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Causal Associations Between Blood Lipids
and COVID-19 Risk: A Two-Sample Mendelian
Randomization Study
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Wei Huang, Jian Ding, Tie-Lin Yang

OBJECTIVE: Coronavirus disease 2019 (COVID-19) is a global pandemic caused by the severe acute respiratory syndrome
coronavirus 2. It has been reported that dyslipidemia is correlated with COVID-19, and blood lipids levels, including total
cholesterol, HDL-C (high-density lipoprotein cholesterol), and LDL-C (low-density lipoprotein cholesterol) levels, were
significantly associated with disease severity. However, the causalities of blood lipids on COVID-19 are not clear.

APPROACH AND RESULTS: We performed 2-sample Mendelian randomization (MR) analyses to explore the causal effects of blood
lipids on COVID-19 susceptibility and severity. Using the outcome data from the UK Biobank (1221 cases and 4117 controls),
we observed potential positive causal effects of dyslipidemia (odds ratio [OR], 1.27 [95% CI, 1.08-1.49], ~=3.18x107),
total cholesterol (OR, 1.19 [95% Cl, 1.07-1.32], P=8.54x10~%), and ApoB (apolipoprotein B; OR, 1.18 [95% CI, 1.07-1.29],
P=1.01x107%) on COVID-19 susceptibility after Bonferroni correction. In addition, the effects of total cholesterol (OR, 1.01
[95% CI, 1.00-1.02], P=2.29%107?) and ApoB (OR, 1.01 [95% ClI, 1.00-1.02], P=2.22x107%) on COVID-19 susceptibility
were also identified using outcome data from the host genetics initiative (14 134 cases and 1284876 controls).

CONCLUSIONS: In conclusion, we found that higher total cholesterol and ApoB levels might increase the risk of COVID-19 infection.
GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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the severe acute respiratory syndrome coronavirus 2
(SARS-Cov-2) is a global pandemic.'? This disease
progresses from asymptomatic to acute respiratory dis-
tress syndrome and multiple organ dysfunction and has
become a major threat to public health in >160 coun-
tries."? As of June 21, 2021, there were >179 million
confirmed cases, with total deaths increasing over 3.87
million worldwide. Considering the severity of COVID-19,
it is urgent to explore the susceptibility factors of COVID-
19, which is helpful to develop effective policies and per-
sonalized treatments to control the spread of the disease
to susceptible groups.
Dyslipidemiais associated with metabolic syndrome,®
cardiovascular disease,* type 2 diabetes,® obesity,® and

COronavirus disease 2019 (COVID-19) caused by

See accompanying editorial on page 2811

so on. It is characterized with the maladjustment of
blood lipids pattern” which can be evaluated through
the levels of LDL-C (low-density lipoprotein choles-
terol), HDL-C (high-density lipoprotein cholesterol),
triglyceride, total cholesterol (TC), ApoA1 (apolipopro-
tein A1), ApoB (apolipoprotein B), and others. Recent
studies reported that HDL-C, LDL-C, and TC levels
were significantly lower in patients with COVID-19 as
compared with normal subjects.®® Another study also
showed that levels of TC and LDL-C at admission were
negatively correlated with the length of hospital stay of
hospitalized patients with COVID-19 pneumonia.’ In
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Nonstandard Abbreviations and Acronyms

Highlights

ApoAt1 apolipoprotein A1

ApoB apolipoprotein B

COVID-19 coronavirus disease 2019

GWAS genome-wide association study

HDL-C high-density lipoprotein cholesterol

HGI COVID-19 host genetics initiative

IVs instrumental variables

IVW inverse-variance weighted

LDL-C low-density lipoprotein cholesterol

MR Mendelian randomization

OR odds ratio

SARS-Cov-2 severe acute respiratory syndrome
coronavirus 2

SNP single-nucleotide polymorphism

TC total cholesterol

UKB UK Biobank

contrast, Peng et al'' observed significantly increased
level of LDL-C in patients with COVID-19 compared
with age- and sex-matched controls where the levels
of HDL-C and TC were inversely correlated with the
severity of COVID-19."" Although above evidences
demonstrated the associations between blood lipids
and COVID-19, these findings were from observa-
tional studies which could be misguided by potential
confounders,'? whether these associations are causal
is still unclear.

