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Background: In recent years, various coronaviruses have caused severe respiratory illnesses worldwide. For example the severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infections of COVID-19 outbreak in 2019 in Wuhan, China. Genome-
wide association studies (GWAS) have significantly expanded our comprehension of how specific genetic variations are linked to
diseases. Research has demonstrated the existence of genetic factors influencing susceptibility to coronaviruses. The objective of
this study was to examine the association of certain loci with the COVID-19 in Saudi population.
Methods: In the present study we have examined the link between the COVID-19 disease and certain genetic variants in hospi-
talized COVID-19 patients (n = 16) in Tabuk and Bisha, Kingdom Saudi Arabia. We used the genome Analysis Toolkit (GATK)
and Comprehensive variant annotation was performed different databases and tools such as Search Tool for the Retrieval of
Interacting Genes (STRING), PanelApp and PolyPhen-2.
Results: The study showed that the genetic variants associated with genes such as Homeostatic Iron Regulator (HFE) (found in
7 patients, representing 44%), complement factor H (CFH) (6 patients, 38%), cadherin 23 (CDH23) (4 patients, 25%), cytotoxic
T-lymphocyte associated protein 4 (CTLA-4) (3 patients, 19%), Transforming Growth Factor Beta 1 (TGFB1) (3 patients, 19%),
CREB-binding protein (CREBBP) (2 patients, 13%), E1A Binding Protein P300 (EP300) (2 patients, 13%), hemoglobin subunit
beta (HBB) (2 patients, 13%), interferon regulatory factor 7 (IRF7) (2 patients, 13%), and unc-119 lipid binding chaperone
(UNC119) (2 patients, 13%) might be associated with susceptibility to coronavirus. We also identified mutations in the COVID-
19 patient that are pathogenic or likely pathogenic.
Conclusion: A recurrent pathogenic mutation, HFE p.His63Asp (H63D), was identified in 7 patients, suggesting its potential
contribution to disease severity. Additionally, a likely pathogenic variant, HBB p.Glu7Val (E7V), was present in 2 patients,
highlighting its potential role in disease susceptibility. Our results shed light on the key genetic mechanisms of COVID-19 patho-
genesis and help to identify and stratify the individuals or populations that are at risk to corona virus infection. The identification
of susceptible individuals or populations assist in prevention and/or in treatment programs.
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Introduction

The coronavirus belongs to the viral family Coron-
aviridae which comprises the subfamilies Coronavirinae
and Torovirinae [1]. The members of the Coronaviridae
contain an envelope. This envelope contains three proteins,
namely the envelope protein (E), membrane protein (M)
and spike glycoprotein (S) [1,2]. There are four genera in
Coronaviridae family that include Alphacoronavirus, Be-
tacoronavirus, Deltacoronavirus, and Gammacoronavirus
[3].

COVID-19 is from the B strain of the genus Beta-
coronavirus. The Betacoronavirus infects only mammalian
species [3]. The coronavirus is positive-sense single-
stranded RNA virus with a genome of about 30 thou-
sand nucleotide in length [4]. The severe acute respira-
tory syndrome coronavirus-2 (SARS-CoV-2) is a novel be-
tacoronavirus responsible for the human coronavirus dis-
ease COVID-19 which spread in a pandemic proportion
globally after initially starting in later months of the year
2019 in Wuhan, China [4]. The COVID-19 infection could
rather easily transmit from person to person and rapidly
spread among the population worldwide by March 2020
[2]. Symptoms of COVID-19 include headache, hyperther-
mia, cough, breath shortness, generalized weakness, spu-
tum, and chest pain [5,6]. In addition to some neurological
symptoms, dermatological manifestations, loss of appetite,
muscles pain, sneezing, sore throat, rhinitis and diarrhea
have been extensively reported in patients [5].

Several studies have suggested the role of human host
gene variations in the infection of COVID-19 because of the
differences in the clinical manifestations and rate of mortal-
ity between individuals, populations and ethnicities [3,7].
These studies may provide evidences of the modulation of
host genetics on the pathogenesis of COVID-19 virus [7].
Coronaviruses also caused human respiratory infections in
China in 2002 - SARS-CoV [8] followed by Middle East
respiratory syndrome corona virus (MERS-CoV) in Saudi
Arabia in 2012, [8]. It is known that certain risk loci are
linked to susceptibility to diseases. Specific genetic varia-
tions can increase the susceptibility or severity of individ-
uals or populations to various pathological conditions such
as diabetes, cancers, cardiovascular diseases (CVD), and in-
fections [9,10].

The Genome-wide association studies (GWAS) are
employed successfully to uncover the gene variations or
loci associated with diseases, such as diabetes mellitus, car-
diovascular disease, cancers, COVID-19 and others [11–
19]. Some of these have reported the linkage between the
COVID-19 infection and genetic variants [18]. For exam-
ple, the loci 3q21.31 (leucine zipper transcription factor like
1 (LZTFL1) and chemokine receptor genes) was reported
to be linked with the severity of COVID-19 disease in pa-
tients, while 9q34.2 (ABO) was found to be linked to the
susceptibility to COVID-19 infection [18]. Moreover, the

genes that are expressed in pulmonary tissues and have been
linked to the progression of emphysema, obstruction of air-
way and surface tension within the respiratory system and
the genes that are involved in secretion of inflammatory cy-
tokines from the T lymphocytes were reported to be associ-
ated with COVID-19 infection [11].

