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COVID-19 is characterized by a wide range of clinical manifestations, from asymptomatic to extremely
severe. At the onset of the pandemic, it became clear that old age and chronic illness were the major risk
factors. However, they do not fully explain the variety of symptoms and complications of the SARS-COV-2
coronavirus infection. The research on genetic risk factors for COVID-19 is still at its early stages. A num-
ber of mutations and polymorphisms have been identified that affect the structure and stability of pro-
teins — factors of susceptibility to SARS-COV-2 infection, as well as a predisposition to the development
of respiratory failure and the need for intensive care. Most of the identified genetic factors are related
to the function of the immune system. On the other hand, the genetic polymorphism of the virus itself
affects the COVID-19 spread and severity of its course . The genome of the virus accumulates mutations
and evolves towards increasing contagiousness, replicative ability and evasion from the host's immune
system. Genetic determinants of the COVID-19 infection are potential therapeutic targets. Studying them
will provide information for the development of drugs and vaccines to combat the pandemic.
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BACKGROUND

On March 11, 2020, the World Health Organi-
zation declared COVID-19 pandemic. During the
CQOVID-19 pandemic, 132,046,206 people worldwide
were infected with the SARS-CoV-2 coronavirus (as
of 04/07/2021) with a registered mortality of 2,867,242
people [1]. In most cases, patients infected with the
SARS-CoV-2 coronavirus have mild or asymptomatic
course, while 5% of COVID-19 patients develop pneu-
monia, acute respiratory distress syndrome, septic
shock, and multiple organ failure, which often result in
lethal outcome [2, 3].

HUMAN GENETICS

Severe COVID-19 represents a range of hyperin-
flammatory, often fatal conditions. Susceptibility to
life-threatening infections and immune-mediated dis-
eases has a genetic component. In particular, suscepti-
bility to respiratory viruses such as influenza is inherited
and associated with specific genetic variants [4]. Reveal-
ing the molecular genetic mechanisms of this variability
is of primary biological and medical importance [5]. The
determinants of COVID-19 severity are almost entirely
dependent on host factors and not on the virus [6].

D. Ellinghaus and other members of the Severe
COVID-19 GWAS Research Group from Germany,
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Sweden, Norway, ltaly, Spain, Australia, and Lithuania
performed a meta-analysis of genome-wide associa-
tion studies (GWAS) in cohorts of patients with severe
COQVID-19 (defined as respiratory failure), hospitalized
in 7 hospitals in Italian and Spanish epicenters of the
local peak of the epidemic, which received oxygen
therapy or artificial pulmonary ventilation (APV), and
compared the data of these patients with data from
healthy blood donors from the same regions [7]. The
final analysis included 835 patients and 1255 control
participants from ltaly, as well as 775 patients and 950
control participants from Spain. A total of 8,582,968
single nucleotide polymorphisms (SNPs) were ana-
lyzed. The study revealed associations of the severity of
SARS-CoV-2 infection with polymorphism of polygenic
loci 3p21.31 and 9934.2. Cross-reproducible asso-
ciations were found with the variants rs11385942 (GA
insertion/deletion) at the 3p21.31 locus and rs657152
(CA SNP) at the 9934.2 locus (both p < 5 x 107%). At
the 3p21.31 locus, the association encompassed the
genes SLC6A20, LZTFL1, CCR9, FYCO1, CXCRS6, and
XCR1, and at the 9g34.2 locus, the association sig-
nal coincided with the ABO blood group locus as an
increased risk in blood group A (p = 1.5 x 10~ and
a protective effect in blood group O (p = 1.1 x 107)
compared with other blood groups. Correction for
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gender and age confirmed the associations for sites
rs11385942 (OR 2.11; p =9.46 x 107%?) and rs657152
(OR 1.39; p = 5.35 x 1077). The biological mechanism
underlying the effect of the rs657152 polymorphism
at the ABO locus is presumably related to the produc-
tion of neutralizing antibodies against viral proteins [7].
Meta-analysis showed that it is associated with sus-
ceptibility to COVID-19, but not with the severity of the
disease [8].

Among the six candidate genes at the 3p21.31 lo-
cus, the LZTFL1 gene with the rs11385942 variant is the
most convincing, which is expressed at a high level in
human lung cells and encodes the protein involved in
the transport of proteins to primary cilia which are sub-
cellular organelles from microtubules that function as
antennas-mechanosensors for extracellular signals. In
the main meta-analysis and gender- and age-adjusted
meta-analyzes, the frequency of the risk G allele at site
rs11385942 is higher in patients who used APV than
in those receiving oxygen supplementation alone. In
addition, patients homozygous for the risk allele were
younger than heterozygous or homozygous for the A al-
lele (mean age 59 and 66 years, respectively; p = 0.005)
[7]. In T-lymphocytes, the LZTFL1 protein participates
in immunological synapse with antigen-presenting
cells. The 3p21.31 locus contains the SLC6A20 gene,
which encodes a high intestinal expression transporter
protein regulated by the ACE2 receptor, and genes en-
coding chemokine receptors, including CXCR6, which
regulates T cell migration and the localization of CD8+
resident memory T cells in the lungs. The CCR9, XCR1,
and FYCOT1 genes are also involved in the function of
dendritic and T cells [6]. Thus, the 3p21.31 gene cluster
has been identified as a locus of genetic predisposition
to the most severe forms of COVID-19.

