D>, International Journal of Epidemiology, 2021, 75-86
lr \\ doi: 10.1093/ije/dyaa229
\‘VI Advance Access Publication Date: 8 December 2020

International Epidemiological Association 0 rlgl nal article

COVID-19

The effect of angiotensin-converting enzyme
levels on COVID-19 susceptibility and severity: a
Mendelian randomization study

Guillaume Butler-Laporte ® ,?' Tomoko Nakanishi, 345"

Vincent Mooser,>® Alessandra Renieri,”® Sara Amitrano,2 Sirui Zhou,"?
Yiheng Chen," Vincenzo Forgetta ® " and J Brent Richards'-%*2*

'Centre for Clinical Epidemiology Lady Davis Institute for Medical Research, Jewish General Hospital,
McGill University, Montreal, QC, Canada, “Department of Epidemiology, Biostatistics and Occupational
Health, McGill University, Montreal, QC, Canada, *Department of Human Genetics, McGill University,
Montreal, QC, Canada, *Kyoto-McGill International Collaborative School in Genomic Medicine,
Graduate School of Medicine, Kyoto University, Kyoto, Japan, *Japan Society for the Promotion of
Science, Tokyo, Japan, ®Canada Excellence Research Chair in Genomic Medicine, McGill University,
Montreal, QC, Canada, "Medical Genetics, University of Siena, Siena, Italy, 3Genetica Medica Azienda
Ospedaliera Universitaria Senese, Siena, ltaly, 9Department of Twin Research, King's College London,
London, UK

*Corresponding author. Lady Davis Institute, Jewish General Hospital, Pavillon H-413, 3755 Céte Ste-Catherine, H3T 1E2,
Montréal, Québec, Canada. E-mail: brent.richards@mcgill.ca
"These authors contributed equally to this work.

Editorial decision 9 October 2020; Accepted 16 October 2020

Abstract

Background: There has been uncertainty about the safety or benefit of angiotensin-
converting enzyme (ACE) inhibitors during the COVID-19 pandemic. We used Mendelian
randomization using genetic determinants of serum-ACE levels to test whether decreased
ACE levels increase susceptibility to SARS-CoV-2 infection or COVID-19 severity, while re-
ducing potential bias from confounding and reverse causation in observational studies.
Methods: Genetic variants strongly associated with ACE levels, which were nearby the
ACE gene, were identified from the ORIGIN trial and a separate genome-wide association
study (GWAS) of ACE levels from the AGES cohort. The ORIGIN trial included 4147 indi-
viduals of European and Latino ancestries. Sensitivity analyses were performed using a
study of 3200 Icelanders. Cohorts from the COVID-19 Host Genetics Initiative GWAS of
up to 960 186 individuals of European ancestry were used for COVID-19 susceptibility,
hospitalization and severe-disease outcome.

Results: Genetic variants were identified that explain between 18% and 37% of variance
in ACE levels. Using genetic variants from the ORIGIN trial, a standard-deviation de-
crease in ACE levels was not associated with an increase in COVID-19 susceptibility
[odds ratio (OR): 1.02, 95% confidence interval (Cl): 0.90, 1.15], hospitalization (OR: 0.86,

©The Author(s) 2020; all rights reserved. Published by Oxford University Press on behalf of the International Epidemiological Association

75


http://orcid.org/0000-0001-5388-0396
http://orcid.org/0000-0002-6061-4720
https://academic.oup.com/

76

International Journal of Epidemiology, 2021, Vol. 50, No. 1

95% CI: 0.68, 1.08) or severe disease (OR: 0.74, 95% CI: 0.51, 1.06). Using genetic variants
from the AGES cohort, the result was similar for susceptibility (OR: 0.98, 95% CI:
0.89, 1.09), hospitalization (OR: 0.86, 95% CI: 0.66, 1.11) and severity (OR: 0.75, 95% CI:
0.50, 1.14). Multiple-sensitivity analyses led to similar results.

Conclusion: Genetically decreased serum ACE levels were not associated with suscepti-
bility to, or severity of, COVID-19 disease. These data suggest that individuals taking ACE
inhibitors should not discontinue therapy during the COVID-19 pandemic.
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Key Messages

of, COVID-19.

causation.

* The SARS-CoV-2 virus uses the angiotensin-converting enzyme 2 (ACE2) to invade host cells.

* ACE2 is a close analogue to the angiotensin-converting enzyme (ACE) and they are both involved in the renin-angio-
tensin-aldosterone system. It is unclear how ACE inhibitors may affect ACE2 regulation, but these medications have
been speculated to lead to a compensatory increase in ACE2, thus potentially increasing susceptibility to, and severity

* There is clinical equipoise as to the harm or benefit of ACE inhibitors during the COVID-19 pandemic and available
evidence is retrospective, observational and at high risk of confounding and reverse-causation bias.

* The use of genetic variants associated with lowered ACE levels through Mendelian randomization can provide insight
into the effect of ACE inhibition on COVID-19 outcomes, while avoiding bias due to confounding and reverse

Lowered ACE levels were not associated with increased susceptibility to, or severity of, COVID-19.

