circulatory system, including CVD, fol-
lowed by diseases of the respiratory system and neo-
plasms (Table S3).

Association of COVID-19 With Increased Risk
of MACE

Consistent with prior studies, COVID-19 at all levels of
severity was associated with significantly higher risk of
M, stroke, or all-cause mortality over 1003 days of follow-
up (HR, 2.09 [95% ClI, 1.94-2.25]; A<0.0005; Figure
S1; Table S4). Association of COVID-19 with MACE
was even more pronounced among cases requiring hos-
pitalization (HR, 3.85 [95% ClI, 3.561-4.24]; ”<0.0005;
Figure 2A; Table 2). To account for unmeasured con-
founders, we also used a set of controls matched to
hospitalized cases based on propensity scores (Table 1).
As shown in Table 2 and Figure 2B, hospitalization for
COVID-19 was similarly associated with increased risk
of MACE in comparison to propensity score—matched
controls (HR, 3.65 [95% ClI, 3.30—4.05]; £<0.0005).

COVID-19, Adverse Cardiac Risk, and ABO Blood Type

We next performed a series of sensitivity analyses
to evaluate the consistency of the associations with
COVID-19. Notably, risk of MACE in cases at all levels
of severity and particularly in those requiring hospitaliza-
tion was consistently elevated during the first, second,
or third year after COVID-19 diagnosis (Table S5). The
effect sizes for association of COVID-19 at all levels of
severity with risk of MACE and its components were also
comparable between groups, except in men and younger
subjects (Tables S6 through S8). Among hospitalized
cases and all population controls, similar differential risk
of MACE and its components was also observed in men,
younger subjects, and individuals with preexisting obesity
or diabetes (Tables S9 through S11). Moreover, hospi-
talization for COVID-19 was associated with increased
risk of mortality attributable to CVD (Table S12). Collec-
tively, these observations demonstrate that risk of MACE
among COVID-19 patients was elevated out to nearly
3 years after SARS-CoV-2 infection regardless of the
presence or absence of co-associated CVD risk factors.

Hospitalization for COVID-19 Is a CAD (CVD)
Risk Equivalent

We next evaluated whether COVID-19 represented a
CAD risk equivalent. Among participants who remained
COVID-19 negative throughout the follow-up period, the
risk of MACE was increased in subjects with diabetes
(HR, 1.88 [95% ClI, 1.73-2.04]; A~<0.0005), peripheral
artery disease (PAD; HR, 5.08 [95% CI, 4.62-5.59];
P<0.0005), or CVD (HR, 5.63 [95% ClI, 5.36-5.92];
P<0.0005; Figure 3; Table 3). However, risk of MACE
among hospitalized COVID-19 cases without a history of
CVD was also increased (HR, 7.04 [95% Cl, 6.25-7.92];

A
Hospitalized Cases vs. Population Controls
50 1
COVID-19*/CVD*
& ~ 401
S8
Te
8T 304 COVID-19/CVD*
E£8
S5
T g 201
© X S
82 == COVID-19*/CVDr
S0 104
COVID-197/CVD-
o &F————————""""7"7"7"7"
30 250 500 750 1000
Time to Event (Days)
No. at Risk
COVID/CVD" 192,494 187,756 163,927 46,180 24
COVID/CVD* 25,236 23,000 19,340 5,190 4
CovID*/CVD- 1,551 1,383 1,315 651 0
CovID*/CcvD* 392 304 265 114 0

B
Hospitalized Cases vs. Propensity Score-matched Controls
50 1
COVID-19*/CVD*
& — 404
o
g
8% 307 COVID-19/CVD*
£
% z 20 4 T
§ s ~ 7 CcoVID-19*/CVD-
=5 10+
COVID-19/CVD- |
o Ll -
30 250 500 750 1000
Time to Event (Days)
No. at Risk
COVID/CVD- 30,539 29,644 26,013 7,408 3
COVID/CVD* 8,321 7,405 6,148 1,620 1
COVID*/CVD- 1,551 1,383 1,315 651 0
COVID*/CVD* 392 304 265 114 0

Figure 2. Hospitalization for COVID-19 is associated with an increased risk of major adverse cardiac event (MACE).