Researchers from 86 clinics and laboratories in
America, Europe, Asia, and Australia sequenced
the exome or genome of 659 patients with severe
COVID-19-associated pneumonia and 534 patients
with asymptomatic or mild infection and revealed a
significant increase in the number of loss-of-func-
tion mutations at 13 candidate loci in patients with
life-threatening pneumonia compared with patients
with asymptomatic or mild course. In 3.5% of patients
aged 17 to 77 years, 24 pathogenic variants were iden-
tified, that predetermine autosomal recessive defects
in the IRF7 (interferon regulatory factor 7) and IFNAR1
(interferon alpha/beta receptor alpha chain) genes
and autosomal dominant defects in the genes TLRS3,
UNC93B1, TICAM1, TBK1, IRF3, IRF7, IFNAR1, and IF-
NAR2 involved in TLR3- and IRF7-dependent induction
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and amplification of type | IFN. The IFNAR1 and IFNAR2
genes are part of a cluster of immunologically impor-
tant genes and encode subunits 1 and 2 of the receptor
IFN-a and IFN-B, respectively, involved in the patho-
physiology of severe COVID-19. Plasmacytoid dendritic
cells of patients with IRF7 deficiency do not produce
type I IFN when infected with SARS-CoV-2. Fibroblasts
from patients with the TLR3--, TLR3*~, IRF77-, and
IFNAR1~- phenotypes are susceptible to SARS-CoV-2
infection in vitro. These data reveal the role of the TLR3
receptor as a sensor for double-stranded RNA and
type | IFN as an element of innate cellular immunity in
the control of SARS-CoV-2 infection. The introduction
of exogenous type | IFN may have a therapeutic effect
in COVID-19 patients who are carriers of a certain ge-
notype [5].

Understanding the role of circulating proteins in
infectious diseases is challenging since the infection
itself often alters significantly the circulating protein
expression and it might appear that increased levels
of circulating proteins, such as cytokines, are asso-
ciated with poorer outcome, while in fact it may be a
host response to infection and helps mitigate this out-
come. That is why it is important to know the genetic
determinants of protein levels, which reflect the degree
of a person’s protection against severe COVID-19. A
large-scale randomized study [9] conducted in the
USA, Canada, Japan, Sweden, Germany, and England
to search for circulating proteins that influence the
susceptibility and severity of COVID-19, identified the
OAST gene associated with a decrease in susceptibility
to COVID-19 (14,134 patients and 1,284,876 controls;
p =8 x 10°9), hospitalizations with COVID-19 (6,406 pa-
tients and 902,088 controls; p = 8 x 1078), and mortality
from CQOVID-19 (4,336 patients and 623,902 controls,
p =7 x 10°%). By measuring the expression of circulat-
ing proteins, the authors demonstrated that this pro-
tective effect on the outcome of COVID-19 is provided
by increased levels of the p46 OAS1 isoform and total
OAS1 protein, which is consistent with the findings of
H. Zeberg et al. [10].

OAS proteins are part of the innate immune re-
sponse against RNA-viruses. They activate latent
RNase L which cleaves double-stranded RNA, an in-
termediate link in the coronavirus replication, leading
to direct destruction of viral RNA. SARS-CoV-2 and
other beta coronaviruses produce viral proteins that
destroy OAS enzymes and counteract RNase L which
degrades viral RNA. This viral activity allows it to evade
the host’s immune response. Inhibitors of viral phos-
phodiesterase-12, which degrades OAS enzymes,
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also enhance the antiviral activity of OAS. Protective
isoforms of proteins OAS1, OAS2, and OASS3 increase
the expression of genes IRF3 and IRF7 included in
the interferon-inducible gene signature. OAS1 poly-
morphisms are associated with the host’s immune re-
sponse to viral infections, including influenza, herpes
simplex, hepatitis C, dengue, SARS-CoV, and SARS-
CoV-2 viruses. Given that OAS1 is an intracellular viral
RNA degradation enzyme, the circulating levels of this
enzyme reflect probably its intracellular levels. Both in-
tracellular and circulating OAS1 are significant for the
antiviral immune response [9].

GWAS of 2244 patients with severe COVID-19 with
deep hypoxemic respiratory failure from 208 British
hospitals confirmed significant associations of the dis-
ease severity with a number of polymorphisms related
to key mechanisms of host antiviral defense and me-
diators of inflammatory organ damage in COVID-19,
namely rs10735079 (p = 1.65 X% 1078, rs2109069
(p=8.98 x10-12), rs2236757 (p = 4.99 x 107%),
rs74956615 (p = 2.3 X 1078). The rs10735079 variant is
located in the OAS (oligoadenylate synthetase, locus
12g24.13) gene cluster encoding interferon-inducible
activators of restriction enzymes of antiviral protection
OAS1, OAS2, and OAS3. Transcriptome analysis of lung
tissue revealed a significant association of COVID-19
with OAS3 expression. High levels of OAS3 in lungs
and whole blood are associated with worse outcomes
in severely ill COVID-19 patients, which is the opposite
directional effect compared to OAS1 [8].