In the current study, we examined the gene variations
associated with the susceptibility to COVID-19 in hospital-
ized cases from the Saudi Arabian population to explore the
risk loci and the likely pathogenic variants associated with
this disease. The results will help in identification of the
underlying genetic mechanisms of COVID-19 pathogenic-
ity and aid in the detection of susceptible individuals that
will help in prevention and/or in treatment of this viral in-
fection.

Materials and Methods

Study Population
The present study included 16 COVID-19 patients

from two cities in Saudi Arabia; Tabuk and Bisha. The
group included 16 COVID-19 patients admitted to two ter-
tiary care hospitals. Over the study period, 16 consecu-
tive admissions from King Fahad Hospital, Tabuk city and
King Abdullah Hospital, Bisha city respectively were in-
cluded. A positive result on nasal and oropharyngeal swab
samples tested with the RealStar® SARS-CoV-2 Real-time
polymerase chain reaction (RT-PCR) Kit 1.0 (Altona Diag-
nostics GmbH, Hamburg, Germany) was considered a labo-
ratory confirmation of COVID-19. We excluded cases with
negative results of the nasal and oropharyngeal swab sam-
ples.

Sample Collection
A peripheral blood sample of around 2 mL was col-

lected from the 16 subjects in Ethylenediaminetetraacetic
acidV (EDTA) tube for the purpose of Whole-Exome Se-
quencing (WES) and kept in storage right away at –20 °C
till analysis. Using structured questionnaire, all included
subjects were interviewed with regard to epidemiological
and demographic information, history of coronary artery
disease (CAD), type 2 diabetes mellitus (T2DM), chronic
kidney disease (CKD) and addictions, particularly smok-
ing. Also, family history of any other important illnesses
was documented.

DNA Extraction and Sequencing
High-quality human genomic DNAwas utilized as the

starting specimen for this study. The DNA was extracted
with Qiagen DNA extraction kit (Catalog No. 51106),
Hilden, Germany. Following the protocols outlined in the
twist Exome 2.0, 96 Reactions, Kit (Cat#104136), Twist-
bioscience, South San Francisco, CA, USA, an optimized
library was generated. Subsequently, sequencing was per-
formed on the Illumina NovaSeq 6000 platform (Illumina
Way, San Diego, CA, USA), according to the instruc-
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tions. To assess the quality of the sequencing reads, FastQC
v0.11.9 (Java software) was employed. Subsequently,
adapter sequences and low-quality bases were eliminated
from the raw reads using TrimGalore v0.6.6. The result-
ing high-quality reads were mapped onto the hg38 human
reference genome assembly.

Variant Calling and Annotation
The genome Analysis Toolkit (GATK) v4.2.4.1

(Broad Institute of MIT and Harvard, Cambridge, MA,
USA, https://www.broadinstitute.org/scientific-communi
ty/software/genome-analysis-toolkit-gatk) best practice
pipeline, incorporating the Haplotype Caller for small-
variant calling (single nucleotide variants (SNVs) and short
insertions/deletions (InDels)), was implemented for variant
discovery. Comprehensive variant annotation was per-
formed leveraging diverse databases and tools. The RefSeq
database [20] was utilized to identify and characterize genes
harboring potential variants. To elucidate potential disease
associations of identified variants, public databases like
OMIM (Online Mendelian Inheritance in Man, OMIM®.
McKusick-Nathans Institute of Genetic Medicine, Johns
Hopkins University (Baltimore, MD), {December 2023}.
World Wide Web URL: https://omim.org/) and ClinVar
[21] were extensively employed. Furthermore, population
frequency information was compiled from resources such
as the 1000 Genomes Project [22], ExAC, GnomAD [23]
(exome and genome), and ESP to effectively distinguish
variants from common polymorphisms. Variants were
filtered according to a minor allele frequency (MAF)
<0.01 in population databases. Additionally, synonymous,
intronic, and non-coding variants were excluded from the
analysis. The PolyPhen-2 (version 2.2.3, release 405c)
[24] and SIFT (6.2.1) [25] prediction tools were utilized to
assess the potential functional impact of non-synonymous
coding SNVs on protein structure and function. Addition-
ally, in silico variant effect prediction was performed for
all variants using a multitude of independent prediction
tools. Finally, all variants were meticulously interpreted in
accordance with the American College of Medical Genetics
and Genomics (ACMG) guidelines [26]. Pathogenic, likely
pathogenic, and variants of uncertain significance were
subsequently reported.

Gene Interaction Network Construction
A curated list of genes harboring recurrent

pathogenic variants was subjected to network analy-
sis within the Search Tool for the Retrieval of Interacting
Genes (STRING) database v12.0 [27]. Utilizing the
database’s robust predictions of protein-protein interac-
tions, a downloadable tabular file (.tsv) was acquired
through the Exports tab. This data served as the foundation
for visualizing the network using Cytoscape version 3.10.1
[28], a software specifically designed for biomolecular
interaction analysis.

Functional Prioritization and Enrichment Analysis
To prioritize key genes within the network, an addi-

tional filtering step was implemented. Genes were cross-
referenced with the COVID-19 severity and susceptibil-
ity panel available in PanelApp [29]. This resource, pop-
ulated by expert consensus, enabled the identification of
genes possessing high review ratings, suggesting their po-
tential relevance to the disease context. These prioritized
genes were subsequently fed into the g: profiler webserver
(e110_eg57_p18) [30] for enrichment analysis. This com-
prehensive platform assessed gene sets for overrepresen-
tation in Gene Ontology (GO) terms, highlighting unique
terms with a statistical significance threshold of –log10p
score >=3.

