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Abstract

Background: Genome-wide association studies have identified six genetic variants associated with severe COVID-19, yet the
mechanisms through which they may affect disease remains unclear. We investigated proteomic signatures related to COVID-19
risk variants rs657152 (ABO), rs10735079 (OAS1/OAS2/OAS3), rs2109069 (DPP9), rs74956615 (TYK2), rs2236757 (IFNAR2) and rs11385942
(SLC6A20/LZTFL1/CCR9/FYCO1/CXCR6/XCR1) as well as their corresponding downstream pathways that may promote severe COVID-19
in risk allele carriers and their potential relevancies to other infection outcomes. Methods: A DNA aptamer-based array measured 4870
plasma proteins among 11 471 participants. Linear regression estimated associations between the COVID-19 risk variants and proteins
with correction for multiple comparisons, and canonical pathway analysis was conducted. Cox regression assessed associations
between proteins identified in the main analysis and risk of incident hospitalized respiratory infections (2570 events) over a 20.7-
year follow-up. Results: The ABO variant rs657152 was associated with 84 proteins in 7241 white participants with 24 replicated in
1671 Black participants. The TYK2 variant rs74956615 was associated with ICAM-1 and -5 in white participants with ICAM-5 replicated
in Black participants. Of the 84 proteins identified in the main analysis, seven were significantly associated with incident hospitalized
respiratory infections including Ephrin type-A receptor 4 (hazard ratio (HR): 0.87; P = 2.3 × 10−11) and von Willebrand factor type A (HR:
1.17; P = 1.6x10−13). Conclusions: Novel proteomics signatures and pathways for COVID-19-related risk variants TYK2 and ABO were
identified. A subset of these proteins predicted greater risk of incident hospitalized pneumonia and respiratory infections. Further
studies to examine these proteins in COVID-19 patients are warranted.

Introduction
Coronavirus disease 19 (COVID-19) is characterized by
asymptomatic to moderate presentations in most indi-
viduals but crippling illness and death in others. Patients
who are male, elderly, or have comorbidities including
obesity, diabetes and underlying respiratory or cardio-
vascular disease have been shown to have greater risks
for more severe outcomes (1,2). And yet, critical illnesses
are observed in young or otherwise healthy individuals
resulting in hospitalization, cytokine storm, microemboli
formation, respiratory failure or death (3–5). It is
therefore likely that other factors are involved in COVID-
19 pathogenicity and severity—among these, genetic
liability.

To date, two genome-wide association studies (GWASs)
have identified six independent, candidate gene

variants associated with greater risk of severe COVID-
19. An initial GWAS conducted in a European sample
population reported two gene variants independently
associated with greater likelihoods of developing COVID-
19 respiratory failure: rs657152 on chromosome 9 (proxi-
mal to the ABO gene) and rs11385942 on chromosome
3 (proximal to gene cluster SLC6A20, LZTFL1, CCR9,
FYCO1, CXCR6 and XCR1) (6). A subsequent GWAS
further identified four novel and independent variants
proximal to genes TYK2 (rs74956615), IFNAR2 (rs2236757),
DPP9 (rs2109069) and gene cluster OAS1, OAS2, OAS3
(rs10735079) (7). Collectively, these six loci represent a
critical step in our understanding of COVID-19 liability,
and examination of their associated plasma proteomic
signatures and pathway analysis may elucidate the
mechanisms through which they influence COVID-19
severity.
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Table 1. Chromosome positions, nearest genes, allele frequencies and imputation accuracies of COVID-19 variants related to risk of
respiratory failure among Black and white ARIC participants

rsID Chr:position∗ Proximal gene(s) Non-coded Risk Black freq Black R2 White freq White R2 OR∗∗

rs11385942 3:45834967 SLC6A20, LZTFL1, CCR9,
FYCO1, CXCR6, XCR1

G GA; A 0.052 0.99 0.081 1.00 1.77

rs657152 9:133263862 ABO C A 0.431 0.98 0.378 0.96 1.48
rs10735079 12:112942203 OAS1, OAS2, OAS3 A G 0.226 N/A 0.350 N/A 1.3
rs2109069 19:4719431 DPP9 G A 0.213 0.90 0.304 0.80 1.4
rs74956615 19:10317045 TYK2 A T 0.009 0.88 0.056 0.88 1.6
rs2236757 21:33252612 IFNAR2 G A 0.215 0.98 0.299 0.98 1.3

∗Based on Genome Reference Consortium Human Build 38 Risk allele
∗∗

Reported by previous GWASs (6,7) Abbreviations: rsID = reference single nucleotide
polymorphism cluster identification number; Chr = chromosome; freq = frequency; R2 = index for imputation accuracy.

