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ABSTRACT
Host genetic polymorphisms are recognized as a critical determinant of diversity in clinical symptoms of Coronavirus
disease 2019 (COVID-19). Accordingly, this study aimed to determine possible associations between single nucleotide
polymorphisms (SNPs) in 37 candidate genetic variants and clinical consequences of COVID-19 – especially long-term
symptoms, Long COVID. A total of 260 COVID-19 patients, divided into mild (n = 239) and severe (n = 21) and further
categorized based on the presence of Long COVID (no, n = 211; yes, n = 49), were recruited. Genotyping of selected
polymorphisms responsible for viral entry, immune response, and inflammation was performed using MassARRAY
system. Out of 37 SNPs, 9 including leucine zipper transcription factor like-1 (LZTFL1) rs10490770 C allele, LZTFL1
rs11385942 dupA allele, nicotinamide adenine dinucleotide synthetase-1 (NADSYN1) rs12785878 TT genotype, plexin
A-4 (PLXNA4) rs1424597 AA genotype, LZTFL1 rs17713054 A allele, interleukin-10 (IL10) rs1800896 TC genotype and C
allele, angiotensin converting enzyme-2 (ACE2) rs2285666 T allele, and plasmanylethanolamine desaturase-1 (PEDS1)
rs6020298 GG genotype and G allele were significantly associated with an increased risk of developing Long COVID,
whereas interleukin-10 receptor subunit beta (IL10RB) rs8178562 GG genotype was significantly associated with a
reduced risk of Long COVID. Kaplan-Meier curve displayed that the above gene polymorphisms were significantly
associated with cumulative rate of Long COVID occurrence. Polymorphisms in LZTFL1 rs10490770, LZTFL1 rs11385942,
LZTFL1 rs17713054, NADSYN1 rs12785878, PLXNA4 rs1424597, IL10 rs1800896, ACE2 rs2285666, PEDS1 rs6020298, and
IL10RB rs8178562 appear to be genetic factors involved in development of Long COVID.
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Introduction

Coronavirus disease 2019 (COVID-19), a novel infec-
tious disease initially detected in China near the end of
2019, is caused by the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), which remains
a major global public health problem because of its
social and economic burdens [1]. Although SARS-
CoV-2 is extremely infectious, the severity of its clini-
cal manifestations varies considerably, ranging from
asymptomatic or moderately symptomatic to life-
threatening complications and death [2]. It has been
reported that approximately 15% of COVID-19
patients develop severe form, which can proceed to
pneumonia, respiratory failure, kidney injury, multi-
organ dysfunction, and eventual death [3, 4]. In
addition to this, more than 200 million COVID-19
patients worldwide reportedly present with long-
term symptoms, commonly known as Long COVID

defined as the persistence or emergence of new symp-
toms that manifest three months following the initial
SARS-CoV-2 infection and endure for a minimum
of two months without any other identifiable cause
[5]. This condition results in a broad range of clinical
manifestations including chest pain or tightness,
cough, fatigue or breathlessness, ageusia and anosmia,
headache, insomnia, anxiety, and depression, which
are highly heterogeneous [6]. It is well recognized
that variations in severity and long-term symptoms
of COVID-19 can be entirely attributed to established
risk factors, such as advanced age, male gender, and
the presence of comorbidities including diabetes,
obesity, hypertension, and cardiovascular disease [7].
However, severe outcomes and Long COVID have
also been observed in young patients without comor-
bidities [8], thereby indicating that additional risk fac-
tors, in particular genetic predisposition, may
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potentially contribute to variations in clinical conse-
quences of COVID-19.

Genetic variants are well recognized as a contribu-
tor to susceptibility to a variety of infectious diseases
[9,10]. In the context of viral respiratory infection,
multiple genetic polymorphisms, especially single
nucleotide polymorphisms (SNPs), have been report-
edly associated with susceptibility or resistance to
SARS-CoV-2 infection [11–14]. More specifically,
polymorphisms in genes responsible for viral binding
and entry into host cells (ACE2, angiotensin convert-
ing enzyme-2 and TMPRSS, transmembrane serine
protease) have been extensively reported to be associ-
ated with susceptibility to SARS-CoV-2 infection and
COVID-19 severity [15,16], in addition to polymorph-
isms in genes relevant to innate and adaptive immune
systems (TLRs, toll-like receptors; HLA, human leuko-
cyte antigen class I and II; and cytokines/chemokines)
[16,17]. Based on these premises, it is important to
note that identification of genetic variations associated
with severity and long-term symptoms of COVID-19
may pave the way for developing novel antiviral para-
digms and provide insights into the ability to predict
response to treatment and vaccination.

While the vastmajority of previous studies focused on
genetic determinants involved in susceptibility to SARS-
CoV-2 infection and COVID-19 severity, influences of
host genetic factors on long-term symptoms of
COVID-19 are still relatively nascent and poorly under-
stood. Accordingly, the objective of this study was to
examine associations of selected 37 polymorphisms in
genes responsible for viral entry as well as immune
and inflammatory responses with clinical consequences
of COVID-19 – especially long-term symptoms.

Materials and methods

The study protocol was approved by the ethical com-
mittee of the Faculty of Medicine Ramathibodi Hospi-
tal, Mahidol University (COA. MURA2021/264
Ref.2404) and carried out in compliance with the ethi-
cal standards outlined in the Declaration of Helsinki,
The Belmont Report, CIOMS Guidelines and the
International Conference on Harmonization in Good
Clinical Practice (ICH-GCP). Prior to participation,
all study subjects provided written informed consents.

Search strategy

To identify candidate SNPs for genotyping, systematic
review search was undertaken. All relevant studies on
associations between genetic polymorphisms and clini-
cal consequences of COVID-19, published from incep-
tion and up to January 2022, were selected from the
electronic databases: PubMed, Scopus, Cochrane, and
Google Scholar websites. Public databases were exam-
ined with the following keywords: “coronaviruses,”

“COVID-19,” “2019-nCoV,” “severe acute respiratory
syndrome coronavirus 2,” “SARS-CoV-2,” “genetic
polymorphism,” “mutation,” “single nucleotide poly-
morphism,” and “polymorphism.” The inclusion cri-
teria included: (1) SNP was reported to be
substantially related to susceptibility, severity, or mor-
tality of COVID-19 in at least two studies, and (2)
studies conducted on human subjects were selected
with a higher priority. Exclusion criteria were as follows:
(1) studies were conducted on non-human subjects, (2)
no significant association between the disease severity
and genetic polymorphism was reported, and (3) less
than two studies reported on the importance of SNP
in susceptibility to SARS-CoV-2 infection and
COVID-19 severity. Both title and abstract were
screened by two independent researchers. In the event
of any dispute, a reciprocal agreement has been reached
via discussion. Afterwards, the primary result was
accomplished with data on genotypic and allelic fre-
quencies in Thais for each SNP.

Study participants and sample collection

A total of 260 COVID-19 patients who had a positive
real-time reverse transcription polymerase chain reac-
tion (RT–PCR) test on a nasopharyngeal swab were
recruited from Prachatipat Hospital. All COVID-19
patients were divided into mild (n = 239) and severe
(n = 21) groups, as per World Health Organization
(WHO) COVID-19 disease severity classification
[18]. In the context of COVID-19 severity, COVID-
19 patients with respiratory rate less than 24 per min-
ute and oxygen saturation (SpO2)≥ 94% were con-
sidered mild, while severe COVID-19 was evidenced
by SpO2< 94 mmHg, the need of invasive mechanical
ventilation, and the presence of emergency signs, such
as pneumonia, shock, or multiorgan failure. In terms
of long-term symptoms of COVID-19, Long
COVID, COVID-19 patients were further categorized
into no Long COVID (n = 211) and Long COVID (n
= 49) groups, according to the National Institute for
Health and Care Excellence (NICE) definition of
Long COVID [19]. In detail, Long COVID was
defined as the presence of persistent/prolonged symp-
toms (constant, fluctuating, or relapsing) and/or func-
tional disability following SARS-CoV-2 infection for
at least four weeks after the onset of symptoms or
the time of diagnosis in individuals in whom the infec-
tion has been self-reported, clinically diagnosed, and/
or laboratory-confirmed.