To study a haplotype that is protective against
severe COVID-19 in the abovementioned OAS gene
cluster on chromosome 12, H. Zeberg et al. [11]
used the Genetics of Mortality in Critical Care and
COVID-19 Host Genetics Initiative databases. This
haplotype contains the variants rs2660, rs1859330,
rs1859329, rs2285932, and rs1293767 [11]. In addi-
tion, protective alleles rs4767027-T and rs10774671-G
were found in the OAS1 gene. Alternative splicing of
OAST1, regulated by the rs10774671-G allele, increases
the expression of the p46 isoform which has a higher
antiviral activity than the p42 isoform. Host genetic
variants associated with extremely severe disease
help identify the therapeutic targets. Molecules are
already known that can increase the activity of OAS1.
Interferon B-1b (IFN-B1b), which activates the cytok-
ine cascade leading to an increase in the expression
of the OAST gene, increases the level of OAS1 in the
blood. IFN-B1b inhalation therapy can have different
effects in populations of different origins due to the
presence of different genetic variants, in particular, it

is more effective in populations with a higher expres-
sion of the p46 isoform [9].

The rs2109069 variant in the DPP9 gene (dipeptidyl
peptidase 9, locus 19p13.3) is associated with idiopathic
pulmonary fibrosis. Serine protease DPP9 is significant
in antigenic presentation and activation of inflamma-
tion. The IFNARZ2 gene (locus 21g22.1), which contains
the rs2236757 variant, encodes an interferon receptor
involved in type 1 interferon signaling. The rs74956615
variant is located near the TYK2 (tyrosine kinase 2) gene
on chromosome 19, the expression of which is associ-
ated with an extremely severe form of COVID-19. TYK2
is one of the target genes for inhibitors of the JAK/STAT
signaling pathway, such as baricitinib [8].

Some of the genetic associations with severe
COQOVID-19 relate to the immune-mediated phase of the
disease, associated with respiratory failure and requir-
ing invasive mechanical ventilation. The extremely se-
vere course of COVID-19 is associated with at least two
biological mechanisms, namely innate antiviral protec-
tion, which is especially important at an early stage of
the disease (IFNAR2 and OAS genes), and inflammatory
lung disease, which s a key mechanism of the late phase
of COVID-19 (DPP9, TYK2, and CCR2 genes). Interfer-
ons are mediators of the transmission of antiviral sig-
nals and stimulate the release of components of an early
response to viral infection. Increased expression of the
IFNAR2 interferon receptor subunit, which is consistent
with the protective role of type | interferons, reduces the
probability of severe COVID-19. Loss of function mu-
tations in the IFNAR2 gene are associated with severe
CQVID-19 [5] and other viral infections. The administra-
tion of interferon may reduce the probability of a critical
condition in COVID-19, but it has not been determined at
what term of the disease the treatment will be effective.
Treatment with exogenous interferon did not reduce the
mortality of hospitalized patients in large-scale clinical
trials [12]; this genetic effect acts probably at an early
stage of the disease, when the viral load is high [8].

The extrapulmonary effects of COVID-19 can be
mediated by an IFN-controlled increase in ACE2 ex-
pression on both endothelial and parenchymal cells,
which leads to endotheliitis [13] and liver damage in
60% of patients with severe course [14]. Immunity
deficiency mediated by IFN type | is associated with
life-threatening COVID-19 pneumonia [5], and induc-
tion of gene signatures by type | interferons is found
in some critically ill patients. Metatranscriptome se-
quencing for profiling immune signatures in broncho-
alveolar lavage fluid in 8 cases of COVID-19 showed
that the expression of 83 pro-inflammatory genes, es-
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pecially those encoding cytokines (IL1RN and ILB) and
chemokines (CXCL17, CXCL8, and CCL2), as well as
CXCR2 for chemokines CXCL8, CXCL1, and CXCL2,
was noticeably increased in COVID-19 cases com-
pared to patients with community-acquired pneumo-
nia and healthy controls, indicating hypercytokinemia
in COVID-19 patients caused by the expression of mul-
tiple IFN-stimulated genes (ISG). Among ISGs, genes
with immunopathogenic potential involved in inflam-
mation predominate. Transcriptome data were also
used to assess populations of immune cells, detect-
ing an increase in activated dendritic cells and neu-
trophils. Activation of genes ILTRN and SOCS3, which
encode antagonists of cytokine signaling, suggests
that SARS-CoV-2 infection involves a negative feed-
back loop. The expression of genes involved in the
morphogenesis and migration of immune cells (NCK-
AP1L, DOCK2, SPN, and DOCK10) was found to be
lower than in healthy controls. The functional analysis
revealed a state of high sensitivity to noxious stimuli in
cases of COVID-19, characterized by powerful defen-
sive reactions and hyperactive ribosome biogenesis.
The study of changes of cytokine expression over time
showed that the expression levels of genes associ-
ated with cytokines decrease with time. The patient
who eventually deceased turned out to be an excep-
tion. These cases showed that severe inflammation in
COVID-19 gradually resolves, and unresolved inflam-
mation can lead to fatal consequences [15].

