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Background: Since the epidemic continues, there is a pressing need to improve our understanding of 
coronavirus disease 2019 (COVID-19). Mendelian randomization (MR) studies provide us with a method to 
explore the causality between circulating proteins and COVID-19 susceptibility and severity. We aim to find 
new perspectives on the pathological mechanism of the disease and possible drug targets for treatment based 
on this study.
Methods: We conducted a phenome-wide MR study to prioritize circulating proteins causally associated 
with COVID-19 susceptibility, which was defined as “patients tested positive for COVID-19 vs. population 
controls”, and severity, which was defined as “patients hospitalized with COVID-19 vs. population controls”. 
And we repeated the analysis for different definition of COVID-19 susceptibility, severity and control 
groups.
Results: Association of three circulating proteins with COVID-19 susceptibility and severity were 
demonstrated via our study. C-C motif chemokine 4 (OR =1.887, 95% CI: 1.608–2.165, P=8.04×10−6) and 
2'-5'-oligoadenylate synthase 1 (OR =0.511, 95% CI: 0.266–0.757, P=8.51×10−8) were found respectively 
positively and negatively correlated with increased COVID-19 severity. Tissue factor, contrary to previous 
studies, was found associated with decreased COVID-19 susceptibility (OR =0.667, 95% CI: 0.484–0.850, 
P=1.47×10−5) and decreased COVID-19 severity (OR =0.459, 95% CI: 0.132–0.786, P=3.01×10−6).
Conclusions: Genetic evidence supports C-C motif chemokine 4 as a risk factor for COVID-19 severity, 
and 2'-5'-oligoadenylate synthase 1 as a protective factor for COVID-19 severity. The causal association 
between tissue factor and COVID-19 is contrary to the previous studies, needing further analyses. Further 
research is warranted to assess the viability of C-C motif chemokine 4 and 2'-5'-oligoadenylate synthase 1 as 
well as their downstream pathways as drug targets for anti-inflammatory and anti-virus treatment in severe 
cases.
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Introduction

Known as coronavirus disease 2019 (COVID-19), the 
pneumonia caused by SARS-CoV-2 infection has spread to 
220 countries with 153,187,889 confirmed cases including 
3,209,109 deaths reported to World Health Organization 
(WHO) as of 4:20 pm CEST, 4 May 2021, leading to 
widespread social and economic disruption (1). With a wide 
spectrum of clinical manifestations, high heterogeneity in 
both susceptibility and severity of SARS-CoV2 infection 
was shown. Common symptoms of COVID-19 include 
fever or chills, cough, headache et cetera, while severe 
cases can have shortness of breath or difficulty breathing, 
persistent pain or pressure in the chest, confusion, inability 
to wake or stay awake and even acute respiratory distress 
syndrome (ARDS). 

To date, a number of vaccines against SARS-CoV-2 
have been licensed and used. However, it still takes time 
to achieve the aim of 70 percent of the world population 
being vaccinated, and vaccine to prevent multi-generational 
transmission of the virus has not yet been developed. It 
remains unknown how long the immunity can be formed 
after infection with the virus or vaccination. Thus, to 
develop new and better treatments against the disease is still 
necessary. Mendelian randomization (MR) is a strategy for 
assessing the causal effect of modifiable exposures on disease 
using human genetic variation known to influence the 
exposures. With the introduction of instrumental variables 
(IV), which are innately determined genetic variants, MR 
offers a way to avoid the influence of confounding factors. 
Within detection for circulating proteins that correlate with 
susceptibility and severity of SARS-CoV2 infection, we 
may be able to find new perspectives on the pathological 
mechanism of the disease, and possible drug targets for 
treatment. This becomes feasible since recent technological 
advances in high-throughput protein quantification have 
enabled genome-wide association studies (GWAS) of 
genetic determinants of blood proteins, and COVID-19 
GWAS meta-analyses are being performed worldwide. 

Here in this study, we used MR approach to assess 
the relationship between circulating proteins derived 
from six biomarker GWAS analyses and COVID-19 
susceptibility and severity. We present the following 
article in accordance with the STREGA reporting 
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-21-6612/rc).

Methods

Characterizing genetic instruments for proteins

Briefly, we combined six different biomarker GWAS analyses, of 
which genome-wide summary statistics were publicly available 
[Cardiovascular Risk in Young Finns Study/FINRISK (YFS/
FINRISK) (2); IMPROVE (3); INTERVAL (4); FHS (5); 
AGES (6); KORA F4/QMDiab (7)]. Genetic determinants 
of circulating biomarker levels were derived. Biomarker 
testing was conducted in blood samples in the six study 
samples consisted of Caucasians. Various high-multiplex 
protein assays were used to conduct biomarker testing 
in the six study samples. Specifically, YFS/FINRISK 
analyzed 41 cytokines via bead-based immunoassays. 
IMPROVE analyzed 83 proteins via modified antibodies 
conjugated to ligonucleotides. FHS analyzed 71 proteins 
via modified enzyme-linked immunosorbent assay sandwich 
method. KORA F4/QMDiab, INTERVAL and AGES 
analyzed 1,124 proteins, 2,994 proteins and 4,137 proteins 
respectively via SOMAmers. For further details, please 
refer to Table S1. Among all the biomarkers, uncorrelated 
(r2<0.001) single-nucleotide polymorphisms associated 
with the corresponding exposure trait at genome-wide 
significance (P<5×10−8) were retained as instrumental 
variables. Information of all the included identified 
biomarkers are available in Table S1.