The present analysis aimed to determine the pro-
teomic signatures of these six GWAS-identified variants
using a multiplexed aptamer-based platform comprised
of over 4600 unique protein measurements in a sample
of 8914 Atherosclerosis Risk in Communities Study
(ARIC) participants. Pathway analysis was performed to
examine whether variant–protein association patterns
suggest suppression or activation of known canonical
pathways. An additional prospective analysis was
conducted to test whether proteins identified in the main
analysis may be associated with the risks of incident
hospitalized respiratory infections and pneumonia.
Using this approach, it was hypothesized that identified
proteins and pathways may have implications for
development of severe COVID-19 and other respiratory
infections.

Results
Information on the previously identified top COVID-19
variants, including their chromosome positions, proxi-
mal genes, risk allele frequencies and imputation accu-
racy indices are shown in Table 1. All variants are intronic
with the exception of the rs74956615 single nucleotide
polymorphism (SNP), which is located in the three prime
untranslated region of the TYK2 gene.

Associations between variants and plasma protein lev-
els are shown in Table 2. Following Bonferroni correction,
84 significant associations between ABO variant rs657152
and plasma proteins were observed in white participants
(top 20 shown in Table 2; remaining associations shown
in Supplementary Material, Table S3). Strong associa-
tions in terms of significances and magnitudes of asso-
ciation were detected, and ABO and DC-SIGN proteins
were among the top associations. Twenty-four of these
associations were replicated in Black participants and,
of the 84 total associations, seventy were directionally
consistent but generally showed weaker magnitudes of
association than in white participants.

Upon further investigation, it was found that the ABO
protein has a distinct bimodal distribution. Since the
linear regression model assumes a normal distribution—
particularly for the dependent variable—the association
between rs657152 and ABO protein levels became
dubious. To better assess whether rs657152 is associated

with the bimodally-distributed ABO protein, we first
dichotomized protein levels into high and low values
(using the 11.5 as the cutpoint); next, we used linear
regression to examine the relationship between rs657152
and ABO levels in Black and white participants with
adjustments for age, sex, field center, ten principal
components of ancestry, and estimated glomerular
filtration rate. Significant associations were observed
between rs657152 and plasma levels of the ABO protein,
but only for those in the ‘high’ category in Black (β=0.323;
p=3.0E-17) and white participants (β=0.484; p=5.0E-172).

The chromosome 19 variant rs74956615 was sig-
nificantly associated with ICAM-1 (P = 7.3 × 10−34) and
two independent aptamer measures of ICAM-5 in
white participants (P = 1.4 × 10−77; P = 2.2 × 10−70). The
former association with ICAM-1 was suggestive in Black
participants but did not reach statistical significance
following correction for multiple comparisons (P = 0.04),
whereas the associations with ICAM-5 were replicated
(P = 5.2 × 10−4; P = 8.6 × 10−4). Directionalities of associ-
ations for ICAM-1 and ICAM-5 were consistent between
Black and white participants.

The rs11385942 variant was associated with a single
protein, teratocarcinoma-derived growth factor (TDGF-
1; P = 6.1 × 10−13) but was non-significant in Black
participants (P = 0.73). Upon inspection of TDGF-1, it was
found that the protein has a distinct bimodal distribution
in white participants (Supplementary Material, Fig. S1)
and to a lesser degree in Black participants (Supplemen-
tary Material, Fig. S2). Upon dichotomizing the protein
into ‘high’ and ‘low’ subgroups (cutoff threshold = 9.75
fluorescence units), no significant associations with
rs11385942 were observed in either TDGF-1 subgroup
(Table 2). Sex, race or age did not account for the bimodal
distribution of TDGF-1 based on an examination of
residuals of regression analyses with these covariates.
The remaining three variants related to severe COVID-
19 were not significantly associated with any plasma
proteins.

We next evaluated the relation of each of the 84
identified proteins and incident hospitalized respira-
tory infection and pneumonia. In total, we observed
2570 incident hospitalized respiratory infection events
and 2087 incident hospitalized pneumonia events
among the 10 775 participants. The median follow-up

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac024#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac024#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac024#supplementary-data


2454 | Human Molecular Genetics, 2022, Vol. 31, No. 14

Table 2. Significant associations of rs11385942, rs74956615 and rs657152 with plasma proteins among 1671 Black and 7241 white ARIC
participants (top 20 for white participants shown for rs657152)

