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ABSTRACT

Genes involved in the regulation of viral recognition and its entry into a host cell have been identified as candi-
dates for genetic association studies on COVID-19 severity. Published findings on the effects of polymorphisms
within ACE1, ACE2, TMPRSS2, IFITM3 and VDR genes remained inconclusive, so we conducted a systematic
review and meta-analysis in order to elucidate their potential involvement in the genetic basis underlying the se-
verity of COVID-19 and/or an outcome of SARS-CoV-2 infection. Identification of potentially eligible studies
was based on PubMed, Scopus and Web of Science database search. Relevant studies (n=29) with a total number
of 8247 SARS-CoV-2-positive participants were included in qualitative synthesis, while results of 21 studies in-
volving 5939 were pooled in meta-analysis. Minor allele I of rs1799752 located within ACE1 was identified as a
protective variant against severe COVID-19, while its effect on mortality rate was opposite. Similarly, minor al-
lele A of ACE2 polymorphism, rs2285666, was found to associate with a decreased risk of severe COVID-19 (P
=0.003, OR=0.512, 95 % CI = 0.331-0.793). Statistical significance was also seen for the association between
COVID-19 severity and rs12329760 located within TMPRSS2. Our results did not support the supposed associa-
tion of rs12252 in IFITM3 and polymorphisms within VDR with disease severity. We conclude that genetic vari-
ants within ACE1, ACE2 and TMPRSS2 may be potential biomarkers of COVID-19 severity, which needs to be
further confirmed in a larger set of studies.
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INTRODUCTION et al., 2022; Zhang et al., 2022). Receptors
involved in the recognition of viral particles
and their entry into host cells, as well as the
components of signaling pathways initiated
op a severe disease. Foundations for such in- by the interaction of SARS-CoV-2 with cor-

vestigations were discoveries related to mo- responding receptors, have been identified as

lecular basis of SARS-CoV-2 infection. the candidates in the search for genetic origins
immune response in COVID-19, and thé ob- underlying severe clinical forms of COVID-

served similarities with other, previously 19 (Deng et al., 2021; Elhabyan et al., 2020).
characterized, respiratory infections (Jackson

Substantial research efforts have been fo-
cused on the discovery of factors predispos-
ing SARS-CoV-2-positive patients to devel-
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Viral S protein interacts with receptors
located on plasma membranes of host cells.
Angiotensin converting enzyme 2 (ACE2), a
member of the renin-angiotensin system, is
the most efficient binding partner (Jackson et
al., 2022). Variants located within this gene
were previously analyzed for their associa-
tion with clinical characteristics and the out-
come of SARS-CoV infection (Chan et al.,
2005; Chiu et al., 2004), as well as with car-
diovascular disorders and diabetic complica-
tions (Burrell et al.,, 2013; Rahimi et al.,
2014), common comorbidities associated
with adverse effects on COVID-19 clinical
progression. The most commonly analyzed
ACE2 polymorphism in the context of
COVID-19 severity is rs2285666, which is
proposed to affect splicing of the primary
transcript (Karakas Celik et al., 2021; Gomez
et al., 2020; Mohlendick et al., 2021; Novelli
et al., 2020; Pouladi et al., 2021).

Another member of renin-angiotensin
system involved in SARS-CoV-2 infection is
Angiotensin converting enzyme 1 (ACEL).
The hypothetical mechanism relies on the ac-
tivity of this enzyme in the conversion of an-
giotensin | to angiotensin Il, which subse-
quently affects the expression and function
of ACE2. Furthermore, a disbalance in ACE1
and ACE2 activities results in vasocon-
striction, proliferation, inflammation, tissue
injury with fibrosis, thrombotic events and
edema, all related to COVID-19 complica-
tions (Gemmati et al., 2020; Guo et al.,,
2020). A frequently analyzed genetic variant
located within ACEL is an insertion/deletion
intronic polymorphism hypothesized to af-
fect the level of ACE1 expression (Gemmati
et al., 2020).

The efficiency of viral entry into a host
cell is highly dependent on the action of
Transmembrane serine protease 2
(TMPRSS2), which cleaves S protein, allow-
ing its fusion with the membrane. In addi-
tion, the activity of TMPRSS2 affects the
function of Interferon-induced transmem-
brane protein 3 (IFITM3), which was identi-
fied as a potentially relevant factor in the
control of SARS-CoV-2 infection, due to its

known involvement in other viral diseases,
as well as to its interaction with S protein
(Prelli Bozzo et al., 2021; Shi et al., 2021).
Thus, genetic variants influencing the func-
tion of TMPRSS2 and IFITM3 may be ex-
pected to contribute to the expression of se-
vere symptoms of COVID-19, or may con-
vey the protective effect.

Vitamin D, a commonly recommended
supplement in the treatment of COVID-19, is
among the most extensively studied regula-
tors of the activity of renin-angiotensin sys-
tem. Other mechanisms of its protective role
in COVID-19 have been proposed, including
its effects on the innate and acquired im-
mune response (Getachew et al., 2021).
Since the function of vitamin D is dependent
on its interaction with a receptor (VDR), ge-
netic variants located within VDR gene were
analyzed as contributory factors in genetic
susceptibility to various human pathologies,
including infectious diseases (Basit et al.,
2013; Teymoori-Rad et al., 2019).

The main objective of the present study
is to elucidate effects of naturally occurring
variants within ACE1l, ACE2, TMPRSS2,
IFITM3 and VDR genes on clinical severity
of COVID-19 and/or the outcome of SARS-
CoV-2 infection. Since two previous meta-
analyses (Oscanoa et al., 2021; Saengsiwaritt
et al., 2022) investigated the effect of ACE1
indel polymorphism, we conducted an up-
dated pooled analysis aiming to provide a
more accurate assessment. Justification for
the present study may be seen in the inclu-
sion of almost twice as many articles on the
effects of ACE1 polymorphisms, compared
to the recent meta-analysis (Saengsiwaritt et
al., 2022). In addition, we intended to pro-
vide the updated results on the effects of
TMPRSS2 and ACE2 polymorphisms. To our
knowledge, the present meta-analysis is the
first to investigate the association of VDR
and IFITM3 polymorphisms with COVID-19
severity.