Peripheral venous blood samples were drawn from
all participants into ethylenediaminetetraacetic acid
and kept instantly at −20°C till utilized. Clinical and
demographic data including age, gender, body mass
index (BMI), virus strains, and comorbidities were
obtained from hospital records under the supervision
of qualified medical professionals.
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DNA extraction and SNPs genotyping

Genomic DNA was extracted from peripheral venous
blood using QuickGene DNA ExtractionWhole Blood
Kit L (ADS Biotec Inc., USA), according to the manu-
facturer’s protocol. The quality and quantity of
extracted DNA were both assessed by a nanodrop
spectrometer (Thermo Fisher Scientific, Sunnyvale,
CA, USA). The genomic DNA samples were stored
at −20°C until genotyping. A total of 37 SNPs were
selected from a systematic literature review and geno-
typed using the single nucleotide polymorphism
detection with the iPLEX® assay on MassARRAY® sys-
tem (Agena Bioscience, Inc., San Diego, CA, USA). Of
37 SNPs, 5 (13.51%) were in missense regions, 3
(8.11%) in coding regions, 3 (8.11%) in non-coding
regions or upstream of gene regions, 3 (8.11%) in
UTRs, 2 (5.41%) in downstream of gene regions, and
21 (56.76%) were intronic. The identity and origin of
the DNA sample were concealed from laboratory staff.

Statistical analysis

All statistical analyses were executed using SPSS Statistics
version 26.0 (SPSS Inc., Chicago, IL, USA). Comparisons
in continuous variables represented as mean ± standard
deviation (SD) were executed by Student’s t-test, while
comparisons in categorical variables represented as num-
bers and percentages were accomplished using Chi-
square test (χ2). Besides this, differences in genotypic
and allelic frequencies between two groups were assessed
using Chi-square test (χ2), in which odds ratio (OR) at a
95% confidence interval (CI) was employed to determine
the strength of associations between genetic polymorph-
isms and susceptibility to severity and long-term symp-
toms of COVID-19. For multiple comparisons, the
Bonferroni correction method was employed to adjust
P-values. Furthermore, multivariate logistic regression
analysis was undertaken to determine the independent
associations, with adjustments for confounding factors
including age, gender, BMI, and the presence of comor-
bidities. Additionally, Kaplan-Meier curves were con-
structed to determine whether polymorphisms in
significant genes were associated with a cumulative inci-
dence of Long COVID occurrence. For all analyses, a P-
value <0.05 (based on a two-tailed test) was considered
statistically significant.

Results

Systematic review

In the light of our systematic review, 26 out of 37 SNPs
were reportedly associated with severity or mortality of
COVID-19, including IL6-AS1 (interleukin-6 antisense
RNA-1) rs1800796, IL6 rs1524107, OAS3 (2’-5’-oligoa-
denylate synthetase-3) rs10735079, DDR1 (discoidin

domain receptor tyrosine kinase-1) rs4618569, VEPH1
(ventricular zone expressed PH domain containing-1)
rs1840680, TMPRSS2 (transmembrane serine pro-
tease-2) rs2070788, VEPH1 rs2305619, IFITM3 (inter-
feron-induced transmembrane protein-3) rs12252,
ACE2 (angiotensin converting enzyme-2) rs2285666,
PEDS1 (plasmanylethanolamine desaturase-1)
rs6020298, KDR (kinase insert domain receptor)
rs1870377, IL17A rs2275913, TNFRSF1B (tumour
necrosis factor receptor superfamily member-1B)
rs1061624, ACE2 rs2074192, IFNAR2 (interferon
alpha and beta receptor subunit-2) rs2236757, IL10RB
(interleukin-10 receptor subunit beta) rs8178562,
CXCR2 (CXC motif chemokine receptor-2) rs1126579,
FOXP4-AS1 (forkhead box P4 antisense RNA-1)
rs1853837, TMPRSS2 rs2298659, IFIH1 (interferon-
induced with helicase C domain-1) rs1990760, DPP9
(dipeptidyl peptidase-9) rs2109069, XCR1 (X-C motif
chemokine receptor-1) rs35951367, LZTFL1 (leucine
zipper transcription factor like-1) rs11385942, LZTFL1
rs10490770, NADSYN1 (nicotinamide adenine dinu-
cleotide synthetase-1) rs12785878, IFI44 (interferon-
induced protein-44) rs544893099. In addition to this,
11 SNPs were shown to be significantly associated
with susceptibility to SARS-CoV-2 infection, including
TMPRSS2 rs12329760, GC (GC vitamin D binding
protein) rs7041, TLR3 (toll like receptor-3) rs3775290,
RAPGEF1 (Rap guanine nucleotide exchange factor-1)
rs12551879, IL17A rs3819025, PLXNA4 (plexin A-4)
rs1424597, IL17F rs763780, TLL1 (tolloid like-1)
rs17047200, IFNλ3 (interferon lambda-3) rs12979860,
LZTFL1 rs17713054, and IL10 (interleukin-10)
rs1800896. From this viewpoint, a total of 37 SNPs
were selected as candidates for genotyping using Mas-
sARRAY system.

Demographic characteristics of study
participants

Demographic characteristics of study subjects are sum-
marized in Table 1. Of 260 COVID-19 patients, 239
(91.92%) were mild cases with a mean age of 46.67 ±
21.17 years, and 21 (8.08%) were severe cases with a
mean age of 67.81 ± 20.90 years. A significant difference
in mean age between mild and severe cases was
observed, in which severe COVID-19 patients were
older than mild COVID-19 patients (P < 0.001). In par-
allel with this, patients aged 60 years or over were sig-
nificantly more common in the severe group (P =
0.001). Furthermore, male patients were significantly
more common in the severe group and had a signifi-
cantly greater risk of developing severe COVID-19
than female patients (P = 0.014). There were no signifi-
cant differences in the prevalence of SARS-CoV-2 var-
iants between mild and severe COVID-19 patients. In
terms of vaccination status, unvaccinated COVID-19
patients showed a significantly higher risk of
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developing severe form than vaccinated patients (P <
0.001). Regarding the presence of comorbidities,
including chronic diseases and diabetes were signifi-
cantly more common in severe COVID-19 patients
(P = 0.012, P < 0.001, respectively).