Statistical Analysis
Statistical analyses were conducted utilizing SAS In-

stitute Inc.’s statistical software version 9.4 (Cary, NC,
USA), Stata Corp.’s Stata statistical software Release 13
(College Station, TX, USA), Med-Calc software version
20.027 (https://www.medcalc.org/), and SPSS Inc.’s SPSS
version 16.0 (IBM Corp., Chicago, IL, USA).

Variant Annotation and Prioritization
The Ensembl Variant Effect Predictor (VEP) is a

powerful tool that provides comprehensive annotations
for SNVs and insertions/deletions (indels) [31]. To en-
sure accurate results, we utilized default VEP annotations,
as well as several plugins including dbNSFP, Combined
Annotation-Dependent Depletion (CADD), DisGeNET,
Gene Ontology, Geno2MP, LOEUF, mutfunc, and Pheno-
types. To predict the functional consequences of mutations,
we leveraged tools from dbNSFP such as PROVEAN,
REVEL, ClinPred, Aloft, and DANN. For missense mu-
tations, we also incorporated SIFT, Polyphen, and CADD
scores for annotation. To determine the functional im-
pact of indels, we used SIFT-indel [32]. Finally, we anno-
tated allele frequencies using gnomAD (exomes) allele fre-
quencies and only retained canonical transcript-dependent
consequences per variant in the VEP-annotated file. Fol-
lowing the ACMG/AMP guidelines for the “Benign stand-
alone” (BA1) criterion, we eliminated all alleles with a fre-
quency of 5% or higher in gnomAD [23] or gnomADMid-
dle East [33]. The remaining variants were then compared
to the Clinvar database to ascertain their classification as
benign (B), likely benign (LB), likely pathogenic (LP), or
pathogenic (P). Variants that were not found in the Clin-
var database were deemed “deleterious” based on the fol-
lowing criteria: (i) Variants with a VEP reported impact of
“low” were removed. Only variants with a reported impact
of “high”, “moderate” or “modifier” were considered. (ii)
Variants were only considered deleterious if predicted to be
so by SIFT [25], Polyphen [24], or PROVEAN [34]. (iii)
A CADD [35] score greater than 20 was required. iv. For
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DANN or REVEL scores [36,37], a score higher than 0.5
was necessary. V. For indels, SIFT-INDEL [32] must clas-
sify them as damaging.

Variant Classification
The aforementioned criteria were used to identify any

deleterious variations, which were then categorized as ei-
ther variants of uncertain significance (VUS) or LP. If three
or more tools concurred on the classification, the variations
were designated as LP. Conversely, if there were discrep-
ancies among tool results, they were classified as VUS. All
the identified LP genes were scrutinized for their connec-
tions with immune and respiratory functions or traits using
GO process and Human Phenotype Ontology (HPO).

COVID-19 Phenotype Association with Variants
The 40001-U071-COVID-19-virus-identified pheno-

type was sourced from the AstraZeneca Phewas portal [38],
a comprehensive database of gene-phenotype associations.
This database is built from electronic health records, ques-
tionnaire data, and continuous traits computed on exomes
shared by UK Biobank. All the variants that are present in
this cohort were thoroughly analyzed for their association
with the COVID-19 phenotype, and any overlapping vari-
ants between the two datasets were reported.

Results

Patient Characteristics
This study investigated the clinical characteristics of a

cohort of 16 patients admitted to the hospital with COVID-
19 symptoms. The group comprised 9 female (56.3%) and
7 male (43.8%) individuals. Eight patients (50%) achieved
full recovery and were discharged, while eight (50%) suc-
cumbed to the severe complications of the disease. The
median duration of hospital stay was 12 days (interquar-
tile range: 9–16), with a median intensive care unit (ICU)
stay of 8 days (5–12). The median age of the patients was
59 years (50–69). The most prevalent respiratory symptom
was cough, reported by 88% (14/16) of patients, followed
by fever, present in 63% (10/16). Among pre-existing
comorbidities, hypertension was the most common, diag-
nosed in 75% (12/16) of patients. Cancer and diabetes were
also prevalent, observed in 56% (9/16) and 31% (5/16) of
patients, respectively. Chronic kidney disease was present
in one patient (6.3%). Notably, all patients (100%) received
treatment with immunosuppressive steroids and/or antiviral
medications. Main clinical characteristics of this cohort are
summarized in Table 1.

Detection and Classification of Candidate Variants
Whole-exome sequencing identified 99 variants of in-

terest in 54 genes within the cohort of 16 patients. Among
these, 71 variants were unique to individual patients, while
nine were recurrent, being present in at least two patients.

Table 1. Clinical characteristics of the COVID-19 cases.