Characterizing COVID-19 susceptibility and severity

The COVID-19 Host Genetics Initiative where we 
extracted the data from is a bottom-up collaborative aims 
to provide a platform for sharing resources, organizing 
analytical activities and sharing results of such studies to 
identify genetic determinants of COVID-19 susceptibility 
and severity. Summary statistics from the third round of 
GWAS meta-analysis, shared publicly on July 2, 2020, 
which were available via the platform, were used to test the 
genetic instruments aforementioned against COVID-19 
outcomes.

For our two primary analyses, we selected two samples 
with the largest number of cases from the above platform. 
For susceptibility analysis, we chose COVID-19 positive 
patients diagnosed by RNA PCR, serologic testing, or 
clinician diagnosis by chart review or ICD-coding (N=6,696) 
vs. population controls (N=1,073,072). And for severity 
analysis, we chose Hospitalized COVID-19 positive patients 

https://atm.amegroups.com/article/view/10.21037/atm-21-6612/rc
https://atm.amegroups.com/article/view/10.21037/atm-21-6612/rc
https://cdn.amegroups.cn/static/public/ATM-21-6612-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-21-6612-Supplementary.pdf
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diagnosed by RNA PCR, serologic testing, or clinician 
diagnosis by chart review or ICD-coding (N=3,199) vs. 
population controls (N=897,488). The population controls 
were defined as any person who was not a case, which 
means who were tested negative, were never tested, or had 
an unknown testing status. 

Four remained available outcomes from the platform 
were used to determine whether statistically significant 
results from the primary analyses were consistent across 
different definitions for COVID-19 susceptibility, severity, 
and control groups. For susceptibility: (I) COVID-19 
positive by RNA PCR, serologic testing, or clinician 
diagnosis by chart review or ICD-coding (N=3,523) vs. 
lab/self-reported negative (N=36,634); (II) predicted 
COVID-19 from self-reported symptoms (N=1,865) vs. 
predicted or self-reported non-COVID-19 (N=29,174). For 
severity: (III) critical cases of COVID-19 defined by death, 
intubation, continuous positive airway pressure (CPAP), 
bilevel positive airway pressure (BiPAP), continued external 
negative pressure (CNP), or very high flow positive end 
expiratory pressure oxygen in patients with COVID-19 
by RNA PCR or serologic testing (N=536) vs. population 
control (N=329,391); (IV) hospitalized COVID-19 
positive (N=928) vs. non-hospitalized COVID-19 positive 
(N=2,028). The information of the above COVID-19 
GWAS is available in Table S2.

Statistics analyses

The Wald ratio method was chosen for estimating the 
causal association between each exposure with each 
outcome since most of the exposures contained only one 
SNP. Suppose we have an IV (we can think of IV as a single 
nucleotide polymorphism) with value of 1 or 0, the entire 
population can be divided into two genetic groups based on 
this. Two of the three subgroups can be combined according 
to a dominant or recessive model, or if there are only a few 
individuals in a genetic subgroup (minor homozygotes), it 
can also be combined. According to the hypothesis, if both 
exposure distributions and outcome distributions of the two 
genetic subgroups differs from each other, it supports that 
the exposure has a causal relationship with the outcome. 
The ratio is the coefficient of the genetic variant in the 
regression of the outcome divided by the coefficient of the 
genetic variant in the regression of the exposure (8). Other 
methods including inverse variance weighted (IVW), MR-
egger and median weighted MR were also employed.

A Bonferroni-corrected P value threshold accounting 

for both the number of biomarkers and outcomes analyzed 
was implemented [since two outcomes were used in our 
primary analyses, we set P=1.98×10−5=0.05/(1,263×2)]. 
We defined significant results as those with P<1.98×10−5 
(after Bonferroni correction), and suggestive associations 
as those with 1.98×10−5<P<0.05. We then performed 
standard sensitivity analyses including Wald ratio method 
and the others to assess the validity of the MR findings. 
Each exposure was tested with each outcome like the above 
operation. All the MR testing were performed using the 
“MRBase for TwoSample MR” package (version 0.4.09). 
The detailed process is available in Figure 1.