In the regard of long-term symptoms of COVID-
19, COVID-19 patients were further divided into the
patients without Long COVID (n = 211, 81.15%) and
those with Long COVID (n = 49, 18.85%). Baseline
characteristics of COVID-19 patients with and with-
out Long COVID are presented in Table 2. Consider-
ing demographic characteristics of COVID-19
patients based on the presence of Long COVID,
mean age of the non-Long COVID group was 46.36
± 21.94 years, and mean age of Long COVID cases
was 57.06 ± 19.59 years. This difference was statisti-
cally significant (P = 0.001). More specifically,
COVID-19 patients older than 60 years showed a sig-
nificantly higher risk of developing Long COVID than
younger patients (P = 0.001). Besides this, COVID-19
patients with BMI <25 kg/m2 exhibited a significantly
increased risk of developing Long COVID-19, com-
pared with those with BMI ≥25 kg/m2 (P = 0.034).
On the other hand, there was no significant associ-
ation of gender with Long COVID risk. Likewise, no
significant differences in the prevalence of SARS-

CoV-2 variants between COVID-19 patients with
and without Long COVID were observed. Besides
this, there was no significant association between vac-
cination status and risk of developing Long COVID.
Instead, associations between the presence of comor-
bidities and risk of Long COVID were detected, in
which COVID-19 patients having comorbidities
including chronic diseases (P < 0.001), diabetes (P =
0.001), and hypertension (P < 0.001) showed a signifi-
cantly higher risk of developing Long COVID than
those without comorbidities.

Genetic and allelic distributions of 37 SNPs in
COVID-19 patients with different subgroups based
on COVID-19 severity and Long COVID are detailed
in Supplementary Tables 1 and 2.

SNPs associations with severe COVID-19

Overall, DPP9 rs2109069 showed a significant differ-
ence in genotypic distribution between mild and
severe COVID-19 patients (P = 0.030), whereas mul-
tiple comparisons with adjustment of P-values by
Bonferroni correction method revealed no significant
difference in genotypic distribution of DPP9
rs2109069 between groups (Supplementary Table 3).
We further stratified analyses based on different

Table 1. Baseline characteristics of COVID-19 patients based on COVID-19 severity.

Variables

Severity

P-value OR 95% CIMild Severe

Number 239 (91.92%) 21 (8.08%)
Age (years) 46.67 ± 21.17 67.81 ± 20.90 <0.001 - -
<60 156 (65.27%) 52 (23.81%) Reference
≥60 82 (34.31%) 16 (76.19%) 0.001 6.088 2.154–17.209
Gender
Female 148 (61.92%) 7 (33.33%) Reference
Male 91 (38.08%) 14 (66.67%) 0.014 3.253 1.265–8.361
BMI (kg/m2) 25.07 ± 5.64 23 ± 7.33 0.061 - -
<25 107 (44.77%) 6 (28.57%) Reference
≥25 132 (55.23%) 15 (71.43%) 0.158 2.027 0.760-5.402
Virus strains
Delta 5 (2.09%) 0 (0.00%) Reference
Omicron 234 (97.91%) 21 (100.00%) 0.999 N/A N/A
Omicron (BA.1) 12 (5.02%) 0 (0.00%) - - -
Omicron (BA.2) 137 (57.32%) 12 (57.14%) - - -
Omicron (BA.2.12.1) 3 (1.26%) 0 (0.00%) - - -
Omicron (BA.2/BA.5) 1 (0.42%) 0 (0.00%) - - -
Omicron (BA.4) 5 (0.42%) 1 (4.76%) - - -
Omicron (BA.4/BA.5) 2 (0.84%) 0 (0.00%) - - -
Omicron (BA.5) 74 (30.96%) 8 (38.10%) - - -
Vaccination status
No 23 (9.62%) 8 (38.10%) <0.001 5.779 2.169–15.399
Yes 216 (90.38%) 13 (61.90%) Reference
Comorbidities
Chronic diseases
No 140 (58.58%) 6 (28.57%) Reference
Yes 99 (41.42%) 15 (71.43%) 0.012 3.535 1.325–9.430
Diabetes mellitus
No 203 (84.94%) 10 (47.62%) Reference
Yes 36 (15.06%) 11 (52.38%) <0.001 6.203 2.455-15.671
Hypertension
No 184 (15.06%) 13 (61.90%) Reference
Yes 55 (23.01%) 8 (38.10%) 0.128 2.059 0.812-5.222
Infectious diseases
No 239 (100.00%) 20 (95.24%) Reference
Yes 0 (0.00%) 1 (4.76%) 0.999 N/A N/A

P-values marked with bold indicate statistically significant differences between the groups.
Abbreviations: CI, confidence interval; COVID-19, coronavirus disease 2019; N/A, not available; OR, odds ratio.
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genetic models and also found that genotypic frequen-
cies of 3 out of 37 SNPs were observed to be signifi-
cantly different between mild and severe COVID-19
patients, including TMPRSS2 rs2070788, DPP9
rs2109069, and IL17A rs3819025 (Figure 1). Associ-
ations of genetic polymorphisms in TMPRSS2
rs2070788, DPP9 rs2109069, and IL17A rs3819025
with COVID-19 severity are detailed in Table 3.

Considering genetic polymorphism in TMPRSS2
rs2070788, CC genotype was significantly associated
with a lower risk of severe COVID-19, compared
with CT-plus-TT genotypes (OR = 0.34, 95% CI:
0.12, 0.95, P = 0.040). In contrast to this, CT genotype
of TMPRSS2 rs2070788 was significantly associated
with a higher risk of severe COVID-19, compared
with CC-plus-TT genotypes and CC genotype (OR =
2.88, 95% CI: 1.12, 7.40, P = 0.028; OR = 3.29, 95%
CI: 1.14, 9.45, P = 0.027, respectively).

Of genetic polymorphism in DPP9 rs2109069, AA
genotype was significantly associated with an
increased risk of severe COVID-19, compared with
GA-plus-GG genotypes and GG genotype (OR =
8.28, 95% CI: 1.30, 52.62, P = 0.025; OR = 8.31, 95%
CI: 1.29, 53.65, P = 0.026; respectively).

In the context of IL17A rs3819025 polymorphism,
AA genotype was significantly associated with a

greater risk of severe COVID-19 than GA-plus-GG
genotypes (OR = 4.26, 95% CI: 1.06, 17.13, P = 0.041).

Given that age, gender, vaccination status, and the
presence of comorbidities were all detected as contri-
butors to severe COVID-19, multivariate logistic
regression analysis with adjustments for the confoun-
ders was further performed to determine independent
associations between genetic polymorphisms in par-
ticular SNPs and susceptibility to severe COVID-19.
After adjusting for age, gender, and comorbidities,
no significant associations of genetic polymorphisms
in TMPRSS2 rs2070788, DPP9 rs2109069, and IL17A
rs3819025 with susceptibility to severe COVID-19
were observed in COVID-19 patients, as revealed in
Table 3.

SNPs associations with long-term symptoms of
COVID-19

In terms of long-term symptoms of SARS-CoV-2
infection, 5 out of 37 SNPs were observed to have sig-
nificant differences in genotypic distributions between
COVID-19 patients with and without long-term
symptoms of COVID-19, including LZTFL1
rs10490770 (P = 0.001), LZTFL1 rs11385942 (P =
0.001), LZTFL1 rs17713054 (P = 0.001), IL10

Table 2. Baseline characteristics of COVID-19 patients based on the presence of Long COVID.