A, Among hospitalized cases and all population controls, COVID-19 increased cumulative incidence of MACE (M|, stroke, or all-cause
mortality) in both subjects with and without cardiovascular disease (CVD). B, COVID-19 similarly increased cumulative incidence of MACE
when comparing hospitalized cases to propensity score—matched population controls.
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Table 2. Association of Hospitalization for COVID-19 With Increased Risk of MACE

Outcome

Outcome among
hospitalized cases
(yes/no)

Outcome among all
population controls
(yes/no)

Outcome among propensity
score-matched matched

controls (yes/no)

HR (95% CI)*

HR (95% CDt

Thrombotic events

All subjects 102/1841 (5.3%) 5466/212264 (2.5%) 1813/37 047 (4.7%) 1.37 (1.13-1.67)8 1.24 (1.01-1.53)%
Without CVD 38/1513 (2.5%) 1836/190658 (1.0%) 428/30111 (1.4%) 1.85 (1.34-2.55)| 1.76 (1.23-2.50)§
With CVD 64/328 (16.3%) 3630/21606 (14.4%) 1385/6936 (16.6%) 1.08 (0.85-1.39) 1.08 (0.82-1.43)

All-cause mortality

All subjects 395/1548 (20.3%) 4297/213433 (2.0%) 1278/37582 (3.3%) 7.09 (6.38-7.87)| 6.99 (6.19-7.90)]|

Without CVD 284/1267 (18.3%) 3055/189439 (1.6%) 726/29813 (2.4%) 8.30 (7.33-9.39)|| 9.22 (7.85-10.8)]|

With CVD 111/281 (28.3%) 1242/23994 (4.9%) 552/7769 (6.6%) 4.87 (4.00-5.93)]| 5.64 (4.31-7.38)]
MACE

All subjects 463/1480 (23.8%) 9183/208547 (4.200) 2870/35990 (7.4%) 3.85 (3.51-4.24)| 3.65 (3.30-4.05)||

Without CVD 307/1244 (19.8%) 4672/187822 (2.4%) 1092/29447 (3.6%) 5.93 (5.28-6.67))| 6.37 (5.52-7.34)||

With CVD 156/236 (39.8%) 4511/20725 (17.9%) 1778/6543 (21.4%) 2.08 (1.78-2.45)| 2.18 (1.80-2.66)|

Data are shown as HRs and 95% Cls for association of hospitalized COVID-19 with risk of thrombotic events (MI or stroke), all-cause mortality, and MACE (M|, stroke,

or all-cause mortality). HR indicates hazard ratio; MACE, major adverse cardiac event; and MI, myocardial infarction.

*HRs and 95% Cls from analyses with all population controls were derived from Cox proportional hazards models adjusted for age, sex, ethnicity, education, diabetes,
asthma, smoking, lipid-lowering medication use, and antihypertension medication use.
tHRs and 95% Cls from analyses with propensity score=matched controls were derived from conditional Cox proportional hazards models with adjustment for age,

sex, ethnicity, education, diabetes, asthma, smoking, lipid-lowering medication use, and antihypertension medication use.

+P<0.05; §P<0.005; || A<<0.0005.

P<0.0005) compared with COVID-19-negative controls
without any of the selected CAD equivalents (Figure 3;
Table 3). More specifically, hospitalized COVID-19 cases
without a history of CVD had an =20% increased risk
of MACE compared with COVID-19—-negative subjects
with CVD (HR, 1.21 [95% ClI, 1.08-1.37]; A<0.005).
Given the observation that COVID-19 represented
a CAD equivalent, we next explored whether throm-
botic risk could be modulated by the use of antiplate-
let agents. Thrombotic risk remained elevated among
primary prevention patients without known CVD who

were hospitalized for COVID-19 and not on antiplatelet
agents at the time of enrollment in the UK Biobank (HR,
1.98 [95% CI, 1.39-2.82]; A<0.0005; Table S13). By
comparison, risk of Ml or stroke was not significantly
increased among primary prevention COVID-19 patients
who reported taking antiplatelet agents (Table S13).
Taken together, these results demonstrate that, in the
context of our UK Biobank data set, hospitalization for
COVID-19 increased the risk of MACE among primary
prevention subjects to the same degree as in COVID-19
negative subjects with preexisting CAD equivalent risk

COVID-18 Group
= Yes CVD*

Yes

Hospitalized Cases vs. Population Controls
50 9
g < 40 4
3s
g § 30 4
g g 20 /
o= -_
§ @ 104
04
30 250 500 750 1000
Time to Event (Days)
No. at Risk
COVID/CVD/
PAD/Diabetes" 176,161 172,038 150,040 42,240 24
COVID"/Diabetes* 14,455 13,927 12,288 3,503 0
COVID/PAD* 3,249 2,946 2,535 665 0
COVID/CVD* 23,865 21,845 18,404 4,962 4
COVID*/CVD 1,551 1,383 1,315 651 0
CovID*/CvD* 392 304 265 114 0

Figure 3. COVID-19 Represents a CAD
(CVD) Risk Equivalent.