White participants Protein Black participants Protein

Variant Protein Estimate∗ (95% CI) P-value SD Estimate∗ (95% CI) P-value SD

rs657152 ABO system transferase 2.85 (2.79, 2.92) <1.0E-300 2.71 2.13 (1.96, 2.30) 2.2E-109 2.89
DC-SIGN 0.33 (0.32, 0.35) <1.0E-300 0.50 0.24 (0.21, 0.28) 2.2E-36 0.55
Sulfhydryl oxidase 2 0.23 (0.22, 0.24) 1.2E-299 0.38 0.10 (0.07, 0.12) 5.0E-15 0.36
Protein FAM3D 0.46 (0.44, 0.49) 9.9E-251 0.82 0.16 (0.11, 0.21) 1.4E-10 0.74
E-selectin −0.28 (−0.29, −0.26) 1.9E-223 0.52 −0.14 (−0.18, −0.11) 9.4E-18 0.48
D-glucuronyl C5-epimerase 0.14 (0.13, 0.15) 2.6E-175 0.32 0.05 (0.03, 0.07) 6.6E-06 0.32
Golgi membrane protein 1 0.25 (0.23, 0.27) 8.1E-144 0.45 0.09 (0.05, 0.12) 4.9E-07 0.52
Golgi membrane protein 1 0.19 (0.18, 0.20) 2.4E-134 0.62 0.10 (0.06, 0.14) 1.8E-06 0.66
Platelet glycoprotein 4 0.19 (0.18, 0.21) 2.4E-109 0.53 0.17 (0.12, 0.22) 2.8E-10 0.95
Protein CASC4 0.09 (0.08, 0.10) 1.1E-86 0.26 0.04 (0.02, 0.05) 6.4E-06 0.29
sTie-1 0.09 (0.08, 0.10) 2.9E-85 0.27 0.13 (0.11, 0.16) 3.9E-30 0.33
Coagulation factor VIII 0.18 (0.16, 0.19) 3.8E-81 0.54 0.16 (0.12, 0.20) 1.3E-16 0.55
C1GALT1-specific chaperone 1 0.06 (0.06, 0.07) 3.2E-79 0.24 0.02 (0.01, 0.03) 2.4E-03 0.20
∗∗Plexin-D1 −0.09 (−0.10, −0.08) 3.1E-76 0.43 −0.001 (−0.03, 0.02) 9.7E-01 0.43
THSD1 −0.08 (−0.09, −0.07) 2.6E-65 0.29 −0.02 (−0.04, −0.001) 3.5E-02 0.27
Insulin receptor −0.11 (−0.12, −0.10) 2.7E-65 0.37 −0.03 (−0.06, −0.003) 2.9E-02 0.39
∗∗IL-3 receptor subunit alpha −0.13 (−0.14, −0.11) 4.4E-63 0.47 0.02 (−0.008, 0.05) 1.5E-01 0.50
P-selectin −0.10 (−0.11, −0.09) 5.4E-59 0.37 −0.05 (−0.08, −0.03) 6.9E-05 0.37
VEGF receptor 2 −0.07 (−0.07, −0.06) 1.7E-56 0.24 −0.02 (−0.04, −0.003) 1.9E-02 0.25
LRC-32 0.07 (0.06, 0.08) 2.2E-56 0.29 0.06 (0.04, 0.08) 3.9E-09 0.32

rs74956615 ICAM-5 −0.30 (−0.33, −0.27) 1.4E-77 0.42 −0.31 (−0.49, −0.14) 5.2E-04 0.45
ICAM-5 −0.30 (−0.32, −0.26) 2.2E-70 0.43 −0.30 (−0.48, 0.12) 8.6E-04 0.48
ICAM-1 0.25 (0.21, 0.29) 7.3E-34 0.53 0.18 (0.01, 0.36) 4.1E-02 0.45

rs11385942 ∗∗TDGF-1 0.26 (0.19, 0.34) 6.1E-13 1.21 −0.02 (−0.15, 0.10) 7.3E-1 0.84
High TDGF-1 0.04 (0.00, 0.08) 2.6E-02 0.02 (−0.17, 0.20) 8.7E-1
Low TDGF-1 0.01 (−0.01, 0.03) 3.3E-01 0.01 (−0.04, 0.05) 8.0E-1

Model: General linear regression model adjusted for age, sex, field center, 10 principal components of ancestry and eGFR. Bonferroni correction for multiple
testing in white participants, significant associations at P < 1.71E-6. Replication in Black participants for the 84 proteins identified in white participants
stipulated a multiple testing corrected threshold of P < 5.95E-4. ∗Change in log2 protein associated with one copy increment of at-risk allele for severe
COVID-19, e.g. each copy of the rs657152 risk allele was associated with a 2.85 log2 greater ABO system transferase.

∗∗
Variant protein associations that were

not replicated in Black participant sample. ICAM-5 levels were determined by two different DNA aptamers (Supplementary Material, Table S1).
ICAM = intercellular adhesion molecule; DC-SIGN=Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin; sTie-1 = Soluble
tyrosine-protein kinase receptor Tie-1, THSD1 = Thrombospondin type-1 domain-containing protein; IL = Interleukin; VEGF=Vascular endothelial growth
factor; LRC-32 = Leucine-rich repeat-containing protein 32

