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INTRODUCTION
SARS-CoV-2 is a member of the same coronavirus 
family (Betacoronavirus) as the SARS and MERS 
viruses, which were responsible for two of the most 

devastating epidemics in recent years (1). SARS-CoV-2 
infects alveolar epithelial cells through receptor-me-
diated endocytosis. The SARS-CoV-2 spike protein 
(S) binds to the ACE2 receptor, which is expressed 
in several organs, including the lung, heart, kid-
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ney, and intestine. For the detection of viruses, the 
innate immune system utilizes a variety of pattern 
recognition receptors (PRRs). Plasmacytoid den-
dritic cells detect the incoming viral genomic RNA 
in the endosome through Toll-like receptor 7 (TLR7). 
Other cell types express endosomal TLR3 (variety of 
cells) and TLR8 (myeloid cells) that can also recog-
nize endocytosed double-stranded RNA (dsRNA) or 
single-stranded RNA (ssRNA), respectively (2). Alve-
olar and interstitial macrophages contribute to the 
immune response against SARS-CoV-2 and can adopt 
either pro-inflammatory (M1) or anti-inflammatory 
(M2) phenotypes depending on the local microenvi-
ronment (3). Macrophage Activation Syndrome may 
further explain the high serum levels of CRP, which 
are normally lacking in viral infections (4). Certain 
proteases, such as Transmembrane Serine Prote-
ase 2 (TMPRSS2) and Cathepsin L (CTSL), cleave to 
S domains to mediate membrane fusion and virus 
infectivity after the receptor binds, allowing the virus 
to enter the host cell cytosol through acid-depen-
dent proteolytic cleavage of the S protein (3). Pro-in-
flammatory cytokines, Interleukin (IL)-1b and IL-18, 
are released by macrophages, epithelial cells, and 
endothelial cells when their inflammasomes are acti-
vated. These cytokines cause neutrophilia and leu-
kopenia, which add to the pathogenic inflammation 
that causes the severity of COVID-19 symptoms (5). 
Higher blood plasma levels of IL-2, IL-7, IL-10, granu-
locyte colony-stimulating factor (G-CSF), IP-10, MCP-
1, macrophage inflammatory protein 1α (MIP1α), and 
tumor necrosis factor (TNF) were seen in patients 
with severe COVID-19 who needed intensive care 
in hospitals (6). The infected cells display viral pep-
tides inside major histocompatibility complex (MHC) 
class I antigens during the course of the viral infec-
tion cycle. Viral peptides shown in class I will acti-
vate CD8+ T lymphocytes, which can lyse tissue cells 
infected with viruses. Professional antigen present-
ing cells, such as dendritic cells, macrophages, and 
B-lymphocytes, use MHC class II molecules to deliver 
viral peptides to CD4+ T cells in the early stages of 
infection (7). Adaptive immune responses are par-
ticularly important because SARS-CoV-2 suppresses 
antigen presentation by downregulating MHC class 
I and II molecules, which in turn suppresses T cell 
mediated immune responses (8). Like antibodies, 
SARS-CoV-2 T cells are detected within a week from 
the onset of symptoms (9). CD4+ and CD8+ T cells 
elicited by SARS-CoV-2 infection are directed against 
a range of antigens, including structural and non-
structural proteins, and are significantly associated 

with milder disease (2). Chronic viral infections can 
result if CD8+ or CD4+ T cells have difficulty iden-
tifying the HLA class I or II antigens on the cell sur-
face or lower expression levels of the HLA molecules 
(10). Environmental, demographic, and geographic 
factors have also been proposed as contributors 
to differences in COVID-19 outcomes across popu-
lations (11). Despite major advances in understand-
ing COVID-19 pathogenesis, substantial variability 
remains in disease susceptibility, severity, and mor-
tality among individuals and populations. While envi-
ronmental, demographic, and clinical factors contrib-
ute to this heterogeneity, increasing evidence sug-
gests that host genetic and epigenetic determinants 
also play a critical role in shaping immune responses 
and clinical outcomes. The following sections review 
the current evidence regarding the genetic and epi-
genetic factors associated with COVID-19 suscepti-
bility, severity, and prognosis.

COVID-19 AND THE HLA SYSTEM

HLA biology and antigen presentation
Many assume that the diversity of HLA increases 
the likelihood that a species can survive pandem-
ics. The extensive polymorphism of the HLA sys-
tem is thought to result from the need for a spe-
cies to be immunologically diverse to survive a pan-
demic. For example, HLA-B27 confers some protec-
tion against HIV and hepatitis C (12). The expression 
of HLA genes is known to be influenced by age, sex, 
and obesity, all identified as key factors in the sever-
ity of COVID-19 (13). It is generally known that several 
chronic illnesses and viral infections, including HIV, 
HBV, H1N1, and HCV, are linked to specific HLA alleles 
(14). After being vaccinated, people who exhibit HLA 
class I and/or class II molecules with low affinity for 
SARS-CoV-2 peptides are likely to be more suscep-
tible to serious infections and experience weak or 
non-sterilizing immunity (15). The MHC, located on 
the short arm of chromosome 6, is the most complex 
genetic system in the human genome and includes 
the human leukocyte antigen (HLA) genes. The pri-
mary function of the HLA transmembrane proteins 
expressed by the classical (A, B, C, DR, DQ, and DP) 
HLA genes is to present tiny pathogen-derived pep-
tides to T cells as antigens, which sets off an immune 
response (13) (Figure 1A (16)).
The peptide-binding site is formed by the α1 and α2 
domains of HLA class I (A, B, and C) molecules. Cyto-
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toxic CD8+ lymphocytes are presented with short 
peptides of 8-10 amino acids that are generated 
from viral proteins produced by an infected cell. 
Helper CD4+ cells are presented with 13-25 amino 
acid peptides from endocytosed antigens by the α1 
and β1 domains of HLA class II (DR, DQ, DP) mole-
cules (17). There may be four sets of digits in each 
HLA allele name, separated by colons. An HLA pre-
fix is followed by a particular HLA locus, such as 
HLA DQ-A1. A star (HLA-DQA1*) separates the HLA 
locus from the first two digits. The allele group (HLA-
DQA1-01) is designated by the first two digits. A spe-
cific HLA allele is indicated by the third and fourth 
digits (HLA-DQA1*01 02). The mutations in the allele 
are described by the second four digits (10). Cyto-
toxic CD8+ T lymphocytes identify immunogenic 
peptide-MHC class I complexes that are shown on 
nucleated cells. Antigen-presenting cells, such as 
dendritic cells (DCs), macrophages, or B cells, can 
activate CD4+ T lymphocytes by presenting immuno-
genic peptide–MHC class II complexes. This results 
in the coordination and control of effector cells (18) 
(Figure 1B (19)).
Overall, HLA class I and class II molecules play a cen-
tral role in shaping antiviral immunity by regulating 
antigen presentation and T-cell activation, thereby 
potentially influencing susceptibility to and sever-
ity of SARS-CoV-2 infection.
HLA-Cw15:02, DR*03,01, and HLA-B*46:01, B*07:03, 
DRB1*12:02 were linked to resistance and sever-
ity of SARS-CoV, respectively, according to Wang 