VD Cumulative incidence of MACE in
hospitalized COVID-19 cases without
CVD (red line) was equivalent to that
observed in all population controls with
CVD (purple line) or PAD (pink line), and
even greater than in population controls
with diabetes (green line). Incidence of
MACE was highest among hospitalized
COVID-19 cases with CVD (blue line).

No CVD*

No PAD*

No Diabetes*
No CVD/PAD/
Diabetes-
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Table 3. Hospitalization for COVID-19 is a CAD (CVD) Risk
Equivalent

Hospitalized | CAD risk
COVID-19 equivalent group | MACE (yes/no) HR (95% CI)
No Without CVD 3817/172334 1
(2.2%)
No With Diabetes 756/13984 (5.1%) | 1.88 (1.73-2.04)*
No With PAD 545/2704 (16.8%) | 5.08 (4.62-5.59)*
No With CVD 4511/20725 5.63 (5.36-5.92)*
(17.9%)
Yes Without CVD 307/1244 (19.8%) | 7.04 (6.25-7.92)*
Yes With CVD 156/236 (39.8%) 12.2 (10.3-14.3)*

Data are shown as HRs and 95% Cls for association of hospitalized COVID-
19 and indicated CAD equivalent group with risk of MACE (MI, stroke, or all-
cause mortality). HRs and 95% Cls were derived from Cox proportional hazards
models adjusted for age, sex, ethnicity, education, asthma, smoking, lipid-lowering
medication use, and antihypertension medication use. Reference group is popula-
tion control subjects who did not have CVD) and who remained SARS-CoV-2 and
COVID-19 negative over the entire follow-up period. CAD indicates cardiovascu-
lar disease; CVD, cardiovascular disease; HR, hazard ratio; MACE, major adverse
cardiac event; MI, myocardial infarction; and PAD, peripheral artery disease.

*A<0.0006.

factors. Furthermore, our data suggest that thrombotic
risk can potentially be mitigated by the use of antiplate-
let agents.

Hospitalization for COVID-19 Increases Risk of
Thrombotic Events through Genetic Interaction
with ABO Blood Type

We next used a candidate gene approach to test whether

the increased risk of thrombosis post—-COVID-19 could
be affected through interactions with genetic suscep-

COVID-19, Adverse Cardiac Risk, and ABO Blood Type

susceptibility locus for Ml and stroke?6274% and SARS-
CoV-2 infection (but not with hospitalized COVID-19),2%
we focused our initial analyses on the ABO locus. In our
UK Biobank data set, non-O blood types increased the
likelihood of testing positive for SARS-CoV-2 infection
(OR, 1.16 [95% ClI, 1.11-1.22]; P=2.3x107'%) but did
not increase risk of being hospitalized for COVID-19
(Table S1). These results are consistent with prior stud-
ies demonstrating that non-O blood types are specifi-
cally associated with increased susceptibility to being
infected with SARS-CoV-2 but not necessarily with risk
of developing its severe postinfection respiratory com-
plications.** We next tested the hypothesis that incident
risk of Ml and stroke among hospitalized COVID-19
patients could exhibit a gene-pathogen interaction with
ABO blood types. Consistent with this notion, a signifi-
cant genetic interaction was observed between COVID-
19 and ABO (P, ....=0.011) where hospitalization
for COVID-19 increased the risk of Ml and stroke to a
greater extent in subjects with non-O blood types (HR,
1.65 [95% CI, 1.29-2.09]; P=4.8x107°) than individu-
als with blood type O (HR, 0.96 [95% CI, 0.66-1.39];
P=0.82; Figure 4; Table 4).