Characteristic
COVID-19 Patients (n %)

N = 16

Gender
Female 9 (56%)
Male 7 (44%)

Age1 59 (50–69)
Hypertension 12 (75%)
Cancer 9 (56%)
Diabetes

No 2 (13%)
Unknown 9 (56%)
Yes 5 (31%)

Smoking
No 6 (38%)
Unknown 9 (56%)
Yes 1 (6%)

Fever
No 3 (19%)
Unknown 3 (19%)
Yes 10 (63%)

Cough
Unknown 2 (13%)
Yes 14 (88%)

Chronic kidney disease
No 7 (44%)
Unknown 8 (50%)
Yes 1 (6%)

Ischemic heart disease 8 (50%)
Immunosuppressive medications

No 2 (13%)
Unknown 3 (19%)
Yes 11 (69%)

Hospital duration (Days)1 12 (9–16)
ICU duration (Days)1 8 (5–12)
Outcome

Death 8 (50%)
Improved 8 (50%)

1Median (IQR); ICU, intensive care unit.

Notably, 94 of the identified variants were single nucleotide
polymorphisms (SNPs), with the remaining 5 categorized
as insertions/deletions (indels). Further characterization re-
vealed the predominant variant class to be missense muta-
tions (n = 71), followed by silent (n = 19), intronic (n = 2),
frameshift (n = 4), nonsense (n = 2), and a single in-frame
indel. Applying the ACMG criteria for variant interpreta-
tion, 16 variants across 10 patients were classified as either
pathogenic or likely pathogenic. Themajority of variants (n
= 50) fell into the category of VUS, while 33 were classified
as likely benign (Fig. 1).

Focusing on non-synonymous variants present in two
or more patients revealed a specific set of potentially influ-
ential genes. These includedHFE (found in 7 patients, rep-
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Fig. 1. Barplot showing the count of different categories of gene variants identified in COVID-19 patients shown in the x-axis.
(A) Variant classification. (B) American College of Medical Genetics and Genomics (ACMG) Classification. (C) Variant type and (D)
single nucleotide variat (SNV) class. SNP, single nucleotide ploymorphism; INDEL, insertion and deletion mutations.

resenting 44%), complement factor H (CFH) (6 patients,
38%), cadherin 23 (CDH23) (4 patients, 25%), cytotoxic
T-lymphocyte associated protein 4 (CTLA-4) (3 patients,
19%), Transforming Growth Factor Beta 1 (TGFB1) (3
patients, 19%), CREB-binding protein (CREBBP) (2 pa-
tients, 13%), E1A Binding Protein P300 (EP300) (2 pa-
tients, 13%), hemoglobin subunit beta (HBB) (2 patients,
13%), interferon regulatory factor 7 (IRF7) (2 patients,
13%), and unc-119 lipid binding chaperone (UNC119) (2
patients, 13%) (Fig. 2).

Identification of Potentially Pathogenic Variants
Detailed analysis of the identified variants revealed 8

genes harboring a total of 16 variants which were classi-
fied as pathogenic or likely pathogenic, distributed across
10 patients within the cohort. Notably, among these 10
patients, 8 were female and 2 were male. A recurrent
pathogenic mutation, HFE p.His63Asp (H63D), was iden-
tified in 7 patients, suggesting its potential contribution to
disease severity. Additionally, a likely pathogenic vari-
ant, HBB p.Glu7Val (E7V), was present in 2 patients, high-
lighting its potential role in disease susceptibility. Table 2
lists details regarding all identified pathogenic and likely
pathogenic variants.

Characterization of HFE p.His63Asp Variants and
Association with Patient Outcomes

Our analysis revealed distinct patterns in HFE
p.His63Asp (H63D) variants and their association with pa-
tient outcomes. Notably, both male patients presented with
homozygous mutations (H63D/H63D), while five females
harbored heterozygous mutations (H63D/wild type (WT)).
A critical observation was the differential impact of geno-
type on patient survival. Unfortunately, none of the patients
with the homozygous mutation (H63D/H63D) survived the
illness, while four out of five (80%) patients with the het-
erozygous mutation (H63D/WT) demonstrated clinical im-
provement. This suggests a potential dose-dependent effect
of the H63Dmutation on disease severity. Furthermore, co-
morbidity analysis revealed that both patients with the ho-
mozygous p.His63Asp/p.His63Asp genotype harbored pre-
existing conditions of hypertension and cancer. There was
significant association emerged betweenHFE genotype and
patient age at the time of infection and hospitalization. Pa-
tients bearingHFEmutant alleles (p.His63Asp/p.His63Asp
or p.His63Asp/WT) presented with COVID-19 symptoms
and required hospitalization at a significantly younger age
compared to patients with the WT/WT genotype (p =
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Fig. 2. Comut plot showing the recurrent variants and clinical characteristics of the COVID-19 patients. Each column represents
an individual patient.

0.0093). Table 3 lists the clinical characteristics difference
between the patients bearing HFE mutant alleles vs HFE
wild types.

Network Analysis and Functional Characterization
of HFE in COVID-19

To uncover potential functional partners of the HFE
gene in the context of COVID-19 severity, a network anal-
ysis was conducted. This analysis revealed interactions be-
tween HFE and 10 other genes (Fig. 3). Subsequently,
these 10 genes, alongwithHFE, were cross-referencedwith
the PanelApp COVID gene list for their association with
COVID-19 severity and susceptibility. Interestingly, three
genes - HFE, B2M, and TFRC - emerged with a green re-
view rating, indicating strong evidence from expert review-
ers that variations in these genes could contribute to disease
severity.

Further insights were gained through GO enrichment
analysis of these three key genes (Fig. 4). Beyond the ex-
pected involvement in the HFE transferrin complex, they
were found to be significantly enriched in pathways related
to regulating adaptive immunity (p= 1.1× 10−4) andMajor

Histocompatabilty Complex (MHC) class I antigen presen-
tation (p = 8.2 × 10−4) (Fig. 4). This suggests a potential
connection between HFE and immune response pathways
relevant to COVID-19.