Mendelian randomization (MR) is an epidemiologi-
cal method in which environmental exposure-related
genetic variations are used as instrumental variables
(IVs) to evaluate the association between exposures and
outcomes.'®* It can avoid the issues of confusion and
has been demonstrated as an effective strategy to iden-
tify the causal effect.'*"® Two-sample MR uses genetic
associations with the exposure and outcome from the
summary statistics of nonoverlapping genome-wide
association studies (GWAS) and has facilitated the appli-
cation of the MR methodology.'*'"'®

In this study, we conducted a 2-sample MR study to
explore the possible causal effects of 7 blood lipids on
COVID-19 susceptibility and severity using data from
the UK Biobank (UKB) and the host genetics initiative
(HG).

MATERIALS AND METHODS

The authors declare that all supporting data are available
within the article and its Data Supplement. The data sets
used in this study are listed in Major Resources Table in the
Data Supplement. A step-by-step workflow in this study is
presented in Figure 1.
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* The Mendelian Randomization results showed that
dyslipidemia might increase the risk of coronavirus
disease 2019 (COVID-19) susceptibility.

» Higher total cholesterol and ApoB levels might
increase the susceptibility of COVID-19.

* Blood lipids may be helpful to develop effective
policies and personalized treatments to control the
spread of the disease to susceptible groups.

Data Sources

Details of the contributing GWAS summary data are list in
Table 1. The studies were selected for investigating blood lipids
or COVID-19 having the largest sample sizes and consisting of
similar populations (>70% White population/Europeans).

Single-Nucleotide Polymorphisms Filter and
Data Standardization
For each exposure, we filtered single-nucleotide polymor-
phisms (SNPs) using the following criteria:
1. Remove the SNPs located in the major histocompatibility
complex region.
2. Remove the SNPs with minor allele frequency <0.01 in
the 1000 genome European data.
The estimated standardize the effect size (B) and SE for
each GWAS data was obtained with the function of minor allele
frequency and sample size as follows?*:

1
f= z \SE =
J2p(-p)n+2%) J2p(1-p)n+2)

where z=f3/SE from the original summary data, p is the minor
allele frequency, and nis the total sample size.

IVs Selection

We selected independent and genome-wide significant GWAS
SNPs using the clumping algorithm in PLINK (http://pngu.
mgh.harvard.edu/purcell/plink/)® (r threshold =0.001, win-
dow size =1 Mb, P value threshold =5x1078). The 1000
Genomes  (http://www.internationalgenome.org/) European
data were used as the reference for linkage disequilibrium esti-
mation. For each outcome, we harmonize the data according to
the SNPs included in COVID-19 GWAS and their effect allele.
After data harmonization, we then removed outlier pleiotropic
SNPs using RadialMR?® with the P value threshold of 0.05.
RadialMR?¢ identified outlier genetic instruments via heteroge-
neity test (modified Q-statistics). After removal of pleiotropy,
the remaining SNPs were used to perform MR analyses.

MR Analyses and Pleiotropy Assessment
We conducted 4 complementary 2-sample MR methods, includ-
ing inverse-variance weighted (IVW) method, weighted median
method, weighted mode method, and MR-Egger method, which
make different assumptions about horizontal pleiotropy.

The IVW method assumes balanced pleiotropy.?” The plei-
otropy is assessed via Cochran Q statistic and presented as
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Exposures

Dyslipidemia, HDL-c,
LDL-c, Total cholesterol,
Triglycerides,
Apolipoprotein A1,
Apolipoprotein B

Two-Sample MR
)

Outcomes

Severe COVID-19

COVID-19
(UKB, HGI)

4 SNPs Filter and Data Standardization R

O Removed the SNPs located in MHC region

. Remove the SNPs with minor allele frequency < 0.01 in the 1000

FEnone European (zlata ) o Figure 1. The Mendelian
\' Estimated standardized effect size of remaining SNPs ) randomization (MR) analysis pipeline
of the current study.
p * - COVID-19 indicates coronavirus disease
Clumping Instrument Variants 2019; HDL-G, high-density lipoprotein

. _ X . _ e cholesterol; HGI, host genetics initiative;

L 12 threshold =0.001, Window size = 1 Mb, P-value threshold =5 x 10 ) IVW, inverse-variance weighted; LDL-C,
‘ low-density lipoprotein cholesterol; MHC,
p N major histocompatibility complex; SNPs,
Heterogeneity Test smgle-nuclgonde polymorphism; and
. RadialMR and removed outlier SNPs (outlier statistical threshold = 0.05) ) UKB, UK Biobank.