To explore whether the gene-pathogen interaction
between COVID-19 and ABO was indirectly due to the
association of non-O blood types with COVID-19 ftraits,
we also tested the same genetic determinants of SARS-
CoV-2 infection susceptibility (rs73062389) and severe
COVID-19 (rs11385942) used to verify our definition of
COVID-19 cases (Table S1). However, there was no evi-
dence that hospitalization for COVID-19 increased the
risk of Ml and stroke through gene-pathogen interac-
tions with rs73062389 (P =0.81) orrs113859492

interaction

tibility factors. Based on its identification as a specific (P, .., =0.71; Table S14). Finally, we applied the same
Hospitalized Cases vs. Population Controls
8.0 COVID-19*/non-0
S 601
‘é < Figure 4. Hospitalization for
8= COVID-19*/0 COVID-19 increases risk of
E 2 40- R thrombotic events through a genetic
o g ST - COVID-19/non-O interaction with ABO blood group.
g n —T T A COVID-19 increased cumulative incidence
Q5 of myocardial infarction and stroke to a
e) - 19~
E 20 covID-1970 greater extent among hospitalized cases
with non-O blood types than blood type
) . O, leading to a significant gene-pathogen
0+ . . . P'_'"te"a‘:t'°“=°-°1. exposure interaction (P =0.01). No
30 250 500 750 1000 differences in rate of thrombotic events
Time to Event (Days) was observed as a function of ABO blood
No. at Risk type among all population controls.
COVID/0 92,661 89,728 78,098 21,818 5
COVID/Non-O 120,089 116,207 100,933 28,384 22
COVID*/O 787 690 650 304 0
COVID*/Non-O 1,095 947 882 435 0
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Table 4. Hospitalization for COVID-19 Increases Risk of Thrombotic Events Through Genetic Interaction with ABO Blood Type

Outcome among Outcome among all

Outcome ABO blood type hospitalized cases (yes/no) population controls (yes/no) | HR (95% ClI) P value P *

Thrombotic events | O 29/758 (3.7%) 2329/90 332 (2.5%) 0.96 (0.66-1.39) 0.82 0.01
Non-O 69/1026 (6.3%) 3023/117 066 (2.5%) 1.65 (1.29-2.09) 4.8x107°

All-cause mortality | O 152/635 (19.3%) 1786/90875 (1.9%) 6.74 (5.69-7.97) 1.5x1071%° 0.56
Non-O 229/866 (20.9%) 2409/117680 (2.0%) 7.25 (6.31-8.32) 3.1x107'78

MACE O 173/614 (22.0%) 3880/88781 (4.2%) 3.51 (3.01-4.10) 5.8x107%8 0.11
Non-O 275/820 (25.1%) 5101/114 988 (4.3%) 4.07 (3.60-4.60) 2.7x1071"

Data are shown as HR and 95% Cls for association of hospitalization for COVID-19 with risk of thrombotic events (Ml or stroke), all-cause mortality, and MACE
(MI, stroke, or all-cause mortality) stratified by ABO blood group. HRs and 95% Cls were derived from Cox proportional hazards models adjusted for age, sex, first 10
principal components, genotyping array, education, diabetes, asthma, smoking, lipid-lowering medication use, and antihypertension medication use. HR indicates hazard

ratio; MACE, major adverse cardiac event; and MI, myocardial infarction.

P were obtained from models that included an interaction term between COVID-19 status and ABO blood type (non-O [A, B, or AB] vs O).

interaction

approach to assess whether an increased risk of throm-
bosis among hospitalized COVID-19 patients could
result from interactions with genetic susceptibility fac-
tors for atherosclerotic CAD. Of the 300 known CAD
loci,*"*? we tested the lead SNP at chromosome 9p21
(rs4977574) since it is one of the most strongly associ-
ated loci for CAD itself but not associated specifically
with Ml or stroke in patients with CAD.284546 Similar to
rs73062389 and rs1138b942, there was no evidence
(P, 10120, =0-96) that thrombosis risk among hospitalized
COVID-19 cases differed as a function of genotype at
the chromosome 9p21 locus (Table S14). Collectively,
these observations suggest that increased thrombosis
risk among hospitalized COVID-19 patients differs as a
function of ABO blood type but not through interactions
with genetic determinants of COVID-19 severity, SARS-
CoV-2 infection susceptibility, or atherosclerotic CAD.