et al. (20). Numerous studies have investigated 
whether specific HLA alleles influence susceptibil-
ity to SARS-CoV-2 infection or the clinical severity 
of COVID-19. However, findings have often varied 
across populations, reflecting differences in eth-
nic background, study design, and sample size. 
Langton et al., (13) using next generation sequenc-
ing (NGS), analyzed and compared the class I and 
class II classical HLA genes of 49 patients admitted 
to the hospital with severe respiratory disease fol-
lowing COVID-19 infection with those obtained from 
a group of 69 asymptomatic hospital workers who 
had evidence of COVID-19 exposure based on blood 
antibody testing. They discovered that the severe 
patient’s allele frequency of HLA-DRB1*04:01 dif-
fered significantly from that of the staff group that 
did not exhibit any symptoms. There was a signifi-
cantly lower frequency of the haplotype DQA1*01:01-
DQB1*05:01-DRB1*01:01 in the asymptomatic group 
compared to the background population. The pop-
ulation of North-Western Europe has higher fre-
quency of these alleles. The various statistical anal-
yses presented in the current article indicate that 
while DRB1*04:01 may be protective, other DRB1*04 
alleles, such as DRB1*04:02 and DRB1*04:05, may be 
associated with an increase in disease severity. In 
the current study, the alleles most strongly related 
to COVID-19 severity (DRB1*01:01 and DRB1*04:01) 
were the only alleles to show significant, positive 
correlations to latitude and inverse correlations to 
longitude (13).

A B

Figure 1. HLA locus organization and main MHC functions.



Vol. 6(2), 82-98, 2026

85

These findings suggest that some HLA alleles that are 
more prevalent in certain European populations may 
be associated with a reduced risk of severe COVID-
19. However, such associations should be inter-
preted cautiously because HLA effects are strongly 
influenced by population structure, environmental 
factors, and viral evolution (13).
Weiner et al. (21) examined the relationship between 
COVID-19 severity and HLAs in 435 participants 
who registered between March 2020 and August 
2020 and came from Germany (n = 135), Spain (n = 
133), Switzerland (n = 20), and the United States (n 
= 147). They tested their results by meta-analyzing 
data from prior genome-wide association studies 
(GWAS). They described a potential association of 
HLA-C*04:01 with a severe clinical course of COVID-
19. Carriers of HLA-C*04:01 had twice the risk of intu-
bation when infected with SARS-CoV-2. These find-
ings are biologically plausible, as HLA-C*04:01 has 
fewer predicted binding sites for relevant SARS-CoV-2 
peptides compared to other HLA alleles. Also, their 
findings suggest that HLA class I alleles have a rel-
evant role in immune defense against SARS-CoV-2. 
An ecological study strongly suggests a permissive 
role of HLA-C*01 and B*44 towards SARS-CoV-2 
infection across Italy (22). Wang et al. (23) reported 
the first host genetic study in the Chinese popula-
tion by deeply sequencing and analyzing 332 COVID-
19 patients categorized by varying levels of sever-
ity from the Shenzhen Third People’s Hospital. They 
found that the patients’ worst outcomes are con-
siderably predisposed by the HLA-A*11:01, B*51:01, 
and C*14:02 alleles.
Collectively, these findings suggest that several HLA 
class I and class II alleles may contribute to increased 
susceptibility or disease severity. However, many 
associations have been reported in specific pop-
ulations and require validation in larger multieth-
nic cohorts.

Protective and Risk HLA Variants
Several HLA alleles have been proposed as protec-
tive or risk factors for COVID-19, largely depending on 
their ability to efficiently present SARS-CoV-2-derived 
peptides and promote effective T-cell responses.
Nguyen et al. (24) performed a comprehensive in 
silico analysis of viral peptide MHC class I binding 
affinity across 145 HLA-A, -B, and -C genotypes for 
all SARS-CoV-2 peptides. A variety of HLA alleles 
were used to successfully sample and represent 
the SARS-CoV-2 proteome. They discovered that the 
allele with the fewest predicted binding peptides for 