¥

Two-sample MR
e IVW method
*  MR-Egger method
*  Weighted median method
*  Weighted mode method

Sensitivity Analyses

c Leave-one-out analyses
Y 0 Q test

Pleiotropy Assessment
. MR-Egger intercept

excessive heterogeneity which will inflate the estimate of MR
analysis.?® MR-Egger is based on the assumption which indi-
cates instrument strength independent of the direct effects.?”
It can be evaluated by the regression dilution P (GX)*
according to the assumption that no measurement error in
the SNP exposure effects. P (GX) is an adaptative P statistic
which proposes to quantify the strength of no measurement
error violation for the MR-Egger method. If 2 (GX)?° was suf-
ficiently low (P [GX]<0.9), the correction analysis was con-
ducted to assess the causal effect by simulation extrapolation
(SIMEX), which can substantially mitigate adverse effects by
simulation extrapolation.?® The intercept term of MR-Egger
method can be used for evaluating the directional pleiotro-
pic effect3® When the intercept is zero or its P value was
not significant (P>0.05) were considered as nonpleiotropy.
Moreover, we also used the Rucker Q” statistic®' to measure
the heterogeneity for MR-Egger method. If the difference
Q—Q is sufficiently extreme with respect to a y? distribu-
tion with the 1 degree of freedom, we indicated that direc-
tional pleiotropy is an important factor, and MR-Egger model
provides a better fit than the IVW method.? All methods of
2-sample MR analyses were measured by TwoSampleMR
package in R. For various estimates for different measures,
we select the main MR method as following rules:
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1. If no directional pleiotropy in MR estimates (Q statistic:
P>0.05, MR-Egger intercept: intercept=0 or F>0.05,
Q—Q”: P>0.05), IVW method was used.

2. If directional pleiotropy was detected (MR-Egger intercept:
intercept=0 and A<0.05, 0—Q": R0.05), and £>0.05 for
the test of O, MR-Egger method was used. When MR-Egger
was selected as the main method, MR-Egger method
adjusted by SIMEX was performed when P (GX)<0.9.

3. If directional pleiotropy was detected (MR-Egger intercept:
intercept=0 and £<0.05, 0—Q": A<0.05) and A<0.05 for
the test of Q, weighted median method was used.

Previous observational studies have found that the level of TC
was higher in non-O blood group,®*=% and the persons with
non-0O types associated with greater risks of significant coro-
nary artery disease, myocardial infarction, and SARS-CoV-2
infection.?2%5-%% Considering the associations between ABO
blood group and blood lipids levels or COVID-19, we also re-
run MR analysis after excluding SNPs in the ABO locus to
avoid potential pleiotropy.

Sensitivity Analysis
Leave-one-out sensitivity analysis was implemented to assess
whether the significant results were driven by a specific SNP.

