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A B S T R A C T

SARS-CoV-2 is a global threat that influenced healthcare systems around the world. This virus caused an infection
in humans with different clinical signs and syndromes, severity, and mortality.

The key components of the COVID-19 molecular pathogenesis are coronavirus entry and replication, antigen
presentation, humoral and cellular immunity, cytokine storm, coronavirus immune evasion.

The analysis of recent literature displayed possible molecular targets in the key components of the COVID-19
pathogenesis. Some of these targets might have gene polymorphisms that influenced the COVID-19 course. Un-
fortunately, several findings are still putative or extrapolated from SARS and MERS experimental investigations or
clinical trials.

We systematised original data about gene polymorphisms of possible molecular targets and associations with
the COVID-19 course. Most data were obtained for angiotensin-converting enzymes 1 and 2, TMPRSS2 gene
polymorphisms. Only a few results were found for gene polymorphisms of adhesion molecules, interferon system
components, cytokines, and transcriptional factors, oxidative stress and metabolic molecules, as well as
haemocoagulation.

Understanding the host gene variability and its associations with COVID-19 can provide insights into the
disease pathogenesis, individual susceptibility to SARS-CoV-2 infection, severity, complications, and mortality
prognosis for the disease. Besides, these data might help in the identification of appropriate targets for
intervention.
1. Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is a
global threat that influenced health systems around the world [1, 2, 3].
This virus caused an infectious disease in humans with different clinical
signs and syndromes, severity, and mortality [4, 5, 6]. These clinical
features might depend on underlying chronic diseases and risk factors [7,
8, 9]. Moreover, the host genetic variability determines individual sus-
ceptibility to SARS-CoV-2 and the course of coronavirus disease 2019
(COVID-19) [10, 11, 12]. Several attempts were made to predict gene
targets in polymorphism-associated studies on COVID-19 [13, 14, 15].

Understanding the host gene variability and its associations with
COVID-19 can provide insights into the disease pathogenesis, individual
susceptibility to SARS-CoV-2 infection, severity, complications, and
mortality prognosis for the disease.

Thus, in this review, we evaluated the key components of the COVID-
19 molecular pathogenesis to reveal possible molecular targets and their
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gene polymorphisms associated with the COVID-19 clinical
characteristics.

2. Pathogenesis of COVID-19

Understanding the molecular immune pathogenesis of COVID-19
plays a pivotal role in exploring genetic-based individual susceptibility.

The key parts of molecular immune pathogenesis are determined as
[16]:

� Coronavirus entry and replication
� Antigen presentation in coronavirus infection
� Humoral and cellular immunity
� Cytokine storm in COVID-19
� Coronavirus immune evasion
ust 2021
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Recently, SARS-CoV-2 entry and replication have been investigated
quite sufficiently. Other parts of the COVID-19 pathogenesis are still
putative or extrapolated from SARS and MERS experimental in-
vestigations or clinical trials. The pathological changes in the respiratory
tract or endothelial dysfunction may be multifactorial and depend on
direct viral infection, cytokine dysregulation, and coagulopathy [17].

Pulmonary pathological changes are the main features of severe
COVID-19. These pathological findings embrace ground-glass opacities,
lung oedema, and acute respiratory distress syndrome [18].

SARS-CoV-2 threatens target cells using SARS spike proteins (S-pro-
teins) which bind to angiotensin (AT)-converting enzyme 2 (ACE2). As
shown for SARS-CoV, these viruses affected pulmonary ACE-2 positive
cells such as pneumocytes, airway epitheliocytes, as well as extrap-
ulmonary ACE-2 positive cells [19, 20]. SARS-CoV-2 also used trans-
membrane protease, serine 2 (TMPRSS2) for viral proliferation in host
cells. Additionally, this process involved cathepsins B and L [21].

SARS-CoV-2 also used a cell surface cluster of differentiation 147
(CD147) (basigin or extracellular matrix metalloproteinase inducer
(EMMPRIN)) for cell entry [22].