Introduction

As the cause of the ongoing COVID-19 pandemic, SARS-
CoV-2 invades host cells by attaching to the membrane-
bound angiotensin-converting enzyme 2 (ACE2).! ACE2
shares similarities with its protein homolog angiotensin-
converting enzyme (ACE) and both play a role in the renin—
angiotensin—aldosterone system. However, ACE2 differs in
substrate and tissue expression, and, importantly, ACE inhibi-
tors do not inhibit ACE2.> ACE inhibitors are a class of anti-
hypertensive agents with benefits in many common
cardiovascular diseases® and are prescribed to >21% of
adults aged 60-79 in the USA and Canada.* Despite conflict-
ing supporting in-vivo evidence, their shared metabolic path-
way has led to concerns over the use of ACE inhibitors during
the COVID-19 pandemic.’ Specifically, if ACE inhibitors lead
to decreased ACE levels, causing a compensatory ACE2 upre-
gulation, then a large proportion of the population could be
at an increased risk of COVID-19 due to the use of ACE
inhibitors. Whereas some retrospective studies did not show
evidence of harm from ACE inhibition,”® they may have
been underpowered. For example, using a cohort from
Denmark, Fosbel et al.® found a 30-day-mortality hazards ra-
tio (HR) of 0.83 [95% confidence interval (CI): 0.67-1.03] in

those not on ACE inhibitors and no effect on COVID-19

susceptibility (HR: 1.05, 95% CI: 0.80, 1.36). Moreover,
other observational studies have shown benefits in ACE inhib-
itors, or even suggested a biphasic effect of ACE inhibitors,”
depending on the stage of COVID-19.

Given the clinical equipoise and a scarcity of data, most
medical societies have opted for a ‘first do no harm’ ap-
proach, recommending not to modify ACE-inhibitor ther-
apy to prevent COVID-19 complications until better data
are available.'®!! Unfortunately, given the clear benefits of
ACE inhibitors in many diseases, randomized prospective
trials are likely to suffer from indication bias, in which
patients with the greatest risk for severe COVID-19 are
also those with the greatest need for an ACE inhibitor, and
therefore are unlikely to be enrolled in an ACE-inhibitor
trial. Moreover, current observational epidemiological
studies that estimated the effect of ACE inhibitors on
COVID-19 were likely subject to confounding and reverse
causation.'>"'? Confounding happens when ACE-inhibitor
prescription and COVID-19 are influenced by a third vari-
able (such as cardiovascular diseases), which is not in the
causal pathway between them. Reverse causation may also
bias such studies. This bias occurs when the outcome influ-
ences the exposure. Even with sophisticated statistical
traditional studies are

adjustments, epidemiological



International Journal of Epidemiology, 2021, Vol. 50, No. 1

77

therefore at risk of providing biased estimates of the causal
effect of ACE inhibitors on COVID-19.

One way to reduce risk of both biases is Mendelian ran-
domization (MR )—a genetic epidemiology method that uses
genetic determinants of the exposure (ACE level) to under-
stand the effect of the exposure on the outcome (COVID-19
susceptibility and severity). Since genetic variants are ran-
domly assigned at conception, this breaks the association
with nearly all confounding factors. Also, genetic variants
are always assigned prior to disease onset, thereby preclud-
ing reverse causation.'* MR has three main assumptions.'’
First, the genetic variants must be associated with the expo-
sure (here, serum ACE levels). Second, the genetic variants
must not be associated with confounders of the relationship
between the exposure and the outcome (here, COVID-19
susceptibility and severity), e.g. through population stratifi-
cation. Lastly, the variants must only be associated with the
outcome of interest through their effect on the exposure
(also known as an absence of horizontal pleiotropy).'®

ACE inhibitors act by decreasing ACE activity. Given
that ACE activity is mediated in part by circulating ACE
levels,"”'® by selecting genetic variants associated with
lower serum ACE levels, we can provide insights into the
effect of ACE inhibitors on susceptibility to, and severity
of, COVID-19. In this study, we use such variants as ge-
netic instruments for the effect of decreased ACE levels on
COVID-19 susceptibility and severity as part of an MR
study. This approach thereby can provide estimates of the
effect of ACE inhibitors while reducing bias due to con-
founding and reverse causation.

Methods
Study design

We performed a two-sample MR analysis to study the ef-
fect of ACE-serum levels on COVID-19 susceptibility and
severity. This method measures the effect of genetic var-
iants on ACE levels and COVID-19 using separate data
sets for the exposure and outcome, allowing increased
sample size and statistical power, while lowering bias from
weak genetic instruments.'” These data sources are sum-
marized in Table 1 and Supplementary Table 1, available
as Supplementary data at IJE online.