SARS-CoV-2 was HLA B*46:01, indicating that people 
with this allele would be more susceptible to COVID-
19. Conversely, they found that HLA-B*15:03 showed 
the greatest capacity to present highly conserved 
SARS-CoV-2 peptides that are shared among com-
mon human coronaviruses, suggesting that it could 
enable cross-protective T-cell-based immunity. Poul-
ton et al. (25) analyzed data from 80 patients who 
tested positive for SARS-CoV-2 RNA who had previ-
ously been HLA typed to support transplantation. 
They reported a significant HLA association with 
HLA DQB1*06 and infection. In Italy, only the HLA-
C*01 and HLA-B*44 alleles, which are present with 
a higher frequency in the northern regions of Italy, 
remained positively associated with COVID-19 (10). 
Correale et al. (22) suggested that healthy individu-
als carrying HLA-B*44 and/or C*01, and to a lesser 
extent, HLA-A*25, HLA-B*08 alleles may be more 
susceptible to SARS-CoV-2 infection. Correale et al. 
(26) revealed later that the direct correlation of HLA-
C*01, and HLA-B*44 gene expression and COVID-19 
risk was completely lost just after the first pandemic 
wave in Italy. On the contrary, the expression of the 
HLA-B*49 allele in specific populations emerged as 
inversely correlated to the risk of COVID-19 and could 
be considered as a protective factor.
The frequency of the two most prevalent HLA hap-
lotypes in the Italian population varies significantly 
between the northern, central, and southern regions, 
according to a study conducted in Italy using a geo-
graphic epidemiological analysis, with HLA-A*01:01 
g-B*08:01 g-C*07:01 g DRB1*03:01 g (the most fre-
quent haplotype nationwide) showing a decreas-
ing frequency gradient, and HLA-A* 02:01 g-B*18:01 
g-C*07:01 g-DRB1*11:04 g (the second most frequent 
haplotype) an increasing frequency gradient from 
North to South (10). A study conducted with 82 Chi-
nese patients found that the HLA-C07:29 and HLA-
B15:27 alleles were more frequently detected in the 
COVID-19 group than in the control population (27). 
Novelli et al. (28) analyzed the HLA allele frequency 
distribution in a group of 99 Italian patients affected 
by a severe or extremely severe form of COVID-19. 
After the application of Bonferroni’s correction for 
multiple tests, a significant association was found 
for HLA-DRB1*15:01, -DQB1*06:02, and -B*27:07, 
after comparing the results to a reference group of 
1017 Italian individuals, previously typed in their lab-
oratory. Yung et al. (29) investigated the HLA-B gen-
otypes in 190 unrelated Chinese patients with con-
firmed COVID-19, identified a significant positive asso-
ciation between the B22 serotype and SARS-CoV-2 
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infection. According to the study by Barquera et al. 
(30), the HLA class II alleles DRB1*01:01, DRB1*10:01, 
DRB1*11:02, and DRB1*13:01 present more SARS-CoV-2 
peptides, while the HLA-DRB1*03:02, DRB1*03:03, and 
DQA1*01:02/DQB1*06 were found to be the worst 
presenters of SARS-CoV-2-derived peptides. HLA-
A*:01:01-g-B*08:01 g C*07:01g-DRB1*03:01g and HLA-
A*02.01g-B*18.01g-C*07.01g-DRB1*11.04g, the two 
most prevalent HLA haplotypes in the Italian popu-
lation, had a regional distribution that overlapped 
that of COVID-19 and demonstrated a significant pos-
itive (suggestive of susceptibility) and negative (sug-
gestive of protection) correlation with both COVID-
19 incidence and mortality, according to Pisanti et 
al. (31). Littera et al. (32) showed that the extended 
haplotype HLA-*02:05, B*58:01, C*07:01, DRB1*03:01 
has a protective effect against SARS-CoV-2 infection 
in the Sardinian population. Genetic factors that 
resulted in having a negative influence on the dis-
ease course were presence of the HLA-DRB1*08:01 
allele and G6PDH deficiency, but not the beta thal-
assemic trait. Shkurnikov et al. (33) identified HLA-
A, HLA-B, and HLA-C genotypes of n = 111 deceased 
patients with COVID-19 (Moscow, Russia) and n = 
428 volunteers with NGS. Three HLA-A alleles were 
highly overrepresented in these groups: HLA A*02:01 
and HLAA* 03:01 were tightly associated with low 
risk while HLAA* 01:01 contributed to the high-risk 
group. Yu et al. (34) verified that HLAB*15:27 and 
HLA-DRB1*04:06 were linked to COVID-19 suscepti-
bility in China by comparing against many subpopu-
lation groupings as a control. Weak binding affinities 
toward viral proteins were expected for both alleles. 
Wang et al. (35) used NGS to genotype 82 COVID-
19 patients for the HLA -A, -B, -C, -DRB1, -DRB3/4/5, 
-DQA1, -DQB1, -DPA1, and -DPB1 loci. They demon-
strated that, when the revised P-value was taken into 
account, only HLA-C*07:29 and B*15:27 were signif-
icant. According to Romero Lopez et al. (36), there is 
a positive association with HLA A*03:02 and a neg-
ative correlation with the cumulative incidence per 
million people for both A*31:01 and HLA-A*02:03 
frequencies. The authors concluded that, with this 
result, HLA A*02:03 and A*31:01 were associated 
with better immunity against the infection and that 
HLA A*03:02 can be considered as a risk factor. HLA-
A*02:02, HLA-B*15:03, HLA-C*12:03, HLAA*02:03, and 
HLA-A*31:01 were identified as protective alleles in a 
number of studies, while HLA-A*25:01, HLA-B*46:01, 
HLA-C*01:02, HLA-A*24:02, HLADPA1*02:02, HLA 
DPB1*05:01, HLA-DQB1*03:01, and HLA-DRB4*01:01 
were identified as risk alleles (37).

Furthermore, population-specific studies contin-
ued to identify additional alleles associated with 
either susceptibility or protection. Farahani et al. (38) 
reported significant associations between severe 
COVID-19 and HLA-B38, HLA-A68, HLA-A24, and 
HLA-DRB101 in an Iranian cohort. Augusto et al. 
(46) found that HLA-B15:01 was significantly associ-
ated with asymptomatic SARS-CoV-2 infection, while 
Letovsky et al. (39) identified several alleles associ-
ated with either increased (HLA-A68:01, HLA-C01:02, 
HLA-DQB103:02, HLA-DRB108:02 and HLA-DRB114:06) 
or decreased (HLA-DRB108:03, HLA-C05:01 and HLA-
B*38:01) likelihood of SARS-CoV-2 infection. The list 
of potentially relevant HLA variants continues to 
expand as additional studies are performed.