The virus evasion depended on several factors such as:

� avoiding the host innate antiviral defence due to the prevention of
simultaneous activation of double-strand RNA (dsRNA) sensors mel-
anoma differentiation-associated protein 5, 20-50-oligoadenylate syn-
thetase 3, and protein kinase R (PKR) by coronavirus endonuclease
[23];

� a weak or absent interferon Type 1 ([IFN-1] i.e., IFNα and IFNβ)
response [24];

� suppression of the host gene expression (including IFN-1), degrada-
tion of host messenger RNA (mRNA) by viral nonstructural protein 1
with the subsequent inhibition of host protein translation [25];

� inhibition of the cellular retinoic acid-inducible gene 1, Toll-like re-
ceptor 3 (TLR3)/TLR7 pathways by the viral papain-like protease
with the subsequent decrease of proinflammatory cytokines and in-
terferons [26, 27].

These events escalate the activation of macrophages and monocytes,
as well as cellular and humoral immunity, leading to lung damage and
impairment of the virus clearance [28, 29].

In COVID-19, immune dysregulation, followed by microvascular
thrombi containing neutrophils, platelets, and neutrophil extracellular
traps, led to severe polyorganic dysfunction [30].

Nowadays, there is abundant evidence that COVID-19 strongly de-
pends on immunopathological reactions leading to immune dysregula-
tion and asynchronicity.

SARS-CoV-2 replication and dsRNA formation resulted in the acti-
vation of PKR with the subsequent phosphorylation of IκB and activation
of NF-κB in several cell types, including airway epithelial cells [31].
These intracellular pathways regulate the expression of p38
mitogen-activated protein kinase (MAPK) and the induction of
dsRNA-mediated TNF-α production [32]. In turn, overproduction of IL-6,
as well as activation of PKR-endoplasmic reticular kinase and transcrip-
tion factor, stimulates PKR [33, 34, 35, 36].

In SARS, the binding of SARS-CoV to ACE2 activates serine protease,
ADAM-17, which along with the TNF-α cleavage enzyme contributes to
the increase of TNF-α [37] and the aggravation of cardiac injury [38].

PKR can induce apoptosis by activation of the FAS-associated death
domain (FADD)/caspase-8/caspase-3 and caspase-9 apoptotic protease-
activating factor-1 APAF-1 [39, 40].

PKR also induced phosphorylation of elongation initiation factor 2α,
which blocks protein synthesis through mRNA translation. This factor
also encodes for antiviral factors [41]. Unfortunately, SARS-CoV is not
susceptible to PKR antiviral activities [39, 40]. In the course of the dis-
ease, the virus replication diminished and PKR expression decreased. In
parallel, neutrophils released some serine proteases involved in IL-1
processing [42, 43, 44].
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Ageing, diabetes, obesity, congestive heart failure, cancer, and ge-
netic factors increased levels of PKR and were associated with severe
courses of COVID-19 [45]. PKR increased the activity of inducible nitric
oxide synthase (iNOS) leading to hypoxic pulmonary vasodilatation.
Moreover, iNOS increased the activity of highly expressed
cyclooxygenase-2 (COX-2) with the intensification of pulmonary and
systemic inflammation in COVID-19 pneumonia [46, 47].

During passage through membranes of endoplasmic reticulum, SARS-
CoV produced double-membrane vesicles (DMV) containing non-
structural transmembrane proteins 3 and 4, and dsRNA. In DMV, the
virus can replicate and avoid immune control. In part, this avoiding
might be explained by microtubule-associated protein light chain 3. In
COVID-19, this protein exists in the nonlipidated form of this protein and
evades destruction [48, 49].

In addition to PKR independent IL-1β production, there was evidence
of the selective activation of a caspase-1-dependent pathway in the
paediatric population who suffered from SARS. The data suggested the
involvement of the NLRP3 (cryopyrin) pathway in these processes [50].

Protein kinase R endoplasmic reticulum kinase (PERK) plays an
important role in the immunopathogenesis of COVID-19. PERK reacts to
the presence of dsRNA in the cytoplasm. Besides, SARS-CoV 3a protein
activates PERK, and PERK also serves as a sensor for unfolded proteins. In
such a situation, PERK indirectly stimulates the expression of molecular
chaperones [51, 52].

In outline, the PKR/PERK pathway has high importance for SARS-
CoV-2 invasion, proliferation, intracellular biology, and pathogenesis of
COVID-19 as an immune-mediated disease.

CD147 can take part in the pathogenesis of COVID-19 as a key re-
ceptor for viral cellular entry. CD147 expressionmay be increased by IL-6
[53].