MATERIAL AND METHODS

The present systematic review and meta-
analysis were carried out in accordance with

819



EXCLI Journal 2022;21:818-839 — ISSN 1611-2156

Received: April 21, 2022, accepted: June 14, 2022, published: June 20, 2022

the Preferred Reporting Items for Systematic
Review and Meta-Analysis Protocols
(PRISMA) (Shamseer et al., 2015).

Publication search

The search strategy for potentially rele-
vant studies in electronic literature databases
PubMed, Web of Science and Scopus in-
cluded  combinations of  keywords:
gene/protein name or identifier and aliases
(“Vitamin D receptor” or “VDR”; “Angio-
tensin converting enzyme” or “ACE” or
“ACE1” or “CD143” or “DCP1”’; “ACE2” or
“ACEH”; “Transmembrane serine protease
2” or “TMPRSS2” or “PRSS10; “Interferon
induced transmembrane protein 3” or
“IFITM3” or “DSPA2b”); term “polymor-
phism” or “genetic variant” and term
“COVID-19” or “SARS-CoV-2”. Language
restriction was not applied during the search.
In order not to miss potentially suitable arti-
cles, we thoroughly examined reference lists
of the retrieved original articles, as well as
previously published reviews and meta-
analyses. The selection was limited to arti-
cles published in 2020 and 2021 (publication
date: database inception to December 31%
2021).

Inclusion/exclusion criteria, data extraction

Eligibility assessment of the retrieved
studies was based on the following criteria:
a) a study assessed differences in genotype
distributions/allele frequencies of polymor-
phisms located within relevant genes (VDR,
ACE1, ACE2, TMPRSS2 or IFITM3) be-
tween groups of SARS-CoV-2-positive par-
ticipants with different COVID-19 severity
and/or outcome; b) original full-text articles
(including short communications or brief re-
ports, if methodology and results were pre-
sented in detail); c) sufficient data on geno-
type/allele counts for the calculation of risk
estimates; d) detailed information provided
about the recruitment of patients, diagnostic
procedure, severity assessment criteria, out-
come assessment, ethnicity of participants,
genotyping and statistical methodology and
other relevant data; €) minimum 50 SARS-

CoV-2-positive participants. Studies which
provided genotyping data for children and
adults separately were included in qualitative
and quantitative data synthesis taking into
account only results for adults.

Ecological studies were not considered
relevant for this meta-analysis. Exclusion
criteria were: retraction of articles and poor
quality of the study design (obvious major
errors introducing bias). Separate entries for
each study were made for quantitative data
synthesis in order to assess all possible com-
parisons between severity groups, together
with fatality rates or other potential out-
comes.

The data relevant for the extraction from
the selected studies included: first author's
name and the year of article publication,
country and ethnicity of participants, study
design, criteria for the diagnosis of COVID-
19, severity assessment criteria, patient re-
cruitment method, identifiers of the analyzed
genetic variants, genotyping methodology,
sample size, age and gender of participants,
genotype/allele counts. We reclassified pa-
tient groups based on COVID-19 severity in
order to match the World Health Organiza-
tion guidelines, since severity categories dif-
fered substantially between studies. Data
synthesis was conducted if the results from
three or more studies corresponded to a spe-
cific comparison of genotype distributions,
aiming to evaluate association of a single
genetic variant with disease severity/out-
come.

Methodological quality of studies includ-
ed in qualitative and quantitative data syn-
thesis was evaluated using Newcastle-
Ottawa Scale, which considers three domains
(selection of subjects, comparability and out-
come) with the highest possible score of 9
(Wells et al., 2021). Scoring for each study
was based on the methodology related to
SARS-CoV-2-positive  participants, since
this data synthesis is related to disease sever-
ity, even though the study design might have
included healthy controls.
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Statistical analysis

Statistical software OpenMeta-analyst
(The Center for Evidence-based Medicine,
Brown University, Providence, RIl, USA)
and MetaGenyo (Pfizer-University of Gra-
nada-Junta de Andalucia Centre for Ge-
nomics and  Oncological  Research,
(GENYO), Granada, Spain) were used for
assessing between-study heterogeneity and
for conducting quantitative data synthesis
(Martorell-Marugan et al., 2017; Wallace et
al., 2012). For each entry in data-synthesis,
as well as for the pooled effects, odds ratios
(ORs) and their 95 % confidence intervals
(Cls) were used as risk estimates. Between-
study heterogeneity was determined using
Cochran's Q test and the inconsistency index
(1%), with P value <0.1 or 1%>50 % indicating
significant heterogeneity. In cases when the
results of heterogeneity tests were insignifi-
cant, Mantel-Haenszel method was used for
pooling risk estimates under the fixed-effect
model (Mantel and Haenszel, 1959). Other-
wise, random-effects statistical model was
selected and a method proposed by DerSi-
monian and Laird (1986) was used for pool-
ing. Multiple testing was conducted for dif-
ferent genetic models of association.

In cases when the number of entries for a
single comparison was more than 5, potential
publication bias was evaluated by the visual
inspection of funnel plots and by using Eg-
ger’s test. Robustness of the results of data
synthesis was evaluated by sensitivity analy-
sis (leave-one-out method).

RESULTS

Study identification

The study selection process for the pre-
sent meta-analysis is illustrated by the flow
chart given in Figure 1. A total of 2141 rec-
ords were retrieved in the initial phase of da-
tabase search, 1215 of which were marked as
duplicates and excluded from further screen-
ing procedure. Additionally, 786 records not
relevant to the topic were removed after
screening by the title and abstract. Among

the remaining records, 94 were excluded due
to inadequate study design (72 meta-analyses
and reviews, 22 ecological studies). One ar-
ticle was a pre-print, not submitted to peer-
review, while another record was a meeting
abstract. We also excluded 3 studies which
did not compare genotype distributions be-
tween patients stratified into severity groups,
but compared patients with severe COVID-
19 and healthy individuals instead. One
study was excluded as it provided results on-
ly for patients with severe disease, while one
more was excluded for not reaching a prede-
fined minimum number of participants. Fur-
thermore, 10 records were eliminated from
subsequent data synthesis since they did not
provide genotype/allele counts.