HLA and immune dysregulation
Beyond genetic susceptibility, HLA-related mecha-
nisms may also contribute to immune dysregulation 
and hyperinflammatory responses during COVID-19.
The CDC issued a notice on May 14, 2020, alerting 
medical professionals to the multisystem inflamma-
tory syndrome (MIS-C) linked to COVID-19. MIS-C pres-
ents clinical features resembling Kawasaki disease 
(KD). The HLA region, particularly HLA-B and HLA-C 
variants, has been proposed among the genetic fac-
tors potentially involved in susceptibility to KD-like 
manifestations.
Other studies explored the relationship between 
HLA polymorphisms and markers of disease sever-
ity. Elevated serum ferritin levels, which are associ-
ated with hyperinflammation and poor clinical out-
comes in COVID-19, were reported more frequently 
in patients carrying specific HLA variants such as 
HLA-C*03.
Spinetti et al. (40) compared ICU patients with severe 
COVID-19 to noncritically ill hospitalized COVID-19 
patients and showed reduced mHLA-DR expres-
sion on circulating CD14+ monocytes at ICU admis-
sion, indicating a dysfunctional immune response 
and impaired antigen-presenting capacity during 
severe disease.
The immune cell, cytokine, and HLA-G (including 
receptor) levels of a COVID-19 patient during his 
hospital stay were documented in a case study by 
Zhang et al.(41). In general, HLA-G levels rose follow-
ing viral clearance and decreased during the active 
replication phase, suggesting a possible relation-
ship with cytokine-mediated immune regulation.
A recent study documented evidence of SARS-CoV-2 
antigens circulating in the blood up to 14 months 
after infection and reported an association between 
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antigen positivity and post-acute sequelae of COVID-
19 (PASC) involving several symptom domains (42) 
(Table 1).

COVID-19, CYTOKINES, ABO, ACE2 
AND TMPRSS2 GENES

Genetic susceptibility loci identified by GWAS
SARS-CoV-2 infection results in a broad spectrum 
of COVID-19 disease, from mild or no symptoms to 
hospitalization and death. A recent genome-wide 
association study (GWAS) of the risk of critical ill-
ness revealed a significant genetic component (44). 
Genetic loci from COVID-19 GWAS in peer-reviewed 
publications to date represent a mixture of risk vari-
ants for SARS-CoV-2 infection (blue upward arrows) 
and severe COVID-19 with complications (red down-
ward arrows). More loci are anticipated to appear as 
sample sizes increase. N/A indicates that the MHC 
on chromosome 6 was omitted from the reporting 

in this article due to high heterogeneity of puta-
tive associations from the individual studies in the 
meta-analysis (Figure 2) (45).
The genes identified through physical association 
with accessible COVID-19 variants have known roles 
in viral replication, interferon response, and inflam-
mation (46). Host genetic predisposition to COVID-19 
is now increasingly recognized, and whole-genome 
and candidate gene association studies regarding 
COVID-19 susceptibility have been performed. Sev-
eral common and rare variants in genes related to 
inflammation or immune responses have been iden-
tified (47). A previous study identified two genomic 
regions that are associated with severe COVID-19: one 
region on chromosome 3, which contains six genes, 
and one region on chromosome 9 that determines 
ABO blood groups. The sole region on chromosome 
3 that is strongly linked to severe COVID-19 at the 
genome-wide level, according to a dataset recently 
made public by the COVID-19 Host Genetics Initia-
tive (48). The genes ACE2, IL6, TMPRSS2, and TNF 
are often highlighted. FURIN, CXCL10, OAS1, OAS2, 

Table 1. Summary of selected studies investigating the association between HLA polymorphisms and COVID-19 susceptibility, severity, 
immune response, and clinical outcomes.

CATEGORY REPRESENTATIVE HLA 
ALLELE(S) REPORTED ASSOCIATION KEY REFERENCE(S)

Protective alleles HLA-B*15:03
Enhanced presentation of 

conserved SARS-CoV-2 peptides; 
potential cross-reactive immunity

Nguyen et al. (24)

Protective alleles HLA-B*15:01 Associated with asymptomatic 
SARS-CoV-2 infection Augusto et al. (46)

Protective alleles HLA-DRB1*04:01 Increased frequency among 
asymptomatic individuals Langton et al. (13)

Risk alleles HLA-C*04:01 Severe disease and increased risk 
of intubation Weiner et al. (21)

Risk alleles HLA-B*46:01 Low predicted peptide-binding 
capacity; increased susceptibility Nguyen et al. (24)

Risk alleles HLA-A11:01, HLA-B51:01, 
HLA-C*14:02

Associated with worse clinical 
outcomes Wang et al. (23)

Risk alleles HLA-B15:27, HLA-DRB104:06 Associated with susceptibility in 
Chinese populations Yu et al. (34)

Population-specific 
associations

HLA-B38, HLA-A68, HLA-A24, 
HLA-DRB101

Associated with severe COVID-19 
in Iranian patients Farahani et al. (38)

Antigen presentation 
efficiency

DRB101:01, DRB110:01, 
DRB111:02, DRB113:01

Efficient presentation of SARS-
CoV-2 peptides Barquera et al. (30)

Antigen presentation 
efficiency

DRB103:02, DRB103:03, 
DQA101:02/DQB106

Poor presentation of SARS-CoV-2 
peptides Barquera et al. (30)

Immune dysregulation HLA-C*03; reduced mHLA-DR 
expression

Hyperinflammation and impaired 
antigen presentation Spinetti et al. (40)

Vaccine-related 
outcomes HLA-A*03:01 Increased reactogenicity following 

Pfizer-BioNTech vaccination Bolze et al. (43)
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OAS3, and ISG15 are emerging genes for COVID-19 
(49). Using the Infinium Methylation EPIC array13, 
Corley et al. (50) examined genome-wide DNAm 
profiles in peripheral blood mononuclear cells from 
nine patients with severe COVID-19. Droplet digital 
PCR revealed detectable plasma SARS-CoV-2 RNA in 
patients with severe COVID-19. The idea that SARS-
CoV-2 suppresses host IFN responses was supported 
by their finding of notable hypermethylation in the 
regulatory areas of genes implicated in the type 
I IFN response linked to severe COVID-19, includ-
ing first-line antiviral defense genes like IFITM1 and 
ISG20. The SARS-CoV-2 viral host receptor ACE2 gene 
was also linked to abnormal levels of DNA linked to 
severe COVID-19, which supports research that sug-
gests ACE2 is up-regulated during SARS-CoV-2 infec-
tion. On the other hand, they found that the cyto-
kine genes linked to severe COVID-19 and the reg-
ulatory regions of genes related to immunological 
inflammation, such as the antiviral MX1 genes and the 
NLRP3 inflammasome, had substantial hypometh-
ylation. Wei et al. (51) extracted biological concepts 
from the titles and abstracts of the gathered research 
publications using PubTator, a deep learning-based 
entity extraction tool created by the National Library 
of Medicine (NLM). They linked COVID-19 disease to 
the top ten genes, which include ACE2, TMPRSS2, 
IL6, CRP, TNF, CD4, ACE, CD8A, IFNG, and FURIN. 
Immune cells from patients with severe versus mod-
erate COVID-19 disease showed differential expres-
sion of several of these genes (PAXBP1, IFNAR2, OAS1, 
OAS3, TNFAIP8L1, GART). The scientists found that 
the gene locus in TMEM189 (PEDS1, HGNC:16735)-
UBE2V1 (HGNC:12494), which is implicated in the IL-1 
signaling pathway, was associated with the severity 

