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ARTICLE INFO ABSTRACT

Edited by Andre van Wijnen Within the past several decades, the emergence and spread of infectious diseases with pandemic potential have
endangered human lives. Coronavirus disease 2019 (COVID-19) outbreak represents an unprecedented threat for

Keywords: all health systems worldwide. The clinical spectrum of COVID-19 is highly heterogeneous, ranging from

Telomere

asymptomatic and mild upper respiratory tract illness to severe interstitial pneumonia with respiratory failure

E[())l\g;;eltg: and even death. Highly age-dependent patterns of immune response potentially explain the higher rates of the
SARS.CoV-2 severe forms of COVID-19 in elderly patients. However, genetic and epigenetic architecture can influence
Severity multiple biological processes during the lifespan, therefore as far as our knowledge shows, vulnerability to viral
infection concerning telomere length and epigenetic signature is not a new idea. This review aims is to sum-
marize the current understanding of the role of telomere length and epigenetic mechanisms on the severity of
COVID-19. The current knowledge highlights the significant association between the shorter telomere length and
the higher risk of developing severe COVID-19. Differential DNA methylation patterns and miRNA expression
profiles imply that these hallmarks can play a pivotal role in COVID- 19 pathogenesis. Understanding the causes
of inter-individual variations in COVID-19 outcomes could provide clues to the development of the personalized

therapeutic intervention.
1. Introductions China, in late 2019 (C. Wang et al., 2020). Gender, age and comorbid-
ities are the main prognostic factors in patients with COVID-19. Hy-
The current coronavirus disease 2019 (COVID-19) pandemic has pertension, diabetes, cancer, heart failure, and chronic obstructive
faced the world with unprecedented challenges. COVID-19 caused by an pulmonary disease (COPD) are also closely related to the severity of
enveloped single-stranded positive RNA virus named severe acute res- COVID-19. Respiratory failure and multi-organ dysfunction as the re-
piratory coronavirus 2 (SARS-CoV-2), first emerged in Wuhan City, sults of impaired immune response and uncontrolled inflammatory
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processes are the leading causes of death in COVID-19 patients (Hasan
et al., 2020; Richardson et al., 2020; Sheervalilou et al., 2020; D. Wang
et al., 2020). valiabl evidence point to the significant association be-
tween immunocompetence and COVID-19 vulnerability and severity.
Monitoring cytokine profiles in COVID-19 patients demonstrate that the
cytokine storms may be associated with impaired acquired immune re-
sponses and uncontrolled inflammatory innate responses (Hu et al.,
2021; Hue et al., 2020).

Immune response patterns are highly age-dependent. Age-associated
changes in immune cells can affect the efficiency of immune responses
(N. ping Weng, 2006). In general, aging is described as an inevitable
time-dependent accumulation of several molecular and cellular damage
that contributes to the increased susceptibility to morbidity and mor-
tality (Lopez-Otin et al., 2013). Chronological age alone is not a suffi-
cient reflection of the state of the physiological parameters. In the past
several years, the variety of potential candidate biomarkers have been
identified and developed as biological age predictors. Biological age
shows a stronger association with all-cause mortality than chronological
age. Genetic and epigenetic changes during lifespan can affect the bio-
logical aging processes and may also enhance vulnerability to several
diseases such as infectious conditions (Jylhava et al., 2017). According
to various findings, the causal role of DNA damage accumulation in
aging is not negligible and several genetic defects have been described in
humans and animal models which cause accelerated biological aging.
However, some specific chromosomal regions are mainly involved in
age-related deterioration. In the past decade, the advent of high-
throughput genomics and epigenetics technologies has led to an expo-
nential increase in the number of potential candidate biomarkers as
biological age predictors. Telomere length and epigenetic signatures are
the potential well-studied predictors of biological aging that can influ-
ence genetic architecture and cellular function (Jylhava et al., 2017;
Waziry et al., 2019).