Arterioscler Thromb Vasc Biol. 2021;41:2802-2810. DOI: 10.1161/ATVBAHA.121.316324
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Table 1. Description of GWAS Summary Data Used for Each Phenotype
Variable First author (year) Consortium | Sample size Population | GWAS phenotype definition
Exposures
Dyslipidemia Zhu'® (2018) GERA Cases=49842; Europeans Disorders of lipoid metabolism (ICD-9: 272, including
controls=124 343 hypercholesterolemia, hyperglyceridemia, hyperchy-
lomicronemia, mixed and unspecified hyperlipidemia,
lipoprotein deficiencies, lipodystrophy, lipidoses, and
other disorders of lipoid metabolism).
HDL-C Klarin' (2018) and MVP 291746 72.8% The maximum LDL-Cl/triglycerides/total cholesterol
Gaziano® (2016) Whites levels, and minimum HDL-C level in blood for each
LDL-C Klarin'® (2018) and MVP 297918 partl(:lpgnt. The clinical laboratory da'tal were from
) electronic health records and all participants had not
Gaziano® (2016) . L -
received lipid lowering therapy.
Total cholesterol Klarin'® (2018) and MVP 297626
Gaziano? (2016)
Triglycerides Klarin' (2018) and MVP 291933
Gaziano® (2016)
ApoAt Kettunen®' (2016) 24925 Europeans The levels of circulating apolipoprotein A1 and apo-
ApoB Kettunen?' (2016) lipoprotein B quan.tlfled by nuclear magnetic reso-
nance metabolomics.
Qutcomes
COVID-19 infection (2020) GRASP Cases=1221; con- | Europeans The infection of COVID-19 from UK Biobank individu-
trols=4117 als, which defined the subjects with positive COVID-
19 tests as cases and those with negative tests as
controls (released on June 5, 2020).
COVID-19 infection COVID-19 Host HGI Cases=14134; Europeans The infection of COVID-19, which defined the con-
Genetics Initiative®? controls=1284876 firmed patients with COVID-19 as cases and the indi-
(2020) viduals with unknown SARS-CoV-2 infection status
as controls (file code: C2_ALL_eur_leave_23andme,
release 4).
Severe COVID-19 Ellinghaus? (2020) Cases=1610; con- | Europeans Patients with COVID-19 with diagnosed respiratory
trols=2205 failure were defined as cases. Less than 40 of the
2205 controls had evidence of the development of
anti-SARS-CoV-2 antibodies, all of whom had mild
or no COVID-19 symptoms. The SARS-CoV-2 infec-
tion status of the other controls was unknown.

ApoA1 indicates apolipoprotein A1, ApoB, apolipoprotein B; COVID-19, coronavirus disease 2019; FG, fasting glucose; GERA, Genetic Epidemiology Research on
Adult Health and Aging; GIANT, Genetic Investigation of Anthropometric Traits; GRASP, Genome-Wide Repository of Associations Between SNPs and Phenotypes;
GWAS, genome-wide association study; HDL-C, high-density lipoprotein cholesterol; HGI, The COVID-19 Host Genetics Initiative; ICD, International Classification of
Diseases; LDL-C, low-density lipoprotein cholesterol; MAGIC, Meta-Analyses of Glucose and Insulin-related traits Consortium; MVP, Million Veteran Program; SARS-
CoV-2, severe acute respiratory syndrome coronavirus 2; and SNP, single-nucleotide polymorphism.

Multiple Testing Correction

We used the Bonferroni approach to address multiple compari-
sons issue. The significant threshold was set as A<7.14x107°
(0.05/7 exposures).

RESULTS
IVs Selection

Details of the IVs after linkage disequilibrium clumping
are represented in Table | in the Data Supplement. The
number of remained Vs after harmonization and radial
MR are shown in Table Il in the Data Supplement.

MR Estimates for COVID-19 Infection

Pleiotropy Assessment

As shown in Table Il in the Data Supplement, the evi-
dence of pleiotropy was observed in TC to COVID-19
infection with the data from the HGI, thus we chose
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MR-Egger as the main MR method for this exposure-
outcome pair and IVW was used in others. In addi-
tion, the assumption of no measurement error was not
violated (P [GX]>0.9), therefore, we did not perform
SIMEX analysis.

MR Results

For the outcome data from the UKB, the MR estimates
(Table 2 and Figure 2) showed that 3 blood lipids had
potential causality to COVID-19 susceptibility after
Bonferroni correction (P<7.14x107%), including dys-
lipidemia (odds ratio [OR], 1.27 [95% CI, 1.08-1.49],
P=3.18x107%), TC (OR, 1.19 [95% CI, 1.07-1.32],
P=8.54x10"*), and ApoB (OR, 1.18 [95% CI, 1.07-
1.29], P=1.01x1078). The MR result of dyslipidemia
indicates that per doubling of prevalence will increase
18% odds (multiply the causal estimate by 0.693)*
of COVID-19 susceptibility. The performances of
the other 3 MR methods were similar. The potential
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Table 2. Summary of the MR Estimates for Blood Lipids to COVID-19 Susceptibility