Discussion

Understanding the risk loci will help to identify and
stratify the susceptible individuals or populations, which
will assist through the genetic testing to prevent or de-
lay the incidence of these diseases [39,40]. In the present
study, we examined gene variations in hospitalized pa-
tient of COVID-19. Our results showed that there were
pathogenic and likely pathogenic variants in patients (Ta-
ble 2). These gene variations include HFE (44%), CFH
(38%), CDH23 (25%), CTLA-4 (19%), TGFB1 (19%),
CREBBP (13%), EP300 (13%), HBB (13%), IRF7 (13%),
andUNC119 (13%) (Fig. 2). TheHFE gene (H = high; FE =
iron) was detected in 44% from the ceases.

The HFE gene consists of seven exons expanded in
12-kilobase. HFE gene is composed of 9609 base pair
of deoxyribonucleic acid and located on chromosome 6p
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Table 2. Identified pathogenic (P) and likely pathogenic (LP) variants in patients.
Patient Gender Age Outcome Hugo symbol HGVSc HGVSp ACMG classification

CCC3_S69 Female 50 Improved

TBK1 NM_013254.4:c.897dupT p.Ala300fs LP
TBK1 NM_013254.4:c.1178delA p.Ile393fs LP
PEX1 NM_000466.3:c.1108delA p.Ile370fs P
HFE NM_000410.4:c.187C>G p.His63Asp P

CCC8_S63 Female 64 Death ABCC6 NM_001079528.4:c.281G>A p.Trp94* LP

CCC9_S56 Female 59 Improved
C6 NM_000065.5:c.1879delG p.Asp627fs P
MPL NM_005373.3:c.317C>T p.Pro106Leu P

CCC19_S71 Female 59 Improved HFE NM_000410.4:c.187C>G p.His63Asp P
CCC30_S58 Male 49 Death HFE NM_000410.4:c.187C>G p.His63Asp P

CCC38_S66 Female 52 Improved
HFE NM_000410.4:c.187C>G p.His63Asp P
MEFV NM_000243.3:c.2230G>T p.Ala744Ser LP

CCC51_S59 Male 36 Death HFE NM_000410.4:c.187C>G p.His63Asp P
CCC52_S64 Female 50 Death HFE NM_000410.4:c.187C>G p.His63Asp P
CCC67_S60 Female 68 Improved HBB NM_000518.5:c.20A>T p.Glu7Val LP

CCC74_S65 Female 49 Improved
HFE NM_000410.4:c.187C>G p.His63Asp P
HBB NM_000518.5:c.20A>T p.Glu7Val LP

p.Trp94* mutation, ‘*’ represents the premature translational stop signal. It is a nonsense type of mutation. Abbreviations: HGVS,
Human Genome Variation Society.

Fig. 3. The HFE interacting gene network with highlighted
COVID-19 susceptibility genes.

within the extended human leukocytes antigen region tail
[41,42]. The exon one encodes the signal peptide, and ex-
ons two to four encode alpha one, alpha two and alpha three
domains, respectively. While exon 5 encodes for the trans-
membrane domain, and exon 6 encodes for the cytoplas-
mic tail [41]. The transmembrane protein HFE resembles
MHC class I-type proteins and binds beta-2 microglobu-
lin and transferrin receptor. The HFE plays a role in syn-
thesis of hepcidin by the hepatocytes [43]. The hepcidin
is a peptide hormone that regulates the iron metabolism

[43]. It regulates the transport of iron to the blood plasma
from the intestine, macrophage recycling, aging or dam-
aged Red Blood Cells (RBCs) and from liver [44]. HFE
affect the absorption of iron by regulating the hepcidin ex-
pression [41,45]. Iron has vital roles in different physio-
logical processes. The iron sulfur proteins are found in
all cells and are important for oxidation-reduction reac-
tions producing energy [46], and it is required for oxygen
transport by respiratory system to all organs of the body
[47]. The loss of iron from bleeding or dermal desqua-
mation are compensated by increased duodenal iron ab-
sorption [48]. However, when duodenal iron absorption
exceeds the physiological limits iron overload is induced
(hereditary hemochromatosis) [48]. The HH results in ox-
idative damage in parenchymal organs such as hepatic,
myocardium, and pancreatic tissues [48–50]. Our result
showed that the in HFE p.His63Asp is associated with pa-
tient outcomes. Both male patients with homozygous mu-
tations (p.His63Asp/p.His63Asp), while five females har-
bored heterozygous mutations (p.His63Asp/WT). A criti-
cal observation was the differential impact of p.His63Asp
on patient survival. Unfortunately, no patients with the
homozygousmutation (p.His63Asp/ p.His63Asp) survived.
While 80% of the cases with the heterozygous mutation
(p.His63Asp/WT) improved with time. This indicates a
possible dose-dependent effect of the p.His63Asp muta-
tion on COVID-19 severity. The p.His63Asp results in ex-
change of histidine, a positively charged amino acid to as-
partic amino acid, a negatively charged amino acid that may
influence the HFE protein structure and function. It is pos-
sible that the p.His63Asp mutation affect the functions of
the HFE protein rendering the carrier of this mutation sus-
ceptible to COVID-19. This result is consistent with a re-
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Table 3. HFE p.His63Asp based clinical characteristics of the patients.