Basic characteristics of the remaining 29
studies (Abdollahzadeh et al., 2021; Aladag
et al., 2021; Al-Anouti et al., 2021; Al-
ghamdi et al., 2021; Akbari et al., 2022;
Akin et al., 2022; Apaydin et al., 2022; Cafi-
ero et al., 2021; Karakas Celik et al., 2021;
Cuesta-Llavona et al., 2021; Gomez et al.,
2020; Gémez et al., 2021; Gunal et al., 2021;
Hubacek et al., 2021; ifiguez et al., 2021;
Kotur et al., 2021; Kouhpayeh et al., 2021;
Mir et al., 2021; Mohlendick et al., 2021;
Monticelli et al., 2021; Novelli et al., 2020;
Peralta et al., 2021; Ravikanth et al., 2021,
Saad et al., 2021; Schonfelder et al., 2021a,
b; Verma et al., 2021; Wang et al., 2022;
Wulandari et al., 2021; Zhang et al., 2020),
with a total number of 8247 SARS-CoV-2-
positive participants, included in qualitative
data synthesis, are given in Table 1. Alt-
hough 13 studies had case-control design,
the presented data referred to COVID-19-
positive participants, since the results regard-
ing disease severity were relevant for this da-
ta synthesis. The majority of eligible studies
included Caucasian patients (n=21). Results
of the study quality assessment, based on
Newcastle-Ottawa scale, indicated that stud-
ies were of high quality (score 7-9) except
for two cases (score 6) of moderate quality
(Supplementary Table 1).

821



EXCLI Journal 2022;21:818-839 — ISSN 1611-2156

Received: April 21, 2022, accepted:

June 14, 2022, published: June 20, 2022

Figure 1: Flowchart of the study selection process
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Table 1: Characteristics of the studies included in the qualitative synthesis

Authors'

Gomez et al.

Zhang et al.

Abdollahzadeh
etal.

Aladag et al.

Al-Anouti et al.

Alghamdi et al.

Apaydin et al.

Cafiero et al.

Cuesta-Llavona
etal.
Gomez et al.

Gunal et al.
Hubacek et al.

Ifiguez et al.

Year

2020

2021

2021

2021

2021

2022

2021

2021

2021

2021
2021

2021

Country

Spain

China

Iran

Turkey

EAU

Saudi Arabia

Turkey

Italy

Spain
Spain

Turkey
Czech Rep.

Spain

Ethnicity

Caucasian

Asian

Caucasian

Caucasian

mixed

Caucasian

Caucasian

Caucasian

Caucasian

Caucasian

Caucasian
Caucasian

Caucasian

Genotyping
method

PCR-AFLP, allele-
specific PCR
PCR-RFLP
Sequencing

PCR-RFLP

PCR-AFLP, allele-
specific PCR
Infinium Global
Screening Array (lI-
lumina)

Tagman SNP Geno-
typing Assay
PCR-RFLP

PCR-AFLP
AMPLI-ACE2
rs2074192
AMPLI-ACE2
rs2106809
(Dia-Chem)
Tagman SNP Geno-
typing Assay
Tagman SNP Geno-
typing Assay
PCR-AFLP
PCR-AFLP, allele-
specific PCR
Tagman SNP Geno-

ACE1
ACE2
IFITM3

VDR

TMPRSS2

ACE1l

VDR

IFITM3

VDR

ACE1l
ACE2

IFITM3

IFITM3

ACE1
ACE1

ACE1

Genetic variant(s)

rs1799752 (I/D indel)

rs2285666
rs12252

rs2228570 (Fokl)
rs731236 (Tagql)
rs7975232 (Apal)
rs1544410 (Bsml)
rs757343 (Tru9l)
rs11568820 (CDX2)
rs4516035 (EcoRV)
rs2070788
rs8134378
rs1799752 (I/D indel)

154 polymorphisms, including:

rs2228570 (Fokl)
rs731236 (Tagql)
rs7975232 (Apal)
rs1544410 (Bsml)
rs757343 (Tru9l)
rs12252

rs2228570 (Fokl)
rs731236 (Tagql)
rs7975232 (Apal)
rs1544410 (Bsml)
rs1799752 (/D indel)
rs2074192
rs2106809

rs12252
rs34481144
rs12252

rs1799752 (I/D indel)
rs1799752 (I/D indel)

rs4341

SARS-CoV-2
positive participants

(n)

80

500

112

646

880

297

104

484
311

90
410

128

Male/
female
(n)
125/79

33/47

293/207

46/66

375/104

525/355

170/127

58/46

276/208
174/137

59/31
186/224

64/64

(NS)*

495
(37.75-
63.5)°
53.3
(16.6)2

59 (21)

66 (16)

65.23
(15.16)