The research results suggest that type | IFNs play
a bivalent role in the pathobiology of COVID-19, which
requires heavy regulation, and lead to the hypothesis
that JAK/STAT inhibitors are useful early in the disease
by reducing IFN-I-induced expression of ACE2. Atten-
tion should be paid to important qualitative differences
between the response of liver spheroids, where IFNs
induced ACE2 and increased infectivity, and lung or-
ganelles, where IFN signaling did not affect ACE2 and
viral load. Vascular endothelial cells express high lev-
els of ACE2 [16] and are very sensitive to IFN signaling
[17]. Taken together, these data suggest that the effects
of baricitinib may differ in different organ systems and
that anti-inflammatory effects may be most beneficial
in those tissues in which ACE2 gene expression is a
response to IFN, including the liver [18].

Genotyping of 322,948 biological samples from
the UKB biobank for the ApoE gene (apolipoprotein E)
established that homozygotes ApoE ede4 (n = 9022;
3%) were more likely to have a positive test result
for COVID-19 (OR 2.31; p = 1.19 X 10%) compared to
e3e3 homozygotes (the most common genotype,
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n = 223,457, 69%). This association persisted after ex-
cluding samples of patients with diseases associated
with the severity of COVID-19 (hypertension, coronary
heart disease, myocardial infarction, angina pecto-
ris, diabetes, dementia) from the analysis. Therefore,
it is a fair assumption to say that the e4 allele of the
APOE gene, a variant associated with an increased risk
of Alzheimer’s disease, increases the risk of severe
COVID-19 infection regardless of other risk factors.
ApOE is one of the highly expressed genes in type Il
alveolar lung cells. The ApoE e4 variant affects not
only the function of lipoproteins and the development
of cardiometabolic diseases, but also the pro/anti-in-
flammatory phenotypes of macrophages. Further re-
search is required to understand the biological mech-
anisms linking the ApoE genotypes to the severity of
COVID-19 [19].

The fact that men are more at risk of severe
COVID-19 is due in part to the localization of the ACE2
gene on the X chromosome [20]. In the region covering
the entire ACE2 gene and 50,000 base pairs around it,
SNPs have been found, that carry alleles inherited from
Neanderthalers. These SNPs are not in linkage disequi-
librium and therefore do not form a continuous haplo-
type. Neanderthal haplotypes in the DPP4 gene (DPP9
homologue) are associated with an approximately 80%
increased risk of hospitalization after infection with
SARS-CoV-2. The S-protein of SARS-CoV-2 binds to
the membrane-bound DPP4 receptor (known as CD26)
[21]. DPP4 is involved in several physiological systems,
including the regulation of glucose metabolism. DPP4
inhibitors are used to treat diabetes and are thought
to influence COVID-19 outcomes [22]. However, the
Neanderthal variant of the DPP4 gene doubles the
risk of severe COVID-19 course [23]. The strongest as-
sociation with severe COVID-19 was found in SNP of
rs117888248 (OR 1.84). Neanderthal haplotypes in the
DPP4 gene and on chromosome 3 increase the risk of
severe COVID-19 with respiratory failure and the need
for APV by 100% each. Both risk haplotypes in the
ACE2 and DPP4 genes have stronger effects than the
protective Neanderthal haplotype on chromosome 12,
which reduces the risk of severe disease by approxi-
mately 23% [11].

The Neanderthal variant of the DPP4 gene is pres-
ent in 1% of Europeans, 2.5% of South Asians, 4% of
East Asians, and 0.7% of Americans. Three currently
available genomes of Neanderthalers from Europe
and southern Siberia, whose age ranges from 50 to
120 thousand years, are homozygous for risk variants.
This means that if a Neanderthal were alive today, they
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would have a 4-16 times higher risk of severe illness if
infected with the SARS-CoV-2 virus [23].

Advances in proteomics, combined with human
genetic data, contribute to identification of therapeutic
targets and development of drugs against COVID-19.
Identifying a causal relationship between circulating
proteins and susceptibility to SARS-CoV-2 infection
or the severity of COVID-19 is a promising field in the
development of pharmacotherapy for this disease,
in which exposure to SARS-CoV-2 causes profound
changes in the levels of circulating proteins. Several
genetic associations lead to potential therapeutic ap-
proaches for enhancing interferon signaling, counter-
acting the activation and infiltration of leukocytes into
the lungs, or targeting specifically the inflammatory
pathways [8].