times were 20.7 years for incident respiratory infec-
tion events and 21.5 years for incident pneumonia.
Ephrin type-A receptor 4 (P = 2.3 × 10−11), beta-1,4-
galactosyltransferase 2 (P = 4.5 × 10−8), bifunctional
heparan sulfate N-deacetylase/N-sulfotransferase 1
(NDST1) (P = 1.2 × 10−6) and vascular endothelial growth
factor receptor 2 (P = 3.1 × 10−4) were significantly and
inversely related to the risk of incident respiratory
infection, whereas Sushi, von Willebrand factor type
A (SVEP1) (P = 1.6 × 10−13), Golgi membrane protein 1
(P = 1.6 × 10−7) and N-terminal pro-BNP (P = 1.7 × 10−5)
showed significant positive associations (Fig. 1, left
panel). Results were similar for incident hospital-
ized pneumonia (Fig. 1, right panel); five significant
protein observations were shared with respiratory
infections and the associations were directionally
consistent: ephrin type-A receptor 4 (P = 3.1 × 10−10),
beta-1,4-galactosyltransferase 2 (P = 3.3 × 10−7), NDST1
(P = 3.2 × 10−8), Golgi membrane protein 1 (P = 1.9 × 10−5)
and SVEP1 (P = 3.2 × 10−10). Additional significant asso-
ciations were observed for pneumonia with inositol
monophosphatase 3 (P = 1.9 × 10−4) and hepatocyte

growth factor receptor (P = 5.3 × 10−4); these two pro-
teins were directionally consistent with hospitalized
respiratory infections. All of the above nine proteins
identified for either infection outcomes were related
to the ABO variant. TYK2-related proteins ICAM-1
and ICAM-5 were not significantly associated with
either infection outcome after Bonferroni correction;
however, associations for ICAM-5 were suggestive for
risks of incident respiratory infection (P = 2.2 × 10−3) and
pneumonia (P = 7.4 × 10−3).

Sensitivity analyses were conducted for both infec-
tion outcomes. Excluding participants with an incident
hospitalized respiratory infection (n = 167 events) or inci-
dent pneumonia (n = 133 events) within 3 years of the
Visit 3 baseline did not materially change most of these
results; however, associations with vascular endothe-
lial growth factor receptor 2 (P = 1.9 × 10−3) and hepato-
cyte growth factor receptor (P = 1.9 × 10−3) were rendered
non-significant.

Ingenuity Pathway Analysis (IPA) was next conducted.
Selected pathways and their corresponding proteins
showing enrichment among carriers of the ABO risk

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac024#supplementary-data
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Figure 1. Cox regression analysis of significant proteins and risks of incident hospitalized respiratory infection (n for events = 2570) and hospitalized
pneumonia (n for events = 2087) among ARIC participants over median 20.7- and 21.5-year follow-ups, respectively. Model: the Cox proportional hazards
regression model assessed associations of proteins (per SD) with risks of incident infection outcomes with adjustments for age, gender, race, field center,
eGFR, cigarette smoking status, BMI, prevalent diabetes, alcohol drinking status, estimated ethanol intake (grams/week), total cholesterol, prevalent
cardiovascular disease, and prevalent stroke. Protein values outside of 6 SDs from the mean were excluded for each protein, and Bonferroni correction
stipulated a significance level of P ≤ 5.9 × 10−4. ∗VEGF sR2 and N-terminal BNP were significantly associated with incident respiratory infection but
did not reach the Bonferroni corrected significance threshold for the pneumonia outcome. Inositol monophosphatase 3 and hepatocyte growth factor
receptor were significantly associated with incident pneumonia but did not reach the Bonferroni-corrected significance threshold for the respiratory
infection outcome. VEGF sR2 = vascular endothelial growth factor receptor 2.

variant are presented in Table 3 for white participants,
and results were similar among Black participants
(data not shown). Suppressions of IL-15 production
(P = 2.5 × 10−10), signal transducer and activator of tran-
scription 3 (STAT3) signaling (P = 6.1 × 10−6) and NF-κB
signaling (P = 3.0 × 10−3) were identified. These pathways
included proteins that were prospectively associated
with incident hospitalized respiratory infections or
pneumonia: hepatocyte growth factor receptor (IL-15
suppression), ephrin type-A receptor 4 (IL-15 suppres-
sion) and vascular endothelial growth factor receptor 2
(IL-15 suppression, STAT3 signaling and NF-κB signaling).

Discussion
Of the six GWAS-identified variants that have so far
been related to severe COVID-19, two were significantly
associated with 84 plasma proteins, many with immune-
related functions. The TYK2 rs74956615 variant was
strongly related to endothelial activation markers ICAM-
5 and ICAM-1, whereas the ABO rs657152 variant was
associated with dozens of protein targets. Prospective
examination of these proteins revealed that nine showed
consistent associations with incidence of hospitalized
respiratory infections and pneumonia during over
20 years of follow-up, with five being statistically
significant for both outcomes. Finally, pathway analysis
showed that carriers of the ABO risk allele exhibit plasma
proteomics patterns that are consistent with lower
antiviral IL-15 activity as well as suppressed signaling
of NF-κB and STAT3.