44 (—15)a

Included in
quantitative
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Authors™ Country Ethnicity Genotyping Genetic variant(s) SARS-CoV-2 Male/ Age Included in
method positive participants  female (years) quantitative
(n) (n) synthesis
typing Assay rs4343
Karakas Celik 2021 Turkey Caucasian PCR-AFLP ACE1 rs1799752 (I/D indel) 155 78177 52.25 +
etal. (17.52)2
PCR-RFLP ACE2 rs2285666
rs2106809
Kotur et al. 2021 Serbia Caucasian Tagman SNP Geno- VDR rs2228570 (Fokl) 73 25/48 - 4
(adults) typing Assay
Kouhpayeh et 2021 Iran Caucasian PCR-AFLP ACE1 rs1799752 (I/D indel) 258 144/114 50.23 +
al. (14.82)2
51.0
(23)°
Mir et al. 2021 @ Saudi Arabia Caucasian PCR-AFLP ACE1l rs1799752 (I/D indel) 117 85/32 - i
PCR-ARMS ACE2 rs4240157
Méohlendick et 2021 Germany Caucasian Pyrosequencing ACE1 rs1799752 (I/D indel) 297 176/121 60.0 4
al. (18—99)°
ACE2 rs2285666
Monticelli et al.¢ | 2021 Italy Caucasian Whole-exome se- TMPRSS2 rs12329760 1177 664/513 58.69 A
guencing (15.7)2
Peralta et al. 2021 Cuba Not specified PCR-RFLP VDR rs731236 (Taql) 104 - - +
Ravikanth et al. 2021 India Asian Sequencing TMPRSS2 rs12329760 510 341/169 44.42 +
(s
Saad et al. 2021 Lebanon Caucasian PCR-AFLP ACE1 rs1799752 (I/D indel) 232 126/106 43.75 +
(15.85)*
Schonfelder et 2021a Germany Caucasian PCR-RFLP; TMPRSS2 rs12329760 239 141/98 59.0 4
al. pyrosequencing rs2070788 (18—-99)°
rs383510
Schdnfelder et 2021b Germany Caucasian Pyrosequencing IFITM3 rs12252 239 141/98 59.0 +
al. rs34481144 (18-99)°
Verma et al. 2021 India Asian PCR-AFLP ACE1 rs1799752 (I/D indel) 269 170/99 - 4
Wulandari et al. 2021 Indonesia Asian Tagman SNP Geno- | TMPRSS2 rs12329760 95 60/35 44.7 +
typing Assay (1.3)2
Akbari et al. 2022 Iran Caucasian PCR-AFLP, allele- ACE1 rs1799752 (I/D indel) 91 53/38 57.17 -
specific PCR1; rs4359 (1.78)2
PCR-ARMS
Akin et al. 2022 Netherlands mixed Tagman SNP Geno- ACE2 rs12551879 188 132/56 61.5 -
typing Assay (15.9)2
Wang et al. 2022 China Asian Tagman SNP Geno- ACE2 rs2074192 196 98/98 49.36 -
typing Assay rs6632677 (14.78)2
rs4646142
rs2048683
rs4240157

Abbreviations: PCR-AFLP — Polymerase chain reaction — amplification fragment length polymorphism; PCR-RFLP - Polymerase chain reaction — restriction fragment length polymorphism; PCR-
ARMS - Tetra-primer amplification-refractory mutation system polymerase chain reaction.
2 Mean (SD); ® Median (IQR); ¢ Median (range); ¢ Study included in the meta-analysis of association under dominant genetic model.
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Among the selected studies, the majority
analyzed polymorphisms within  ACE1
(n=13). However, not all of them were in-
cluded in quantitative data synthesis, since
one study (ifiiguez et al., 2021) investigated
variants other than the most common
rs1799752. Furthermore, data on ACEL1 pol-
ymorphism reported in three studies could not
be combined with the results from other arti-
cles, due to differences in stratification crite-
ria applied to define patients’ groups (Akbari
et al., 2022; Cafiero et al., 2021; Hubacek et
al., 2021).

Since rs2285666 was the only genetic var-
iant in ACE2 investigated in more than three
studies reporting data which enabled severi-
ty/outcome comparison, two studies (Akin et
al., 2022; Wang et al., 2022) which omitted to
analyze this variant were excluded from meta-
analysis. Other two studies were eliminated
from data-synthesis related to ACE2 for the
same reason, but were kept in the selection of
studies since they provided data on polymor-
phisms in other relevant genes. Thus, the final
number of studies on ACE2 polymorphism
rs2285666 included in meta-analysis was 3.

As for TMPRSS2, there were 4 eligible
studies with enough data to conduct data syn-
thesis of results regarding polymorphism
rs12329760. Although Monticelli et al. (2021)
did not provide complete data on genotype
counts, their results were included in meta-
analysis of the association of rs12329760 with
COVID-19 severity under dominant genetic
model.

Results on the association of rs12252 lo-
cated within IFITM3 with disease severity
were extracted from 4 studies. A study of
Gomez et al. (2021) was excluded from quan-
titative data synthesis, since the same group
of participants was included in the later study
conducted by Cuesta-Llavona et al. (2021).
Furthermore, findings of Alghamdi et al.
(2021) could not be combined with the results
of other studies since the segregation of pa-
tients into groups based on COVID-19 severi-
ty significantly differed.

Genetic variants within VDR were ana-
lyzed in 5 eligible studies, which provided

enough data for the inclusion in meta-analysis
for two polymorphisms, rs2228570 (Fokl)
and rs731236 (Taql).

Quantitative data synthesis

The overall number of SARS-CoV-2-
positive patients from studies included in
quantitative synthesis was 5939. Various arti-
cles provided data on multiple genetic vari-
ants, as well as for multiple groups of patients
stratified according to the outcome of SARS-
CoV-2 infection, COVID-19 severity and/or
lethal outcome, which were used as separate
entries in meta-analysis (Table 1). The num-
ber of participants in the studies included in
our meta-analysis for rs1799752 in ACE1 was
1734, 656 for rs2285666 in ACE2, 2021 for
rs12329760 in TMPRSS2, 803 for rs12252 in
IFITM3, 1516 for rs2228570 and 1547 for
rs731236 in VDR.