ACE genetic variants data source

Our choice of the genetic variants associated with ACE-
serum levels is based on Pigeyre et al.’s>® MR study, in which
these genetic variants were used to show that a lowered
ACE-serum level decreases the risk of diabetes mellitus.
Briefly, the ORIGIN cohort genetic and biomarker sub-

studies were used to obtain genome-wide genotyping and
serum-ACE-levels measurements.”**! Genotyping was per-
formed on 4147 participants (including 63.25% who
reported using ACE inhibitors*®) using the HumanCore
Exome chip (Illumina, San Diego, USA) and the 1000
Genomes Project reference panel®® was used for genotype im-
putation. Serum-ACE levels were quantified in 8401
ORIGIN trial participants using the Luminex 100/200
System (Luminex, Austin, USA). Details on genotype-quality
control and ACE measurement can be found elsewhere.*”
Linear additive genetic association was performed separately
on individuals of European and Latin American ancestry us-
ing age, sex and the first five genetic principal components as
covariates. Results were then meta-analysed results across
ancestries to obtain genetic variants for the MR.

In Pigeyre et al.,*” genetic variants associated with serum-
ACE levels were selected to be cis-acting protein quantitative
trait locus (cis-pQTL) single nucleotide polymorphisms
(SNPs), which were defined as being within 300 kilo-bases of
the ACE gene locus (17q23.3) and pruned for linkage dis-
equilibrium at an #* coefficient of correlation of <10%. The
use of cis-acting pQTL SNPs reduces the risk of horizontal
pleiotropy, since (compared with trans variants) cis genetic
variants that strongly associate with serum-ACE levels are
likely to directly influence the gene’s transcription. Since this
would be a direct effect, not mediated by other proteins, it
reduces the probability that the selected genetic variants influ-
ence COVID-19 susceptibility and severity independently of
serum-ACE levels. However, this is not always easy to dem-
onstrate and the risk of horizontal pleiotropy should still be
assessed even when using such instruments. From those, we
then selected the SNPs with p < 5 x 107® and with minor al-
lele frequency of >0.5% for our MR. To ensure that our
results were not affected by any remaining linkage disequilib-
rium between genetic instruments, we also pruned SNPs to
an 7 of 1%. To do so, we first selected the rs4343 SNP,
given that it explained >23% of the ACE-level variance in
the ORIGIN trial. Using LD Link®* and the 1000 Genome
European ancestry populations, we built a linkage-
disequilibrium matrix to select other SNPs associated with
serum-ACE levels using an 7* of 1%.

In a sensitivity analysis (see below), we also used a pre-
viously reported cis-pQTL SNP (rs4344), previously
reported in Emilsson er al®* and identified in 3200
Icelandic individuals from the AGES Reykjavik study,
since this would decrease the population bias from popula-
tion stratification.

Positive control

To verify that our genetic instruments and analysis were sta-
tistically powered to detect a clinical effect of ACE levels,
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Table 1 Sources of data for the analysis

Phenotype

Source of genetic variants

Consortium

Participants

Serum-ACE levels ORIGIN trial genetic and

biomarker substudies*®?!

AGES Reykjavik study**

COVID-19
susceptibility

Susceptibility

Extended susceptibility

COVID-19 severity Hospitalized

Extended hospitalized

Severe disease

Extended severe disease

A sub-study of patients originally enrolled to the ORIGIN trial who
had both whole-genome genotyping and serum-ACE levels
measured

Basic demographics for the genetic sub-study®’:

* Total sample size: 4147 individuals (46.5% European ancestry,
53.4% Latin American)

* Sex: 35.9% female

® Mean age: 63.5

* ACE-inhibitor use at enrolment: 63.3%

Genome-wide association study of ACE circulating level in 3200
Icelanders over the age of 65. Basic demographics:

* Sex: 57.3% female

* Mean age: 76.6

* Antihypertensive use at enrolment: 63.7%. No information avail-
able related to ACE inhibitors

Cases: 3382 individuals with COVID-19 by laboratory confirmation,
chart review or self-report

Controls: 37 851 individuals without COVID-19 by laboratory confir-
mation or self-report

Cases: 6182 individuals with COVID-19 by laboratory confirmation,
chart review or self-report

Controls: 960 186 individuals enrolled in the cohorts and not included
as cases

Cases: 677 hospitalized individuals with COVID-19

Controls: 2372 non-hospitalized individuals with COVID-19

Cases: 2710 hospitalized individuals with COVID-19

Controls: 813 234 individuals enrolled in the cohorts and not included
as cases

Cases: 213 COVID-19-infected hospitalized individuals who died or
required respiratory support (intubation, CPAP, BiPAP, continuous
external negative pressure, high-flow nasal cannula)

Controls: 750 non-hospitalized individuals with COVID-19

Cases: 540 COVID-19-infected hospitalized individuals who died or
required respiratory support (intubation, CPAP, BiPAP, continuous
external negative pressure, high-flow nasal cannula)

Controls: 366 840 individuals enrolled in the cohorts and not included
as cases

2See Supplementary Table 1, available as Supplementary data at IJE online, for details on cohorts of COVID-19 susceptibility and severity phenotypes. ACE,

angiotensin-converting enzyme.