CD147 expression, in conjunction with cyclophilins, contributes to
the recruitment of immune cells to inflammation sites due to chemokine-
like activity. Cyclophilins may be a target in coronavirus disease. SARS-
CoV increases signalling through the calcineurin/nuclear factor of acti-
vated T cells (NFAT) pathway with the subsequent IL-2 production [54].

CD147 and IL-6 overexpression can be responsible for the activation
of inflammatory macrophages, leukocyte chemotaxis and adhesion,
platelet activation, and thrombus formation. The prothrombotic pheno-
type in severe SARS depended on the intravascular expression of vitro-
nectin, plasminogen activator inhibitor-1, and von Willebrand factor
induced by IL-6 [55, 56, 57].

The pathogenesis of lung disease induced by SARS-CoV-2 also in-
cludes oxidative stress of the pulmonary microenvironment. The host-
viral metabolism and host antiviral response increased the production
of mitochondrial reactive oxygen species and induced hypoxic pulmo-
nary vasoconstriction [58].

After the activation of neutrophils, monocytes and dendritic cells
produced phospholipase A2 Group IID (PLA2G2D). This enzyme inten-
sified the innate and adaptive immune responses by the mobilization of
anti-inflammatory lipid mediators. For example, prostaglandin D2
inhibited dendritic cell migration and T-cell-driven antivirus response.
SARS incurred this effect through oxidative stress [18, 59].

A high level of ATII induced important pathological responses in
patients with COVID-19 [60]. ATII bound to the angiotensin I receptor
and increased activity of various subtypes of NADPH oxidase. In the lung
tissue, NADPH oxidase produced reactive oxygen species, enhanced
phosphorylation, and activated PKR [61, 62].

Thus, precise immune mechanisms of neutrophil/macrophage/
monocyte activation and cytokine hyperproduction are still unknown. In
COVID-19, the dichotomy of synchronised cellular and molecular cas-
cades, as well as the innate and adaptive immunity, is observed. Overall,
theinnate immune hyperactivity system and ineffective adaptive immu-
nity led to dramatic tissue damage without viral clearance and immu-
nological resolution [63].

Immunothrombosis during defence reactions against viruses might be
one of the main reasons for COVID-19 mortality [64]. In this process,
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complement system activation induced blood coagulation, as well as
microvascular injury, especially in the pulmonary tissue [65, 66, 67].
Cytokine-driving coagulation is responsible for this immunothrombosis
as supported by a positive correlation between the levels of D-dimer,
fibrinogen, and IL-6 [68].

Possible targets for investigation of gene variability as factors deter-
mining the susceptibility to SARS-CoV-2 and course of COVID-19 are
summarised in Figure 1.

Figure 1 provides generalization and graphic expression of the sci-
entific data presented above, highlighting themain links of the COVID-19
pathogenesis and the factors that determine susceptibility to SARS-CoV-2
and affect the COVID-19 course.

As the next part of this review, we analysed available publications
from Springer Nature, ScienceDirect/Elsevier Connect, and PubMed that
reported the results of gene variability studies in the context of possible
targets.

3. Host gene variability and COVID-19

3.1. Host gene variability, virus entry, replication, and antigen presentation

Recent data display that single nucleotide polymorphisms (SNPs) in
ACE2 may result in modulation of renin-angiotensin system pathway and
associated cardiovascular and pulmonary conditions by altering the
angiotensinogen-ACE2 interactions, such as polymorphism Arg514Gly in
the African/African-American population. The ACE2 genomic variants
may associate with susceptibilities to COVID-19 and cardiovascular
complications by altering the AGT-ACE2 pathway (i.e., polymorphism
Arg514Gly) [11].

Another mutation Leu584Ala in this gene promotes the entry of
SARS-CoV-1 into host cells [69].

Polymorphism His378Arg decreases ACE2 activity, and poly-
morphism Ser19Pro could distort the most important helix to the S-
protein. Other seven missense variants may affect secondary structures
(i.e. polymorphisms Gly211Arg; Asp206Gly; Arg219Cys; Arg219His,
Lys341Arg, Ile468Val, and Ser547Cys), whereas polymorphism
Ile468Val with allele frequency 0.01 is only present in Asia [70].