IVW method Weighted median method Weighted mode-based method | MR-Egger method i
Blood lipids OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value method
UK Biobank
Dyslipidemia 1.27 (1.08-1.49) | 3.18x10°* | 1.26 (1.01-1.56) | 3.77x107%t | 1.22 (0.92-1.62) | 1.80x10"" 1.568 (1.12-2.10) | 1.96x1072t | IVW
HDL cholesterol | 1.06 (0.95-1.17) | 3.13x10~" 1.1 (0.93-1.3) 2.60x107" 1.15 (0.91-1.46) | 2.39x10~" 1.183 (0.94-1.36) | 1.95x10~" VW
LDL cholesterol | 1.11 (1.0-1.23) 5.89x1072 1.14 (0.96-1.35) | 1.30x10"" 1.11 (0.95-1.3) 1.97x10°" 1.11 (0.95-1.29) | 1.98x10"" WAV
Total cholesterol | 1.19 (1.07-1.32) | 8.54x10~** | 1.19 (1.01-1.4) 3.80x1072t | 1.21 (1.05-1.4) 1.183x1072t | 1.22 (1.04-1.44) | 1.48x107%t | VW
Triglycerides 0.99 (0.88-1.11) | 8.47x10~" 1.08 (0.89-1.32) | 4.33x10~" 1.09 (0.89-1.33) | 3.98x10~" 1.05 (0.87-1.26) | 6.42x10~" VW
ApoA1 1.05 (0.92-1.19) | 4.61x10°" 1.09 (0.98-1.28) | 3.01x10" 1.10 (0.93-1.30) | 3.01x10" 1.18 (0.86-1.63) | 3.24x10°" Ivw
ApoB 1.18 (1.07-1.29) | 1.01x10°* | 1.22 (1.07-1.40) | 3.67x107%t | 1.22 (1.08-1.45) | 3.61x107?t | 1.11 (0.93-1.33) | 2.68x10"" VW
Host genetics initiative
Dyslipidemia 1.00 (0.99-1.02) | 4.26x10°" 1.01 (0.99-1.02) | 8.17x10"" 1.01 (0.99-1.03) | 3.53x10" 1.02 (0.99-1.05) | 1.46x10°" VW
HDL cholesterol | 1.00 (0.99-1.01) | 9.43x10°" 1.00 (0.99-1.01) | 5.20x10~" 1.00 (0.99-1.02) | 5.01x10°" 1.01 (0.99-1.02) | 4.07x10"" VW
LDL cholesterol | 1.00 (0.99-1.01) | 6.55x10~" 1.00 (0.99-1.01) | 3.66x10~" 1.00 (0.99-1.01) | 6.88x10~" 1.00 (0.99-1.01) | 7.22x10"" VW
Total cholesterol | 1.00 (1.00-1.01) | 2.28x10"! 1.01 (0.99-1.02) | 2.88x10°" 1.01 (1.0-1.02) 1.74x10" 1.01 (1.00-1.02) | 2.29x107%t | MR-
Egger
Triglycerides 1.01 (1.00-1.02) | 8.45x107°t | 1.01 (0.99-1.02) | 2.93x10"" 1.01 (0.99-1.02) | 2.82x10°" 1.01 (0.99-1.02) | 38.11x10°" VW
ApoA1 1.00 (0.99-1.01) | 8.54x10~" 1.00 (0.99-1.02) | 6.25x10°" 1.00 (0.99-1.02) | 5.88x10°" 1.00 (0.97-1.08) | 9.84x10~" VW
ApoB 1.01 (1.00-1.02) | 2.22x107%t | 1.01 (1.00-1.02) | 2.72x10~" 1.00 (0.99-1.02) | 4.28x10"" 1.01 (0.99-1.02) | 2.71x10"" VW

ApoA1 indicates apolipoprotein A1, ApoB, apolipoprotein B; COVID-19, coronavirus disease 2019; HDL, high-density lipoprotein; VW, inverse-variance weighted; LDL, low-density

lipoprotein; MR, Mendelian randomization; and OR, odds ratio.
*F<T7.14x107° (0.05/7).
1P<0.05.

causality between these 3 traits and COVID-19 sus-
ceptibility was supported by at least 2 of the other 3
methods at the nominal significance level of £<0.05. In
sensitivity analyses, the results showed that no single
SNP was driving the potential causal estimates (Figure
| in the Data Supplement).