we used a positive control outcome anticipated to be associ-
ated with ACE levels. For this, we used a GWAS on self-
reported hypertension (as a binary trait) in the UKB from
the OpenGWAS project”® and accessed it through the
TwoSampleMR R package (ID: UKB-b:14057). It contained
119 731 cases and 343 402 controls. However, because
ACE inhibitors are used in a wide variety of highly poly-

26-28

genic diseases, the effect of our genetic instruments is

unlikely to be large. Further, for some traits such as hyper-
tension, using ACE inhibitors may prevent adequate trait
measurement. Therefore, we used ‘being prescribed an ACE
inhibitor or angiotensin-converting agent’ as an outcome for
a second positive control. For this, summary statistics were
obtained from a previously published GWAS documenting
medication use in individuals from the UKB.?” This GWAS
contained 62 752 cases and 174 778 controls.
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Horizontal pleiotropy assessment

As described above, to reduce the risk of horizontal pleiot-
ropy, all the genetic instruments from the ORIGIN trial
and AGES Reykjavik study were cis-pQTL SNP. Further,

1931 to check whether any

we used the PhenoScanner too
of the selected SNPs were associated with other phenotypes
at risk of affecting COVID-19 susceptibility or severity in-
dependently of serum-ACE levels. To do so, we assessed
SNPs at a threshold of P <5 x 107 for their association
with any other phenotypes. We then performed a sensitiv-
ity analysis without SNPs at high risk of horizontal

pleiotropy.

COVID-19 susceptibility and severity data source

We obtained effect estimates of ACE levels on COVID-19
by obtaining effect coefficients from the above SNPs in
GWAS meta-analyses from the COVID-19 Host Genetics
Initiative (COVID-19 HGI).>> The COVID-19 HGI used
six different case/control definitions to identify genetic var-
iants associated with COVID-19 susceptibility and disease
severity. For our study, we used a susceptibility phenotype
that compared confirmed COVID-19 cases, defined as
individuals with laboratory confirmation of SARS-CoV-2
infection based on nucleic acid amplification or serology
health
International Classification of Diseases or physician notes),

based tests or by electrical records (using
with controls defined as laboratory-tested negative for
SARS-CoV-2 infection (for all tests if multiple were per-
formed) or self-reported test-negative individuals (this
case/control definition is labelled as C1V2 in COVID-19
HGI). Details of the UK Biobank analysis are found in
Supplementary Table 4, available as Supplementary data
at IJE online.

To assess COVID-19 severity, we used two approaches.
First, we used a hospitalized phenotype in which cases
were defined as hospitalized patients with COVID-19 and
controls were COVID-19-positive non-hospitalized indi-
viduals (this case/control definition is labelled as B1V2 in
COVID-19 HGI). Second, we used a severe-disease pheno-
type in which cases were defined as hospitalized individu-
als with COVID-19 and requiring respiratory support (this
case/control definition is labelled as A1V2 in COVID-19
HGI). Respiratory support was defined as intubation,
CPAP, BiPAP, continuous external negative pressure or
high-flow nasal cannula. Controls were also non-
hospitalized COVID-19-infected individuals.

Finally, we also used an extended susceptibility, an ex-
tended hospitalized and an extended severe-disease pheno-
type whereas controls were defined as all non-cases in the

included cohorts. These case/control definitions are

labelled C2V2, B2V2 and A2V2 in COVID-19 HGI, re-
spectively. Details of the six phenotypes are found in
Table
Supplementary data at IJE online.

1 and Supplementary Table 1, available as

Cohorts enrolled patients and performed GWAS locally
based on a standardized analysis plan and phenotype defi-
nitions. For this study, we used the individual GWASs re-
stricted to individuals of European ancestry to reduce the
risk of bias from population stratification, which we then
meta-analysed using fixed-effects models with the METAL
package.®?

Lastly, given that the Host(a)ge cohort®* was the largest
case contributor to the COVID-19 hospitalized phenotype
and has already been published elsewhere, we also used
this cohort’s GWAS as the outcome for a separate MR
sensitivity analysis (Supplementary Table 2, available as
Supplementary data at IJE online).

Positive control

To verify that our genetic instruments and analysis were
statistically powered to detect a clinical effect of ACE lev-
els, we used a positive control outcome anticipated to be
associated with ACE levels. For this, we used a GWAS on
self-reported hypertension (as a binary trait) in the UKB
from the OpenGWAS project”® and accessed it through the
TwoSampleMR R package (ID: UKB-b:14057). It con-
tained 119 731 cases and 343 402 controls. However, be-
cause ACE inhibitors are used in a wide variety of highly

26-28 the effect of our genetic instru-

polygenic diseases,
ments is unlikely to be large. Further, for some traits such
as hypertension, using ACE inhibitors may prevent ade-
quate trait measurement. Therefore, we used ‘being pre-
scribed an ACE inhibitor or angiotensin-converting agent’
as an outcome for a second positive control. For this, sum-
mary statistics were obtained from a previously published
GWAS documenting medication use in individuals from
the UKB.>’ This GWAS contained 62 752 cases and

174 778 controls.