Variables

Long COVID

P-value OR 95% CINo Yes

Number 211 (81.15%) 49 (18.85%)
Age (years) 46.36 (21.94%) 57.06 (19.59%) 0.001 - -
<60 143 (67.77%) 18 (8.53%) Reference
≥60 67 (31.75%) 31 (14.69%) <0.001 3.676 1.920–7.036
Gender
Female 120 (56.87%) 35 (71.43%) 0.064 1.896 0.963–3.731
Male 91 (43.13%) 14 (28.57%) Reference
BMI (kg/m2) 24.63 (5.84%) 25.91 (5.66%) 0.166 - -
<25 85 (40.25%) 28 (57.14%) Reference
≥25 126 (59.72%) 21 (42.86%) 0.034 0.506 0.27–0.949
Virus strains
Delta 0 5 (10.20%) Reference
Omicron 211 44 (89.80%) 0.999 N/A N/A
Omicron (BA.1) 1 (0.47%) 11 (22.45%) - - -
Omicron (BA.2) 116 (54.98%) 33 (67.35%) - - -
Omicron (BA.2.12.1) 3 (1.42%) 0 (0.00%) - - -
Omicron (BA.2/BA.5) 1 (0.47%) 0 (0.00%) - - -
Omicron (BA.4) 6 (2.84%) 0 (0.00%) - - -
Omicron (BA.4/BA.5) 2 (0.95%) 0 (0.00%) - - -
Omicron (BA.5) 82 (38.86%) 0 (0.00%) - - -
Vaccination status
No 26 (12.32%) 5 (10.20%) 0.681 0.809 0.294–2.224
Yes 185 (87.68%) 44 (89.80%) Reference
Comorbidities
Chronic diseases
No 132 (62.56%) 14 (28.57%) Reference
Yes 79 (37.44%) 35 (71.43%) <0.001 4.177 2.117–8.242
Diabetes mellites
No 181 (85.78%) 32 (65.31%) Reference
Yes 30 (14.22%) 17 (34.69%) 0.001 3.205 1.586–6.479
Hypertension
No 177 (83.87%) 20 (40.82%) Reference
Yes 34 (16.11%) 29 (59.18%) <0.001 7.549 3.833–14.865
Infectious diseases
No 210 (99.53%) 49 (100.00%) Reference
Yes 1 (0.47%) 0 (0.00%) 1.000 N/A N/A

P-values marked with bold indicate statistically significant differences between the groups.
Abbreviations: CI, confidence interval; COVID-19, coronavirus disease 2019; N/A, not available; OR, odds ratio.
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rs1800896 (P = 0.021), and PEDS1 rs6020298 (P =
0.045). After adjustment of P-values by the Bonferroni
correction method, multiple comparison testing
showed no significant differences in genotypic
distributions of those SNPs between groups (Sup-
plementary Table 3). In stratified analyses by seven
genetic models, there were significant differences in
genotypic and allelic distributions of 9 out of
37 SNPs between COVID-19 patients with and with-
out long-term symptoms of COVID-19, including
LZTFL1 rs10490770, LZTFL1 rs11385942, NADSYN1
rs12785878, PLXNA4 rs1424597, LZTFL1
rs17713054, IL10 rs1800896, ACE2 rs2285666,
PEDS1 rs6020298, and IL10RB rs8178562 (Figure 2).
Associations of genetic polymorphisms in LZTFL1
rs10490770, LZTFL1 rs11385942, NADSYN1
rs12785878, PLXNA4 rs1424597, LZTFL1
rs17713054, IL10 rs1800896, ACE2 rs2285666,
PEDS1 rs6020298, and IL10RB rs8178562 with suscep-
tibility to Long COVID are described in Table 4.

Of LZTFL1 rs10490770, C allele showed a signifi-
cant relationship with increased susceptibility to
Long COVID, compared with T allele (OR = 2.414,
95% CI: 1.12, 5.19, P = 0.024).

Correspondingly, dupA allele of LZTFL1
rs11385942 was found to be significantly associated
with a higher risk of Long COVID than AA allele
(OR = 2.40, 95% CI: 1.12, 5.17, P = 0.025).

In addition to this, NADSYN1 rs12785878 GG gen-
otype showed a substantial association with elevated
risk of Long COVID when compared with GT-plus-
GG genotypes and GT genotype (OR = 2.58, 95% CI:
1.07, 6.20, P = 0.034; OR = 3.11, 95% CI: 1.17, 8.24,
P = 0.023; respectively).

Regardless of genetic polymorphism in PLXNA4
rs1424597, AA genotype was observed to be signifi-
cantly associated with a greater susceptibility to
Long COVID than GA genotype (OR = 3.93, 95%
CI: 1.07, 14.45, P = 0.039).

Besides this, an increase in risk of Long COVID was
significantly associated with G allele of LZTFL1
rs17713054, compared with A allele (OR = 2.41, 95%
CI: 1.12, 5.19, P = 0.024).

For genetic polymorphism in IL10 rs1800896, TC
genotype and C allele showed significant associations
with higher susceptibility to Long COVID than CC-
plus-TT genotypes, TT genotype, and T allele (OR =
2.76, 95% CI: 1.14, 6.68, P = 0.025; OR = 2.76, 95%

Figure 1. Genetic and allelic distributions between mild and severe COVID-19 patients. (A) Genetic distribution. (B) Allelic distri-
bution. Fonts marked in red indicate statistically significant differences in genetic distribution between mild and severe COVID-19
patients.
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Table 3. Associations between polymorphisms in three particular genes and susceptibility to severe COVID-19.

Genes SNPs Genotype/allele

Severity Genetic models Unadjusted model Adjusted model

Mild % Severe % P-value OR 95% CI P-value aOR 95%CI

TMPRSS2 rs2070788 CC 115 48.12 5 23.81 CC vs. CT + TT 0.040 0.337 0.120-0.949 0.197 0.499 0.174-1.434
CT 98 41.00 14 66.67 CT vs. CC + TT 0.028 2.878 1.120-7.390 0.278 1.723 0.645-4.604
TT 26 10.88 2 9.52 TT vs. CC + CT 0.848 0.862 0.190-3.915 - - -
C 328 68.62 24 57.14 CT vs. CC 0.027 3.286 1.143-9.447 0.205 0.499 0.170-1.462
T 150 31.38 18 42.86 CC vs.TT 0.509 0.565 0.104-3.076 - - -

CT vs. TT 0.432 1.857 0.397-8.692 - - -
C vs. T 0.13 0.61 0.321-1.157 - - -

DPP9 rs2109069 AA 3 1.26 2 9.52 AA vs. GA + GG 0.025 8.281 1.303-52.624 0.156 5.793 0.512-65.517
GA 49 20.50 4 19.05 GA vs. AA + GG 0.874 0.912 0.294-2.834 - - -
GG 187 78.24 15 71.43 GG vs. AA + GA 0.474 0.695 0.257-1.881 - - -
A 55 11.51 8 19.05 AA vs. GA 0.046 8.167 1.042-64.019 0.246 49.786 0.068-36,659.615
G 423 88.49 34 80.95 AA vs. GG 0.026 8.311 1.287-53.651 0.175 5.405 0.473-61.815

GA vs. GG 0.976 1.018 0.323-3.204 - - -
A vs. G 0.156 1.81 0.797-4.108 - - -

IL17A rs3819025 AA 9 3.77 3 14.29 AA vs. GA + GG 0.041 4.259 1.059-17.133 0.152 3.391 0.639-17.990
GA 77 32.22 6 28.57 GA vs. AA + GG 0.731 0.842 0.314-2.253 - - -
GG 153 64.02 12 57.14 GG vs. AA + GA 0.532 0.749 0.304-1.850 - - -
A 95 19.87 12 28.57 AA vs. GA 0.066 4.278 0.909-20.122 - - -
G 383 80.13 30 71.43 AA vs. GG 0.048 4.25 1.014-17.807 0.189 3.21 0.563-18.298

GA vs. GG 0.990 0.994 0.359-2.748 - - -
A vs. G 0.185 1.613 0.796-3.267 - - -

P-values marked with bold indicate statistically significant associations between genetic polymorphisms and susceptibility to severe COVID-19.
aOR was adjusted for age, gender, vaccination status, and comorbidities.
Abbreviations: CI, confidence interval; COVID-19, coronavirus disease 2019; DPP9, dipeptidyl peptidase-9; IL17A, interleukin-17A; N/A, not available; OR, odds ratio; SNP, single nucleotide polymorphism; TMPRSS2, transmembrane serine
protease-2.
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CI: 1.14, 6.68, P = 0.025; OR = 2.57, 95% CI: 1.11, 5.99,
P = 0.029; respectively), whereas TT genotype had a
significant association with lower risk of Long
COVID than CC-plus-TC genotypes (OR = 0.36,
95% CI: 0.15, 0.88, P = 0.025).