Ethical statement

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The current 
analyses are based on publicly available summary data and 
therefore do not require ethical approval. Original studies 
have been approved by ethic committees and written 
informed consent was obtained from study participants or 
caregivers.

Results

Selection of genetic instruments for exposures

For our primary analyses, after excluding variants that 
r2>0.001 and those with weak P values (P>5×10−8), 1,258 
proteins were tested for the correlation with COVID-19 
susceptibility, and 1,263 proteins were estimated for 
whether to be causally associated with COVID-19 severity. 
Contributing studies included in these exposure GWAS 
meta-analyses were predominantly of Caucasians.

Causal effect of each exposure on COVID-19 susceptibility 
and severity

Significant results were defined as those with P<1.98×10−5 

(after Bonferroni correction), whereas those with 
1.98×10−5<P<0.05 were defined as suggestive associations. 
MR results were presented in Figures 2,3. Traits were shown 
in the figure if Wald ratio or MR-IVW or MR-Weighted-
Median showed nominally significant (P<0.05) results. 
Detail information is available in Table S3.

Of all the exposures, we observed tissue factor (TF) to 
be causally associated with COVID-19 susceptibility, while 
both TF and C-C motif chemokine 4 were found to have 

https://cdn.amegroups.cn/static/public/ATM-21-6612-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-21-6612-Supplementary.pdf
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causal relationship with COVID-19 severity. Specifically, 
for susceptibility, we found that TF was negatively related 
to diagnosis of COVID-19 (Wald ratio, OR =0.667, 
95% CI: 0.484–0.850, P=1.47×10−5). For severity, we 
found that TF was significantly associated with lower 
risk of hospitalization (Wald ratio, OR =0.459, 95% CI: 
0.132–0.786, P=3.01×10−6). Whereas C-C motif chemokine 
4 showed association with higher risk of COVID-19 
hospitalization (Wald ratio, OR =1.887, 95% CI: 1.608–
2.165, P=8.04×10−6). 

The evidence indicated that TF might be a protective 

factor of COVID-19, while C-C motif chemokine 4 might 
be a risk factor. Other 38 proteins were exhibited suggestive 
association with COVID-19 susceptibility whereas 70 
proteins were exhibited suggestive association with 
COVID-19 severity. The complete information is available 
in Table S3.

Sensitivity analyses

To demonstrate whether different definition of COVID-19 
susceptibility and severity and control groups would 
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Figure 1 Study design of this MR study of the plasma proteome with COVID-19 susceptibility and severity. This study includes selection 
of genetic instruments, outcome selection, MR analyses for COVID-19 susceptibility and severity, and sensitivity analyses. MR, mendelian 
randomization; COVID-19, coronavirus disease 2019.
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influence on the results, we then repeated the analyses using 
the four other outcomes obtained from the COVID-19 
Host Genetics Initiative. 

As aforementioned, for susceptibility, 1,264 proteins 
were tested with the outcome of COVID-19 positive 
cases diagnosed by RNA PCR, serologic testing, or 
clinician diagnosis by chart review or ICD-coding vs. 
lab/self-reported negative cases (Bonferroni correction: 
P=3.96×10−5=0.05/1,264, those with P<3.96×10−5 were 
defined as significant results), and 1,216 proteins were 
tested with the outcome of predicted COVID-19 cases 
from self-reported symptoms vs. predicted or self-
reported non-COVID-19 cases (Bonferroni correction: 
P=4.11×10 −5=0.05/1,216,  those  with P<4.11×10 −5 
were defined as significant results). For severity, 1,279 
proteins were tested with the outcome of critical cases of 
COVID-19 vs. population control (Bonferroni correction: 
P=3.91×10−5=0.05/1,279, those with P<3.91×10−5 were 
defined as significant results), and 1,261 proteins were tested 
with the outcome of hospitalized COVID-19 positive cases 
vs. non-hospitalized COVID-19 positive cases (Bonferroni 

correction: P=3.97×10−5=0.05/1,261, those with P<3.97×10−5 
were defined as significant results). MR results of sensitivity 
analyses are presented in https://cdn.amegroups.cn/static/
public/atm-21-6612-1.docx. 

Of all the exposures, only 2'-5'-oligoadenylate synthase 
1 was found to be negatively associated with increased risk 
of confirmed COVID-19 with critical respiratory illness 
(IVW, OR =0.511, 95% CI: 0.266–0.757, P=8.51×10−8). 
Other 107 proteins were exhibited suggestive association 
with COVID-19 susceptibility whereas 124 proteins were 
exhibited suggestive association with COVID-19 severity. 
The complete information is available in https://cdn.
amegroups.cn/static/public/atm-21-6612-1.docx.