Primary MR analysis

For each SNP, the SNP’s effect coefficients on serum-ACE
levels and on COVID-19 susceptibility and severity were
combined using the Wald ratio method to estimate the
effects of ACE levels on COVID-19. Each ratio was meta-
analysed using inverse-variance weighting to obtain the fi-
nal effect estimate. All analyses were performed using the
TwoSampleMR package®® (v0.4.25) on R (v3.5.0). Since
all SNPs’ effects were estimated in all cohorts, no proxy
SNPs were required for this MR analysis.
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Table 2 Genetic instrument summary statistics showing their effect on angiotensin-converting enzyme (ACE) levels, adapted

from Pigeyre et al.?°

SNP EA/OA EAF—European ancestry EAF—Latin American ancestry Beta (s.e.) p-value

rs4343° A/G 0.45 0.46 —0.63(0.02) 1.5 x 107213
rs1074637° T/C 0.90 0.91 —0.24 (0.04) 4.4 %107
rs11650201 G/IT 0.16 0.18 —0.28 (0.03) 2.7%x 1078
rs12452187 A/G 0.60 0.61 —0.23(0.02) 2.5x107%7
rs12602457 G/T 0.85 0.89 —0.23 (0.03) 2.6x107*
rs13342595 C/IT 0.23 0.24 —0.14 (0.02) 2.5%107%
rs2137143° T/G 0.96 0.98 —0.35 (0.06) 7.5 %107
54968780 C/A 0.05 0.06 —0.28 (0.05) 1.9 x 1078
rs72847305° A/G 0.10 0.09 —0.33 (0.04) 4.5%x107"
rs74251225 G/A 0.04 0.13 —0.26 (0.04) 1.6 x 10710
rs75457471° A/G 0.38 0.40 —0.19 (0.02) 8.1x107%5
rs79480822 CIT 0.93 0.97 —0.55 (0.05) 6.4x1072*

SNP, single nucleotide polymorphism; EA/OA, effect allele/other allele; Beta, logistic regression coefficient of additive effect of the effect allele on ACE levels;

EAF, effect allele frequencys; s.e., standard error.

*These SNPs were also used for the sensitivity analysis restricting to SNPs with an 7* of <1%.

"SNP was deemed to be at risk of horizontal pleiotropy.

Sensitivity analysis

First, to assess whether the selected SNPs were associated
with COVID-19 susceptibility and severity through a
mechanism independently of serum-ACE levels (which
would violate the third MR assumption), we performed
MR-Egger analysis. MR-Egger performs a meta-analysis of
the individual Wald ratios while allowing an additional y-
intercept variable alpha. An intercept (alpha) differing
from zero indicates directional horizontal pleiotropy, sug-
gestive of a violation of the third MR assumption.

Second, to see whether our choice of #* of <1% decreased
our statistical power, we performed an analysis using the
original 10% threshold from Pigeyre et al.** We also used
the PhenoScanner tool to check for SNPs at risk of pleiotropy
and removed them from our MR in an additional analysis.

Finally, given that our SNPs were obtained from the
ORIGIN trial, which had mixed European and Latino
American ancestries (which could lead to bias from popula-
tion stratification), we used a separate cis-pQTL SNP
(rs4344) reported by Emilsson et al.*> as an instrument to
repeat our MR analyses. This cis-pQTL SNP was obtained
from the AGES Reykjavik study and we estimated that
rs4344 explained 18% of the variance of ACE levels. Note
that, for this sensitivity analysis, the effect estimate can only
be used to infer the direction of effect, since a non-linear
Yeo-Johnson transform was used on measured ACE levels.

Results

Genetic instruments

From the original 17 SNPs from Pigeyre et al.’s study, we
removed 5 SNPs that did not reach a p-value threshold of

p <5 %107 for their association with serum-ACE levels.
All SNPs were available in all outcome-phenotype GWASs
and thus no proxies were used. The final 12 genetic instru-
ments and their summary statistics are shown in Table 2.
Reasons for excluding SNPs from each analysis are given
in Supplementary Table 3, available as Supplementary
data at IJE online.

The rs4343 SNP was the variant most strongly associ-
ated with serum-ACE levels in the ORIGIN trial popula-
tion and explained 21% of variance in ACE levels.’
Overall, the combination of the selected 12 SNPs explained
37% of the ACE variants, whereas the 3 SNPs used for the
primary analysis retaining only SNPs with #* of <1% (in-
cluding rs4343) still explained 23% of the variance. Of
note, the rs4344 SNP from the AGES Reykjavik study used
for our last sensitivity analysis was in high linkage disequi-
librium with rs4343 in European 1000 Genome popula-
tions (r* =96%).