Of ACE2 rs2285666, CC genotype and C allele were
found to be significantly related to a reduced risk of
long COVID-19, compared with CT-plus-TT geno-
types and T allele (OR = 0.44, 95% CI: 0.20, 0.97, P
= 0.040; OR = 0.61, 95% CI: 0.39, 0.97, P = 0.036).

For genetic polymorphism in PEDS1 rs6020298,
GG genotype and G allele both exhibited a significant
relationship with higher risk of Long COVID than
AA-plus-GA genotype and A allele (OR = 2.11, 95%
CI: 1.10, 4.04, P = 0.024; OR = 1.72, 95% CI: 1.09,
2.71, P = 0.020, respectively).

Additionally, GG genotype of IL10RB rs8178562
was significantly associated with a reduced risk of
long COVID-19, compared with AA-plus-GA geno-
type (OR = 0.47, 95% CI: 0.23, 0.96, P = 0.037).

Due to significant differences in age, BMI, and
comorbidities between the patients with and without
long COVID, multivariate logistic regression analysis
was further undertaken to determine whether genetic
polymorphisms in LZTFL1 rs10490770, LZTFL1

rs11385942, NADSYN1 rs12785878, PLXNA4
rs1424597, LZTFL1 rs17713054, IL10 rs1800896,
ACE2 rs2285666, PEDS1 rs6020298, and IL10RB
rs8178562 were independently associated with suscep-
tibility to long COVID-19. As demonstrated in Table
3, there still remain significant associations with sus-
ceptibility to Long COVID in genetic models of
LZTFL1 rs10490770 (C vs. T: OR = 4.42, 95% CI:
1.90, 10.27, P = 0.001), LZTFL1 rs11385942 (dupA
vs. AA: OR = 4.42, 95% CI: 1.90, 10.27, P = 0.001),
NADSYN1 rs12785878 (TT vs. GT +GG: OR = 2.61,
95% CI: 1.05, 6.51, P = 0.039; TT vs. GT: OR = 3.73,
95% CI: 1.17, 11.86, P = 0.026), PLXNA4 rs1424597
(AA vs. GA +GG: OR = 5.02, 95% CI: 1.33, 18.97, P
= 0.017; AA vs. GA: OR = 5.57, 95% CI: 1.22, 25.40,
P = 0.026), LZTFL1 rs17713054 (A vs. G: OR = 4.42,
95% CI: 1.90, 10.27, P = 0.001), IL10 rs1800896 (TC
vs. CC + TT: OR = 2.98, 95% CI: 1.08, 8.26, P = 0.035;
TT vs. CC + TC: OR = 0.34, 95% CI: 0.12, 0.93, P =
0.035; TC vs. TT: OR = 2.98, 95% CI: 1.08, 8.26, P =
0.035; C vs. T: OR = 2.70, 95% CI: 1.04, 7.06, P =
0.042), ACE2 rs2285666 (CC vs. CT + TT: OR = 0.44,
95% CI: 0.20, 0.98, P = 0.043; C vs. T: OR = 0.65,
95% CI: 0.29, 0.64, P = 0.038), PEDS1 rs6020298 (GG
vs. AA +GA: OR = 2.06, 95% CI: 1.05, 4.07, P =

Figure 2. Genetic and allelic distributions between COVID-19 patients with and without Long COVID. (A) Genetic distribution. (B)
Allelic distribution. Fonts marked in red indicate statistically significant differences in genetic and allelic distributions between
COVID-19 patients with and without Long COVID.
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Table 4. Associations between polymorphisms in nine particular genes and susceptibility to Long COVID.

Genes SNPs Genotype/allele

Long COVID

Genetic models

Unadjusted model Adjusted model

No % Yes % P-value OR 95% CI P-value aOR 95% CI

LZTFL1 rs10490770 CC 0 0.00 3 6.12 CC vs. TC + TT 0.999 NA NA - - -
TC 21 9.95 5 10.20 TC vs. CC + TT 0.958 1.028 0.367-2.877 - - -
TT 190 90.05 41 83.67 TT vs. CC + TC 0.206 0.566 0.235-1.368 - - -
C 21 4.98 11 11.22 CC vs. TC 0.999 N/A N/A - - -
T 401 95.02 87 88.78 CC vs. TT 0.999 N/A N/A - - -

TT vs. TC 0.852 1.103 0.393-3.097 - - -
C vs. T 0.024 2.414 1.123-5.191 0.001 4.416 1.900-10.267

LZTFL1 rs11385942 AA/AA 190 90.05 41 83.67 AA/AA vs. AA/dupA + dupA/dupA 0.202 0.563 0.233-1.360 - - -
AA/dupA 21 9.95 5 10.20 AA/dupA vs. AA/AA + dupA/dupA 0.950 1.034 0.369-2.892 - - -
dupA/dupA 0 0.00 3 6.12 dupA/dupA vs. AA/AA + AA/dupA 0.999 N/A N/A - - -

AA 401 95.02 87 88.78 AA/AA vs. AA/dupA 0.844 1.109 0.395-3.113 - - -
dupA 21 4.98 11 11.22 AA/AA vs. dupA/ dupA 0.999 N/A N/A - - -
AA/AA AA/dupA vs. dupA/dupA 0.999 N/A N/A - - -

dupA vs. AA 0.025 2.402 1.117-5.165 0.001 4.416 1.9-10.267
NADSYN1 rs12785878 GG 106 50.24 25 51.02 GG vs. GT + TT 0.945 1.022 0.549-1.903 - - -

GT 88 41.71 15 30.61 GT vs. GG + TT 0.162 0.622 0.319-1.210 - - -
TT 17 8.06 9 18.37 TT vs. GT + GG 0.034 2.581 1.074-6.202 0.039 2.612 1.048-6.510
G 300 71.09 65 66.33 GG vs. GT 0.377 1.371 0.681-2.759 - - -
T 122 28.91 33 33.67 GG vs. TT 0.081 0.441 0.176-1.105 - - -

TT vs. GT 0.023 3.106 1.17-8.242 0.026 3.727 1.171-11.860
G vs. T 0.354 0.801 0.501-1.280 - - -

PLXNA4 rs1424597 AA 7 3.32 5 10.20 AA vs. GA + GG 0.048 3.328 1.009-10.971 - - -
GA 66 31.28 12 24.49 GA vs. AA + GG 0.361 0.717 0.352-1.464 - - -
GG 138 65.40 32 65.31 GG vs. AA + GA 0.972 0.989 0.515-1.899 - - -
A 80 18.96 22 22.45 AA vs. GA 0.039 3.929 1.068-14.445 0.026 5.573 1.223-25.403
G 342 81.04 76 77.55 AA vs. GG 0.067 3.103 0.925-10.408 - - -