Summary findings

In summary, association of three circulating proteins with 
COVID-19 susceptibility and severity were demonstrated 
via our study. The most consistent finding was tentative 
evidence which revealed C-C motif chemokine 4 as a risk 
factor for COVID-19 severity, and 2'-5'-oligoadenylate 

Figure 2 COVID-19 susceptibility: COVID-19 positive vs. population controls. This figure shows the causal effect of each exposure on 
COVID-19 susceptibility. Traits were shown in the figure if Wald ratio or MR-IVW or MR-Weighted-Median showed nominally significant 
(P<0.05) results. MR, mendelian randomization; COVID-19, coronavirus disease 2019; IVW, inverse variance weighted.

https://cdn.amegroups.cn/static/public/atm-21-6612-1.docx
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synthase 1 as a protective factor for COVID-19 severity. 
TF was found to be a possible protective factor for both 
COVID-19 susceptibility and severity, which was contrary 
to the previous studies, needing further analyses. A brief 
summary of the findings is present in Figure 4.

Discussion

In this study, MR was applied to estimate the causal 
association between blood proteome and COVID-19 
susceptibility and severity. In our primary analyses, 1,258 
circulating proteins were tested for the correlation with 

COVID-19 susceptibility, and 1,263 proteins were tested 
for the correlation with COVID-19 severity. TF was 
identified as a possible protective factor for both COVID-19 
susceptibility and severity, whereas C-C motif chemokine 
4 was identified as a risk factor for COVID-19 severity. 
MR was further applied to perform sensitivity analyses, and 
2'-5'-oligoadenylate synthase 1 was found to be negatively 
correlated with COVID-19 severity. The different proteins 
we found causally correlated with COVID-19 susceptibility 
and severity in our primary analyses and sensitivity 
analyses indicate that different definition of COVID-19 
susceptibility and severity might have influence on the 

Figure 3 COVID-19 severity: hospitalization vs. population controls. This figure shows the causal effect of each exposure on COVID-19 
severity. Traits were shown in the figure if Wald ratio or MR-IVW or MR-Weighted-Median showed nominally significant (P<0.05) results. 
MR, mendelian randomization; COVID-19, coronavirus disease 2019; IVW, inverse variance weighted.
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result of the analyses.
The evidences revealed the causal relationship between 

C-C motif chemokine 4 and 2'-5'-oligoadenylate synthase 1 
and COVID-19 severity are the most important findings of 
this study. As no previous study has shown that C-C motif 
chemokine 4 is correlated to COVID-19 severity, our study 
first indicates that increase of blood C-C motif chemokine 
4 leads to a higher risk of COVID-19 hospitalization, 
and the possible mechanism might be related to the role 
it plays in the overexpression of inflammatory factors and 
inflammatory injury in the lungs. C-C motif chemokine 
4 expresses in granulocyte and 180 other tissues. The 
function of the chemotactic cytokine family it belongs to 
is to induce direct chemotaxis in nearby responsive cells, 
recruiting cells of the immune system to a site of infection 
during immune response (9). The chemokine signal is 
transduced by G-protein coupled receptors expressed on the 
immune cells. Receptor activation leads to the dissociation 
of the α and β-γ-subunits of G protein, activating diverse 
downstream pathways such as Jak-STAT signaling pathway, 
MAPK signaling pathway PLC/PKC signaling pathway and 
etcetera, resulting in cellular growth and differentiation, 
cellular polarization, apoptosis and degranulation, NO 
induction and ROS production, and actin reorganization 
(refer to chemokine signaling pathway map in KEGG: 
Kyoto Encyclopedia of Genes and Genomes).  We 

suppose that C-C motif chemokine 4 participates in the 
aggravation of patients’ condition with COVID-19 through 
these pathways, since COVID-19 is characterized by an 
overexuberant inflammatory response, and excessive level of 
oxidative stress has been found in critically ill patients with 
COVID-19 (10). In fact, anti-inflammatory treatments have 
been applied in clinical trials. Previous study has found that 
Baricitinib, as a selective JAK inhibitor, has both antiviral 
and anti-inflammatory properties via a particularly high 
affinity for AAK1 and a vital regulator of clathrin-mediated 
endocytosis, while other JAK inhibitors do not have the 
predicted inhibition of clathrin-mediated endocytosis at a 
dose that patient can tolerate (11). Our study confirms the 
causal association between the C-C motif chemokine 4 and 
the severity of the disease, which indicates other possible 
therapeutic targets among the downstream pathways 
aforementioned besides Jak-STAT signaling pathway.