of COVID-19. An investigation found inborn errors of 
Toll-like receptor 3 (TLR3, HGNC:11849) – and inter-
feron regulatory factor 7 (IRF7, HGNC:6122) – depen-
dent type I IFN immunity related to life-threatening 
COVID-19 pneumonia (52).
Compared to COVID-19 patients with powerful inter-
feron responses, many SARS-CoV-2-infected people 
have blunted and/or delayed interferon responses 
and suffer from more severe illness (46). SARS-CoV-2 
dsRNA genomes are sensed by the RIG-I/MDA5 and 
RNAseL pathways (53). One of the earliest known 
IFN-stimulated gene (ISG) antiviral pathways was the 
OAS/RNaseL pathway. Three catalytically active OAS 
genes (OAS1-3) and one inactive gene (OASL) have 
been identified in humans (54). The chr12q24.13 
locus encoding OAS1-OAS3 antiviral proteins has 
been associated with COVID-19 susceptibility and 
severity (55). Banday et al. (55) analyzed patients of 
European (n = 2,249) and African (n = 835) ancestries 
with hospitalized versus non-hospitalized COVID-19; 
the risk of hospitalized disease was associated with 
a common OAS1 haplotype. They concluded that 
decreased OAS1 expression due to a common hap-
lotype contributes to COVID-19 severity.

Cytokine genes and inflammatory responses
Genetic variation in cytokine-related genes has been 
proposed as an important determinant of the inflam-
matory response to SARS-CoV-2 infection and may 
contribute to disease severity.
Differential cytokine production in COVID-19 patients 
may be linked to genetic variations in the regu-
latory regions of cytokine genes. Cytokines and 
chemokines SNPs are associated with the severity 
of COVID‑19 (53).

Figure 2. Genetic loci from COVID-19 GWAS in peer-reviewed publications to date.
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Single-nucleotide polymorphisms (SNPs) of interfer-
ons, TNF, IL1, IL4, IL6, IL7, IL10, and IL17 are among the 
gene variants that predispose patients to the severe 
form of COVID-19, also known as SARS-COV-2 (53).
The COVID-19 virus causes cytokine storms, which 
are excessive inflammatory reactions linked to the 
release of proinflammatory cytokines like interleu-
kin-6 (IL-6), IL-1β, IL-10, IL-18, IL-4, IL-33, interferon 
(IFN)-γ, and tumor necrosis factor alpha (TNFα) (54). 
In severe COVID-19 patients, an increase in IL-6 lev-
els has been observed and is related to the dis-
ease’s poor prognosis. Several gene variants in IL6 
(HGNC:6018) with differential cytokine expression 
and with different disorders have been reported (5). 
The cis-regulatory landscapes of human immune 
cell types with established roles in disease severity 
were linked to putatively functional COVID-19 risk 
variants by Pahl et al. (44), who used high-resolu-
tion chromatin conformation capture to map these 
disease associated elements to their effector genes 
to obtain insight into how human genetic variation 
attenuates or exacerbates disease after SARS-CoV-2 
infection. 16 genes related to inflammation, the inter-
feron response, and viral replication were implicated 
by this functional genomic approach.
Various cytokines and VEGF have higher serum lev-
els in COVID‑19 patients compared to healthy sub-
jects, suggesting that cytokines and their receptors 
play a role in disease development.
Collectively, these findings support a central role 
for cytokine-related genetic variation in modulat-
ing the inflammatory response and clinical sever-
ity of COVID-19.

ABO blood group and COVID-19 susceptibility
Several genome-wide association studies have iden-
tified the ABO blood group locus as a potential 
genetic factor influencing susceptibility to SARS-
CoV-2 infection and COVID-19 severity. Ellinghaus et 
al. (56) conducted a GWAS involving 1980 patients 
with COVID-19 and severe disease (defined as respi-
ratory failure) at seven hospitals in the Italian and 
Spanish epicenters of the SARS-CoV-2 pandemic in 
Europe. They found cross-replicating relationships 
between rs657152 at locus 9q34.2 and rs11385942 
at locus 3p21.31. The association signal included the 
genes SLC6A20, LZTFL1, CCR9, FYCO1, CXCR6, and 
XCR1 at locus 3p21.31.
Shelton et al. (57) identified several non-genetic 
conditions as risk factors for hospitalization, and 
the genetic variants LZTFL1 rs13078854 and ABO 
rs9411378 were associated with COVID-19 outcome 

severity and diagnosis, respectively. Adjacent genes 
in the 3p21.31 locus, such as SLC6A20, CCR9, FYCO1, 
CXCR6, and XCR1, may be responsible for the asso-
ciation. The ABO blood group locus and the associ-
ation signal at locus 9q34.2 were in co-occurrence.
Pereira et al. (58) identified a 3p21.31 gene cluster as 
a genetic susceptibility locus in patients with COVID-
19 with respiratory failure and confirmed a potential 
involvement of the ABO blood-group system. While 
blood type A is commonly referred to as a risk fac-
tor, blood type O is primarily linked to decreased 
rates of SARS-CoV-2 infection. Blood type A is most 
closely linked to the severity and mortality of COVID-
19, although findings on the likelihood of severe con-
sequences are more mixed. In contrast, most stud-
ies characterize blood type O as protective against 
disease progression. Blood antigens have been pro-
posed as contributing to intracellular absorption, 
signal transduction, or adhesion, and blood groups 
may act as receptors and/or co-receptors for bac-
teria, viruses, and parasites (59).
Overall, available evidence suggests a role for the 
ABO blood group system in susceptibility to SARS-
CoV-2 infection and clinical outcomes, although the 
biological mechanisms underlying these associa-
tions remain incompletely understood.