Positive control

Using the genetic instruments from our primary analysis
(r* <1%), a standard-deviation increase in ACE levels was
associated with an increased odds of hypertension of 1.007
(95% CI: 1.004, 1.01, P=9.6 x 107®). Using SNPs with an
#* of <10%, we obtained an odds ratio (OR) of 1.008
(95% CI: 1.006, 1.01, P=5.3 x 1073). Similarly, using
the primary-analysis instruments, a standard-deviation in-
crease in ACE levels was associated with an increase in the
OR of ACE-inhibitor or angiotensin-receptor-blocker use
of 1.05 (95% CI: 1.02, 1.08, P=2.4 x 10~*). Using SNPs
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Susceptibility

Cases: 3,382 Controls: 37,851

Extended Susceptibility
Cases: 6,182 Controls: 960,186

r2 less than 19 4

12 less than 10% »- »
Without Pleiotropic SNPs -IP- 'IP'
AGES Cohort A —*I— -;—
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Hospitalized Extended Hospitalized
Cases: 677 Controls: 2,372 Cases: 2,710 Controls: 813,234
r2 less than 19 4 —.—E— _.J:_
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Without Pleiotropic SNPs o —.—E —ql—
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1

Severe Disease
Cases: 213 Contrels: 750

Extended Severe Disease
Cases: 540 Controls: 368,840

1 1
r2 less than 1% - _._:_ —.JI—
1 1
r2 less than 10% —.—l— +
1 1
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Without Pleiotropic SNPs _._l +
1 1
AGES Cohort 4 —— ——
1 1
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Odds ratio change for 1-SD decrease in ACE levels (95% CI)

Figure 1 Point estimate and 95% confidence interval of a 1-standard-deviation decrease in the angiotensin-converting enzyme (ACE) level on Covid-
19 susceptibility and severity. For the analysis using the AGES cohort, the estimate can only be used to infer the direction of effect. From top to bot-
tom: primary analysis with linkage-disequilibrium coefficient (%) <1%, sensitivity analysis with * <10%, sensitivity analysis with > <10% without sin-
gle nucleotide polymorphisms (SNPs) at risk of pleiotropy and sensitivity analysis using the AGES Reykjavik cohort.

with an 7% of <10%, we obtained an OR of 1.05 (95% CI:
1.04, 1.07, P=3.3x 107'°).

Cohorts used for the outcome-phenotype GWAS

The cohorts used for all the outcome phenotypes were of
European ancestry. The sample size varied markedly
among phenotypes (Table 1). The extended susceptibility
was the largest, with 6182 cases and 960 186 controls, and
the severe-disease phenotype was the smallest, with 213
cases and 750 controls. Note that the severe-disease-
phenotype cases and controls were all from the UK
Biobank. The cohort contributing the largest number of
cases was Host(a)ge (1610 cases), but the UK Biobank con-
tributed the largest number of individuals overall (up to
1283 cases and 364 379 controls).

Primary analysis: effect of ACE levels on COVID-
19 susceptibility and severity

For the primary analysis (limited to SNPs having an #* of
<1%), we used the following three SNPs: rs4343,
rs1074637 and rs75457471. These SNPs were not found
to be at risk of pleiotropy using the PhenoScanner tool.
Our MR analysis showed that a 1-standard-deviation de-
crease in serum-ACE levels was not associated with suscep-
tibility (OR: 1.02, 95% CI: 0.90, 1.15, P =0.76), extended
susceptibility (OR: 1.03, 95% CI: 0.94, 1.14, P=0.48),
hospitalization (OR: 0.86, 95% CI: 0.68, 1.08, P=0.20),
extended hospitalization (OR: 0.94, 95% CI: 0.83, 1.07,
P =0.35), severe disease (OR: 0.74, 95% CI: 0.51, 1.06,
P=0.10) or extended severity (OR: 0.92, 95% CI:
0.71, 1.19, P=0.51) (see Figure 1 and Table 3). The MR-
Egger intercept term (alpha) and its 95% Cls were close to
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Table 3 MR results from sensitivity analysis with linkage-disequilibrium coefficient (?) <1%

Inverse-variance weighted MR meta-analysis

MR-Egger meta-analysis

Odds ratio (95% CI) p-value Intercept Alpha p-value Odds ratio (95% CI) Odds ratio p-value
Susceptibility

1.02 (0.90, 1.15) 0.76 -0.11 (-0.22, 0.01) 0.33 0.84(0.67,1.07) 0.39
Extended susceptibility

1.03 (0.94, 1.14) 0.48 -0.07 (-0.18, 0.03) 0.40 0.91(0.74, 1.11) 0.52
Hospitalized

0.86 (0.68, 1.08) 0.20 0.03 (-0.23, 0.28) 0.86 0.91(0.53, 1.54) 0.78
Extended hospitalized

0.94 (0.83,1.07) 0.35 -0.03 (-0.28, 0.21) 0.84 0.89 (0.56, 1.42) 0.71
Severe disease

0.74 (0.51, 1.06) 0.10 0.11 (-0.27, 0.48) 0.68 0.90 (0.40,2.01) 0.84
Extended severe disease

0.92(0.71,1.19) 0.51 -0.008 (-0.47, 0.45) 0.98 0.90 (0.36,2.24) 0.86

Odds ratios are presented for a decrease in 1 standard deviation in angiotensin-converting enzyme level. CI, confidence interval.