The critical function of oligoadenylate synthetases 
(OAS)/RNase L system in antiviral defense is well known, 
and our study demonstrates that it also plays its part 
during the process of COVID-19. 2'-5'-oligoadenylate 
synthase 1 is an interferon-induced, dsRNA-activated 
antiviral enzyme playing an important role in cellular innate 
antiviral response (12,13). The previous study has shown 
that 2'-5'-oligoadenylate synthase 1 has the function of 
anti-respiratory-syncytial-virus infection via interferon-
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factor and COVID-19 is contrary to the 
previous studies, which need further 

analyses
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Figure 4 Brief summary of the results of this study. This figure briefly shows the main results of the study. 
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gamma inhibition (14), and displays antiviral effect against 
vesicular stomatitis virus (VSV), herpes simplex virus type 
2 (HSV2), and encephalomyocarditis virus (EMCV) via 
the classical RNase L-dependent pathway or an alternative 
antiviral pathway independent of RNase L. Our study 
indicates that high level of 2'-5'-oligoadenylate synthase 
1 leads to a decreased risk of COVID-19 positive with 
critical respiratory illness. Refer to the previous study, 
we can speculate that the possible mechanism of how 
2'-5'-oligoadenylate synthase works in the anti-SARS-
CoV-2 response is that activated OAS catalyzes the 
oligomerization of ATP into 2',5'-linked oligoadenylate  
(2-5A) which can bind to and activate the latent  
RNase L (15). Activated RNase L then restricts viral 
propagation through both direct and indirect mechanisms 
including viral  genome degradation, viral  mRNA 
degradation, cellular mRNA and rRNA degradation and 
amplification of IFN signaling (15). Thus, this finding 
indicates potential implication of OAS1 activity as 
therapeutic target in critically ill COVID-19 patients. 

The previous study on the inhibition of OAS/RNase L 
system by other viruses, on the other hand, remind us the 
possibility and potential mechanism how SARS-CoV-2 
may counteract the antiviral activity of OAS/RNase L. 
Several methods are known used by other viruses at either 
upstream or downstream of the pathway, including dsRNA 
sequestration by a certain viral protein, expression of viral 
mRNA decapping enzymes, 2-5A degradation by a viral 
phosphodiesterase, production of inactive or inhibitory 
2-5A, increased RLI/ABCE expression, inhibition of 
RNase L activation through direct binding to the enzyme, 
competitive inhibition of ribonuclease activity, and escape 
from RNase L cleavage through genome adaptation (14). 
Those possible escape mechanisms should be taken into 
account during future development of anti-SARS-CoV-2 
treatments. 

The other tentative finding of our study is that TF might 
be a protective factor of both COVID-19 susceptibility 
and severity, which is contrary to previous studies. TF is a 
transmembrane glycoprotein found express high level in 
bronchial mucosa and alveolar epithelial cells in the lungs. 
Following inflammatory injury in the lung, combined with 
FVII(a), TF is known to be correlated with the expression 
of several immunoregulatory genes in the lung and fibrin 
formation, coupled with increased cytokine production 
and cell migration and activation, leading to acute lung 
injury, for example, acute respiratory distress syndrome  
(ARDS) (16). 

In contrary to our study, evidences in previous studies 
support that TF is positively related to the severity of 
COVID-19. Previous studies detected increased level of 
TF activity in COVID-19, which was correlated with the 
inflammatory injury and fibrin formation in the lungs 
of the COVID-19 patients, associated with COVID-19 
severity and mortality (17,18). The previous cohort study 
demonstrated increased platelet activation and platelet-
monocyte aggregate formation in severe COVID-19 
patients, inducing TF expression in monocytes. Increased 
platelet activation and monocyte TF expression were 
associated with higher fibrinogen and D-dimers level in 
severe cases and could be inhibited by platelet P-selectin 
neutralization or integrin αIIb/β3 blocking with the 
aggregation inhibitor abciximab (10). Another study 
demonstrated higher TF expression in neutrophils in 
severe cases, which could be disrupted by complement 
C3 inhibition with compstatin Cp40, and showed that 
thrombotic activity of HAECs was induced by TF-bearing 
NETs (9). 

Our study, however, shows a total different result, 
demonstrates the causal association between blood TF 
level and the decrease of COVID-19 susceptibility and 
severity, indicating that TF might be a protective factor of 
COVID-19. The possible explanation is that we might have 
not ruled out a clear effect of TF on COVID-19 owing to 
the low variance explained by only 1 genetic instrument. 
Whether TF has such causal association with COVID-19 
susceptibility and severity need more genetic instruments to 
carry out further analyses.

Our study findings have several implications. First, 
anti-inflammatory treatment is supported since the pro-
inflammatory protein (C-C motif chemokine 4) is found 
causally associated with the severity of COVID-19. Second, 
additional drug targets may be uncovered as biomarker 
testing becomes more comprehensive. Since OAS1 is found 
to be a protective factor of COVID-19 severity, it can be 
used as a target for further development of anti-virus drugs. 