We detected suggestive causal effects of LDL-C
(OR, 1.13 [95% CI, 1.02-1.24], P=1.46x107?) in
the preliminary results. However, the leave-one-out
permutation identified 3 IVs with major effects. After
excluding the main influential IVs, the marginal signifi-
cant association of LDL-C was not observed (£>0.05,
Table 2). For the other blood lipids (HDL-C, triglycer-
ide, and ApoA1), we did not detect any association
(P>0.05, Table 2).

Since TC is mostly LDL-C and the IVs overlap sub-
stantially, we further performed MR analysis after exclud-
ing the overlapped IVs between TC and LDL-C. The
significant causal effect of TC was remained (OR, 1.25
[95% ClI, 1.07—1.46], P=5.08x1073), but no association
was detected for LDL-C (P>0.05, Table IV in the Data
Supplement).

For the outcome data from the HGI (Table 1), the MR
analyses did not detect significant causal associations
on COVID-19 susceptibility after Bonferroni correc-
tion (F<7.14x107%; Table 2). However, we successfully
observed the possible causal effects of TC (OR, 1.01
[95% CI, 1.00-1.02], P=2.29%x107%) and ApoB (OR,
1.01 [95% ClI, 1.00-1.02], P=2.22x10% £<0.05), but
the association between dyslipidemia and COVID-19
infection was no longer significant.
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Addressing the Potential Pleiotropy Generated
by the ABO Locus

If there were IVs located in the ABO locus, we reper-
formed MR analysis for TC and ApoB after excluding
those SNPs. For ApoB, there were no IVs in the ABO
locus. As shown in Table V in the Data Supplement,
the MR results for TC (OR, 1.18 [95% CI, 1.06-1.31],
P=1.68x107%) were still significant.

We further performed MR analysis after removing
Vs on chromosome 9. As shown in Table V in the
Data Supplement, the MR results of TC (OR, 1.17
[95% ClI, 1.06-1.30], P=3.33x107%) and ApoB (OR,
1.16 [95% CI, 1.06-1.28] P=2.26x107%) were still
significant. Therefore, we concluded that the poten-
tial causality of TC and ApoB on COVID-19 suscepti-
bility were not due to the latent pleiotropy caused by
the ABO locus.

MR Estimates for Severe COVID-19

We also measured the associations between blood
lipids and severe COVID-19. According to the evi-
dence of pleiotropy (Table Il in the Data Supplement),
we chose MR-Egger as main MR method for triglyc-
eride (MR-Egger intercept: £<0.05, O—Q": F<0.05)
while the others used IVW as main method. P (GX)
test indicated that there was no need for correcting
with SIMEX (all 2 [GX]>0.9). As shown in Table 3,
we did not detect any significant association for all 7
traits (P>0.05).

Arterioscler Thromb Vasc Biol. 2021;41:2802-2810. DOI: 10.1161/ATVBAHA.121.316324
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OR (95% Cl) P-value
ApoB IVW method —— 1.18 (1.07, 1.29) 1.01 x 10°®
Weighted median method —a— 1.22 (1.07, 1.40) 3.67 x10®
Weighted mode-based method —— 1.22 (1.03, 1.45) 3.61 x 102
MR-Egger method —— 1.11 (0.93, 1.33) 2.68 x 10
Dyslipidemia IVW method —— 1.27 (1.08, 1.49) 3.18 x 10°°
Weighted median method — 1.26 (1.01, 1.56) 3.77 x 102
Weighted mode-based method B — 1.22 (0.92, 1.62) 1.80 x 10
MR-Egger method —®— 1.53(1.12,2.10) 1.96 x 1072
Total Cholesterol IVW method —a— 1.19 (1.07, 1.32) 8.54 x 10
Weighted median method —a— 1.19 (1.02, 1.39) 2.89 x 102
Weighted mode—based method —— 1.21 (1.03, 1.42) 221 x 102
MR-Egger method —— 1.22 (1.04, 1.44) 1.48 x 102
1 T T T 1T 1T 11
0.20.40.60.81.01.21.41.61.8 2 2.2
OR

Figure 2. Causal effects for coronavirus disease 2019 (COVID-19) infection with the UK Biobank data.
Summary of the Mendelian randomization (MR) estimates derived from the inverse-variance weighted (IVW), MR-Egger, weighted median, and
weighted mode-based methods. Black diamond represents main method. OR indicates odds ratio.