Previous studies
So far, one previous proteomics study by Katz et al. (8) has
examined two variants associated with severe COVID-
19 using a similar aptamer-based platform among
Jackson Heart, Framingham Heart and Malmo Diet
cohorts. Ten associations were reported between the
rs657152 ABO variant and circulating proteins among
1813 Black participants of the Jackson Heart Study. Of
these, we replicated eight associations in Black partic-
ipants. Among the 3046 white participants, 21 protein
associations were observed. Of these, we replicated 19
in white participants and detected an additional 66
associations—likely due our larger sample size and larger
proteomics array (1305 versus 4870 protein analytes). A
prominent finding by Katz et al., confirmed here, was the
strong association of the rs657152 ABO variant with DC-
SIGN, aka CD209, and these findings are consistent with
a recent Mendelian randomization (MR) study showing
that genetically higher levels of ABO (associated with the
rs8176719 variant) are related to greater DC-SIGN levels
(9). Functionally, DC-SIGN is a pathogen-recognition
receptor but has been shown to facilitate viral cell entry
for SAR-CoV-1 and HIV (10,11). DC-SIGN has similarly
been shown to serve as a receptor for SARS-CoV-2 (12),
and it may be speculated that genetically higher DC-SIGN
levels result in greater DC-SIGN-mediated cell entry,
resulting in more severe COVID-19 outcomes.

In contrast to the putative liability of DC-SIGN, a
Neanderthal isoform of 2′–5′ oligoadenylate synthetase-1
(OAS1) may offer protection against COVID-19 based on
a recent MR study (13). Higher circulating OAS1 protein
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Table 3. Enrichment of select canonical pathways and corresponding protein components associated with the ABO rs657152 variant

Pathway Pathway components Symbol Expression Log ratio Expression P-value

IL-15 suppression
Macrophage colony-stimulating factor 1 receptor CSF1R 0.033 2.2E-07
Insulin-like growth factor 1 receptor IGF1R -0.03 6.9E-11
Ephrin type-B receptor 4 EPHB4 -0.034 2.0E-11
Vascular endothelial growth factor receptor 3 FLT4 -0.074 1.2E-15
∗Hepatocyte growth factor receptor MET -0.056 1.2E-35
∗Ephrin type-A receptor 4 EPHA4 -0.058 1.0E-52
Vascular endothelial growth factor receptor 2 KDR -0.065 1.7E-56
Insulin receptor INSR -0.108 2.7E-65
Tyrosine-protein kinase receptor Tie-1 TIE1 0.09 2.9E-85

STAT3 signaling
Interleukin-6 receptor subunit beta IL6ST -0.019 2.9E-09
Insulin-like growth factor 1 receptor IGF1R -0.03 6.9E-11
Vascular endothelial growth factor receptor 3 FLT4 -0.074 1.2E-15
Vascular endothelial growth factor receptor 2 KDR -0.065 1.7E-56
Interleukin-3 receptor subunit alpha IL3RA -0.127 4.4E-63
Insulin receptor INSR -0.108 2.7E-65

NF-κB signaling
Insulin-like growth factor 1 receptor IGF1R -0.03 6.9E-11
Vascular endothelial growth factor receptor 3 FLT4 -0.074 1.2E-15
Vascular endothelial growth factor receptor 2 KDR -0.065 1.7E-56
Insulin receptor INSR -0.108 2.7E-65

∗Significantly associated with incident hospitalized respiratory infection (P < 5.9 × 10−4) in prospective analysis (Fig. 1). Significantly associated with incident
hospitalized pneumonia (P < 5.9 × 10−4) in prospective analysis (Fig. 1).

levels were reported to reduce COVID-19 susceptibility,
hospitalization and ventilation outcomes as determined
through the instrument variable, rs4767027. This variant
is in linkage disequilibrium with the variant tested in
our study (rs10735079 proximal to OAS1/OAS2/OAS3,
r2 = 0.89), and we found that the risk allele of rs10735079
is associated with lower OAS1 levels in white ARIC
participants (beta: −0.014; P = 0.019)—supporting an
inverse association between OAS1 protein and severe
COVID outcomes. We were unable to show a prospec-
tive association between circulating OAS1 levels and
respiratory infection [HR: 0.98; 95% confidence interval
(CI): 0.92, 1.03] or pneumonia hospitalizations (HR: 1.02;
95% CI: 0.95, 1.08); however, this was not unexpected
since the protective function of OAS1 may be limited to
RNA viruses. Additional studies are needed to examine
whether OAS1 reduces risk of infection and or virulence
of SARS-Cov2 and other RNA viruses.