DISCUSSION

In the present study, we leveraged the UK Biobank
resource to demonstrate that patients all levels COVID-
19 severity (from simply being PCR* for SARS-CoV-2
to those requiring hospitalization) are at significantly
increased long-term risk of MACE. These associations
were observed among subjects stratified by 1-year inter-
vals after developing COVID-19 or the presence of CVD,
diabetes, obesity, and other comorbidities. Furthermore,
the magnitude of the effect sizes for MACE and its com-
ponents were consistently more pronounced among
COVID-19 cases requiring hospitalization and compara-
ble to those reported in 2 of the largest published studies
for the same outcomes out to 2 years.5' Notably, effect
sizes for increased risk of MACE as a result of hospi-
talization for COVID-19 were similar in analyses using
propensity score—matched controls. Taken together, our
data indicate that the elevated risk of MACE in COVID-
19 patients shows no apparent signs of attenuation up to
nearly 3 years after SARS-CoV-2 infection and suggest
that COVID-19 continues to pose a significant public
health burden with lingering adverse cardiovascular risk.

Arterioscler Thromb Vasc Biol. 2024;44:2321-2333. DOI: 10.1161/ATVBAHA.124.321001

A major finding from our analyses was that the risk
of MACE among the subset of hospitalized COVID-
19 cases without known CVD (ie, primary prevention
patients) was comparable to (or even slightly higher than)
the risk in patients with CVD, PAD, or diabetes but with-
out COVID-19. These observations argue that primary
prevention subjects who developed severe COVID-19
carry the same risk as a CAD (CVD) risk equivalent for as
long as follow-up data are available. Clinical guidelines
across the world (United States, EU, Australia, Asia) use
CAD risk equivalence as a metric to escalate CVD risk
reduction as part of primary prevention efforts, including
both lowering of LDL cholesterol goals and initiation of
antiplatelet agents.’™ 2% For example, subjects with any
form of CVD or CAD risk equivalent (eg, diabetes, PAD)
are routinely treated with heightened preventive treat-
ment goals comparable to those used for subjects with
preexisting CVD (as if the subject just experienced an
MI). Thus, our findings raise the question of whether hos-
pitalized COVID-19 infection should also be given con-
sideration as a CAD risk equivalent, which would invoke
a discussion of altering preventive cardiovascular prac-
tice in patients previously hospitalized with COVID-19.
In this regard, retrospective observational studies have
suggested that antiplatelet therapy reduces the risk of
mortality.*”*® However, randomized controls trials with
antiplatelet therapy among COVID-19 patients indi-
vidually did not demonstrate therapeutic benefits,**-52
although a meta-analysis of data from these same tri-
als did provide evidence for reduced risk of thrombotic
events® It is important to note that the antiplatelet
therapy in these clinical trials was administered during
the acute phase of COVID-19 infection in a hospital set-
ting and for relatively short durations (follow-up of 90
days or less) compared with the observational studies
in which historical use of aspirin and other agents were
considered. Thus, whether antiplatelet therapy provides
cardiovascular benefit in subjects who developed severe
COVID-19 will need to be evaluated more thoroughly in
larger numbers of subjects and with prospective study
designs of longer duration.
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Systemic or localized infections increase the risk of
thrombosis #2- to 20-fold and are independent risk fac-
tors for thromboembolic diseases, such as deep vein
thrombosis, pulmonary embolism, MI, and stroke.®*%°
Since the emergence of SARS-CoV-2, these clini-
cal associations have extended to COVID-19 as well,®
including the results presented herein. However, our
analyses also revealed that increased thrombosis risk
due to COVID-19 differed as a function of ABO blood
type, which represents, at least to our knowledge, one of
the first examples of a gene-pathogen exposure inter-
action for CVD-related outcomes. Specifically, hospital-
ization for COVID-19 increased the risk of Ml or stroke
by =2-fold among patients with non-O blood types but
not in patients with blood type O. Given that non-O
blood types comprise #60% of the global population,
our results would indicate that a substantial fraction of
individuals in the world who developed COVID-19 are at
increased risk for thrombosis. Consistent with our data,
a retrospective observational analysis also reported an
increased risk of MACE in a small number of COVID-
19 patients with blood type A versus 0.6 However, this
study only reported outcomes over the first 30 days fol-
lowing SARS-Cov-2 infection, was underpowered to
detect associations with other non-O blood types, and
did not test for other genetic interactions.