Human ACE2 variants K26R, S16P, T27A, K31R, H34R, E35K, E37K,
D38V, N51S, N64K, K68E, F72V, T921, Q102P, G326E, G352V, D355N,
H378R, Q388L, and D509Y are predicted to increase the susceptibility of
the individuals carrying these variations to SARS-CoV-2. It has been
suggested that the T921I ACE2 variant will favour the improved viral S-
protein binding, N90 and T92 ACE2 mutations are critical ACE2 residues
that confer protection and are SARS-CoV host modifiers. Variants K31R,
E35K, E37K, D38V, N33I, H34R, Q388L, and Y83H in ACE2 were found
and are predicted to show a decreased binding to SARS-CoV-2 S-protein,
thus protecting individuals corresponding to these genotypes [71].
Virus entry and replication Presentation an
virus an

Apoptosis/cell cycle
Factors determ

susceptibility to 
and course of 

Haemocoagulation

Figure 1. Possible targets for the investigation of gene variability as factors d

3

Based on the genetic analysis, M. Bosso et al. found that the ACE2
polymorphisms associated with hypertension or with the efficacy of
ACE1 or angiotensin-receptor blocker could have the potential to alter
the binding of SARS-CoV-2 S-protein with ACE2 receptor [72].

The most investigated polymorphism of ACE1 is a genetic deletion/
insertion (D/I) polymorphism in intron 16. The D allele is associated with
a reduced expression of ACE2. D/I polymorphism has specific patterns of
distribution in the European and Asian countries and this variability may
be responsible for COVID-19 prevalence in different geographical re-
gions. . About 38% of the prevalence variability can be explained by the
relative frequency of the ACE1 D-allele [73]. Patients with the II geno-
type have lower mortality in comparison with ID and DD genotypes. In
contrast, patients with the DD genotype had severe lung infections and
high mortality [69].

The ACE I/D polymorphism is associated with many risk factors of
COVID-19 severity such as obesity, diabetes, arterial hypertension, heart
failure and cancer. The D allele might be associated with risk factor
contributions as well as COVID-19 severity and progression [73]. This
polymorphism could be important for the complications in COVID-19
patients such as severe lung injury due to the influence on the serum
ACE concentration in the whole population. The patients without DD
genotype had a lower risk of severe lung injury during COVID-19.
Conversely, the presence of the ACE DD allele may be favourable for
ACE inhibitors and AT1 receptor blockers therapy [74].

Supporting data were obtained by G�omez J. et al. they found that
severe COVID-19 was associated with male gender, hypertension, hy-
percholesterolemia, and the ACE1 DD genotype [75].

The frequency of the ACE1 II genotype in the European population
displays a significant negative correlation with the amount of SARS-CoV-
2 cases. Similarly, the ACE1 II genotype is negatively correlated with the
number of deaths from SARS-CoV-2 infection [76].

The prevalent polymorphisms in the TMPRSS2 gene, such as
Val160Met (rs12329760), are responsible for the risk factor contribution
and genetic susceptibility to COVID-19. These risk factors included the
high-risk group of male patients and cancer [11]. Val160Met poly-
morphism influenced any post-translational modifications (e.g., proteo-
lytic cleavage, acetylation, glycosylation, phosphorylation, and sulfation)
and decreased the stability of the protein, which prevent the viral entry
[77]. The expression quantitative trait loci (eQTLs) variant rs35074065
is linked to the overexpression of TMPRSS2 but with a low expression of
the interferon (IFN)-α/β-inducible gene and under-expression of MX1
splicing isoform. This may give rise to enhanced susceptibility to viral
infection or a decrease in cellular antiviral response [78, 79].

The involvement of the TMPRSS2 gene variants in the penetration of
the virus into cells was described by Torre-Fuentes L. et al. The synon-
ymous variants rs61735792 and rs61735794 showed a significant
connection with infection [80]. The presence of nonsynonymous variants
TMPRSS11 Arg290Gln (rs353163) and Lys48Arg (rs139010197) may
d recognition of 
tigens 
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Table 1. Integrating data on possible gene variability as factors determining the susceptibility to SARS-CoV-2 and the course of COVID-19.