Pathway analysis was used to characterize ABO vari-
ant–protein associations more thoroughly. We observed
enrichment of signaling pathways related to immune
functions including suppressions of IL-15 production
and both STAT3 and NF-κB signaling. Critically, these
findings are supported by previous studies and align
with the antiviral role of IL-15 and its proposed efficacy
as a COVID-19 immunotherapy (14). Physiologically, IL-
15 activates JAK/STAT and NF-κB signaling cascades,
which induce NK cell and CD8+ cell activation for a
sustained cytotoxic immune response (15) and clearance
of viral-infected cells (16). Indeed, a clinical trial of an

IL-15 superagonist is currently underway to determine
its efficacy in treating COVID-19 patients (17). Taken
together, proteomics coupled with pathway analyses
suggest a genetically lower baseline immune status of IL-
15-mediated pathways in carriers of the ABO risk variant.

Prospective analysis showed that, of the 84 proteins
associated with the severe COVID-19 risk variants, nine
significantly predicted the incidence of hospitalized
respiratory infections or pneumonia, with five protein
exposures being shared between these two outcomes.
While most of the nine proteins have varied func-
tions, immune-modulatory roles have been identified
among them including mediation of cell adhesion,
inflammation, cytotoxicity and host immune response to
viral infection (Supplementary Material, Table S4). These
observations provide some confirmatory evidence that a
subset of identified proteins are involved in infection
incidence and support a biological link between the
ABO risk variant, identified proteins and risk of disease
development.

The TYK2 rs74956615 risk variant was strongly
associated with lower ICAM-5 and higher ICAM-1
levels in white participants. ICAM-5 is a neuron- and
somadendritic-specific membrane glycoprotein, and
its association with the TYK2 variant here remains
unclear. By contrast, ICAM-1 is an endothelial activation
marker expressed in the vasculature and alveolar
epithelium, and elevated levels have been reported in
plasma (18,19) and postmortem lung tissues of COVID-
19 patients (20). Functionally, ICAM-1 is involved in

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac024#supplementary-data
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endothelial activation, acute and chronic inflammation
and hemostasis (21–24). With severe COVID-19, these
processes become dysregulated and may induce the
life-threatening features of disease including, but not
limited to, cytokine storm, pulmonary vascular leakage,
disseminated microemboli and acute respiratory distress
syndrome (3–5). And while we cannot conclude that
the lower plasma ICAM-5 and higher ICAM-1 levels in
TYK2 variant carriers account for these phenomena and
the genetic susceptibility of severe outcomes, ICAM-1
is a strong and biologically plausible candidate that is
localized to tissues affected by COVID-19, is proximal to
TYK2, and should be further investigated.

ABO and COVID-19
ABO blood group phenotypes and ABO variants have
previously been associated with other viral, bacterial
and parasitic infections including cholera, malaria,
noroviruses, SARS-Cov-1, and Helicobacter pylori (25–29),
but there remains an ongoing controversy as to whether
they may be related to COVID-19. In one of the first
GWASs in COVID-19 patients, the rs657152 variant at
the ABO locus was shown to be associated with the risk
of severe COVID-19 among 1610 European patients and
2205 controls [odds ratio (OR) for the A allele: 1.32; 95%
CI: 1.20–1.47; P = 4.95 × 10−8] (6). In a subsequent GWAS,
the ABO signal did not reach genome-wide significance in
discovery phase but was close to the significance thresh-
old in their combined meta-analysis (7). Significant
associations with COVID-19 infection and hospitalization
were reported in a subsequent meta-analysis of three
GWASs (30). Phenotype studies of blood type and COVID-
19 infection or severe outcomes (e.g. hospitalization or
death) have reported lower risks in those with blood type
O and a corresponding greater risk for those with blood
type A (31–34) as well as null findings (35–38). Finally,
Hernandez et al. (39) showed that ABO gene expression
co-localized with susceptibility and severity of COVID-19
in a multi-omics Bayesian co-localization and MR study.
The investigators further showed evidence for a causal
relationship between plasma ABO protein levels and
COVID-19 severity using MR, which coincides with our
finding of a strong association between the rs657152 risk
variant and ABO protein levels (Table 2). While the above
evidence is not definitive, the mixed findings coupled
with the MR results suggest a modest effect of the ABO
variant on COVID-19 outcomes, which may be mediated
by pleiotropic effects of the ABO gene/protein.

Strengths and limitations
This study was composed of a large cohort, and protein
levels were obtained using an aptamer-based platform
that has undergone extensive quality control and repro-
ducibility testing. To limit the probability of type I errors,
Bonferroni corrections for multiple comparisons were
applied in statistical analyses. For proteins identified
in the main analysis, secondary analyses with incident

hospitalized respiratory infections and pneumonia sug-
gested that these protein targets may have clinically
meaningful effects in addition to their biologically plau-
sible roles in immune function.