Our results also raise important questions with
respect to the biological mechanism(s) through
which COVID-19 interacts with host genetic factors.
For example, incident thrombotic events in COVID-
19 patients with non-O blood types may have been
increased because of known associations between
ABO and COVID-19 traits and Ml or stroke in the pres-
ence of CAD. In our UK Biobank dataset, ABO was
specifically associated with increased susceptibility
to infection by SARS-CoV-2 but not development of
hospitalized COVID-19 itself. While our findings are
consistent with those from large-scale genetic analy-
ses,?® association of ABO with COVID-19 severity has
not been uniformly observed in all studies.®*% With
respect to the 2 variants identified for COVID-19 at
the chromosome 3p217 locus, one increases suscepti-
bility to SARS-CoV-2 infection (rs73062389) whereas
the other increases risk of becoming hospitalized from
COVID-19 (rs11385942).5 Interestingly, both variants
are part of a 50 kb haplotype that was introgressed
into the human genome from Neanderthals.®® How-
ever, rs73062389 and rs11385942 are not in link-
age disequilibrium with each other (r>=0.0)%" and thus
reflect independent association signals for COVID-
19-related traits. This concept is further supported by
functional studies implicating SLC6A20 and CXCR6
as 2 candidate causal genes at 3p217 that could medi-
ate SARS-CoV-2 infection and development of severe
COVID-19, respectively.?® However, we did not obtain
evidence for the risk of thrombotic events differing as
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a result of genetic interactions between COVID-19
and the 2 variants at the chromosome 3p27 locus or
with the lead variant (rs4977574) at one of the stron-
gest genetic determinants of atherosclerotic CAD on
9p21.2645 Taken together, these observations suggest
that interactions between COVID-19 and increased risk
of Ml and stroke may be specific to genetic factors that
influence risk of plaque rupture and thrombus formation
(ABO) but not those that directly increase risk of hospi-
talization for COVID-19 (3p21), susceptibility to SARS-
CoV-2 infection (3p27), or that promote atherosclerosis
(9p21). It should also be noted that ABO is one of the
most pleiotropic loci in the genome and exhibits associ-
ations with numerous cardiometabolic traits,* including
coagulation biomarkers.”® Thus, increased thrombotic
risk as a result of genetic interaction between ABO and
COVID-19 could be due to synergistic effects of non-O
blood types and SARS-CoV-2 infection at the level of
the vessel wall that potentially destabilizes vulnerable
plagues and renders the endothelium more prone to
thrombus formation.

While our results point to interesting clinical and
genetic associations with COVID-19, we also note cer-
tain limitations of our study. First, defining cases and
appropriate controls using data from the UK Biobank
requires special consideration, given how the original
SARS-CoV-2 strain and its virulence have evolved over
time, improvements in patient care since the beginning
of the pandemic, and development of vaccines in early
2021. For these reasons, and due to the unavailability of
complete data on vaccination dates or the SARS-CoV-2
strain that UK Biobank subjects were infected with, we
only used cases who developed COVID-19 before the
availability of COVID-19 vaccines. Second, it is also pos-
sible that severe COVID-19 patients may have required
hospitalization because of underlying undiagnosed CVD,
which we were not able to ascertain given the nature
of the UK Biobank as a population-based cohort. Third,
information on medication use in the UK Biobank was
not specific to the beginning of the pandemic in 2020
or the date of being infected with SARS-CoV-2. Fur-
thermore, the number of subjects on antiplatelet agents
may have also limited our power to evaluate the effects
of these medications on thrombosis risk, particularly
among primary prevention subjects. Despite these limi-
tations, the consistency of the results obtained within
the framework of our study design, coupled with exten-
sive prior published evidence that COVID-19 and ABO
are each associated with CVD outcomes, suggests that
the clinical and genetic relationships we observed with
MACE outcomes represent true associations. However,
additional studies in larger and non-European ancestry
populations will be needed to determine whether risk
of MACE among COVID-19 patients remains elevated
beyond 3 years and to replicate interactions with host
genetic factors.
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In summary, our findings demonstrate that develop-
ment of COVID-19 requiring hospitalization confers a
CAD risk equivalent to the subject, with a heightened
risk of thrombosis particularly evident among cases
with non-O blood types. These observations suggest
that more aggressive cardiovascular risk reduction
efforts may be warranted as part of primary prevention
in patients hospitalized for COVID-19 and provide new
avenues for understanding the biological mechanisms
underlying CVD-related adverse outcomes of severe
SARS-CoV-2 infection.
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