GENETICS OF THE SARS-CoV-2

CORONAVIRUS

Genomes 0f 5,085 SARS-CoV-2 strains (1,026 strains
belonging to the earliest confirmed cases of COVID-19,
and 4059 strains obtained during the massive resur-
gence 2 of the pandemic) have been sequenced in
a large metropolis (Houston, USA) which is an ethni-
cally diverse region with 7 million residents. Analysis
of the SARS-CoV-2 strains that caused the disease in
the resurgence 1 (05.03-11.05.2020) revealed a wide
variety of viral genomes, which represent together the
main monophylogenetic groups identified in the world
today, although not all “branches” of the evolutionary
tree SARS-CoV-2 is represented in this data. The phy-
logenetic distribution of strains with multiple substitu-
tions of different amino acids at the same site showed
their independent origin. Almost all strains (4054) of
the resurgence 2 have a substitution of the amino acid
asparagine-614 in the receptor binding domain (RBD)
of the S-protein for glycine, which is associated with
increased transmissibility and infectivity. Strains with
the Gly614 variant in the S-protein accounted for 71%
of SARS-CoV-2 strains at the beginning of the resur-
gence 1 and 99.9% in the resurgence 2 (p < 0.0001).
Patients infected with Gly614 strains had significantly
higher viral load at the upper respiratory tract at initial
diagnosis than patients infected with Asp614 variant
strains. At the same time, the association of the dis-
ease severity with concomitant diseases and human
genetics persists. The presence of the Gly614 variant
did not correlate with the disease outcome. Certain re-
gions of the S protein as a major target of global efforts
in creating the vaccine abound with amino acid sub-
stitutions, possibly indicating the selection effect. In

the RBD of the S protein, amino acid substitutions are
relatively rare compared to other regions of the protein,
but some of them reduce recognition by the neutral-
izing monoclonal antibody CR3022. This is consistent
with the functional role of RBD in interacting with ACE2
and the assumption that new variants of the virus arise
due to pressure from the host’s immune system [24].
Virus strains with the 614Gly variant show significantly
increased replication in human lung epithelial cells in
vitro and increased titers in nasal and tracheal lavages
of patients. Thus, the 614Gly variant increases the vi-
rus adaptability to persistence in the upper respiratory
tract [25].

The SARS-CoV-2 genome encodes an RNA-depen-
dent RNA polymerase (RdRp; also called Nsp12), which
is involved in viral replication. Each of the two amino
acid substitutions (Phe479Leu and Val556Leu) in the
gene encoding RdRp confers significant resistance to
remdesivir, an analog of adenosine [26, 27].

Untranslated flanking regions (5’- and 3’-untrans-
lated region, 5- and 3-UTR) of the SARS-CoV-2 ge-
nome encode exclusively conserved secondary RNA
structures with gene-regulating functions in viral rep-
lication and transcription. UTRs can interact with a
number of human and viral protein factors and provide
RNA - RNA or RNA - protein interactions due to ge-
nome circulation. To investigate the genomic stability
of SARS-CoV-2, nucleotide variants in isolates col-
lected during the ongoing pandemic were analyzed.
87 variants (SNPs) were identified with a frequency of
higher than 0.5% (occurring in at least 93 genomes). In
an extended analysis of 18,599 SARS-CoV-2 genomes,
the g.241C>T variant was detected with a frequency of
70.2%. In addition, 6 variants were identified in 3’-UTR
(9.29700A>G, g.29711G>T, g.29734G>C, 9.29742G>T,
g.29742G>A, g.29870C>A) and 3 variants in the 5-UTR
(9.36C>T, g.187A>G, g.241C>T), which were detected
with a frequency of 0.62-1.05% [28]. A. Mishra et al.
[29] identified two positions corresponding to the two
substitutions revealed in this analysis, namely g.241C>T
in the 5-UTR and g.29742G>A/T in the 3’-UTR. If SNP
occurs randomly, the probability that it results in a mis-
sense, synonymous, and nonsense mutation is 73%;
22%, and 5%, respectively, in all 26 viral genes encod-
ing proteins. Analysis of noted amino acid substitutions
in 769 SNPs with a variant frequency of 0.05% or higher
revealed fewer than expected missense and nonsense
mutations in all genes except ORF8. Deviations of the
registered proportions from expected values varied
widely across genes. In ORF8, for example, the fre-
quency of missense, synonymous, and nonsense mu-
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tations was 77%; 15%, and 8% respectively, which is
close to expectations. In contrast, for the processed
peptide nsp9 (non-structural protein 9), which putative
function consists in dimerization and binding of RNA,
the corresponding proportions were 18.2%; 81.8%,
and 0%, respectively. Selection and evolution pressure
probably differ in individual SARS-CoV-2 genes. Thus,
the characterization of SARS-CoV-2 variants suggests
a non-random selection pressure that points to hidden
driving forces of evolution of the viral genome, associ-
ated with a functional or regulatory role [28].

Analysis of linkage disequilibrium (LD) of SNPs
in 18,599 genomes identified a total of 34 groups of
coevolving variants (CEV) with a frequency of =0.1%.
The two groups of CEVs included UTR and other gene
traits that may indicate functional dependencies or in-
teractions of genomic elements carrying variants. The
group 1 of CEV (CEVg1), detected in 69.5% of SARS-
CoV-2 genomes, consisted of four variants located in
the 5’-UTR (g.241C>T), nsp3 (g.3037C>T, synonym), the
RNA-dependent RNA polymerase gene (g.14408C>T,
p.P323L), and the S-protein gene (g.23403A>G,
p.D614G). The incidence of CEVg1 increased sharply
(from 12.2% to 93.4%) over the three-month period
from February to May 2020 both globally and for each
region by continents. The D614G mutation in CEVg1
increases the virus contagiousness. Another group
of CEVs (CEVg5) associated with the 3’-UTR and
found in 0.9% of genomes included 6 variants in the
genes of the leader protein nsp1 (g.490T>A, p.D75E),
nsp3 (g.3177C>T, p.P153L), exonuclease (g.18736T>C,
p.F233L), S-protein (9.24034C>T, synonym), membrane
protein (9.26729T>C, synonym) and the 3-UTR itself
(9.29700A>G). The CEVg5 group remained secondary
in March-April 2020, amounting to 1.2% and 0.53%,
respectively [28]. The nsp3 protein of coronaviruses is
able to block the innate immune response of the host,
and other non-structural proteins (nsp) play a role in
evading recognition by the immune system [30]. In
general, a review of variants in 18,599 SARS-CoV-2 ge-
nomes collected in May 2020 indicates that co-evolv-
ing and single variants with a probable functional effect
on the replicative ability or pathogenicity of the virus
have been identified both in the UTR and in functional
elements throughout the genome [28].