When  genotype  distributions  of
rs1799752 were compared between COVID-
19 patients with severe and non-severe dis-
ease, the results remained statistically insig-
nificant for all genetic models tested (Table 2,
Supplementary Figure 1). However, minor al-
lele 1 homozygotes were found associated
with lower disease severity, when genotype
frequencies of rs1799752 were compared be-
tween patients with severe/moderate and mild
form of COVID-19 (Prec = 0.039, ORyec=
0.605, 95% CI = 0.375-0.976; Pu vs. oD =
0.047, ORu vs. pp = 0.582, 95 % CI = 0.341-
0.993) (Table 2, Figure 2). Furthermore,
among patients hospitalized with severe or
moderate illness, minor allele I was found to
associate with lower COVID-19 severity (Ta-
ble 2, Figure 3). Contrary to these results, mi-
nor allele 1 was shown to confer an increased
risk of lethal outcome in COVID-19 patients.
Statistically significant results were found for
multiple genetic models of association (Patel-
ic< 0.001; Pdom< 0.001; Prec = 0.008, ORrec =
2.061; Pu vs. oo < 0.001; Poi vs. oo = 0.004)
(Table 2, Figure 4). Similar results were ob-
tained when COVID-19 fatality rate was as-
sessed in hospitalized patients (Table 2, Fig-
ure 5).
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Table 2: Meta-analysis of association between genetic variants in ACE1, ACE2, TMPRSS2, IFITM3 and VDR and COVID-19 severity

ACE1l
rs1799752

Severe vs.
non-severe
(mod.+mild)
Severe+mod.
vs. mild

Severe vs.
moderate

Exitus vs. sur-
vivors

Exitus vs. sur-
vivors (hospi-
talized)
ACE2
rs2285666°

Severe vs.
moderate

TMPRSS2
rs12329760

Severe vs.
non-severe
(mod.+mild)?
Severe vs.
non-severe
(without
asympt.)

=}

Allelic (I vs. D)
OR P
(95 %
Cl)

0.856
(0.683-
1.072)
0.777
(0.599-
1.008)
0.760
(0.639-
0.904)
1.970
(1.431-
2.711)
2.076
(1.479-
2.914)

Allelic (A vs. G)

Phet?

0.176  0.373

0.058  0.950

0.002 0.170

<0.001 0.248

<0.001 0.172

OR P
(95 %
Cl)

Phet

Allelic (A vs. G)

OR P
(95 %
)
0.734
(0.560-
0.960)
0.913
(0.678-
1.232)

Phet?®
0.024 0.325

0.553 | 0.413

Dominant (DI+1l vs. DD)

OR P Phet
(95 %

Cl)
0.834
(0.606-
1.146)
0.807
(0.553-
1.178)
0.737
(0.484-
1.120)
2.536
(1.545-
4.164)
2.920
(1.704-
5.003)

0.263 0.158

0.266 0.828

0.153 0.030

<0.001  0.420

<0.001 0.612

Dominant

(A Carriers vs. Non-
carriers)®

OR P
(95 %

Cl)
0.512
(0.331-
0.793)
Dominant (GA+AA vs. GG)

Phet

0.003 0.445

OR P
(95 %
cly
0.806
(0.654-
0.995)

Phet

0.045 0.678

Recessive (Il vs. DD+DI)
OR P Phet
(95 %
Cl)
0.803
(0.530-
1.218)
0.605
(0.375-
0.976)
0.629
(0.461-
0.858)
2.061
(1.210-
3.510)
2.109
(1.180-
3.768)
Recessive (AA vs.
GG+GA)

0.302  0.573

0.039*  0.957

0.003 = 0.340

0.008 @ 0.360

0.012  0.252

OR P
(95 %
cl)

Phet

Recessive (AA vs.
GG+GA)

OR P
(95 %

Cl)
0.534
(0.262-
1.089)
0.857
(0.395-
1.862)

Phet
0.084 0.099

0.697 @ 0.322

Overdom. (DI vs. DD+II)

OR P Phet
(95 %

Cl)
0.917
(0.515-
1.634)
1.097
(0.764-
1.577)
1.016
(0.689-
1.500)
1.489
(0.940-
2.358)
1.656
(1.028-
2.666)
Overdom. (GA vs. GG+AA)

0.769 0.049

0.615 0.654

0.935 0.035

0.09 0.450

0.038 0.674

OR P
(95 %
cl)

Phet

Overdom. (GA vs.GG+AA)

OR P
(95 %
cl)
0.839
(0.599-
1.175)
0.934
(0.643-
1.355)

Phet
0.307 0.889

0.717 0.539

OR
(95 %
cly
0.723
(0.458-
1.141)
0.582
(0.341-
0.993)
0.532
(0.368-
0.769)
3.096
(1.653-
5.800)
3.660
(1.810-
7.402)

OR
(95 %
cl

OR
(95 %
cl)
0.473
(0.226-
0.991)
0.787
(0.352-
1.761)

Il vs. DD
P

0.164

0.047

<0.001

<0.001

<0.001

AA vs. GG

AAvs. GG

P

0.047

0.560

Phet

0.592

0.998

0.296

0.345

0.288

Phet

Phet

0.091

0.321

OR
(95 %
cl)
0.826
(0.450-
1.515)
0.914
(0.610-
1.368)
0.825
(0.519-
1.310)
2.235
(1.300-
3.844)
2.596
(1.468-
4.590)

OR
(95 %
cl)

OR
(95 %
cly
0.776
(0.551-
1.093)
0.921
(0.630-
1.345)

DI vs. DD
P

0.537

0.662

0.414

0.004

0.001

GAvs. GG

GAvs. GG

P

0.147

0.670

Phet

0.058

0.760

0.021

0.444

0.819

Phet

Phet

0.874

0.536
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IFITM3
rs12252

Severe vs.
moderate

VDR
rs2228570

Severe vs.
non-severe
(mod.+mild)
Ethnicity
Caucasian

VDR
rs731236

Severe vs.
non-severe
(mod.+mild)

=}

Allelic (Cvs. T)

OR P
(95 %
Cl)
1.255
(0.851-
1.852)

Allelic (A vs. G)

Phet?

0.252  0.520

OR P
(95 %
)
1.044
(0.853-
1.278)

Phet?®

0.678  0.149

1.199
(0.943-
1.525)

Allelic (G vs. A)

0.140  0.548

OR P
(95 %
Cl)
1.024
(0.859-
1.222)

Phet?