GG vs. GA 0.524 0.79 0.382-1.631 - - -
A vs. G 0.434 1.237 0.726-2.109 - - -

LZTFL1 rs17713054 AA 0 0.00 3 6.12 AA vs. GA + GG 0.999 N/A N/A - - -
GA 21 9.95 5 10.20 GA vs. AA + GG 0.950 1.034 0.369-2.892 - - -
GG 190 90.05 41 83.67 GG vs. AA + GA 0.202 0.563 0.233-1.360 - - -
A 21 4.98 11 11.22 AA vs. GA 0.999 N/A N/A - - -
G 401 95.02 87 88.78 AA vs. GG 0.999 N/A N/A - - -

GA vs.GG 0.844 1.109 0.395-3.113 - - -
A vs. G 0.024 2.414 1.123-5.191 0.001 4.416 1.900-10.267

IL10 rs1800896 CC 0 0.00 0 0.00 CC vs. TC + TT 0 0.231 N/A - - -
TC 16 7.58 9 18.37 TC vs. CC + TT 0.025 2.756 1.138-6.676 0.035 2.984 1.078-8.258
TT 195 92.42 40 81.63 TT vs. CC + TC 0.025 0.363 0.150-0.879 0.035 0.335 0.121-0.927
C 16 3.79 9 9.18 CC vs. TC 0 0.231 N/A - - -
T 406 96.21 89 90.82 CC vs. TT 0 0.231 N/A - - -

TC vs. TT 0.025 2.756 1.138-6.676 0.035 2.984 1.078-8.258
C vs. T 0.029 2.566 1.099-5.993 0.042 2.708 1.038-7.062

ACE2 rs2285666 CC 71 33.65 9 18.37 CC vs. CT + TT 0.040 0.444 0.204-0.965 0.043 0.44 0.199-0.975
CT 54 25.59 16 32.65 CT vs. CC + TT 0.317 1.41 0.72-2.761 - - -
TT 86 40.76 24 48.98 TT vs. CC + CT 0.295 1.395 0.748-2.604 - - -
C 196 46.45 34 34.69 CC vs. CT 0.062 0.428 0.176-1.042 - - -

(Continued )

EM
ERG

IN
G
M
IC
RO

BES
&
IN
FEC

TIO
N
S

9



0.037), and IL10RB rs8178562 (GG vs. AA +GA: OR
= 0.46, 95% CI: 0.22, 0.94, P = 0.033), after adjusting
for age, BMI, and comorbidities.

Population-based analysis of allelic frequencies

Whether there are differences in allelic frequencies of
9 SNPs observed in this study and those of other eth-
nic populations including Asians and Europeans was
further determined using the Genome Aggregation
Database (gnomAD) [20]. Comparisons in allelic fre-
quencies of 9 SNPs between Thai COVID-19 patients
and other ethnic populations are detailed in Table 5.
When compared to general populations of Asia and
Europe, allelic frequencies of LZTFL1 rs10490770
(Asians, P < 0.001), LZTFL1 rs11385942 (Asians, P <
0.001), NADSYN1 rs12785878 (Europeans, P <
0.001), PLXNA4 rs1424597 (Asians, P < 0.001; Eur-
opeans, P < 0.001), IL10 rs1800896 (Asians, P <
0.001), ACE2 rs2285666 (Europeans, P < 0.001),
PEDS1 rs6020298 (Asians, P = 0.013), and IL10RB
rs8178562 (Europeans, P < 0.001) in Thai COVID-19
patients were significantly different. Instead, there
was no significant difference in allelic frequency of
LZTFL1 rs17713054 between Thai COVID-19 patients
and natural populations of Asia and Europe.

In the context of SARS-CoV-2 infection, statisti-
cally significant differences in allelic frequencies of
LZTFL1 rs10490770 [13], LZTFL1 rs11385942 [21],
NADSYN1 rs12785878 [22], IL10 rs1800896 [23],
and ACE2 rs2285666 [24–27] between Thai and
other ethnic patients, particularly Europeans were
observed (P < 0.001, P < 0.001, P < 0.001, P < 0.001,
P < 0.001, respectively) (Table 5).

SNPs associations with cumulative incidence of
Long COVID

The effect of polymorphisms in significant genes on
cumulative incidence of Long COVID was further
determined. Kaplan-Meier curves with log-rank
analysis displayed that LZTFL1 rs10490770 C allele
(χ2 = 6.184, P = 0.013), LZTFL1 rs11385942 dupA
allele (χ2 = 6.184, P = 0.013), NADSYN1 rs12785878
TT genotype (χ2 = 6.080, P = 0.014), PLXNA4
rs1424597 AA genotype (χ2 = 4.897, P = 0.027),
LZTFL1 rs17713054 A allele (χ2 = 6.184, P = 0.013),
IL10 rs1800896 TC genotype and C allele (χ2 = 5.418,
P = 0.020; χ2 = 5.299, P = 0.021, respectively), ACE2
rs2285666 T allele (χ2 = 4.019, P = 0.045), and PEDS1
rs6020298 GG genotype and G allele (χ2 = 4.803, P =
0.028; χ2 = 5.154, P = 0.023, respectively) were signifi-
cantly related to a higher cumulative incidence of
Long COVID occurrence than other alleles and geno-
types (Figures 3). On the contrary, IL10RB rs8178562
GG genotype was found to be significantly associated
with a lower cumulative incidence of Long COVIDTa
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Table 5. Population-based analysis of allelic frequencies.

Genes SNPs Regions

General population COVID-19 patients

Total Reference alleles Alternative alleles P-value Total Reference alleles Alternative alleles P-value

LZTFL1 rs10490770 Present study 520 T 488 (0.94) C 32 (0.06) Reference 520 T 488 (0.94) C 32 (0.06) Reference
Asians 702 689 (0.98) 13 (0.02) <0.001 7,047 6,075 (0.14) 972 (0.14) <0.001*
Europeans 174,760 161,006 (0.92) 13,754 (0.08) 0.165

LZTFL1 rs11385942 Present study 520 AA 488 (0.94) dupA 32 (0.06) Reference 520 AA 488 (0.94) dupA 32 (0.06) Reference
Asians 112 112 (1.00) 0 (0.00) <0.001 - - - -
Europeans 14,152 12,977 (0.92) 1,175 (0.08) 0.087 72 46 (0.64) 26 (0.36) <0.001

NADSYN1 rs12785878 Present study 520 G 365 (0.70) T 155 (0.30) Reference 520 G 365 (0.70) T 155 (0.30) Reference
Asians 3,374 2,240 (0.66) 1,134 (0.34) 0.089 - - - -
Europeans 163,228 42,793 (0.26) 120,435 (0.74) <0.001 120 36 (0.30) 84 (0.70) <0.001

PLXNA4 rs1424597 Present study 520 G 102 (0.20) A 418 (0.80) Reference - - - -
Asians 160 124 (0.78) 36 (0.23) <0.001 - - - -
Europeans 15,532 13,982 (0.90) 1,550 (0.10) <0.001 - - - -

LZTFL1 rs17713054 Present study 520 G 488 (0.94) A 32 (0.06) Reference - - - -
Asians 168 164 (0.98) 4 (0.02) 0.071 - - - -
Europeans 19,446 17,856 (0.92) 1,590 (0.08) 0.104 - - - -

IL10 rs1800896 Present study 520 T 495 (0.95) C 25 (0.05) Reference 520 T 495 (0.95) C 25 (0.05) Reference
Asians 3,938 140,244 (0.53) 125,934 (0.47) <0.001 3,184 2,842 (0.89) 342 (0.11) <0.001
Europeans 266,178 3,690 (0.94) 248 (0.06) 0.206 - - - -