ACE2 and TMPRSS2 variants
Most African populations could be protected to some 
degree because they lack some genetic susceptibil-
ity risk factors or have low level expression of allelic 
variants, such as ACE2 and TMPRSS2, that are thought 
to be involved in increased infection risk or disease 
severity (60). Numerous ACE2 and TMPRSS2 aberra-
tions that impact the expression of COVID-19-related 
receptors have been linked to risk factors and dis-
ease susceptibility. Besides its role in SARS-CoV-2 
infection, ACE2 acts as a negative regulator of the 
renin-angiotensin system and a facilitator of amino 
acid transport (5). The ACE2 system is a critical pro-
tective pathway against heart failure with reduced 
and preserved ejection fraction, including myocar-
dial infarction and hypertension, lung disease, and 
diabetes mellitus (61). Unfortunately, the function 
of ACE2 is lost following the binding of SARS-CoV-2. 
According to a recent study, South Asian and East 
Asian groups have genetic markers of the highest 
ACE2 expression, whereas Africans have the lowest 
levels of ACE2 expression (62). Africans showed a 
genetic tendency for the lowest levels of TMPRSS2 
(HGNC:11876) expression, while East Asians showed 
the greatest levels (5). While two mutations (p. Leu-
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351Val and p. Pro389His) were expected to interfere 
with SARS-CoV-2 spike protein binding, three com-
mon missense alterations in ACE2 (p. Asn720Asp, 
p. Lys26Arg, and p. Gly211Arg) have been predicted 
to interfere with protein structure and stabiliza-
tion (60). These studies provide information on the 
genetic overlap between immunological factors and 
COVID-19, indicating possible avenues for further 
investigation and clinical testing (63).

COVID-19 AND MICRORNAS

Biological role of miRNAs in SARS-CoV-2 
infection
COVID-19 and MicroRNAs Noncoding RNAs (ncRNAs) 
do not encode a protein but rather modulate chro-
matin regulation and gene expression. These com-
prise piwi-interacting RNAs (piRNAs), small nuclear 
RNAs (snRNAs), small nucleolar RNAs (snoRNAs), 
microRNAs (miRNAs), small interfering RNAs (siRNAs), 
ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), and 
long noncoding RNAs (lncRNAs) (64). Human miR-
NAs can interact with other single-stranded RNAs, 
including viral genomes, in addition to post-transcrip-

tionally regulating mRNAs (65). SARS-CoV-2 infection 
deeply disturbs the plasma miRNA expression pro-
file from an early stage of COVID-19, making miR-
NAs highly valuable as early predictors of severity 
and mortality (66). miRNAs are proposed as prom-
ising biomarkers, new targets, and tools in thera-
peutic approaches, but also as prognostic factors 
in SARS-CoV-2 infection (Figure 3) (62).
Given their ability to regulate both viral and host 
gene expression, miRNAs have emerged as import-
ant modulators of SARS-CoV-2 infection and disease 
progression.
Several studies have investigated the role of miR-
NAs in regulating key host factors involved in SARS-
CoV-2 entry and antiviral immune responses, includ-
ing ACE2, TMPRSS2, and interferon-related pathways.
In their respective 3′-UTRs, Pierce et al. (67) found 
43 miRNAs targeting ACE2, 107 for TMPRSS2, 20 
for IFN-α, 29 for IFN-β, and 47 for IFN-γ using five 
miRNA computational methods (miRWalk, MicroT4, 
miRMap, RNAhybrid, and TargetScan). There were 7 
predicted lung-enriched miRNAs (the top 5 miRNAs 
were miR-141-3p, miR-4270, miR-331-3p, miR-200a 
3p, and miR-218-5p) that targeted the ACE2 mRNA 
30-UTR and 25 predicted lung-enriched miRNAs (the 
top 5 miRNAs were miR-4763-3p, let-7d-5p, miR-

Figure 3. Proposed roles of microRNAs in SARS-CoV-2 infection and COVID-19 pathogenesis. Host and viral miRNAs may regulate key 
pathways involved in viral entry (ACE2 and TMPRSS2), interferon signaling, cytokine production, immune-cell activation, and inflammatory 
responses. Altered miRNA expression profiles have also been associated with disease severity, prognosis, and potential therapeutic targets, 
highlighting their relevance as biomarkers and modulators of host-virus interactions. miRNAs Regulating Viral Entry and Host Responses.
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4530, let-7e-5p, and miR-181a 5p) that targeted the 
TMPRSS2 mRNA 30-UTR. The 30-UTRs of IFN-α and 
IFN-β mRNAs contained two (miR-203a-3p and miR-
361-5p) and one (miR-145-5p) predicted binding sites, 
respectively, for lung-enriched miRNAs, whereas 
IFN-γ harbored nine (miR-128-3p, miR-143-3p, miR-
181b-5p, miR-181d-5p, miR-24-3p, miR-26a-5p, miR-
26b-5p, miR-340-5p, and miR-664b 3p). Interestingly, 
in human lung tissue, the only miRNAs that share 
both target mRNAs (TMPRSS2 and IFN-γ) are miR-
181b-5p, miR-181d-5p, and miR-664b-3p. Using sin-
gle-cell RNA-sequencing-based data, two miRNAs, 
hsa-miR-302c-5p and hsa-miR-16-5p, were identi-
fied to be potential virus-targeting miRNAs across 
multiple cell types from bronchoalveolar lavage fluid 
samples. The results showed that these miRNA/tar-
get pairs are involved in the ACE2 receptor network, 
regulating pro-inflammatory cytokines and immune 
cell maturation and differentiation (65).

miRNAs and immune dysregulation
Beyond viral entry mechanisms, miRNAs may con-
tribute to immune dysregulation and inflamma-
tory responses that characterize severe COVID-19. 
Increases in plasma cytokine storms, including TNF-
α, IL-1β, IL-6, miR-146a, miR-146b, and IL-8, are asso-
ciated with miR-125b, miR-138, miR-199a, and miR-21 
in acute respiratory distress syndrome and COPD 
(68). Recent studies include the role of ID02510.3p 
miRNA, ID00448.3pmiRNA, miRNA 3154, miRNA 
7114-5p, miRNA 5197-3p, ID02750.3p miRNA and 
ID01851.5p-miRNA, miR-5197-3p, miR-17-5p and miR-
20b-5p in control COVID-19 pathogenesis by bind-
ing to the genome of SARS-CoV-2 (69). These find-
ings suggest that miRNA-mediated regulation may 
influence both cytokine production and host antivi-
ral responses during SARS-CoV-2 infection.