0.791  0.509

Dominant (TC+CC vs. TT)

OR P
(95 %
Cl)
1.118
(0.701-
1.783)

Dominant (GA+AA vs. GG)

Phet

0.639 0.663

OR P
(95 %
Cl)
1.060
(0.820-
1.371)

Phet

0.657 0.339

1.272
(0.911-
1.776)

Dominant (AG+GG vs. AA)

0.158 0.768

OR P
(95 %
Cl)
0.960
(0.763-
1.207)

Phet

0.726 0.511

Recessive (CC vs.

TT+TC)
OR P Phet
(95 %
Cl)
2.019 0.101  0.556
(0.873-
4.669)
Recessive (AA vs.
GG+GA)
OR P Phet
(95 %
Cl)
1.035 0.883  0.198
(0.655-
1.637)
1.246 0.370 = 0.502
(0.770-
2.015)
Recessive (GG vs.
AA+AG)
OR P Phet
(95 %
Cl)
1.268 0.228  0.730
(0.862-
1.863)

Overdom. (TC vs.TC+CC)

OR P
(95 %
cl)
0.837
(0.406-
1.726)

Overdom. (GA vs.GG+AA)

Phet

0.630 0.115

OR P
(95 %
cly
1.049
(0.810-
1.358)

Phet

0.717 0.839

1.146
(0.826-
1.589)

Overdom. (AG vs.AA+GG)

0.414 0.950

OR P
(95 %
cl)
0.881
(0.697-
1.114)

Phet

0.289 0.684

OR
(95 %
cl
1.345
(0.481-
3.761)

OR
(95 %
cl
1.100
(0.675-
1.794)

1.388
(0.823-
2.339)

OR
(95 %
cl
1.211
(0.811-
1.806)

CCvs.TT

P

0.572

AAvs. GG

P

0.702

0.218

GG vs. AA

0.349

Phet

0.661

Phet

0.155

0.467

Phet

0.636

OR
(95 %
cly
1.052
(0.645-
1.718)

OR
(95 %
cl)
1.080
(0.825-
1.413)

1.244
(0.874-
1.770)

OR
(95 %
cl)
0.911
(0.714-
1.162)

TCvs.CC

P

0.838

GA vs.GG

P

0.578

0.225

AG vs. AA

0.451

Phet

0.414

Phet

0.653

0.935

Phet

0.589

2 P value obtained in heterogeneity test. ® ACE2 is located on X chromosome - genotypes in females could be treated as on autosomes, while in males genotypes are hemizygous. ¢ ACE2 A carriers: GA and
AA genotypes in females combined with A hemizygotes in males; Non-carriers: GG genotype in females combined with G hemizygote in males. ¢ For dominant model additional study by Monticelli et al. (2021)
was included in the meta-analysis. * Statistically significant results are shown in bold.
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Figure 2: Meta-analysis of the association between rs1799752 in ACE1 and COVID-19 severity: com-
parison severe+moderate vs. mild. A) allelic model; B) dominant model; C) recessive model; D) over-
dominant model; E) Il vs. DD; F) DI vs. DD. The results of the included studies presented as ORs, with
95 % CI, and the overall effect with 95 % CI are shown in the forest plot. P values given are derived
from heterogeneity tests.
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Figure 3: Meta-analysis of the association between rs1799752 in ACE1 and COVID-19 severity: com-
parison severe vs. moderate. A) allelic model; B) dominant model; C) recessive model; D) overdomi-
nant model; E) Il vs. DD; F) DI vs. DD. The results of the included studies presented as ORs, with
95 % CI, and the overall effect with 95 % CI are shown in the forest plot. P values given are derived
from heterogeneity tests.
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Figure 4: Meta-analysis of the association between rs1799752 in ACE1 and COVID-19 outcome:
comparison exitus vs. survivors. A) allelic model; B) dominant model; C) recessive model; D) over-
dominant model; E) Il vs. DD; F) DI vs. DD. The results of the included studies presented as ORs, with
95 % CI, and the overall effect with 95 % CI are shown in the forest plot. P values given are derived
from heterogeneity tests.
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Figure 5. Meta-analysis of the association between rs1799752 in ACE1 and COVID-19 outcome in
hospitalized patients: comparison exitus vs. survivors. A) allelic model; B) dominant model; C) reces-
sive model; D) overdominant model; E) Il vs. DD; F) DI vs. DD. The results of the included studies
presented as ORs, with 95 % ClI, and the overall effect with 95 % CI are shown in the forest plot. P
values given are derived from heterogeneity tests.
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Since genotype counts for rs2285666
were available only for minor allele A carri-
ers (regardless of their gender) in the re-
quired number of studies, we performed the
analysis for the dominant genetic model
(GA+AA vs. GG in females, A vs. G in
males). The results suggested that allele A is
protective against development of a severe
form of COVID-19 (severe vs. moderate dis-
ease comparison, P = 0.003, OR = 0.512,
95 % CI = 0.331-0.793) (Table 2, Figure 6).
There were insufficient data for separated
analysis of the effect of rs2285666 in female
and male gender, as well as for testing dif-
ferent genetic models in female patients.

When  the  association between
rs12329760 and COVID-19 severity was
tested, statistical significance was reached
for allelic, recessive and dominant genetic
models (severe vs. non-severe comparison).
The obtained results suggested that minor al-
lele A confers a protective effect against the
progression of COVID-19 to a severe form
(Patielic = 0.024, ORAaetic = 0.734, 95 % CI =
0.560-0.960; Pdom = 0.045, ORdom = 0.806,
95 % CI = 0.654-0.995; Prec = 0.047, ORrec=
0.473, 95% CI = 0.226-0.991) (Table 2,
Figure 7). However, statistical significance
was lost after the exclusion of asymptomatic
cases from comparisons (Pattelic = 0.553; Prec
= 0.560) (Table 2, Supplementary Figure 2).