The interpretation and generalizability of study findings 
are limited by several factors. First, most study participants 
were Europeans due to limitations in data availability. Thus, 
further study based on non-European biomarker GWAS 
is necessary. Second, in our primary analyses, those who 
were broadly defined as not being a case were chosen to 
be controls. However, the control group could have been 
contaminated with people who had contracted COVID-19, 
particularly those with only mild or no viral symptoms 
without universal testing, which may influence the estimates 
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in some degree. Third, the low variance explained by only 
1 genetic instrument might make it hard for us to rule out 
a clear association between some of the blood proteins and 
COVID-19 susceptibility and severity. Forth, MR itself has 
certain limitations. The IVs are hypothesized to satisfy 3 
assumptions: the IV is associated with the exposure; the IV 
is not associated with confounders; and the IV influences 
the outcome only through the exposure (19). However, due 
to the existence of complex biological effects, pleiotropy 
of the variants is usually inevitable. By using multivariable 
mendelian randomization (MVMR), the causal effects of 
each of the confounding factors can be estimated (20). 
However, we don’t have access to clinical data needed, so 
we are unable to discuss their influence on the study results. 

Conclusions

Systematic MR analysis of the circulating proteome revealed 
C-C motif chemokine 4 as a risk factor for COVID-19 
severity, and 2'-5'-oligoadenylate synthase 1 as a protective 
factor for COVID-19 severity. The causal association 
between TF and COVID-19 is contrary to the previous 
studies, which need further analyses. Further research is 
warranted to assess the viability of C-C motif chemokine 
4 and 2'-5'-oligoadenylate synthase 1 as well as their 
downstream pathways as drug targets for anti-inflammatory 
and anti-virus treatment in severe cases.
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Supplementary

Table S1 Demographic characteristics of included Proteome GWASs used in the present MR analysis

GWAS Sample size Number of proteins Measurement methods

YFS/FINRISK 8,293 Caucasians 41 cytokines Bead-based immunoassays

IMPROVE 3,394 Caucasians 83 cardiovascular 
disease-related proteins

Modified antibodies conjugated to oligonucleotides

KORA F4/QMDiab 1,000 Caucasians 1,124 proteins Slow off-rate modified aptamers (SOMAmers)

INTERVAL 3,301 Caucasians 2,994 proteins SOMAmers

FHS 6,861 Caucasians 71 cardiovascular 
disease-related proteins

Modified enzyme-linked immunosorbent assay sandwich 
method

AGES 5,457 Caucasians 4,137 proteins SOMAmers

Table S2 Demographic characteristics of included COVID-19 GWAS used in the present MR analysis (round 3)

GWAS Sample information

Susceptibility

C1 COVID (N=3,523) vs. lab/self-reported negative (N=36,634)

C2 COVID (N=6,696) vs. population (N=1,073,072)

D1 Predicted COVID from self-reported symptoms (N=1,865) vs. predicted or self-reported non-COVID (N=29,174)

Severity

A2 Very severe respiratory confirmed COVID (N=536) vs. population (N=329,391)

B1 Hospitalized COVID (N=928) vs. not hospitalized COVID (N=2,028)

B2 Hospitalized COVID (N=3,199) vs. population (N=897,488)



Table S3 Genetic correlation between proteome and COVID-19 susceptibility and severity