More than 86,450 SARS-CoV-2 genomes became
available in October 2020, therefore the group analy-
sis of co-evolving variants increased the size of the
first dataset of 18,599 genomes by more than 4 times.
Comparison of the frequency of the CEV groups be-
tween the May and October 2020 datasets provided
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new insights into the evolution of SARS-CoV-2. First,
it confirmed the global dominance of CEVg1 with the
D614G mutation in the S-protein, which increased
from 69.53% to 84.77% between May and October
2020. Second, the CEVg3 and CEVg4 groups gradu-
ally disappeared. Thirdly, two new groups of emerging
co-evolving mutations (CEVg6 and CEVg8) were iden-
tified, which showed a rapid increase in frequency over
a short period of time only on one continent and did
not appear on other continents; for example, CEVg6
appeared in Oceania (its incidence increased from 0%
in April to 96% in July 2020), while CEVg8 appeared in
Europe (with an incidence of 0% in June and 36% in
September 2020). The CEVg6 and CEVg8 groups carry
new mutations in the S-protein, S477N and A222V, re-
spectively [28].

Human microRNAs (miRNAs) represent evolution-
arily conserved noncoding RNAs that can suppress
gene expression posttranscriptionally due to hybridiza-
tion of partially homologous sequences, primarily with
3-UTR RNA. Human miRNAs can target viral RNAs
and modulate positively or negatively various stages of
viral replication and the viral life cycle [31]. To gain in-
sight into the possible interaction of SARS-CoV UTRs
with host microRNAs in modulation of the infection
pathogenesis, we searched for sequence homology of
human miRNAs with SARS-CoV-2 UTR sequences. A
total of 8 microRNAs were identified from the miRBase
database, including sense and antisense sequences
corresponding to the 3’- and 5’-UTRs. Three miRNAs
(hsa-miR-1307-3p, hsa-miR-1304-3p, and hsa-miR-
15b-5p) are expressed in all 23 tissues, including lungs,
heart, liver, kidneys, and small intestine, which are se-
verely affected by SARS-CoV-2 infection. Sequences
homologous to human hsa-miR-1307-3p and hsa-miR-
1304-3p are located in S2m, a conserved genetic el-
ement of the virus with unknown function. Based on
in silico computer modeling of the interaction between
the viral 3’-UTR and human hsa-miR-1307-3p, a pos-
sible mechanism of viral survival has been presented,
according to which a mutation in the 3’-UTR of SARS-
CoV-2 weakens the host immune response. M. Khan et
al. [32] identified a miR-1307-3p target in the 3’-UTR,
which mediates antiviral responses and inhibits viral
replication [33]. Previously, hsa-miR-1307-3p was as-
sociated with lung function [34], as well as with the pro-
gression of certain cancers in COVID-19 patients [35].
A study by L. Bavagnoli et al. demonstrated the func-
tional role of human miR-1307 in the regulation of in-
fluenza A H1N1 virus replication [33] and predicted the
complementarity of miR-1307 to the NS1 protein of the
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H1N1 virus, which limits interferon and pro-inflamma-
tory responses, allowing the virus to evade the innate
and adaptive host immunity and replicate efficiently in
infected cells. The C112A mutation, which allows the
virus to evade miR-1307, is associated with acute re-
spiratory distress syndrome. It is noteworthy that in
the SARS-CoV-2 genome, the site of interruption of
hybridization with miR-1307-3p coincides with the lo-
calization of the C112A mutation in the HIN1 genome.
Apparently, SARS-CoV-2 shares a defense mechanism
with HIN1 against host immunity, if SARS-CoV -2 car-
ries an allele that weakens the function of miR-1307.
In support of this hypothesis, analysis of SARS-CoV-2
variations revealed two nearby mutations at positions
29742 and 29734, which correspond to positions 7
and 15 of miR-1307, respectively. Mutations at these
two sites can disrupt the hybridization of SARS-CoV-2
RNA with miR-1307 to avoid inhibiting infection. As of
October 2020, these mutations were detected with a
frequency of less than 1.2%. Their relationship with the
severity of clinical symptoms is currently unknown and
requires further study [28].