DISCUSSION

In this study, we implemented 2-sample MR analyses
to investigate the possible causal associations of blood
lipids profiles on COVID-19 infection or severity. We
detected potential causal effects of dyslipidemia, TC, and
ApoB on COVID-19 susceptibility. The clinical manifes-
tation of dyslipidemia includes the maladjustment of TC
level, LDL-C level, triglyceride level, HDL-C level, and
other lipid and lipoprotein levels.” We acknowledge that
it is hard to summarize the clinical risk factor for dyslip-
idemia. However, considering over 70% of the dyslipid-
emia instruments overlapped with the TC instruments in
the same effect direction, and 83.22% of dyslipidemia in
UKB subjects are hypercholesterolemia, it is likely that
dyslipidemia is relatively homogeneous and the clinical
causal risk factor of dyslipidemia might be high TC. The
specific MR results of TC and ApoB could contribute to
interpret the significant MR finding for dyslipidemia.

We also assessed the phenotypic correlations
between TC/ApoB and COVID-19 with baseline plasma
lipid measures from the UKB. We selected independent
white subjects and removed the individuals with con-
founders of cardiovascular disease, type 2 diabetes, and
the treatment of statin. There were no significant correla-
tions between TC/ApoB and COVID-19 (P>0.05). The
reason might be that the UKB lipid data were acquired
over a decade before COVID-19 pandemic, and the lev-
els of TC/ApoB may be fluctuated with the influence of
dietary habits,*' physical activity,*> and other variates in

Arterioscler Thromb Vasc Biol. 2021;41:2802-2810. DOI: 10.1161/ATVBAHA.121.316324

the past decade. Although we have excluded the inter-
ference of related diseases, medical treatment, and clini-
cal characteristics as far as possible, the retrospective
study may still be disturbed by potential confounders and
produce bias in phenotypic associations. However, the
MR estimation just relies on genetic determination and,
therefore, can avoid these issues.

TC is mainly composed of LDL-C, HDL-C, and VLDL
(very-low-density lipoprotein) cholesterol. The VLDL par-
ticles mainly carry triglycerides. ApoB is the major protein
component of VLDL and LDL.*® The lipoprotein particles
are in the dynamic alteration of VLDL-ILDL-LDL (ILDL;
intermediate-density lipoprotein) process involving in
varying composition of cholesterol, ApoB, and triglycer-
ide.** It has been found that the amount of cholesterol and
ApoB within LDL particles are heterogeneous between
persons, and the amount of LDL-C is lower in hypertri-
glyceridemia.***" We did not detect significant effects
of LDL-C, HDL-C, and triglyceride. It indicates that the
potential causality between TC and COVID-19 suscepti-
bility is not attributed to any single component but acted
like a combined effect. Although we detected associa-
tions with dyslipidemia and COVID-19 more broadly, and
with ApoB and TC more specifically, our findings did not
clearly prioritize a specific lipoprotein fraction associated
with COVID-19 susceptibility or severity.

The positive association between TC and COVID-19
susceptibility might be related to enhanced virus inva-
sion process. Cholesterol is considered to be involved
in fusion of the viral membrane to the host cell.*®%° As
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g Table 3. Summary of the MR Estimates for Blood Lipids to COVID-19 Severity

E - IVW method Weighted median method Weighted mode-based method | MR-Egger method ki

E >I Blood lipids OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value method

: 33 Dyslipidemia 0.83 (0.67-1.02) 7.12x1072 | 0.81 (0.61-1.08) 1.54x107" | 0.83 (0.58-1.17) 2.93x10~" | 0.69 (0.44-1.06) 1.12x107" | IVW

E E HDL cholesterol | 0.91 (0.81-1.03) 1.51x10"" | 0.98 (0.81-1.18) 8.51x107" | 0.99 (0.79-1.24) 9.40x10" | 1.02 (0.82-1.25) 8.78x107" | VW

5 C'I_: LDL cholesterol 0.96 (0.85-1.09) 5.13x107" | 0.98 (0.77-1.13) 4.77x107" | 0.92 (0.78-1.09) 3.22x107" | 0.89 (0.75-1.05) 1.70x107" | IVW