Table 4 MR results from sensitivity analysis with linkage-disequilibrium coefficient () <10%

Inverse-variance weighted MR meta-analysis

MR-Egger meta-analysis

Odds ratio (95% CI) p-value Intercept Alpha p-value Odds ratio (95% CI) Odds ratio p-value
Susceptibility

1.02 (0.95, 1.10) 0.52 -0.02 (-0.07, 0.04) 0.60 0.99 (0.84, 1.15) 0.85
Extended susceptibility

1.02 (0.96, 1.09) 0.53 0.01 (-0.04, 0.06) 0.77 1.04 (0.90, 1.20) 0.60
Hospitalized

0.88 (0.74, 1.06) 0.17 0.02 (<0.12, 0.16) 0.79 0.93 (0.63, 1.36) 0.70
Extended hospitalized

1.0 (0.89,1.12) 0.93 ~0.01 (=0.10, 0.08) 0.84 0.97 (0.75, 1.26) 0.83
Severe disease

0.79 (0.59, 1.05) 0.11 0.06 (-0.15, 0.28) 0.58 0.93 (0.50, 1.72) 0.81
Extended severe disease

0.99 (0.84, 1.16) 0.87 -0.01 (-0.14, 0.12) 0.92 0.97 (0.68, 1.38) 0.87

Odds ratios are presented for a decrease in 1 standard deviation in angiotensin-converting enzyme level. CI, confidence interval.

the null in all analyses, suggesting no detected evidence of
directional pleiotropy.

Sensitivity analyses

For the analysis with +*<10% (Table 4), a standard-
deviation decrease in serum-ACE levels was also not asso-
ciated with a clinically relevant change in COVID-19 sus-
ceptibility (OR: 1.02, 95% CI: 0.95, 1.10, P=0.52),
extended susceptibility (OR: 1.02, 95% CI: 0.96, 1.09,
P =0.53), hospitalization (OR: 0.88, 95% CI: 0.74, 1.06,
P=0.17), extended hospitalization (OR: 1.0, 95% CI:
0.89, 1.12, P=0.93), severe disease (OR: 0.79, 95% CI:
0.59, 1.05, P=0.11) or extended severe disease (OR: 0.99,

95% CI: 0.84, 1.16, P=0.87). The MR-Egger analyses

also did not suggest evidence of directional pleiotropy.
Using the PhenoScanner tool, we identified two SNPs

index and

that were associated with body mass

pulmonary-function tests—traits that have been associated
with infectious-disease outcomes in previous studies.>*=>®
Since it is possible that these SNPs may reflect horizontal
pleiotropy effects, they were excluded in a sensitivity
analysis. Doing so rendered similar results for susceptibil-
ity (OR: 1.02, 95% CI: 0.95, 1.11, P=0.54), extended
susceptibility (OR: 1.02, 95% CI: 0.95, 1.09, P=0.62),
hospitalization (OR: 0.88, 95% CI: 0.73, 1.06, P =0.19),
extended hospitalization (OR: 0.98, 95% CI: 0.87, 1.11,
P =0.78), severe disease (OR: 0.78, 95% CI: 0.58, 1.06,
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Table 5 MR results from sensitivity analysis with linkage-disequilibrium coefficient (?) <10% and without SNPs at risk of

pleiotropy

Inverse-variance weighted MR meta-analysis

MR-Egger meta-analysis

Odds ratio (95% CI) p-value Intercept Alpha p-value Odds ratio (95% CI) Odds ratio p-value
Susceptibility

1.02 (0.95, 1.11) 0.54 -0.02 (-0.08, 0.04) 0.59 0.98 (0.84, 1.16) 0.85
Extended susceptibility

1.02 (0.95, 1.09) 0.62 0.01 (-0.05, 0.06) 0.77 1.04 (0.89,1.21) 0.64
Hospitalized

0.878 (0.73, 1.06) 0.19 0.02 (<0.12, 0.16) 0.75 0.93 (0.63, 1.37) 0.73
Extended hospitalized

0.982 (0.87, 1.11) 0.78 -0.005 (<0.10, 0.09) 0.93 0.97 (0.74,1.27) 0.84
Severe disease

0.784 (0.58, 1.06) 0.12 0.06 (-0.16, 0.28) 0.58 0.92 (0.50, 1.70) 0.80
Extended severe disease

0.986 (0.82, 1.18) 0.88 -0.007 (-0.15, 0.14) 0.93 0.97 (0.65, 1.44) 0.88

Odds ratios are presented for a decrease in 1 standard deviation in angiotensin-converting enzyme level. CI, confidence interval.

P=0.12) and extended severe-disease phenotypes (OR:
0.99,95% CI: 0.82,1.18, P=0.88) (Table 5).

The same conclusions were reached when using the cis-
pQTL SNP (rs4344) from the AGES Reykjavik study®?
(Table 6) and for the Host(a)ge cohort (Supplementary
Table 2, available as Supplementary data at IJE online).