Characteristic
COVID-19 Patients (n %)

H63D/H63D, N = 2 H63D/WT, N = 5 WT/WT, N = 9

Gender
Female 0 (0%) 5 (100%) 4 (44%)
Male 2 (100%) 0 (0%) 5 (56%)

Age1 43 (39–46) 50 (50–52) 68 (64–73)
Hypertension 2 (100%) 4 (80%) 6 (67%)
Cancer 2 (100%) 3 (60%) 4 (44%)
Diabetes

No 0 (0%) 1 (20%) 1 (11%)
Unknown 2 (100%) 3 (60%) 4 (44%)
Yes 0 (0%) 1 (20%) 4 (44%)

Smoking
No 0 (0%) 2 (40%) 4 (44%)
Unknown 2 (100%) 3 (60%) 4 (44%)
Yes 0 (0%) 0 (0%) 1 (11%)

Fever
No 0 (0%) 0 (0%) 3 (33%)
Unknown 1 (50%) 0 (0%) 2 (22%)
Yes 1 (50%) 5 (100%) 4 (44%)

Cough
Unknown 1 (50%) 0 (0%) 1 (11%)
Yes 1 (50%) 5 (100%) 8 (89%)

Chronic kidney disease
No 0 (0%) 2 (40%) 5 (56%)
Unknown 2 (100%) 3 (60%) 3 (33%)
Yes 0 (0%) 0 (0%) 1 (11%)

Ischemic heart disease 2 (100%) 3 (60%) 3 (33%)
Immunosuppressive medications

No 0 (0%) 1 (20%) 1 (11%)
Unknown 2 (100%) 0 (0%) 1 (11%)
Yes 0 (0%) 4 (80%) 7 (78%)

Hospital duration (Days)1 13 (10–17) 13 (11–15) 11 (9–15)
ICU duration (Days)1 9 (8–11) 6 (6–8) 8 (0–12)
Outcome

Death 2 (100%) 1 (20%) 5 (56%)
Improved 0 (0%) 4 (80%) 4 (44%)

1Median (IQR). WT, wild Type; H63D, p.His63Asp.

port that the HFE mutation is associated with susceptibility
to COVID-19 in the Czech and Croatian populations [51,
52]. Elevated iron concentration (caused by p.His63Asp
mutation) results in oxidative stress, (through Haber-Weiss
reaction), and defective immune response [52]. Thus in-
creased iron concentration can enhance the viral infection
and increase viral disease morbidity and mortality rates
[52]. This is in agreement with studies which reported that
iron overload results in metabolic and immune disturbances
and that hereditary hemochromatosis (HH) is a risk factor
for viral infection [53,54]. The co-morbidity analysis re-
vealed that both patients with the homozygous p.His63Asp/
p.His63Asp genotype harbored pre-existing conditions of
hypertension and cancer. This raises intriguing questions

about the potential interplay between HFE mutations and
comorbidities in modulating COVID-19 susceptibility and
outcomes. Interestingly, a significant association emerged
betweenHFE genotype and patient age at the time of infec-
tion and hospitalization. Patients bearing HFE mutant alle-
les (p.His63Asp/p.His63Asp or p.His63Asp/WT) presented
with COVID-19 symptoms and required hospitalization at
a significantly younger age compared to patients with the
WT/WT genotype (p = 0.0093). This finding warrants fur-
ther investigation to elucidate the underlying mechanisms
driving this age-dependent association.

Our result showed that the HFE gene interact with
B2M, and TFRC. This result is in agreement with a study
reporting that the B2M is elevated in cases with COVID-
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Fig. 4. Gene Ontology (GO) enrichment of the COVID-19 susceptibility genes.

19 and it is associated with bad prognosis [55]. The
TFRC transferrin 1 receptor was also reported to be in-
creased in COVID-19 infections [56,57]. Beyond the ex-
pected involvement in the HFE transferrin complex, they
were found to be significantly enriched in pathways related
to regulating adaptive immunity (p = 1.1× 10−4) andMHC
class I antigen presentation (p = 8.2× 10−4). This suggests
a potential connection between HFE and immune response
pathways relevant to COVID-19. The HFE, hepcidin, and
iron are very critical for adaptive immune response [58]. It
has been reported that patients with iron overload or HH
have T lymphocytes with defective functions, proliferation
and differentiation [59], and that these patients are suscep-
tible to infections [59]. Considering the reported loss-of-
function nature of the HFE p.His63Asp variant [60], these
findings support the hypothesis that patients carrying this
mutation may have compromised adaptive immune func-
tion. This could partially explain the observed earlier age
of infection and hospitalization in HFE mutant carriers.
Nevertheless, additional experimental validation is impera-
tive to reinforce this connection and clarify the underlying
mechanisms.

Next, we found mutation in CFH gene. This gene
is found in on chromosome 1q32 [61]. This gene encode
for the factor H which is 155-kDa plasma glycoprotein in-
volved in the regulation of the alternative pathway of com-
plement [61]. The CFH polymorphisms were linked to
sepsis associated with Pseudomonas aeruginosa in Chinese
Han population [62], protection against dengue virus infec-
tion [63], conditions of complement dysfunction, for in-
stance, typical and atypical hemolytic uremic syndrome,
age-related macular degeneration, and dense deposit dis-
ease [61,64,65]. Factor H is an important complement solu-
ble inhibitor [66]. It prevents the activation of complement
and amplification on surface of host cells [61]. Moreover,
tumor cells and pathogens can hijack the factor H to escape
the immune system [61]. The COVID-19 spike proteins
suppress the binding between factor H and heparin which

may result in dysregulation of complement and promote
the COVID-19 infection [67]. Our result showed that CFH
gene mutation might be associated with COVID-19 infec-
tion risk. This result is in agreement with a study reported
that the dysregulation of complement system is a risk factor
for COVID-19 [67].