In terms of limitations, we were unable to replicate all
associations in Black participants, possibly because of
the smaller sample size; however, previous GWASs were
mostly conducted in European populations, and thus, the
generalizability of our findings to other ancestry groups
may be a limitation as well. Genetic risk variants were
selected from previous GWASs but may not represent
definitive risk factors for severe COVID-19. It must also
be acknowledged that no proteins were associated with
four of the six COVID-related variants, and it is possible
that our proteomics array may not have had the coverage
to assess all relevant proteins. Additionally, our approach
is based on carriers of these genetic risk variants, absent
of infection, to show proteomics signatures associated
with genetic susceptibility of more severe COVID-19
outcomes. We cannot evaluate the possibility that some
variant-related differences in protein levels are only
detectable following development of COVID-19. And yet,
numerous potential mediators consistent with worse
COVID-19 outcomes were observed and coincide with
disease pathophysiology. Finally, an MR analysis can
be useful to evaluate whether identified proteins may
be causally related to hospitalized infection outcomes.
Since there are limited GWAS reports of the identified
proteins in the literature, we conducted a GWAS for
these proteins in ARIC European Americans (n = 9345)
and attempted to replicate significant independent SNPs
in the INTERVAL cohort (40). While we identified and
replicated a few significant SNPs for each protein, these
SNPs were found to explain a small % of protein variance
(<5% for most proteins). Coupled with the relatively
modest magnitudes of association of the proteins with
the infection outcomes of interest, it was deemed
unlikely that we would have sufficient statistical power
to detect evidence of a causal relationship between the
identified proteins and risk of either infection outcome
using this approach.

Conclusions
Taken together, we used a large-scale proteomics
approach to provide novel evidence of the genetic
susceptibility to severe COVID-19 in carriers of the TYK2
and ABO risk variants. We showed that a subset of iden-
tified proteins are related to risk of other hospitalized
respiratory infections events over an extended > 20-
year follow-up, which provides supporting evidence and
biological plausibility that they may be involved in SARS-
CoV-2 infection or COVID-19 severity. Targeted research
of proteomic profiles and pathway characteristics in
COVID-19 patient carriers and non-carriers of these
variants may confirm these findings and provide other
evidence of their downstream mechanisms in severe
COVID-19 respiratory syndrome.
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Materials and Methods
Study population
The ARIC prospective cohort study was designed to
identify cardiovascular disease and atherosclerosis
risk factors (41). From 1987 to 1989, male and female
participants (N = 15 792) between ages 45 and 64 were
recruited among four US communities (Washington
County, Maryland; the northwest suburbs of Minneapolis,
Minnesota; Jackson, Mississippi and Forsyth County,
North Carolina). The Jackson center only enrolled Black
participants. Participants received annual follow-up
calls (semi-annual after 2012) to report cardiovascular
events and hospitalizations. Risk factor information
was collected at baseline and across several follow-
up examinations. The present study used proteomic
biomarker data measured in specimens collected at Visit
3 (1993–95).

Genotyping
Information on genotyping, quality control and imputa-
tion procedures has been detailed previously (42). Whole
blood genomic DNA was genotyped using the Affymetrix
Genome-Wide Human SNP array 6.0 (Affymetrix, Santa
Clara, CA). To expand the number of genetic markers,
race-specific imputation of variant dosages to the
TopMed reference panel were conducted (43). Race-
specific principal components of genetic ancestry or
population substructure based on the GWAS array
data were generated by EIGENSTRAT 7 (44) in ARIC
participants.

Assessment of kidney function
Estimated glomerular filtration rate (eGFR; ml/min/
1.73 m2) at Visit 3 was calculated using the Chronic
Kidney Disease Epidemiology Collaboration combined
creatinine-cystatin C equation (45–47).

Proteomics measurement and quality control
EDTA-plasma collected at Visit 3 was analyzed using
a modified aptamer-based capture array (SOMAscan
version 4.0, Somalogic, Inc., Boulder, CO) as described
previously (48–51). Plasma samples were transferred
to the SomaLogic laboratory and incubated with pro-
prietary reagents. Protein levels were measured using
single-stranded DNA-based modified aptamers that
bind specific protein epitopes and reported as relative
fluorescence units.

Proof of principle and assay validations of specificity
and intra- and inter-assay variability have been pub-
lished (49–51). Briefly, protein measurements were stan-
dardized and normalized (51). Hybridization control nor-
malization was applied to each sample based on a set
of hybridization control sequences to correct for sys-
tematic biases during hybridization. Metrics of assay
reproducibility have been previously reported (51) with
a median coefficient of variance (quartile 1, quartile
3) of 5.0 (4.1, 6.9) and a median intraclass correlation
(quartile 1, quartile 3) of 0.96 (0.92, 0.98). Each assay plate
contained calibrators for each aptamer reagent to correct

for plate-to-plate variation based on global reference
materials.