Thus, an integrated approach to the analysis of ge-
nome variations of circulating strains of SARS-CoV-2
during the current pandemic identified possible inter-
actions of human miR-1307-3p microRNA with the 3’-
UTR of the SARS-CoV-2 genome [28], which is con-
firmed by other researchers [36]. N. Balmeh et al. [36]
identified hsa-miR-1307-3p as the best miRNA out of
1872 miRNAs with the highest affinity for the SARS-
CoV-2 genome and associated cellular signaling
pathways. The results of their study showed that this
miRNA plays a regulatory role in the PI3K/Act signal-
ing pathway, and is also involved in endocytosis and
prevention of the production of the SARS-CoV-2 virus
coreceptor, induced by hyperglycemia of the GRP78
(glucose regulating protein 78) protein, the expression
of which increases in response on hyperklycemia in di-
abetes. Also, hsa-miR-1307-3p is involved in prevent-
ing the penetration and proliferation of the virus, which
creates potential targets for antiviral interventions [36].

Currently, several variants of the Spike protein of the
SARS-CoV-2 virus are known, which appeared as a re-
sult of mutations. It is unclear whether these variants
may have a specific effect on the affinity for the ACE2
receptor, which in turn is characterized by multiple al-
leles in the human population. Among the 295,000 se-
quenced SARS-CoV-2 genomes isolated from different
patients, several mutations in the Spike protein have
been identified, that affect interactions with ACE2,
namely S477N, N439K, N501Y, Y453F, E484K, K417N,

S4771, and G476S. In particular, the N501Y mutation
is one of the events characterizing the SARS-CoV-2
B.1.1.7 strain with increased infectivity, the frequency
of which has recently increased in Europe [37].

A case of chronic infection with SARS-CoV-2 with
reduced sensitivity to neutralizing antibodies in an im-
munosuppressed patient who received convalescent
plasma treatment, which generates changes in the viral
genome sequence, has been presented. The analysis
covered 23 time points over 101 days. Minor changes
were registered in the general structure of the viral pop-
ulation after two courses of remdesivir during the first
57 days. However, after plasma treatment, major dy-
namic changes in the virus population were found with
the emergence of a dominant viral strain carrying mu-
tations D796H in the S2 subunit and AHB69/AV70 in the
S1 subunit of the Spike protein. The D796H mutation
turned out to be the main factor in reducing the virus
sensitivity to plasma antibodies, but caused a defect in
infectivity. Another mutation, the AHB69/AV70 deletion,
doubled the infectivity compared to the wild type and
compensated for the decrease in infectivity resulting
from the first D796H mutation. The Spike escape dou-
ble mutant carrying the AH69/AV70 deletion and the
D796H substitution had a moderately reduced sensitiv-
ity to antibodies in convalescent plasma in vitro, while
retaining the infectivity similar to the wild type. These
data indicate a strong selection of SARS-CoV-2 dur-
ing convalescent plasma therapy, associated with the
emergence of viral variants with reduced sensitivity to
neutralizing antibodies [38].

The SARS-CoV-2 strain with a 382-nucleotide de-
letion (A382) in the ORF8 gene appeared in Wuhan
at the beginning of the pandemic. The A382 deletion
truncates the open reading frame and interrupts tran-
scription. The A382 variant causes a clinically signifi-
cant disease, including pneumonia, but with a milder
course compared to infections caused by wild-type
virus. None (0%) of the 29 patients infected with this
variant had hypoxia requiring supplemental oxygen
(indicator of severe COVID-19, primary endpoint of the
study), unlike patients infected with wild-type SARS-
CoV-2 virus (28%). The clinical effect of deletions in the
ORF8 region is manifested by less systemic release of
pro-inflammatory cytokines, less systemic inflamma-
tion, and a more effective immune response to SARS-
CoV-2. Stronger production of IFN-y at an early stage
of infection, which was noted in patients infected with
the A382 variant, supports the effector functions of T
cells and a rapid and effective humoral response to
SARS-CoV-2 [39].
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The high transmissibility of the SARS-CoV-2 coro-
navirus by airborne and contact pathways has led to
the COVID-19 pandemic, which continues to propagate
throughout the world, despite strict control measures.
Moreover, following the relaxation of social distanc-
ing policies, a resurgence of COVID-19 is registered
in many regions. Whether real re-infection is possible
is one of the key questions of COVID-19? Although
neutralizing antibodies develop rapidly after infection,
antibody titers start to decline as early as 1-2 months
after acute infection. Patients with negative test result
for SARS-CoV-2 RNA and those discharged from hos-
pitals sometimes have positive retesting results. These
reported cases have caused disagreement among ex-
perts about the hypothesis of persistent virus shedding
and reinfection.