miRNAs as diagnostic and prognostic 
biomarkers
Nersisyan et al. (70) introduced six miRNAs, includ-
ing miR-21-3p, miR-195-5p, miR-16-5p, miR-3065-5p, 
miR-424 5p, and miR-421, that potentially regulated 
all human coronaviruses through direct binding 
to the viral genome. The high predictive accuracy 
reported in these studies highlights the potential 
utility of miRNA signatures for disease detection and 
risk stratification. The miR-21-3p binds to the human 
coronavirus genome the best. Supervised machine 
learning analysis revealed that a three-miRNA signa-
ture (miR-423-5p, miR-23a-3p, and miR-195-5p) inde-
pendently classified COVID-19 cases with an accuracy 

of 99.9% (71). The three miRNA signature identified 
SARS-CoV-2 infection in a ferret COVID-19 model with 
99.7% accuracy and differentiated SARS-CoV-2 infec-
tion from influenza A (H1N1) infection and healthy 
controls with 95% accuracy (71). The inflammatory 
miR-31-5p was the most significantly increased of the 
55 miRNAs that were changed in COVID-19 patients 
in the early stages of the illness (71). In addition to 
their diagnostic value, miRNAs may represent novel 
therapeutic targets because of their ability to mod-
ulate both viral replication and host immune path-
ways. Pawlica et al. (72) discovered a viral miRNA-like 
small RNA, named CoV2-miR-O7a (for SARS-CoV-2 
miRNA-like ORF7a-derived small RNA). Its abundance 
ranges from low to moderate compared to host miR-
NAs, and it is associated with Argonaute proteins, 
core components of the RNA interference pathway. 
They discovered potential targets for CoV2-miR 7a, 
such as the interferon signaling-related Basic Leu-
cine Zipper ATF-Like Transcription Factor 2 (BATF2). 
According to Li et al. (73), when comparing human 
COVID-19 patients to healthy controls, 35 miRNAs 
were elevated and 38 miRNAs were downregulated. 
The following is a list of the top 10 genes: hsa-miR-
16-2-3P, hsa-miR-5695, hsa-miR-10399-3P, hsa-miR-
6501-5P, hsa miR-361-3P, hsa-miR-361-3p, hsa-miR-
4659a-3p, hsa-miR-142-5p, hsa-miR-4685-3p, hsa-
miR 454-5p, and hsa-miR-30c-5p. Hsa-miR-183-5p, 
Hsa-miR-627-5p, Hsa-miR-941, Hsa-miR-21-5p, Hsa-
miR-20a-5p, Hsa-miR-146b-5p, Hsa-miR-454-3p, Hsa-
miR-18a-5p, Hsa-miR-340-5p, and Hsa-miR-17-5p 
were the ten genes that had the biggest decrease. 
Notably, miR-627-5p was the most downregulated 
miRNA, changing by 2.3 times in comparison to the 
controls, whereas miR 16-2-3p was the most upreg-
ulated miRNA, changing by 1.6 times. Four miRNAs 
(miR-127-3p, miR-21-5p, miR-285p, and miR-34a-5p) 
were found by Salem et al. (74) to regulate the TGF-
beta signaling system, interleukin-4 and 13 signaling, 
IL-17 signaling pathway, and B cell receptors (BCRs) 
signaling pathway. They have been suggested as 
possible biomarkers for a variety of COVID-19 dis-
ease characteristics, including susceptibility, sever-
ity, course of complications, prognosis, and poten-
tial treatments (75). Therefore, a profile of the cir-
culating miRNA at various phases of COVID-19 dis-
ease may offer valuable clinical information and 
point the way for future treatments (76).

Therapeutic potential and future perspectives
In addition to their diagnostic value, miRNAs may 
represent novel therapeutic targets because of 
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their ability to modulate both viral replication and 
host immune pathways. Pawlica et al. (72) discov-
ered a viral miRNA-like small RNA, named CoV2-
miR-O7a (for SARS-CoV-2 miRNA-like ORF7a-de-
rived small RNA), which associates with Argonaute 
proteins and may regulate interferon-related path-
ways through targets such as BATF2. Furthermore, 
several host miRNAs have been implicated in reg-
ulating inflammatory responses, cytokine produc-
tion, and viral-host interactions, suggesting poten-
tial applications in both therapeutic intervention 
and disease monitoring.
Overall, current evidence supports a multifaceted 
role of miRNAs in COVID-19, ranging from the regu-
lation of viral entry and immune responses to their 
potential use as biomarkers and therapeutic targets. 
However, many findings remain based on compu-
tational predictions or small cohorts and require 
validation in larger and more diverse populations. 
A summary of representative miRNAs, their princi-
pal targets, level of evidence, and potential clinical 
relevance is presented in Table 2.

COVID-19 AND CANCER

Impact of the COVID-19 pandemic on cancer 
care
Regular health service delivery was seriously ham-
pered during the COVID-19 pandemic. The poten-
tial of COVID-19 infection for patients necessitated 
careful assessment, and resources were reallocated 

to COVID-19 services. There was a halt to cancer 
screening programs, fewer medical professionals 
were available, and some patients had trouble get-
ting the best care in a timely way (77).
These disruptions raised concerns regarding 
delayed diagnosis, treatment interruptions, and 
potentially worse outcomes among patients with 
cancer.