Possible targets Relevant bibliography

Virus entry and replication

ACE2 [11, 19, 20, 69, 70, 71, 72]

TMPRSS2 [11, 77, 78, 79, 80, 82]

Furin [81]

Angiotensin I receptor [60, 61, 62]

Cathepsins B and L [21, 77, 85]

Protein kinase R [23, 39, 40]

Protein kinase R endoplasmic reticulum kinase (PERK) [51, 52]

[23]

dsRNA sensor melanoma differentiation-associated protein 5, 20-50-oligoadenylate synthase 3 [23]

[41]

[28]

Elongation initiation factor 2α [22, 83, 84]

CD11 [54]

CD147

Cyclophilins

Presentation and recognition of virus antigens

HLA class I and II molecules [87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 99]

TCRs [99, 100, 101, 102]

BCRs [98]

Haemocoagulation

Vitronectin [55]

Plasmonogen [81]

Plasminogen activator inhibitor 1 [56]

Von Willebrand factor [57]

Factors of complement [65, 66, 67]

Methylenetetrahydrofolate reductase [123, 124]

Factor XIII [124]

Vitamin K epoxide reductase complex I [122]

Apoptosis/cell cycle

FAS-associated death domain (FADD)/caspase-8/caspase-3, caspase-9 apoptotic protease-activating factor-1 (APAF-1) [39, 40]

Oxidative stress/metabolism

Phospholipase A2G2D [18, 59]

D-type prostanoid receptor [58]

Various types of NADPH oxidase [61, 62]

iNOS, COX-2 [46, 47]

Hemoxigenase-1 (HO-1) [120, 121]

Glutation S-transferase [117]

Interferon system

Interferon regulatory factor 1 [78, 79]

IFNα [24]

IFNβ, IFNg [103]

Proinflammatory cascades

IκB [31]

NFκB [31, 114]

p38 MAPK [32]

Activating transcription factor 4 [36]

TLR3 – signaling pathway [112, 114, 115]

TLR7 – signaling pathway [113]

TLR4 [111]

Retinoic acid-inducible gene 1 signaling pathway [26, 27]

NLRP3 (cryopyrin) pathway [50]

IL-6 [116]

IL-1α/1β [42, 43]

IL-2 [54]

TNF-α [37]
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influence the virus penetration into the cell and reduce the level of
infection [77].

SARS-CoV-2 has a specific cleavage site between S1 and S2 domains
of S protein. This site is critical for the cutting of S protein by the host
protease – furin. Furin has some polymorphic variants and the Gly146Ser
variant can modulate furin proteolytic activity especially its proprotein
convertase activity and its ability to cleave S protein of SARS-CoV-2 [81].

The course and genetic susceptibility in COVID-19 patients may
depend on polymorphisms of important regulatory genes – TMPRSS2,
CD26 (dipeptidyl peptidase IV), and MX1. Genetic variants of TMPRSS2
(rs112657409, rs11910678, rs77675406, and rs713400) and CD26
(rs13015258) regulated the expression of these important genes during
COVID-19. Epigenetic modification at C allele (rs13015258) induces
CD26 overexpression which could explain a higher SARS-CoV-2 infected
fatality rate in type 2 diabetes [82].

SARS-CoV-2 S protein binds to CD147/BSG receptor. This receptor
had increased expression during inflammation and cancer. Inhibition of
CD147/BSG can prevent diabetic complications, possibly involving se-
vere lung injury triggers by COVID-19. CD147/BSG has one missense
mutation F275V on the I-set domain. Presumably, this mutation might
influence the severity of COVID-19 [83,84].

Cathepsin L and cathepsin B (CTSL/B) are determinants of the lyso-
somal pathway. Genetic changes in the locus of cathepsin L (CTSL1)
associated with polymorphism (C-171A) affect the course of hyperten-
sion, the C allele associated with higher blood pressure [85]. Vargas et al.
suggested a possible connection with SARS-CoV-2 infection of cathepsin
gene polymorphisms since the minor allele of one of these poly-
morphisms (rs41307457) showed a high frequency only in the African
population, and similarly, the minor allele rs41312184 was present with
a high frequency only in the European population [77]. At the same time,
there is insufficient information about the effect of cathepsin gene
polymorphisms on the susceptibility to viral infections, their develop-
ment, and course.