Discussion

Using large populations and genetic variants with large
effects on serum-ACE levels, we found that genetically de-
creased serum-ACE levels did not increase COVID-19 sus-
ceptibility or severity. Moreover, the narrow 95% Cls
around the null observed in both the primary MR analyses
and the multiple-sensitivity analyses suggest that, even if
there were an underlying effect of decreased serum-ACE
levels on these outcomes, the magnitude of this effect
would not be clinically relevant. Lastly, since the same ge-
netic variants that decrease serum-ACE levels were associ-
ated with a diagnosis of hypertension and use of ACE
inhibitors, it is likely that these SNPs reflect a physiological
effect of ACE. Taken together, our findings suggest that
individuals should not stop these medications to prevent
COVID-19 outcomes.

Multiple published traditional epidemiology studies
have also not demonstrated harm with the use of ACE
inhibitors.®”®** However, these studies were all retrospec-
tive and likely to be confounded by multiple unmeasured
or improperly controlled for variables. Despite their large
sample sizes, their confidence intervals were also wide,
suggesting some uncertainty to these findings. By using
naturally occurring randomization, we have greatly de-
creased the risk of bias due to confounding. Whereas

Table 6 MR results from sensitivity analysis using a cis-pQTL
from the Icelandic population??

Inverse-variance weighted MR meta-analysis

QOdds ratio (95% CI) p-value
Susceptibility

0.98 (0.89, 1.09) 0.76
Extended susceptibility

1.0 (0.93, 1.08) 0.97
Hospitalized

0.86 (0.66, 1.11) 0.23
Extended hospitalized

0.91(0.79, 1.05) 0.21
Severe disease

0.75 (0.50, 1.14) 0.18
Extended severe disease

0.90 (0.71, 1.13) 0.35

Note that the effect can only be used to infer the direction of effect, as a
non-linear Yeo-Johnson transform was used on measured angiotensin-con-
verting enzyme levels. CI, confidence interval.

randomized trials of ACE-inhibitor discontinuation are un-
derway, patients at highest risk of severe disease are also
likely to be those who could have adverse outcomes due to
stopping ACE inhibitors (e.g. patients with heart failure),
which might limit enrolment and bias the results in the di-
rection of the null. For now, our study therefore provides
evidence assessing the role of ACE inhibition during the
pandemic.

Nonetheless, our study has multiple limitations. First,
some of our analyses were likely underpowered to detect
smaller COVID-19-outcome-effect sizes due to variations
in serum-ACE levels. This is most pronounced in the
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severe-disease phenotypes, for which sample sizes were
considerably smaller than those for the other phenotypes.
Nevertheless, we can likely rule out large effect sizes from
variations in ACE levels on COVID-19 severity. Given the
known benefits from ACE inhibitors, our overall conclu-
sions remain unchanged.

Second, we measured genetically determined variation
in ACE levels and use this to infer the effect of ACE inhibi-
tors on COVID-19 susceptibility and severity. For this to
be relevant, we must assume that the patient’s ACE inhibi-
tor has reached pharmacological steady state and that ACE
levels have also reached their new lowered baseline.
Therefore, our study cannot be used to make any recom-
mendations on patients who recently started or stopped
taking ACE inhibitors. However, since genetically de-
creased ACE
cardiovascular-disease outcomes and lower blood pres-

17,4
sure,' %0

levels are associated with better
genetically lower ACE levels are likely a reason-
able proxy for chronic use of ACE inhibitors. Hence, our
results show that COVID-19 is unlikely to be a valid rea-
son to stop ACE-inhibitor use.

Third, our primary analysis used cohorts of mixed ge-
netic ancestry. Specifically, the ORIGIN trial cohort in-
cluded patients of both Latin American and European
ancestry, and it is possible that the effect of our instru-
ments on either ACE levels or COVID-19 severity might
differ between populations. However, allele frequencies
were similar in both Latin American and European popula-
tions, and most were common, suggesting that extreme
variations in the effect of ACE levels on the risk of severe
infections are unlikely. Moreover, we also performed an
analysis using a cis-pQTL from a strictly European-
ancestry population (Iceland) and obtained similar results.

Finally, like all MR studies, our results may have been
affected by unmeasured horizontal pleiotropy. To assess
for this bias, we used MR-Egger analysis and used
PhenoScanner to remove SNPs at the highest risk of pleiot-
ropy. Most importantly, we only used cis-SNPs. Given
their close distance to the ACE gene, these are less likely to
act on the outcomes, independently of ACE levels. Hence,
whereas the risk of a residual horizontal pleiotropic effect
cannot be ruled out, we believe it is unlikely to change the
conclusions of this study in a clinically meaningful way.

In conclusion, genetically lowered circulating ACE lev-
els are not associated with COVID-19 susceptibility and
severity. In balance, current evidence does not support the
need to discontinue ACE inhibitors in order to reduce the
risk of susceptibility and severity of COVID-19.
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