ACE2 rs2285666 Present study 520 C 230 (0.44) T 290 (0.56) Reference 520 C 230 (0.44) T 290 (0.56) Reference
Asians 514 229 (0.45) 285 (0.55) 0.950 - - - -
Europeans 100,440 79,975 (0.80) 20,465 (0.20) <0.001 481 354 (0.74) 127 (0.26) <0.001

PEDS1 rs6020298 Present study 520 G 279 (0.54) A 241 (0.46) Reference - - - -
Asians 202 87 (0.43) 115 (0.57) 0.013 - - - -
Europeans 89,342 45,795 (0.51) 43,547 (0.49) 0.291 - - - -

IL10RB rs8178562 Present study 520 G 316 (0.61) A 204 (0.39) Reference - - - -
Asians 624 402 (0.64) 222 (0.36) 0.219 - - - -
Europeans 121,598 99,511 (0.82) 22,087 (0.18) <0.001 - - - -

P-values marked with bold indicate statistically significant differences in allelic frequencies of SNPs between Thai and other ethic populations.
*P-value for comparison in allelic frequency of LZTFL1 rs10490770 among Thai, Asian, and European patients with COVID-19.
Abbreviations: ACE2, angiotensin converting enzyme-2; CI, confidence interval; COVID-19, coronavirus disease 2019; IL10, interleukin-10; IL10RB, interleukin-10 receptor subunit beta; LZTFL1, leucine zipper transcription factor like-1; N/A, not
available; NADSYN1, NAD synthetase-1; OR, odds ratio; PEDS1, plasmanylethanolamine desaturase-1; PLXNA4, plexin A4; SNP, single nucleotide polymorphism.
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occurrence than AA-plus-GA genotypes (χ2 = 4.846, P
= 0.028) (Figure 3).

Discussion

Identifying host genetic factors involved in clinical
consequences of COVID-19 are crucial for a better
understanding of COVID-19 pathogenesis and inter-
individual heterogeneity in severity and long-term
symptoms of COVID-19, which may be helpful for
development of novel therapeutic strategies for pro-
phylaxis and clinical surveillance of COVID-19.
From this perspective, the present study attempted
to investigate the influences of 37 SNPs known to be
implicated in viral entry and immune as well as
inflammatory responses on susceptibility to severe
COVID-19 and long-term symptoms of SARS-CoV-
2 infection. Out candidate genetic variants selected
from data on systematic literature review, 9 including
LZTFL1 rs10490770, LZTFL1 rs11385942, LZTFL1
rs17713054, NADSYN1 rs12785878, PLXNA4
rs1424597, IL10 rs1800896, ACE2 rs2285666, PEDS1
rs6020298, and IL10RB rs8178562 were found to be
significantly associated with Long COVID, whereas
there were no significant associations between poly-
morphisms in 37 selected variants and susceptibility

to severe COVID-19, after adjusting for age, gender,
the presence of comorbidities, and vaccination status.
More specifically, polymorphisms in LZTFL1
rs10490770, LZTFL1 rs11385942, LZTFL1
rs17713054, NADSYN1 rs12785878, PLXNA4
rs1424597, IL10 rs1800896, ACE2 rs2285666, PEDS1
rs6020298, and IL10RB rs8178562 were shown to be
significantly associated with a cumulative incidence
of Long COVID occurrence. Collectively, the afore-
mentioned findings lend support to the notion that
host genetic factors may influence clinical conse-
quences of COVID-19 – particularly Long COVID,
which may open the door for personalized medicine
against long-term symptoms of COVID-19.

As LZTFL1 is one of candidate effector genes
potentially implicated in the disease progression by
viral entry or clearance and immune response, recent
studies examined its functional significance in SARS-
CoV-2 infection [28,29]. From this, selective spatial
transcriptomic analysis of lung samples from
COVID-19 patients uncovered the presence of epi-
thelial–mesenchymal transition (EMT) signalling, a
viral response pathway regulated by LZTFL1 [30]. In
addition to this, it has been shown that LZTFL1 was
highly expressed in pulmonary epithelial cells, particu-
larly ciliated epithelial cells, one of the primary cellular

Figure 3. Kaplan-Meier curves demonstrating associations between polymorphisms in nine significant genes and cumulative inci-
dence of Long COVID. (A) LZTFL1 rs10490770 C allele. (B) LZTFL1 rs11385942 dupA allele. (C) NADSYN1 rs12785878 TT genotype.
(D) PLXNA4 rs1424597 AA genotype. (E) LZTFL1 rs17713054 A allele. (F) IL10 rs1800896 TC genotype and (G) C allele. (H) ACE2
rs2285666 T allele. (I) PEDS1 rs6020298 GG genotype and (J) G allele. (K) IL10RB rs8178562 GG genotype.

12 W. UDOMSINPRASERT ET AL.



targets for SARS-CoV-2 infection [31]. In view of the
foregoing findings, it has been speculated that altera-
tions in LZTFL1 expression involved in susceptibility
to SARS-CoV-2 infection and COVID-19 severity
may be governed by genetic polymorphisms. In sup-
port of this hypothesis, global data depicted a signifi-
cant association between LZTFL1 rs10490770
polymorphism and COVID-19 severity [32]. Indeed,
C allele of LZTFL1 rs10490770 has been reportedly
associated with an increased susceptibility to severe
COVID-19, compared with T allele [13]. Contrary to
the previous findings, our result showed no significant
association between LZTFL1 rs10490770 polymorph-
ism and COVID-19 severity. In terms of long-term
symptoms of COVID-19, our result further demon-
strated that C allele was significantly associated with
a higher risk of Long COVID than T allele. Besides
LZTFL1 rs10490770 polymorphism, the present
study revealed that dupA allele of LZTFL1
rs11385942 was significantly associated with a greater
risk of Long COVID than AA allele. Our finding is
partly supported by a genome-wide association study
denoting a considerable association between LZTFL1
rs11385942 polymorphism and severe COVID-19
with respiratory failure [14]. In addition to LZTFL1
rs10490770 and rs11385942 polymorphisms, our
additional finding uncovered that A allele of LZTFL1
rs17713054 was significantly associated with an
increased risk of developing Long COVID-19, consist-
ent with a previous study by Downes et al [30]. reveal-
ing a significant association of LZTFL1 rs17713054
with two-fold increased risk of respiratory failure.
When compared to other ethnic populations with
COVID-19, especially Europeans [13,21], the allelic
frequencies of LZTFL1 rs10490770 and rs11385942
observed in our study were significantly different. All
above-mentioned findings highlight the importance
of LZTFL1 as a candidate effector gene in clinical con-
sequences of COVID-19 – particularly long-term
symptoms.

Given the involvement of vitamin D homeostasis
and its metabolic pathway in COVID-19 severity
[33], NADSYN1, a precursor for several cellular sig-
nalling and metabolic molecules including vitamin
D, is gaining increasing interest as a candidate mol-
ecule for exploring its polymorphisms involved in
COVID-19 severity. It has been suggested that the sig-
nificance of vitamin D in host immunity against viral
infection, in particular SARS-CoV-2 infection, might
be partly explained by polymorphisms in relevant
genes [33, 34]. Regarding this, a recent study by
Kotur et al [22]. demonstrated a significant association
between DHCR7/NADSYN rs12785878 polymorph-
ism and susceptibility to severe COVID-19, in which
TG-plus-GG genotypes showed a significant associ-
ation with decreased risk of developing severe
COVID-19. Consistent with this, a study by Freitas

et al [35]. showed that polymorphism in DHCR7/
NADSYN rs12785878 was significantly associated
with COVID-19 severity. The above findings attest
our result regarding a significant association between
TT genotype of NADSYN rs12785878 and higher
risk of developing Long COVID, compared with
other genotypes, while after adjusting for confounders,
no association of NADSYN rs12785878 polymorphism
with susceptibility to severe COVID-19 was found.
This may be due to existing risk factors like vacci-
nation, possibly exerting the dominant susceptibility
effect on severe COVID-19, rather than genetic fac-
tors. Comparison in the allelic frequency of NADSYN
rs12785878 between Thai and European patients with
COVID-19 uncovered significant difference [22].