The killer cell lectin-like receptor C2, encoded by the KLRC2 gene, is
one of the possible targets in the severity of COVID-19. This receptor had
importance for the activation of natural killer cells. A study in a cohort of
patients with mild to severe COVID-19 found that genetic variants
KLRC2del and HLA-E*0101 were independent risk factors for severe
COVID-19 and may help to identify patients at high risk for severe
COVID-19 [86].

The most important process in the recognition of SARS-CoV-2 is an
antigen presentation of viral antigen peptides to T and B cells by major
histocompatibility complex class I and II molecules (human leukocyte
antigens (HLA) in humans).

At present, we have a lack of information about HLA allele poly-
morphism and arrangements of T and B cell antigen-recognizing re-
ceptors (TCRs and BCRs) in the pathogenesis of COVID-19.

In the Asian population, numerous studies have shown the impor-
tance of HLA gene polymorphisms for the SARS-CoV-1 induced infection
process. The susceptibility and severity of SARS were significantly
associated with several HLA class I polymorphisms – HLA-B*46:01, HLA-
B*07:03, HLA-CW*08:01 [87, 88, 89] as well as several HLA class II
polymorphisms – HLA-DRB4*01, HLA-DRB1*12:02 [90, 91]. On the
other hand, no evidence of an association between HLA polymorphisms
and SARS was found in several studies [92, 93].

The presentation of SARS-CoV-2 antigen peptides to specific CD8þ T
cells might be decreased in patients with HLA-A*02:01 phenotypes in
comparison with HLA-A*11:01 and HLA-A*24:02 [94, 95]. In COVID-19
patients, HLA class II polymorphisms can crucially influence the antigen
presentation. HLA-DRB1*08 was associated with low binding of viral
antigen peptides and high mortality [96]. Important results were ob-
tained for the identification of HLA-II peptides derived from SARS-CoV-2
spike glycoprotein. Researchers found 526 unique peptides from antigen
presenting cells from 9 donors. HLA-II peptides had consensus HLA-II
clusters recognized by CD4þ T cells [97].
5

Other players of SARS-CoV-2 antigen presentation are TCRs and
BCRs. Currently there are limited data about the development of T and B
cells immunity to SARS-CoV-2. In addition, little is known about the
precise regulation of SARS-CoV-2 specific T and B cells differentiation
and their persistence.

The key process for the virus-specific differentiation of T and B cells is
the clonal V(D)J rearrangements of peripheral TCRs and BCRs. The
bioinformatic approach allows comparing TCRs and BCRs from COVID-
19 patients and healthy volunteers and to deduce virus-specific TCRs
and BCRs.

Recent data showed the high diversity of TCRs in patients with mild
COVID-19 and in patients with effective recovery from the disease. Thus,
the achievement of huge TCR repertoires may be associated with
appropriate immune response and successful outcome in COVID-19.

Likewise T cells, effective B cell response depends on the production
of B cell clones with high BCR-antibody activity. Such high BCR-antibody
activity might be achieved due to the maturation of somatic hyper-
mutated BCRs during a germinal center reaction. It was shown, that
SARS-CoV-2-antibody positive patients had a characteristic pattern of
IGHV3 and IGHJ4/6. Unmutated BCRs profile was more characteristics
for patients with severe course of COVID-19 [98].

HLA-I allele polymorphism has high importance in the recognition of
antigen epitopes in SARS-CoV-2 S glycoprotein for TCRs. For example,
HLA-A*24:02 restricts recognizing by three epitopes S1208-1216, S448-456,
and S193-201. Single-cell sequencing of TCR2β has shown that the A24/
S448þ CD8þ T cell TCRαβ repertoire depended on a common TCRβ chain
motif, while the A24/S1208þ CD8þ TCRαβ repertoire was diverse across
COVID-19 patients [99].

In a similar study, the TCRs were compared between healthy volun-
teers and patients with COVID-19. Single-cell V(D)J analysis revealed 6
VJ pairs (such as TRAV12-2-J27-TRBV7-9-J2-3) significantly increased
in patients with COVID-19 [100].

Also, it was shown the monitoring of TCR diversity might be used for
the prediction of COVID-19 progression and recovery [101].

The use of TCR repertoire analysis in clinical practice for the pre-
diction of the COVID-19 course is restricted by a large amount of
sequencing and data analysis. An open-source software package, tcrdist3,
may be used for distance-based analysis and it resolved this problem
during SARS-CoV-2 infection [102].