When genotype distributions between pa-
tients with severe and moderate illness were

Studies Estimate (95% C.I.) Ev/Sev Ev/Mod

Karakas Celik et al. 2021
Mohlendick et al. 2021

0.674 (0.263, 1.730)
0.631 (0.320, 1.243)

11/35
15/67

17/42
43/137

compared, no association of rs12252 with
COVID-19 severity was seen in any compar-
ison (Table 2, Supplementary Figure 3).
Similarly, no significant relations were de-
termined when genotype frequencies of
rs2228570 and rs731236 were compared be-
tween patients with severe and non-severe
illness (Table 2, Supplementary Figures 4
and 5). When ethnic subgrouping of partici-
pants was performed, only the analysis of the
effect of rs2228570 in Caucasians could be
conducted (3 studies), but the results re-
mained statistically insignificant (Table 2,
Supplementary Figure 4).

Publication bias assessment and sensitivity
analysis

Publication bias was assessed only for
studies on rs1799752 in severely and moder-
ately ill patients. The visual inspection of
Funnel plots, together with the correspond-
ing P values, did not suggest the presence of
publication bias (Supplementary Figure 6).
In sensitivity analysis for the same group of
studies, leaving out the study conducted by
Verma et al. (2021) resulted in the loss of
statistical significance for allelic and reces-
sive genetic models (Supplementary Figure
7). The results of the present meta-analysis
were, however, shown to be statistically sta-
ble for 1l vs. DD comparison, since the ex-
clusion of studies did not significantly affect
the pooled ORs (Supplementary Figure 7).

Saad et al. 2021 0.356 (0.170, 0.745) 10/90 46/177

Overall (1*2=NA , P=0.445) 0.512 (0.331, 0.793) 36/192 106/356

——
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Figure 6: Meta-analysis of the association between rs2285666 in ACE2 and COVID-19 severity under
the dominant genetic model (carriers vs. non-carriers): comparison severe vs. moderate. The results
of the included studies presented as ORs, with 95 % CI, and the overall effect with 95 % CI are shown
in the forest plot. P values given are derived from heterogeneity tests.
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Figure 7: Meta-analysis of the association between rs12329760 in TMPRSS2 and COVID-19 severity:
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DISCUSSION

The majority of studies included in the
present data synthesis analyzed genetic vari-
ant rs1799752 located within ACE1. Even
though this polymorphism is intronic, it was
shown that the presence of Alu insertion (I
allele) correlates with the lower expression
of ACEL, possibly via regulation of the tran-
scription rate (Mafra et al., 2018; Mariner et
al., 2008; Rigat et al., 1990). The protective
effect of the same allelic variant against se-
vere COVID-19 was shown in Spanish and
Turkish COVID-19 patients (Aladag et al.,
2021; Gbémez et al., 2020). Furthermore,
Kouhpayeh et al. (2021) demonstrated that a
reduced risk of developing severe COVID-
19 was associated with | allele under the as-
sumed recessive genetic model. The protec-
tive effect of this allele was also reported in
COVID-19 patients from Lebanon and India
(Saad et al., 2021; Verma et al., 2021). Con-
trary to these results, Karakas Celik et al.
(2021), Mohlendick et al. (2021) and Akbari
et al. (2022) failed to confirm a supposed as-
sociation between rs1799752 and disease se-
verity. In their study conducted on Saudi
Arabian patients, Mir et al. (2021) claimed
that minor allele 1 has protective effect
against disease severity. Their results, how-
ever, could not be included in our data syn-
thesis, since genotype distributions were
compared between COVID-19 cases and
healthy individuals (Mir et al., 2021).

When the presentation of symptoms was
analyzed as a criterion for the assessment of
the association of rs1799752 with the severi-
ty of SARS-CoV-2 infection, Cafiero et al.
(2021) reported that a reduced risk of the de-
velopment of symptomatic disease was asso-
ciated with minor allele I. Il genotype was
also found to be predominantly present in
asymptomatic participants in the study con-
ducted by Gunal et al. (2021).

Our meta-analysis demonstrated the as-
sociation between genetic variant rs1799752
located within ACE1 and COVID-19 severi-
ty for multiple genetic models tested. Ac-
cording to the obtained results, the minor al-
lele I confers a decreased risk of developing

severe clinical symptoms. These findings are
not surprising, since the majority of studies
included in the pooled analysis demonstrated
a protective effect of allele | or Il genotype,
although the authors applied different criteria
for the assessment of disease severity. The
association with severe COVID-19 was
found when patients with severe and moder-
ate illness were compared, most of them be-
ing hospitalized for COVID-19. Also, the
protective effect of Il genotype was con-
firmed when genotype distributions between
patients with mild disease and those with
clinically more relevant symptoms were
compared. Although statistical significance
was not found in the severe vs. non-severe
COVID-19 comparison, the obtained results
could be explained by differences in the pa-
tient recruitment and classification methods.

Our results are in accordance with those
reported in previous meta-analysis by Saeng-
siwaritt et al. (2022), where the minor allele |
was used as referent in data presentation.
However, authors made a major error in their
data-synthesis by not recognizing rs1799752
and rs4646994 as synonyms for the same
genetic variant and, therefore, excluding
several eligible studies from the pooled anal-
ysis. Our results are also consistent with
those obtained by Oscanoa et al. (2021) in
their meta-analysis which included only five
studies on the effects of rs1799752 and dif-
ferent patient classification criteria.

Gunal et al. (2021) and Aladag et al.
(2021) did not find statistically significant
association between rs1799752 and COVID-
19 fatality in their groups of patients from
Turkey. Still, it should be noted that the
number of heterozygous genotypes in the
study by Gunal et al. (2021) was much lower
than expected according to allelic frequen-
cies. Since a genotyping method applied in
their study was previously associated with
genotyping errors in the case of rs1799752,
results obtained using the same methodology
need to be taken with caution. Other anal-
yses, which used two rounds of PCR, were
designed to avoid miscalling of heterozygous
genotypes for DD homozygotes (Saracevic
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et al., 2013). In their study on Saudi Arabian
patients, Mir et al. (2021) claimed that they
had found a protective effect of the minor al-
lele | against lethal outcome of COVID-19.
Again, when we analyzed genotype frequen-
cies, an error in the assessment of risk esti-
mates was noticed, suggesting an opposite
effect of the same allelic variant.