= Total cholesterol 1.02 (0.9-1.16) 7.67x107" 0.95 (0.78-1.17) 6.55x10~" | 0.96 (0.78-1.18) 7.15x107" 0.92 (0.75-1.12) 3.87x107" | IVW

‘:"l Triglycerides 1.12 (0.98-1.26) 9.00x1072 | 1.04 (0.86-1.25) 7.08x107" | 1.02 (0.85-1.22) 8.51x10™" | 0.94 (0.78-1.15) 5.56x10"" | MR-Egger
ApoAl 1.00 (0.85-1.17) 9.66x10" | 1.00 (0.82-1.21) 9.73x107" | 0.98 (0.78-1.23) 8.60x107" | 1.08 (0.64-1.84) 7.73x107" | IVW
ApoB 0.95 (0.84-1.07) 3.60x10™" | 0.98 (0.84-1.15) 8.21x10~" | 1.00 (0.83-1.20) 9.83x10~" | 1.01 (0.80-1.27) 9.44x107" | VW

ApoA1 indicates apolipoprotein A1; ApoB, apolipoprotein B; COVID-19, coronavirus disease 2019; HDL, high-density lipoprotein; VW, inverse-variance weighted; LDL, low-density
lipoprotein; MR, Mendelian randomization; and OR, odds ratio.

shown in the study by Guo et al°' depleting plasma mem-
brane cholesterol can disrupt the lipid rafts of cellular
entry, resulting in suppressed infection of an avian coro-
navirus (infectious bronchitis virus). Consistently, mem-
brane cholesterol has been found to similarly facilitate
SARS-CoV-2 entry via lipid rafts.*8® A further study*°
also showed that loading cells with cholesterol from
serum would promote the endocytic entry of pseudo-
typed SARS-CoV-2, suggesting that high cholesterol
levels in blood may contribute to SARS-CoV-2 infection
in peripheral tissue. For the causal effect of ApoB on
COVID-19 susceptibility, previous studies have identified
that ApoB played a vital role in hepatitis C virus infection
by facilitating the fusion of virus to host hepatocyte.#35253
However, it is unclear whether ApoB could similarly regu-
late the fusion process of coronaviruses, and the linkage
between ApoB and SARS-CoV-2 infection need to be
further investigated.

Although a previous study® detected causal effect
of LDL-C on COVID-19 susceptibility, a more recent MR
study®® covering more subjects only identified a suggestive
association with LDL-C (A=0.04) that does not meet Bon-
ferroni standards of significance. In our study, the MR result
between LDL-C and COVID-19 was marginal significant
(P=0.01) ignoring Bonferroni standards, but this causal link
was driven by 3 influential SNPs which need to be cautious.
The different MR estimates of LDL-C are likely due to the
fact of different exposure and outcome data. In particular,
for COVID-19 GWAS data, both of the 2 previous stud-
ies used the HGI data sets and individuals with unknown
SARS-CoV-2 infection status was used as controls. In our
study, we used the GWAS data from the UKB, and the con-
trols were confirmed by polymerase chain reaction tests.
For LDL-C GWAS data, we used data sets from the Million
Veteran Program which had more subjects.

that higher TC and higher ApoB will increase the odds
for COVID-19 susceptibility, which may be helpful to
develop effective instructions and policies to control the
spread of the disease to susceptible groups. However,
the limitations of the current study should be addressed.
First, due to the limitation of data resource, our findings
are mainly based on the European/White cohort which
cannot represent the universal conclusions for other eth-
nic groups. Second, to minimize the potential bias®® of
association analyses and strengthen our results, we have
added another GWAS data from the HGI, which contains
more subjects (14 134 cases and 1284876 controls),
and the casual effects of TC and ApoB on COVID-19
susceptibility were also detected. Under current condi-
tion, we included all the available data sets and the con-
sistent results support the causal effects of TC and ApoB
on COVID-19. Third, although we have been able to
evaluate the causal effects on COVID-19 based on the
available data and multiple complementary methods, the
findings should be verified by additional clinical resource
and in-depth exploration on the potential mechanisms
underlying these causalities is needed, as well.

In summary, we performed a 2-sample MR design
for blood lipids and COVID-19 and found that higher
TC and ApoB levels might increase the susceptibility
of COVID-19.
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