3.2. Interferon system

Interferons are part of the body's antiviral defences and their gene
variability influences the susceptibility and severity of COVID-19. It was
shown IFN-γ in combination with IFN-β inhibits the replication of SARS-
CoV. IFN-γ polymorphic allele þ874A was strongly associated with
SARS-CoV infection [103].

The single nucleotide polymorphism rs12252-C/C in the IFITM3 gene
(which encodes interferon-induced transmembrane protein 3) was
detected in patients with COVID-19 and is a risk factor for severe influ-
enza [104]. Y. Zhang et al. also report the relationship between the
presence of homozygous polymorphism C of the rs12252 allele in IFITM3
and the development of a more severe course of COVID-19 [105].

The IFITM3 protein showed a potent antiviral capacity to a wide
range of viruses, including influenza A viruses, Ebola virus, Marburg
virus, SARS-CoV, dengue virus, West Nile virus, Zika virus, and foot-and-
mouth disease virus. A strong correlation between the case fatality rate of
COVID-19 and the minor allele frequency of the rs6598045 SNP of the
IFITM3 gene was identified [106].

Interferon lambda 3 (IFNL3) rs1297860 C/T and INFL4 rs368234815
TT/ΔG gene polymorphisms could affect the ability of the host to
modulate viral infection without a clear impact on the outcome of
COVID-19 [107].

The large-scale epidemiological data indicate the role of poly-
morphism A946T (rs1990760) of interferon-induced helicase 1 (IFIH1)
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in SARS-CoV-2 infection and T allele–carrying individuals may be more
resistant to SARS-CoV-2 infection [108].

3.3. Proinflammatory cascades

Recently there are limited data about the polymorphisms of several
cytokine genes (IFN γ þ874A allele, IL12RB1, etc.) and their association
with SARS. Other important players in antiviral defence are Toll-like
receptor (TLR), which recognise viral components and initiate proin-
flammatory cascades.

Gene polymorphism of Ticam2, TLR adaptor protein, and its knock
out in mice increased susceptibility to SARS-CoV infection [109]. Ticam2
participates in the formation of neutrophil extracellular traps (NETs)
[110].

TLRs of the cell surface, especially TLR4, are involved in the recog-
nition of SARS-CoV-2 molecular patterns, causing inflammatory re-
actions [111].

TLR3 is a receptor for double-strand RNA (dsRNA), and it is associ-
ated with the pathogenesis of severe viral infections such as HSV and
influenza virus. On the other hand, TLR3 protects against HIV. Replica-
tion of many viruses results in the production of dsRNA which induces
IFN response [112]. Genetic polymorphisms in other TLRs such as TLR7
and TLR9 led to decreased production of type 1 IFN [113].

TLR3 protein has two polymorphic loci in the extracellular region -
N284I and L412F, which modify the receptor response and decrease NF-
κB activity. Moreover, human TLR3 has specific residues (His39, His60,
His108, His539, and Asn541) which interact with dsRNA, and mutations
in these residues might be critical for dsRNA binding and TLR3 signalling
[114].

Distribution and prognostic value of Arg753Gln TLR2, Leu412Рhe
TLR3, Asp299Gly TLR4 genes polymorphisms in case of grippe have been
studied. It has been established that there is an increased risk of grippe
development for persons with Asp/Gly TLR4 genotype and TLR2, TLR3,
TLR4 mutant genotypes combinations; there is an increased risk of
grippe-associated pneumonia for patients with mutant homozygous ge-
notype Phe/Phe TLR3 [115].

In the context of COVID-19 severity interleukin 6 (IL-6) is the most
discussed proinflammatory cytokine. IL-6 has clinically important SNP at
rs180079 associated with lung diseases, such as chronic obstructive
pulmonary disease (COPD), pneumonia. Thus, this IL-6 polymorphism
might be relevant to COVID-19 susceptibility and severity [116].

3.4. Oxidative stress/metabolism

Glutathione S-transferase genes T1 (GSTT1, MIM: 600436) and M1
(GSTM1, MIM: 138350) show deletion polymorphism, allele zero. Ho-
mozygosity for the null alleles results in a lack of appropriate enzyme
activity, which increases the risk of pulmonary fibrosis, one of the most
serious complications of COVID-19 disease. Thus, the null genotype
GSTT1 can be considered as a predictor of morbidity and mortality from
COVID-19 in different geographic regions [117].