Outcome Biomarker Method N SNPs OR LCI UCI P value

Susceptibility (C2) Tissue factor Wald ratio 1 0.667 0.484 0.850 1.47E-05

A disintegrin and metalloproteinase with 
thrombospondin motifs 6

Wald ratio 1 0.957 0.914 1.001 0.049

Agouti-signaling protein Wald ratio 1 1.070 1.017 1.123 0.012

alpha-Fetoprotein Wald ratio 1 0.797 0.642 0.952 0.004

Alpha-synuclein Wald ratio 1 0.795 0.628 0.963 0.007

Binatriuretic peptides Wald ratio 1 0.775 0.62 0.931 0.001

Cartilage acidic protein 1 Wald ratio 1 1.085 1.004 1.167 0.048

Cathepsin H Wald ratio 1 1.043 1.008 1.078 0.02

C-C motif chemokine 25 Wald ratio 1 1.242 1.087 1.396 0.006

CD166 antigen Wald ratio 1 0.851 0.718 0.983 0.017

Complement C1q subcomponent 
subunit C

Wald ratio 1 0.837 0.693 0.980 0.015

Complement factor H-related protein 1 Wald ratio 1 1.039 1.01 1.068 0.011

CXADR-like membrane protein Wald ratio 1 1.165 1.041 1.288 0.015

Enoyl-CoA delta isomerase 2 Wald ratio 1 1.300 1.091 1.509 0.014

Fibroblast growth factor 19 Wald ratio 1 1.251 1.111 1.39 0.002

Galectin-4 Wald ratio 1 0.861 0.712 1.009 0.048

Golgi membrane protein 1 Wald ratio 1 1.161 1.068 1.254 0.002

Granulins IVW 6 0.942 0.884 0.999 0.041

Inter-alpha-trypsin inhibitor heavy chain 
H1

IVW 2 0.934 0.868 1.000 0.042

Inter-alpha-trypsin inhibitor heavy chain 
H5

IVW 2 0.855 0.708 1.002 0.037

Interleukin-27 IVW 2 1.028 1.002 1.053 0.034

Interleukin-27 subunit alpha IVW 2 1.056 1.004 1.108 0.041

Interleukin-7 Wald ratio 1 0.859 0.728 0.989 0.022

Kunitz-type protease inhibitor 1 Wald ratio 1 0.906 0.829 0.984 0.013

LanC like 1 Wald ratio 1 0.705 0.409 1.001 0.021

Low affinity immunoglobulin gamma Fc 
region receptor III-B

Wald ratio 1 0.919 0.853 0.985 0.012

Mitochondrial ubiquitin ligase activator 
of NFKB 1

Wald ratio 1 1.165 1.066 1.264 0.003

Multiple inositol polyphosphate 
phosphatase 1

Wald ratio 1 1.212 1.064 1.360 0.011

NAD(P)H dehydrogenase [quinone] 1 Wald ratio 1 0.873 0.760 0.986 0.019

NAD-dependent protein deacetylase 
sirtuin-2

IVW 3 0.936 0.878 0.993 0.023

Neurexin-3-beta Wald ratio 1 1.168 1.028 1.308 0.030

N-terminal pro-BNP Wald ratio 1 0.837 0.729 0.945 0.001

N-terminal prohormone of brain 
natriuretic peptide

IVW 2 0.876 0.747 1.005 0.045

OX-2 membrane glycoprotein Wald ratio 1 1.248 1.114 1.382 0.001

Protein FAM163A Wald ratio 1 1.085 1.012 1.158 0.029

Protein FAM3D Wald ratio 1 1.082 1.033 1.131 0.002

Rho GTPase-activating protein 1 Wald ratio 1 1.277 1.087 1.466 0.011

Semaphorin-3G Wald ratio 1 0.809 0.682 0.937 0.001

Xaa-Pro aminopeptidase 2 Wald ratio 1 1.264 1.082 1.446 0.012

Severity (B2) C-C motif chemokine 4 Wald ratio 1 1.887 1.608 2.165 8.04E-06

Tissue factor Wald ratio 1 0.459 0.132 0.786 3.01E-06

5-formyltetrahydrofolate cyclo-ligase IVW 2 1.113 1.018 1.209 0.028

Aspartyl/asparaginyl beta-hydroxylase Wald ratio 1 1.470 1.218 1.721 0.003

Beta-1,4-galactosyltransferase 2 Wald ratio 1 1.190 1.040 1.340 0.023

Beta-microseminoprotein Wald ratio 1 1.096 1.012 1.179 0.033

Binatriuretic peptides Wald ratio 1 0.743 0.449 1.038 0.048

Biotinidase Wald ratio 1 1.100 1.026 1.175 0.012

Carboxypeptidase B Wald ratio 1 0.757 0.49 1.024 0.041

Cathepsin H Wald ratio 1 1.063 1.002 1.123 0.049

Cation-dependent mannose-6-
phosphate receptor

Wald ratio 1 1.320 1.075 1.565 0.026

C-C motif chemokine 28 IVW 2 1.204 1.030 1.378 0.037

Chondroitin sulfate N-acetylgalactosam
inyltransferase 2

Wald ratio 1 1.462 1.142 1.782 0.020

Collagen alpha-1(XV) chain Wald ratio 1 0.807 0.599 1.016 0.044

Complement component 1 Q 
subcomponent-binding protein, 
mitochondrial

Wald ratio 1 1.456 1.125 1.788 0.026

CXADR-like membrane protein Wald ratio 1 1.342 1.105 1.579 0.015

Cytoskeleton-associated protein 2 Wald ratio 1 1.426 1.113 1.739 0.026

Disintegrin and metalloproteinase 
domain-containing protein 19

Wald ratio 1 1.255 1.060 1.450 0.023

Dual specificity protein phosphatase 4 Wald ratio 1 1.405 1.073 1.736 0.045