The present meta-analysis showed the as-
sociation of rs1799752 with a lethal outcome
of COVID-19. Since studies included in the
analysis varied in their design and in the in-
clusion of patients with mild disease, we
conducted a second round of data synthesis
with data only on hospitalized COVID-19
patients. The results of two analytical ap-
proaches were similar, but higher OR values
were obtained when hospitalized participants
were considered alone. However, the minor
allele I was found to be associated with an
increased susceptibility to lethal outcome,
which is in contrast to the results found in a
test of its association with disease severity.
Explanations for such disagreement may be
searched in a relatively low number of par-
ticipants in the group of deceased patients
with COVID-19, in presence of comorbidi-
ties that significantly influenced the results
of association studies, as well as in differ-
ences in transcriptional and posttranscrip-
tional regulation of the expression of ACE1
between a disease and healthy condition. In
their study on Greek population, Papadopou-
lou et al. (2022) found differences in ACE1
activity related to genotypes between pa-
tients with COVID-19 and control subjects,
and suggested a more complex and disease-
specific relation between ACE1 genotypes,
activity of ACE1 and disease progression.
Our results could not be compared with pre-
viously published ones, since this is the first
pooled analysis on the effect of rs1799752
on COVID-19 lethality.

As for the genetic variant rs2285666 in
ACE2, Gomez et al. (2020) and Karakas
Celik et al. (2021) found no statistically sig-
nificant difference in the frequency of the
minor allele A between their patients with
severe COVID-19 and other hospitalized pa-

tients. On the other hand, Md&hlendick et al.
(2021) stated that minor allele A exhibited a
protective effect against disease severity and
mortality in the group of patients from Ger-
many. However, their results contained ma-
jor, yet common, error since hemizygous
genotypes were misinterpreted as homozy-
gotes and combined with genotyping results
for female patients. Saengsiwaritt et al.
(2022) failed to identify that error, so they
conducted meta-analyses for different genet-
ic models, although the results allowed test-
ing only for the dominant model. Our results
suggesting a protective effect of rs2285666
minor allele A against disease severity in
COVID-19 patients are, thus, not entirely
comparable with the previously published.

In their analysis on the association be-
tween rs12329760 in TMPRSS2 and the risk
of severe COVID-19, Monticelli et al. (2021)
reported a protective effect of the minor al-
lele A. Ravikanth et al. (2021) announced
similar findings, since they noticed a lower
frequency of the minor allele in asymptomat-
ic SARS-CoV-2-infected persons compared
to the most severely affected COVID-19 pa-
tients. Contrary to these results, no associa-
tion between rs12329760 and the disease se-
verity was found in two other studies
(Schonfelder et al., 2021a; Wulandari et al.,
2021). Taking into account the size of the
population in each study, the pooled statisti-
cally significant results were most probably
greatly influenced by two large studies
(Monticelli et al., 2021; Ravikanth et al.,
2021). Furthermore, differences in the results
obtained after the exclusion of asymptomatic
participants indicate that the acquired associ-
ations need to be taken with caution.

No association between rs12252 in
IFITM3 and a risk of developing severe
COVID-19 was found in a relatively large
study on Spanish population (Cuesta-
Llavona et al., 2021). Similar results were
obtained by Schénfelder et al. (2021b), alt-
hough their group of non-severe patients in-
cluded non-hospitalized cases with mild dis-
ease as well. The findings of Zhang et al.
(2020) were statistically insignificant unless
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adjusted for age. Therefore, the lack of sta-
tistical significance in data synthesis was ex-
pected, based on the results of individual eli-
gible studies.

In the case of polymorphisms within
VDR, the meta-analysis was possible for the
association of rs2228570 and rs731236 with
COVID-19 severity. Apaydin et al. (2022)
stated that heterozygous genotype of
rs2228570 was associated with an increased
disease severity, while such association was
not found for rs731236. Two VDR polymor-
phisms included in the present data synthesis
were not among variants found to associate
with severe COVID-19 in a large study con-
ducted in the UAE (Al-Anouti et al., 2021),
or in studies conducted on Iranian, Serbian
and Cuban COVID-19 patients (Abdollahza-
deh et al., 2021; Kotur et al., 2021; Peralta et
al., 2021). Still, Abdollahzadeh et al. (2021)
observed the association of rs2228570 with
symptomatic SARS-CoV-2 infection. The
results of our meta-analysis regarding
rs2228570 remained statistically insignifi-
cant for all applied genetic models of associ-
ation, even after stratification according to
ethnicity of the participants.

CONCLUSIONS

The results of the present meta-analysis
clearly qualify rs1799752 for a genetic vari-
ant associated with COVID-19 severity.
Since the number of studies included in this
meta-analysis of the effects of all polymor-
phisms tested is relatively low, a caution is
suggested when considering the obtained re-
sults. Another limitation of our meta-analysis
is a small number of patients in certain se-
verity- or outcome-based groups. Therefore,
additional studies with larger sample size are
needed to confirm the significance of the as-
sociations found in the current data synthe-
sis, including those on the effects of ACE2
and TMPRSS2 polymorphisms. Further stud-
ies are also needed in order to assess the po-
tential influence of ethnicity, as well as to
investigate gender differences related to the
effect of variants, especially those located on
X-chromosome. Additional data would also

provide means for testing effects of the ex-
amined polymorphisms on specific parame-
ters related to clinical progression of
COVID-19, such as presentation of clinical
symptoms or COVID-19-related mortality.
Future studies should test associations of
other genetic variants which were not in-
cluded in this data synthesis. Finally, it
would be highly relevant to test joint effects
of all risk variants identified in the present
meta-analysis, since genes of interest are
functionally related.
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