The study of the viral genome, in particular the se-
quencing of its sequence, is useful not only for tracking
its variability and distribution, but also for clarifying the
question of the possibility of re-infection. The first re-
port of reinfection case was published in August 2020
in Hong Kong, when a 33-year-old man who recovered
from COVID-19 in April and was discharged from hos-
pital after two negative PCR tests for the presence of
SARS-CoV-2 in swabs taken from nasopharynx and
throat with an interval of 24 hours, had a positive test re-
sult for SARS-CoV-2 RNA in saliva after 4 months. Dur-
ing the second (asymptomatic) episode of COVID-19,
the patient remained physically fit, and the blood test
results were normal or nearly normal. Serial chest ra-
diographs showed no abnormalities. The patient has
not received antiviral treatment. The viral genomes
from the episodes 1 and 2 belong to different strains
of SARS-CoV-2. The viral genome 1 has a stop codon
in the ORF8 gene, leading to a truncation of 58 amino
acids, and is phylogenetically associated with strains
collected in March/April 2020, while the genome of the
virus 2 is associated with strains collected in July/Au-
gust 2020. Another 23 nucleotide and 13 amino acid
differences located in 9 different proteins were revealed
between the viruses from the episodes 1 and 2. Epi-
demiologic, clinical, serologic, and genomic analyzes
confirmed that the patient had re-infection and not per-
sistence of the virus after the first infection. These data
indicate that SARS-CoV-2 may continue to circulate in
humans despite herd immunity resulting from natural
infection or vaccination [40]. Later, the possibility of re-
infection was confirmed by other reports.

Thus, a 25-year-old man who lived in the USA was
infected with SARS-CoV-2 twice, in April and June
2020. The second infection was symptomatically more
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severe than the first one. The genetic mismatch of
SARS-CoV-2 samples in the two episodes of infection
was greater than can be explained by the short-term in
vivo evolution in the patient’s body. These data indicate
that the patient was infected with SARS-CoV-2 on two
different occasions with genetically different strains of
the virus. Thus, the previous exposure to SARS-CoV-2
does not guarantee the emergence of immunity against
its new strains [41].

A report from Brazil described a series (33 cases) of
reinfections, with 30 cases among healthcare workers.
Sequencing of the viral genome revealed re-infection
with a phylogenetically different isolate in each of these
patients. Reinfection was associated with a decreased
humoral response during the episode 1 of the disease
and proves the need for constant vigilance without the
assumption of the development of immunity in conva-
lescents [42].

All authors of reports of cases of reinfection insist
that patients who have recovered from COVID-19 must
comply with epidemiological control measures.

Coronaviruses acquire genetic changes more slowly
than other RNA viruses, due to correcting RNA-depen-
dent RNA polymerase (RdRp). Repeated deletions in the
S-protein gene that alter amino acid regions can stim-
ulate and, apparently, accelerate the adaptive evolution
of SARS-CoV-2. Deletion variants arise from different
genetic and geographic backgrounds, are efficiently
transmitted, and are present in new strains, including
those that are causing the current global problem. Re-
gions of the genome with recurrent deletion regions
(RDR) are mapped with specific antibody epitopes. De-
letions in the RDR confer resistance to neutralizing an-
tibodies. For example, repeated deletions that change
amino acids at positions 144/145 and 243-244 of the S
protein disrupt the binding of the 4A8 antibody, which
defines an immunodominant epitope in the N-terminal
domain (NTD) of the S protein. Antigenic renewal of the
virus allows re-infection of previously immunized indi-
viduals. During long-term infections in immunocom-
promised patients, the virus acquires deletions in the
S-protein NTD. This process is called the “evolution-
ary pattern”, defined by deletions that change certain
epitopes. Deletions and substitutions in the major NTD
and RBD epitopes will probably continue to contribute
to this process. Unlike nucleotide substitutions, dele-
tions cannot be corrected by RdRp polymerase cor-
rection, and this accelerates the adaptive evolution of
SARS-CoV-2. Thus, deletions represent the mecha-
nism by which rapid genetic and antigenic renewal of
the S-protein of the SARS-CoV-2 virus occurs. Since
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deletions represent a product of replication, they will
occur at a certain rate, and these variants will probably
appear in healthy populations [43].

HLA class | antigens play a crucial role in the devel-
opment of a specific immune response to viral infec-
tions. M. Shkurnikov et al. [44] developed a risk scale
associated with the ability of HLA class | molecules
to represent peptides of the SARS-CoV-2 coronavi-
rus. The scores on this scale are significantly higher
in the group of adult patients who died from COVID-19
compared to old patients (p = 0.003). In particular, the
presence of the HLA-A"01:01 allele is associated with
a high risk of lethal outcome, while HLA-A"02:01 and
HLA-A*03:01 are associated with a low risk. Analysis
of homozygous patients showed that homozygosity for
the HLA-A*01:01 allele is associated with early death
of COVID-19 patients. Risk scores in an independent
cohort of Spanish patients were also associated with
disease severity. The results obtained indicate the im-
portant role of the presentation of viral peptides by
HLA class | molecules in the development of a spe-
cific immune response to COVID-19. This conclusion
is consistent with the data of Italian researchers that
the occurrence of the HLA-A*01:01 and HLA-A"02:01
alleles is associated with the mortality rate in different
regions of ltaly [45]. To identify possible associations
with clinical information, it is necessary to analyze the
entire HLA class | genotype.

CONCLUSION

In this review, we aimed to highlight the available in-
formation on the genetic determinants of susceptibility
to SARS-CoV-2 infection and the severity of COVID-19.
The development of new drugs to treat this disease re-
quires knowledge of its molecular pathways and critical
target molecules. Blocking viral penetration pathways,
including receptors and enzymes, and controlling im-
mune responses are promising strategies for reducing
multiple organ dysfunction.
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