Dynactin-associated protein Wald ratio 1 0.671 0.319 1.023 0.026

Dynein light chain 2, cytoplasmic Wald ratio 1 1.513 1.122 1.905 0.038

Endothelial monocyte-activating 
polypeptide 2

Wald ratio 1 0.824 0.634 1.014 0.046

Ephrin type-B receptor 6 Wald ratio 1 1.358 1.094 1.621 0.023

Ephrin-B1 Wald ratio 1 1.356 1.087 1.624 0.026

Fibroblast growth factor 19 Wald ratio 1 1.301 1.042 1.559 0.046

Fibroblast growth factor 7 Wald ratio 1 0.616 0.184 1.048 0.028

Filamin-A Wald ratio 1 0.701 0.388 1.014 0.026

Golgi membrane protein 1 Wald ratio 1 1.191 1.019 1.364 0.046

Heat shock protein beta-1 Wald ratio 1 1.209 1.042 1.376 0.026

Heterogeneous nuclear 
ribonucleoproteins C1/C2

Wald ratio 1 1.456 1.125 1.788 0.026

Interleukin-10 receptor subunit beta Wald ratio 1 0.512 0.191 0.832 4.15E-05

Interleukin-27 subunit alpha IVW 2 1.129 1.032 1.226 0.014

Interleukin-6 receptor subunit beta Wald ratio 1 1.296 1.094 1.498 0.012

Kallikrein-13 Wald ratio 1 0.855 0.721 0.99 0.022

Kallikrein-14 IVW 2 1.134 1.011 1.256 0.046

Kit ligand Wald ratio 1 1.536 1.29 1.783 6E-04

Leucine-rich repeats and 
immunoglobulin-like domains protein 3

Wald ratio 1 0.838 0.675 1.001 0.034

Low affinity immunoglobulin gamma Fc 
region receptor III-B

Wald ratio 1 0.853 0.720 0.987 0.020

Macrophage inflammatory protein-1β IVW 2 1.144 1.046 1.241 0.007

Mannosyl-oligosaccharide 1,2-alpha-
mannosidase IB

Wald ratio 1 1.269 1.041 1.496 0.04

Melanoma-derived growth regulatory 
protein

Wald ratio 1 0.921 0.86 0.982 0.009

Methyltransferase-like protein 24 Wald ratio 1 0.676 0.319 1.033 0.031

Mitochondrial ubiquitin ligase activator 
of NFKB 1

Wald ratio 1 1.314 1.131 1.497 0.003

Multiple inositol polyphosphate 
phosphatase 1

Wald ratio 1 1.319 1.054 1.585 0.041

NAD(P)H dehydrogenase [quinone] 1 Wald ratio 1 0.733 0.499 0.967 0.009

Neuronal growth regulator 1 Wald ratio 1 0.684 0.305 1.063 0.049

Neurotrimin Wald ratio 1 0.829 0.702 0.955 0.004

NKG2D ligand 3 Wald ratio 1 1.453 1.130 1.775 0.023

Non-secretory ribonuclease Wald ratio 1 0.776 0.539 1.013 0.036

N-terminal pro-BNP Wald ratio 1 0.78 0.586 0.974 0.012

N-terminal prohormone of brain 
natriuretic peptide

IVW 2 0.705 0.457 0.952 0.006

Osteoclast-associated immunoglobulin-
like receptor

Wald ratio 1 0.511 0.106 0.916 0.001

Out at first protein homolog Wald ratio 1 0.861 0.735 0.987 0.019

Peptidyl-prolyl cis-trans isomerase-like 
1

IVW 2 1.219 1.027 1.410 0.043

Poly(U)-specific endoribonuclease Wald ratio 1 0.684 0.375 0.992 0.016

Protein disulfide-isomerase A3 Wald ratio 1 1.494 1.129 1.859 0.031

Protein eva-1 homolog C IVW 2 1.212 1.075 1.349 0.006

Protein FAM3D Wald ratio 1 1.097 1.006 1.188 0.046

Pyruvate kinase PKLR Wald ratio 1 0.701 0.388 1.014 0.026

Ras-related protein Rab-35 Wald ratio 1 1.237 1.050 1.425 0.026

Sarcoplasmic/endoplasmic reticulum 
calcium ATPase 3

Wald ratio 1 0.651 0.405 0.897 6E-04

Secreted frizzled-related protein 2 Wald ratio 1 1.400 1.103 1.696 0.026

Semaphorin-4C Wald ratio 1 1.495 1.200 1.790 0.008

Serine/threonine-protein kinase 16 Wald ratio 1 1.456 1.125 1.788 0.026

Sialic acid-binding Ig-like lectin 14 IVW 2 1.069 1.008 1.129 0.031

Spondin-1 Wald ratio 1 1.231 1.082 1.381 0.006

Testican-2 Wald ratio 1 1.314 1.046 1.582 0.046

Testis-expressed sequence 29 protein Weighted 
median

3 1.201 1.023 1.379 0.043

Testis-expressed sequence 29 protein IVW 3 1.196 1.041 1.350 0.024

Trypsin-2 IVW 2 0.848 0.687 1.010 0.046

Tumor necrosis factor receptor 
superfamily member 6

Wald ratio 1 1.279 1.124 1.434 0.002

Xaa-Pro aminopeptidase 2 Wald ratio 1 1.542 1.21 1.874 0.011

Zinc-alpha-2-glycoprotein IVW 2 1.31 1.107 1.512 0.009

Significant results after Bonferroni correction with P<1.98×10−5 [0.05/(1,263×2)]. Suggestive associations (1.98×10−5<P<0.05). 
Susceptibility: COVID vs. population (C2); severity: hospitalized COVID vs. population (B2).
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