We also found the mutation in the gene CDH23 -
Cadherin-23. This result is consistent with a study that re-
ported CDH23 gene to be risk locus for COVID-19 [68].
Cadherin 23 is from the superfamily of cadherin. This
family consists of transmembrane proteins that mediate
calcium-dependent intracellular adhesion [69].

Our result also showed mutation in the gene Cyto-
toxic T-lymphocyte antigen 4 (CTLA-4). CTLA-4 is an
immune checkpoint and a negative regulator of the im-
mune response and important for the function of the reg-
ulatory T-lymphocytes [70,71]. CTLA-4 mutation results
in immune dysfunction syndrome in human [72] such as
the rheumatoid arthritis, autosomal dominant immune dys-
regulation, juvenile idiopathic arthritis and Addison’s dis-
ease [71]. This mutation was linked with reduced num-
ber of T-lymphocytes, B-lymphocytes and natural killer
cells [72]. This result comes in line with a study reported
that pathogenic variants of CTLA-4 is associated with pro-
longed COVID-19 [73]. Nevertheless, Mirsharif et al.
[74], reported that CTLA-4 gene variation is not associated
with severity and mortality of COVID-19 infections in Ira-
nian population. The effect of CTLA-4 gene variations on
COVID-19 remains to be investigated in further studies.

In addition, we found a mutation in the TGFB1. The
TGFB1 gene is found on chromosome 19 and encode for the
TGF-β1 cytokine [75]. TGF-β regulates immune responses
against microbial infection such as COVID-19 [76,77]. It
also has important roles in immune homeostasis and toler-
ance [76]. The selection of T cells in thymus is regulated
by TGF-β, and the homeostasis of the pool of the naïve
T-cell is maintained by The TGF-β [76]. It also inhibits
types of T cells such as cytotoxic T helpers 1 and 2 cells,
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and enhancing the generation of peripheral T regulatory and
T helpers 17 and 9 [76]. Regarding the B lymphocytes, it
regulates their proliferation, activation, and differentiation
[76]. Moreover, TGF-β also promotes the development
of natural killer cells, macrophages, dendritic cells, and
neutrophils [76]. Inhibitors of the TGF-β were suggested
for the prevention and therapy of microvascular thrombosis
and immune dysfunction associated with COVID-19 dis-
ease [78].

We also found mutation in CREBBP, this gene en-
codes for the CREB-binding protein (CREBBP). This con-
served protein is a transcription coactivator and has crucial
role in angiogenesis [79]. The CREB binding protein and
EP300 (mutation was also detected in EP300 gene) are his-
tone acetyl-transferases (HATs) [80]. The disruption of the
CREBBP gene was reported to cause immune dysregula-
tion [81]. Recently it has been reported that EP300 defi-
cient cells exhibit significant impaired activation of innate
immune system [82], and that EP300 mutations result in
chronic stress of DNA replication, instability of genomic
and defective innate immune system [82].

Result also showed that there a mutation in HBB,
NM_000518.5:c.20A>T, p.Glu7Val. The HBB gene
is found in chromosome 11 p15.5. The Mutations in
the HBB gene causes inherited hemoglobinopathies,
for example, the sickle cell disease (defective
hemoglobin structure) and beta-thalassemia (inade-
quate amount of hemoglobin [83,84]. Patients with
NM_000518.5:c.20A>T, p.Glu7Val mutation saw im-
provement. The beta-globin chain mutations lead to
elevated sickling of RBCs in stress conditions, for instance
infection dehydration, and hypoxia. This leads to hemoly-
sis and vasooclusion [85]. The proactive testing and low
threshold treatment can be opted to improve the conditions
in patients with COVID-19 and sickle cell disease [85].

Moreover a mutation in the gene Interferon regula-
tory factor 7 (IRF7) has also been reported in this study.
The IRF7 (IRF7 gene is located on human chromosome
11p15.5) is a member of the interferon regulatory factors
(IRFs) family and an important regulator of type I inter-
ferons (IFNs) preventing the bacterial and viral infections
and suppressing the tumor progression [86,87]. The infec-
tions stimulate IRF7 via activating signaling cascades from
the pathogen recognition receptors (PRRs) that recognize
the nucleic acids of the pathogens [86]. IRF7 can enhance
the inflammation and the development of inflammatory dis-
eases [87]. Innate antiviral signaling stimulates the signal-
ing of IRF3, IRF7 and nuclear factor kappa B (NF-κB) to
induce interferon (IFN) and other pro-inflammatory factors
to suppress the replication of the virus [87]. It has been re-
ported that children with mutated IRF7 suffer from severe
influenza since they have reduced amount of IFNs from the
WBCs and dendritic, dermal fibroblasts and stem cells [88].
The IFNs exhibit antiviral effects for instance cytotoxic T-
cell responses activation, suppression of the translation of

viral messenger RNA, the viral RNA damage, editing of the
RNA and modulating the production of nitric Oxide [89].
Moreover, the individuals with impaired IRF7 gene are at
risk of severe respiratory viral infections [90].