Log base 2 transformation to all protein measures
were applied to correct for skewness. A total of 422 blind
duplicate plasma aliquots were included, and the median
inter-assay Bland–Altman coefficient of variation was
6.3%. The median split sample reliability coefficient was
0.85 after excluding the following quality control out-
liers: of the 5284 available aptamer measurements, 94
were excluded because of a Bland–Altman coefficient
of variation > 50% or a variance of < 0.01 on the log
scale; an additional 313 measurements were excluded
because of non-specific binding to non-proteins. After all
quality control measures were completed, 4870 aptamer
measurements were included that corresponded to 4697
unique human proteins or protein complexes. Proteins
identified in the present analysis and their corresponding
aptamer sequence identification numbers are shown in
Supplementary Material, Table S1.

Ascertainment of respiratory infection and
pneumonia hospitalizations
Hospitalizations and deaths in the ARIC cohort were
identified through annual telephone interviews with par-
ticipants, surveillance of local hospital discharge lists
and linkage to the National Death Index. Medical records
and death certificates were obtained, and International
Classification of Diseases, Ninth Revision (ICD-9) and Tenth
Revision (ICD-10) codes recorded. Respiratory infections
and pneumonia were defined based on ICD-9 and ICD-
10 codes (Supplementary Material, Table S2). In an effort
to exclude infections that were not an important cause
for hospitalization, events were restricted to those in
positions 1 through 5 in medical records.

Statistical analysis
Analyses included participants who attended Visit 3
when plasma samples for protein measurements were
collected and had data on SNPs and covariates. Those
missing genotyping or imputation data (n = 2737), protein
measures (n = 1041) or other covariate data (n = 197)
were excluded, resulting in a sample of 1671 Black
and 7241 white participants. Race-specific multiple
linear regression evaluated associations between variant
dosages and log base 2 transformed proteins, adjusting
for age, sex, eGFR, field center and 10 principal com-
ponents of ancestry. Bonferroni correction adjusted for
multiple testing, stipulating a significance threshold
of P ≤ 1.71 × 10−6 in white participants (6 variants∗4870
aptamer measurements). Significant associations were
then tested for replication in Black participants, with
Bonferroni corrections for the number of significant
proteins tested for each variant. Distributions of protein
values were inspected for those demonstrating signif-
icant associations. For TDGF-1, a bimodal distribution
was observed. To determine whether this may be because
of demographic factors of sex, age or race, protein levels
were regressed against these variables, and residual plots

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac024#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac024#supplementary-data
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were then inspected to determine whether any patterns
could be observed.

Proteins identified in the above analysis were tested
for associations with risks of incident hospitalized res-
piratory infections and pneumonia events. We defined
incident hospitalized respiratory infection and pneumo-
nia as those that occurred for the first time following
the Visit 3 baseline in participants who did not have any
such events up to three years before Visit 3. Accordingly,
we excluded individuals with a hospitalized respiratory
infection event up to 3 years prior to Visit 3 (N = 178).
We used the relatively wide window to exclude preva-
lent events because a recent respiratory infection may
also influence the plasma proteome. Cox proportional
hazards regression analysis was performed among 10 775
participants with Visit 3 plasma proteins and covariates.
Participants were followed until incident hospitalization
with the outcome of interest, loss-to-follow-up, death or
31 December 2018. Proteins were analyzed as continuous
variables [per standard deviation (SD)], and protein val-
ues outside of 6 SDs from the mean were excluded. We
adjusted for age, gender, race, field center, eGFR, cigarette
smoking status, body mass index (BMI), prevalent dia-
betes, alcohol drinking status, estimated ethanol intake
(grams/week), total cholesterol, prevalent cardiovascular
disease and prevalent stroke in Cox regression. We used
Bonferroni correction to adjust for multiple testing, cor-
responding to a significance threshold of P ≤ 5.9 × 10−4

for testing of 85 aptamer measures corresponding to 84
proteins. Lastly, a sensitivity analysis was conducted in
which participants who had an infection event within
3 years following the Visit 3 baseline were excluded.
The purpose of this was to exclude the possibility of a
mild infection that occurred around the Visit 3 baseline
(affecting the plasma proteome), which then developed
in to a more severe hospitalized infection in the subse-
quent years. Using this approach resulted in the exclu-
sion of 167 incident respiratory infection and 133 incident
pneumonia events from their respective analyses.

Pathway analysis
To identify signaling mechanisms and canonical path-
way enrichment through which variant-associated
proteins may promote susceptibility COVID-19, network
pathway analysis was conducted using the IPA (QIAGEN
Inc.) (52). Protein identifiers and estimates from SNP–
protein analysis were uploaded, and analyses were
restricted by applying a Benjamini–Hochberg false
discovery rate adjustment for multiple comparisons
whereby q-value ≤ 0.05 was deemed significant. Core
pathway analyses were conducted using the uploaded
data as the reference set and direct and indirect
experimentally confirmed relationships across species
were examined.

Supplementary Material
Supplementary Material is available at HMG online.
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