The present study further identified a possible cau-
sative gene responsible for a three-fold greater risk of
long-term symptoms of COVID-19, PLXNA4
rs1424597 polymorphism. Our additional finding is
supported by genomic data derived from a recent
study by Razzaq et al [36], denoting that AA genotype
of PLXNA4 rs1424597 had an increased risk of devel-
oping pulmonary embolism in COVID-19 patients. As
to its biological role, Plexin A4, encoded by PLXNA4
gene, is a component of a receptor complex involved
in signal transduction of semaphorin 3 signals respon-
sible for cytoskeletal reorganization, leading to inhib-
ited integrin adhesion [37]. This highlights the
importance of Plexin A4 in microvascular thrombosis,
one of the critical complications observed in COVID-
19 patients. In critically ill COVID-19 patients, it has
been found that decreased plasma Plexin A4 levels
were significantly linked to deteriorated respiratory
function [36].

Since the pathophysiology of COVID-19 is charac-
terized by an inflammatory response that activates a
complex collection of mediators, one of which is a
group of interleukins (IL) [38], genetic polymorph-
isms in ILs have attracted a great deal of scientific
attention. Among others, genetic polymorphism in
IL10 rs1800896 has been shown to have a strong
association with the prevalence of COVID-19 [39].
In line with the previous finding, our study further
depicted a significant relationship between IL10
rs1800896 polymorphism with long-term symptoms
of COVID-19, in which TC genotype and C allele pro-
vided a two-fold increase in risk of Long COVID
development. In comparison to COVID-19 patients
in Europe [23], the allelic frequency of IL10
rs1800896 obtained in our study was significantly
different.

As ACE2 acts as a predominant receptor through
which the SARS-CoV-2 enters and infects cells, altera-
tions in ACE2 expression mediated by its genetic var-
iants have been demonstrated to contribute to severe
outcomes in COVID-19 patients [40,41]. From that
view, several studies focused on investigating possible
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association between genetic polymorphism in ACE2
and COVID-19 severity and demonstrated that TT
genotype and T allele of ACE2 rs2285666 were sub-
stantially related to increased vulnerability to severe
and critical COVID-19 [14,15]. The previous findings
pointed out the consistency of our result regarding
association between ACE2 rs2285666 polymorphism
with Long COVID, where T allele was observed to
be associated with a greater susceptibility to develop-
ing long-term symptoms of COVID-19. In the allelic
frequency of ACE2 rs2285666 between our study and
previous studies conducted in Europe [24–27], a sig-
nificant difference was observed.

As PEDS1 is recognized as one of molecules
involved in IL1 signalling pathway responsible for
inflammatory and immune responses, genetic poly-
morphism in PEDS1 has gained considerable research
interest recently. Notably, GWAS data showed that
PEDS1 rs6020298, the most significant SNP, was
associated with COVID-19 severity [42]. Supporting
the previous finding, GG genotype and G allele of
PEDS1 rs6020298 were shown to be significantly
associated with an elevated risk of Long COVID in
our study.

Aside from genetic polymorphisms in the afore-
mentioned genes, IL10RB was recently identified as
the top candidate gene target for COVID-19 host sus-
ceptibility [43]. Regardless of its primary role, IL10RB
is an integral part of the IL10 receptor complex. It has
been proved that coexpression of IL10RB with IL10RA
is essential for IL10-induced signal transduction [44].
In the context of COVID-19, data from translational
genomics approach revealed that upregulation of
IL10RB expression was associated with worse out-
comes and increased viral load [43]. In this regard, it
has been assumed that COVID-19 progression may
be linked to genetic variations in IL10RB possibly
affecting its expression. To address this speculation,
a recent result derived from a bioinformatics approach
unveiled that genetic polymorphism in IL10RB
rs8178562 was remarkably associated with COVID-
19 severity [45], lending credence to our finding of sig-
nificant relationship between GG genotype of IL10RB
rs8178562 and decreased susceptibility to developing
Long COVID.

In view of the foregoing, it is worth noting that gen-
etic polymorphisms in 9 out of 37 variants, including
LZTFL1 rs10490770, LZTFL1 rs11385942, LZTFL1
rs17713054, NADSYN1 rs12785878, PLXNA4
rs1424597, IL10 rs1800896, ACE2 rs2285666, PEDS1
rs6020298, and IL10RB rs8178562, might play a role
in susceptibility to long-term symptoms of COVID-
19, conceivably by altering their protein expression
and subsequently activating the downstream effectors
relevant to COVID-19 pathogenesis. In support of this
postulation, LZTFL1 rs11385942 polymorphism has
been reportedly associated with elevated plasma levels

of complement component 5a (C5a) and soluble term-
inal complement complex C5b-9 (SC5b-9) during
SARS-CoV-2 infection [21], indicating that enhanced
activation of the immune system and complement
pathways might contribute to the deleterious effect
of this variant. Apart from this, it has been shown
that ACE2 rs2285666 T allele was significantly associ-
ated with increased expression of ACE2 receptor in
COVID-19 patients [46]. However, it is important to
keep the inherent limitations in mind when interpret-
ing the data presented herein. One of the most impor-
tant limitations of this study is that the functional
analysis of those identified 9 SNPs was not performed.
In that context, it may be challenging to explain how
genetic polymorphisms in 9 SNPs affect their gene
functions implicated in Long COVID development
and how they interact with each other. Another draw-
back of this study is lack of data on environmental fac-
tors such as smoking status, which may influence
COVID-19 severity. Furthermore, given that MassAr-
ray system, a method employed for the identification
of genetic polymorphisms, allows us to analyse up to
40 SNPs, we encountered difficulties in determining
genetic polymorphisms of all reported SNPs with no
significant associations with COVID-19 severity and
unfavourable long-term outcomes. Additionally, no
associations between genetic polymorphisms in 37
chosen host variants and severe COVID-19 were dis-
covered in this study, which might be due to the fact
that we were unable to comprehensively examine
other genes implicated in COVID-19 development.
Besides this, it might be attributable to the fact that
over 80% of COVID-19 patients in Thailand are vac-
cinated, for which the disease infrequently progresses
to a severe form among those who do have it. Vaccines
against COVID-19 are generally accepted as a means
of preventing life-threatening complications and
death.

Conclusions

This study added to the growing body of evidence
regarding the influences of host genetic factors on
COVID-19 clinical consequences by revealing that
polymorphisms in LZTFL1 rs10490770, LZTFL1
rs11385942, LZTFL1 rs17713054, NADSYN1
rs12785878, PLXNA4 rs1424597, IL10 rs1800896,
ACE2 rs2285666, PEDS1 rs6020298, and IL10RB
rs8178562 were significantly related to not only risk
of long-term symptoms of COVID-19, but also
cumulative incidence of Long COVID occurrence.
Since genetic variants have been shown to increase
susceptibility to SARS-CoV-2 infection and cause
devastating outcomes, it is imperative to incorporate
individual genetic data in order to implement
personalized therapeutics and improve COVID-19
prognostication.
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