The study also showed that there is a mutation in the
Uncoordinated-119 (UNC119) gene. This gene encodes the
UNC119 proteins which are multifunctional proteins and
part of UNC119 supergene family [91]. The UNC119 is
important for the T-lymphocytes activity through the T cell
receptor [92]. A mutation in the UNC119 gene causes id-
iopathic CD4 lymphopenia that is heterogeneous syndrome
characterized by reproducible decreased count of the CD4
T-lymphocyte with no immunodeficiency causes [92]. The
cells carrying this mutation have exhibited impaired re-
sponse to stimulation of T cell receptor, with defect in the
lymphocyte-specific kinase (Lck) leading to reduced T cell
proliferation [92].

Next we also found mutation in the TANK-binding ki-
nase 1 (TBK1) which has important roles in innate immu-
nity against viral infections [93]. TBK1 is involved in acti-
vation of interferon regulatory factor (IRF) 3 and antiviral
immune response [93]. The TBK1p.Ala300fs deletion mu-
tation is likely pathogenic according to the ACMG Classi-
fication. The COVID-19 helicase non-structural protein 13
(NSP13) has an important role in immune evasion by bind-
ing to the TBK1 [94]. The NSP13 suppresses the produc-
tion of type I IFN by targeting the degradation of the TBK1
[95]. The TBK1p.Ala300fs mutation may reduce the affin-
ity of the COVID-19 NSP13 to TBK1 and thus the produc-
tion of the type I IFN is not affected rendering the carriers
of this mutation more resistant to COVID-19. Neverthe-
less, the effect of this mutation on the COVID-19 patient re-
main to be investigated in future research. Our results also
showed that there a mutation (NM_000466.3:c.1108delA,
p.Ile370fs) in the gene PEX1. This gene located in on chro-
mosome 7q21.2 [96]. PEX1 gene encodes a protein with a
143-kDamolecular weight and belongs to the AAAATPase
protein family. These ATPases are involved in different cel-
lular processes [97]. The mutations in PEX1 gene were as-
sociated with recessive inherited disorders for example the
Zellweger syndrome spectrum or cerebrohepatorenal syn-
drome [96]. Patients with PEX1 gene mutations can be sus-
ceptible to infections and respiratory diseases [97].

We also found mutation in the gene ABCC6 located in
chromosome 16p13.11. This gene encodes an ATP-binding
cassette (ABC) transmembrane protein expressed primar-
ily in hepatic and renal tissues [98,99]. This protein func-
tions as transporter in HDL metabolism [98,99]. Mutations
in this gene were reported to cause Pseudoxanthoma elas-
ticum, an autosomal recessive disorder characterized by ec-
topic mineralization of skin, eye and arteries and increased
risk to CAD [98–101].

We also encountered mutation
(NM_000065.5:c.1879delG, p.Asp627fs) in a C6 gene. C6
gene encodes a protein that is a part of the membrane attack
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complex (MAC) that disturbs the cell membrane leading
to cell lysis. Gene variation in the C6 gene was associated
with recurrent bacterial and viral infections [102].

Furthermore, we found a mutation
(NM_005373.3:c.317C>T, p.Pro106Leu) in theMPL gene.
The human c-mpl gene (MPL) is from the hematopoietic
receptor superfamily. This gene encodes the CD110 pro-
tein with 635-amino acid residues [103]. The mutations in
MPL gene were previously associated with hematopoietic
diseases [103]. The p.Pro106Leumutation in theMPL gene
causes familial thrombocytosis [104]. The platelets have
important roles in the inflammatory response and profi-
brotic mechanisms [105]. In COVID-19, thrombocytosis
(without neoplasm) is associated with good prognosis, but
shows increased risk of venous thromboembolism [105].

In addition we found a mutation
(NM_000243.3:c.2230G>T, p.Ala744Ser) in the MEFV
gene. This gene codes for pyrin protein. Mutations in
MEFV were associated with Familial Mediterranean Fever
(FMF) [106]. The FMF is an auto-inflammatory disease
characterized by recurrent episodes of hyperthermia,
peritonitis, inflammation of the peritoneum, pleura and
synovium, and complications of amyloidosis [106]. It
has been reported that the FMF is manifested with mul-
tisystemic disorders with diverse clinical symptoms for
example severe atopic disorder and recurrent infections
of the respiratory system [107]. However, it has been
reported that FMF patients perhaps are not susceptible to
bad outcomes of COVID-19 [108,109]. Our result will
support research on personalized medicine for COVID-19
and might help healthcare providers to anticipate the
long-term COVID-19 sequelae in patients at risk due to
their genetic makeup. Limitations of this study include the
limited sample size further future large scale studies in
different populations are warranted.

Conclusion

In summary, we have conducted a screen on the
genome of the COVID-19 hospitalized cases. Result
showed that these genes HFE, CFH, CDH23, CTLA-4,
TGFB1, CREBBP, EP300, HBB, IRF7, and UNC119might
be associated with susceptibility to coronavirus infection.
Further large-scale studies in different populations are rec-
ommended to verify these findings. After being confirmed
these results can be used in genetic testing for the identi-
fication and stratification of susceptible population for the
programs of prevention and treatment of coronavirus infec-
tions.
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