Shared biological mechanisms between COVID-
19 and cancer
Beyond healthcare-related consequences, several 
biological pathways appear to be shared between 
COVID-19 and cancer progression.
An inflammatory outburst and lymphopenia are asso-
ciated with severe COVID-19, which may worsen the 
prognosis for cancer (78). Zong et al. (79) described 
the four main signaling pathways at the junction 
of COVID-19 and cancer: cytokine, type I interferon 
(IFN-I), androgen receptor (AR), and immunologi-
cal checkpoint signaling. They also emphasized the 
clinical and molecular parallels between COVID-19 
and cancer. Depletion of B cells, natural killer cells, 
and CD8+ and CD4+ T cells is linked to COVID-19 
progression. COVID-19 susceptibility is increased 
by the expression of receptors such as transmem-
brane protease serine 2 (TMPRSS2) and angioten-
sin-converting enzyme 2 (ACE2) (80). Through mech-
anisms including cytokine storm, tissue hypoxia, 
poor T-cell responses, autophagy, neutrophil acti-
vation, and oxidative stress, SARS-CoV-2 infection 
may increase cancer susceptibility and speed can-
cer progression (81).

Table 2. Representative microRNAs associated with SARS-CoV-2 infection, their major targets, level of evidence, and potential clinical relevance.

miRNA MAIN TARGET(S) EVIDENCE TYPE PROPOSED CLINICAL 
RELEVANCE

miR-141-3p ACE2 Computational Potential regulation of 
viral entry

miR-181b-5p TMPRSS2, IFN-γ Computational Modulation of antiviral 
responses

miR-181d-5p TMPRSS2, IFN-γ Computational Immune regulation

hsa-miR-302c-5p ACE2 network Computational/Transcriptomic Potential antiviral activity

hsa-miR-16-5p ACE2 network Computational/Transcriptomic Regulation of immune-cell 
maturation

miR-21-3p Coronavirus genomes Computational Potential broad antiviral 
activity

miR-423-5p, miR-23a-
3p, miR-195-5p Biomarker signature Experimental + Machine Learning Diagnostic/prognostic 

biomarker

CoV-2-miR-O7a BATF2 pathway Experimental Viral immune-evasion 
mechanism
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SARS-CoV-2 infection and cancer-related 
molecular pathways
According to Serwaa et al. (82), SARS-CoV-2 infection 
affects different cancer cellular phenotypes as well 
as the expression of molecular cancer markers and 
proinflammatory cytokines. They demonstrated how 
SARS-CoV-2 infection affects some crucial cellular pro-
cesses related to prostate and colorectal cancer cell 
proliferation, death, and migration. The primary recep-
tor of the SARS-CoV-2 virus, angiotensin-converting 
enzyme 2 (ACE2), is extensively expressed on the cell 
surface of pancreatic cells, including exocrine glands 
and pancreatic islets, making these cells a prime tar-
get for the virus (1). Moreover, CREB1, PTEN, SMAD3, 
and CASP3 have been reported to be differentially 
expressed in pancreatic adenocarcinoma according to 
TCGA database analyses. Although current evidence 
does not support a direct causal relationship between 
SARS-CoV-2 infection and pancreatic carcinogenesis, 
these observations suggest potential overlap between 
molecular pathways involved in cancer biology and 
those affected during SARS-CoV-2 infection (83).

Vaccination, immunotherapy, and clinical 
outcomes
Grippin et al. (84) demonstrated that mRNA vaccines 
targeting SARS-CoV-2 also make tumors more sus-
ceptible to immune checkpoint inhibitors (ICIs). For 
many cancer patients, ICIs prolong survival. In sev-
eral large retrospective populations, receiving SARS-
CoV-2 mRNA vaccinations within 100 days of start-
ing ICI is linked to considerably enhanced median 
and three-year overall survival.
These findings highlight the potential interaction 
between vaccination-induced immune activation 
and the efficacy of cancer immunotherapies, war-
ranting further investigation in prospective studies.

SARS-CoV-2 infection and cancer-related 
molecular pathways
Recent evidence has also highlighted the potential 
involvement of the cyclic GMP-AMP synthase-stimula-
tor of interferon genes (cGAS-STING) pathway at the 
intersection between COVID-19 and cancer biology. 
Activation of cGAS-STING signaling during the early 
stages of SARS-CoV-2 infection may promote antivi-
ral immunity through induction of type I interferon 
responses. Conversely, persistent activation of this 
pathway may contribute to excessive inflammation 
and tissue damage. Interestingly, cGAS-STING sig-
naling has also emerged as a promising therapeutic 
target in oncology because of its ability to enhance 

antitumor immune responses and improve the effi-
cacy of immunotherapies (85). These observations 
suggest that molecular pathways involved in host 
antiviral defense may also influence cancer progres-
sion and therapeutic responsiveness, highlighting 
potential areas for future translational research.

CONCLUSIONS
Every disease has a genetic component, to varying 
degrees. Variations in our DNA and differences in 
how that DNA functions, alongside the environment, 
contribute to disease processes (86). By identifying 
the causal processes that explain why some peo-
ple are more seriously affected by the disease after 
contracting the severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) virus, human genetics 
can help understand the biology and epidemiology 
of coronavirus disease 2019 (COVID-19) (78).
Although advanced age, male sex, and several comor-
bidities are recognized risk factors for severe COVID-19, 
these variables alone do not fully explain the marked 
heterogeneity observed in clinical outcomes. A grow-
ing body of evidence indicates that host genetic factors 
contribute to individual susceptibility, disease sever-
ity, immune responses, and clinical prognosis (45).
The studies reviewed here highlight the potential 
role of multiple genetic determinants, including HLA 
polymorphisms, cytokine-related genes, ABO blood 
groups, ACE2 and TMPRSS2 variants, and microR-
NA-mediated regulatory pathways. These genetic 
factors may influence viral entry, antigen presenta-
tion, inflammatory responses, immune regulation, 
and vaccine-related outcomes. In addition, emerg-
ing evidence suggests complex interactions between 
COVID-19 and cancer-related biological pathways.
Despite considerable progress, many reported 
genetic associations remain population-specific 
and have not been consistently replicated across 
independent cohorts. Differences in ethnicity, study 
design, sample size, viral variants, and environmen-
tal factors may partly explain these discrepancies. 
Therefore, larger multiethnic studies, functional 
investigations, and integrative genomic approaches 
are needed to clarify the biological significance of 
these findings and their potential clinical applications.
A better understanding of host genetic variability 
may contribute to improved risk stratification, per-
sonalized preventive strategies, and the develop-
ment of targeted therapeutic approaches for cur-
rent and future viral outbreaks.
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