The difference in susceptibility to and mortality from COVID-19
might be explained by the presence of vitamin D deficiency due to a
different vitamin D metabolism, orchestrated by the DBP polymorphisms
of rs7041 and rs4588 [118]. Karcioglu Batur L. described the genetic
predisposition to viral infection in vitamin D deficiency and also found a
significant correlation between the rs7041 polymorphism, the preva-
lence of COVID-19, and mortality rates. However, no significant corre-
lation was found between the prevalence (per million) and mortality (per
million) at the rs4588 locus [119].

The heme oxygenase-1 (HO-1) is a potential target in COVID-19.
Singh D. et al., based on the studies by other authors, suggested a
pivotal role of HO-1 induction in inflammation-induced coagulation,
observed in COVID-19 patients. The HO-1 genetic polymorphisms, spe-
cifically the GT dinucleotide repeat in the promoter region, regulate the
inducibility (i.e., transcription) of HO-1 to reactive oxygen species (ROS).
6

Individuals with larger (GT)n repeats have been found to be more sus-
ceptible to diseases that involve the endothelium of the cardiovascular
system, especially in diabetes and obesity. Given the relationship be-
tween the presence of GT repeats in the HO-1 promoter region and the
severity of disease in various conditions such as acute lung injury,
thromboembolism, and diabetes, it is necessary to determine the length
of GT repeats in patients with severe COVID-19 [120, 121].

3.5. Apoptosis/cell cycle

We observed the lack of data about gene polymorphisms concerned
with apoptosis/cell cycle machinery.

3.6. Haemocoagulation

Janssen R. proposed a hypothesis that the vitamin K epoxide reduc-
tase complex 1 (VKORC1) �1639 A allele had a protective property
against inflammation-induced coagulation and decreased the mortality
in COVID-19 patients. VKORC1 gene polymorphisms influencing vitamin
K metabolism may partially explain the imbalance in morbidity and
mortality from COVID-19 in different geographical regions [122].

Karst M et al. have proposed that hyperhomocysteinemia can initiate
severe lung injury in COVID-19 patients. This homocysteinemia can be
triggered by the presence of the C677T polymorphism of the methyl-
enetetrahydrofolic acid reductase (MTHFR) gene [123].

A separate clinical case showed a positive result for ApoE e3/e4
genes, MTHFR A1298C heterozygous genotype, ACE D/I heterozygous
genotype, angiotensinogen M235 heterozygous genotype, and factor XIII
(zymogen) Val34Leu heterozygous genotype. A thorough clinical trial
has been reported, aiming to validate the hypothesis on the involvement
of thrombophilic genetic profiles in the COVID-19 [124].

Rare variants in the gene of plasminogen (PLG), such as Arg261His
and Ala494Val, may be recognised as potential markers of inter-
individual differences in susceptibility to coronavirus [81].

Recently, the new Dendritic Cell-Specific Intercellular adhesion
molecule-3-Grabbing Non-integrin (DC-SIGN) was described. DC-SIGN
bound to different viruses and to S glycoprotein of SARS-CoV. Thus,
DC-SIGN can mediate ACE2 independent binding of SARS-CoV-2 to the
surface of human cells. Similar properties were characteristic for
macrophage galactose lectin (MGL). DC-SIGN gene polymorphism asso-
ciated with increased concentration of lactate dehydrogenase (LDH)
displaying the high level of systemic inflammation in COVID-19. Other
members of the lectin family are also associated with the severity and
mortality of COVID-19, for example, mannose-binding lectin. Thus,
polymorphic alleles of C-lectin genes might determine the severity of
COVID-19 [125].

We summarised the integrating data of possible gene variability as
factors of the susceptibility to SARS-CoV-2 and course of COVID-19 with
relevant bibliography in Table 1.

4. Conclusion

Thus, the conducted analysis showed that the majority of reports
were published in the prospective trials and are not the result of genetic
association studies of patients with COVID-19. It is necessary to search
and analyse the genetic determinants of susceptibility, severity, and
outcomes of the disease using genetic data from patients with this pa-
thology. These data might help in the identification of appropriate targets
for intervention in COVID-19 patients.
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