The susceptibility to viral infections with respect to telomere length
and epigenetic signatures is not a new idea. Telomere length and
epigenetic signatures of the host can affect the probability of viral in-
fections (Bayarsaihan, 2011; Helby et al., 2017). Also, our current
knowledge highlights the determinant effect of age on severity and
mortality in patients with COVID-19 (X. Li et al., 2020). According to
therapeutic strategies, Malavolta et al recently postulated that cellular
senescence may be a key pathological mechanism in SARS-CoV-2
infection susceptibility (Malavolta et al., 2020).

In the present review, we have attempted to categorize the current
knowledge about the effect of telomere attrition and epigenetic signa-
tures as the main predictors of biological aging and cellular senescence,
on COVID-19 severity.

2. Telomere length and epigenetic signatures as the predictors
of biological age

Aging is a major risk factor for many chronic inflammatory diseases
and mortality. However, there is heterogeneity in the health status in a
similar age group of individuals (Lowsky et al., 2014). During the past
decades, a variety of potential candidate biomarkers have been identi-
fied as biological age predictors. The potential biological age predictors
have been categorized into six subtypes, including epigenetic clocks,
telomere length, transcriptomic predictors, proteomic predictors,
metabolomics-based predictors, and composite biomarker predictors
(Jylhava et al., 2017). The exact relationship between telomere attrition
and epigenetic alterations is still elusive. However, some evidence sug-
gests that eroded telomeres lead to differentiation instability via DNA
methylation (Criqui et al., 2020).

3. Telomere attrition

Telomeres, nucleoprotein structures at the termini of mammalian
chromosomes, form complexes that protect the ends of linear

Gene 811 (2022) 146069

chromosomes from continuous shortening during DNA replication
(Blackburn, 1991). Telomere maintenance mechanisms (TMMs), either
the telomerase, an enzyme that synthesizes telomeric DNA, or the
alternative lengthening of telomeres (ALT) are frequently activated in
cancer cells but not in somatic cells. Therefore, replicative senescence as
a consequence of telomere shortening is inevitable during cell prolifer-
ation. Over time, uncompensated telomere shortening subsequently
leads to the loss of genomic integrity by chromosome rearrangement,
cell cycle arrest, and apoptosis. Telomere attrition to a critical and
threshold length can limit the proliferative capacity of cells. So, mean
telomere length has emerged as a replicative clock and consequently as a
biomarker for biological aging (Bekaert et al., 2005; Blackburn et al.,
2015).

3.1. Telomere dynamics and immune response

Survival in human populations is intimately related to immune sys-
tem efficiency which protects the host against infections and malig-
nancies. Recent research suggests that immunosenescence is not the only
result of chronological aging, but rather it can even occur in young
adults as the result of environmental and lifestyle factors (Gruver et al.,
2007; Ongradi & Kovesdi, 2010). Both the capacity to respond to anti-
gens and maintenance of immunologic memory are altered in immu-
nosenescence (Pawelec, 2012). So, the efficiency of immune response
can be the main factor responsible for the clinical variations of diseases,
especially cancer and infections.

Cellular proliferation is a fundamental feature of an effective im-
mune response. The essential role of telomere length in cell proliferation
and enormous proliferative demand in cells of the immune system leads
to the vital interaction between the telomere dynamics and immune
system efficiency (Effros, 2011). Therefore, telomere length can be an
informative parameter for predicting the proliferative history and
replicative reserve.

Considerable inter-individual variation in leukocyte telomere length
in aged-matched comparison revealed that it is a highly heritable trait in
humans (Hjelmborg et al., 2015). A number of cross-sectional analyses
show that telomere shortening occurs in blood leukocytes of both
myeloid and lymphoid lineages with age. Shortening of telomeres has
been reported during naive T cell differentiation to memory T cells,
CD28 + to CD28 — CD8 T cell differentiation, and in long-term cultured
T cells (Effros et al., 1994; Monteiro et al., 1996; Rufer et al., 1999; N. P.
Weng et al., 1995). Comparison of leukocyte telomere length in patients
with some common autoimmune syndromes and viral infections with
age-matched healthy controls reveal that patients have significantly
shorter telomeres (Georgin-Lavialle et al., 2010; Helby et al., 2017).
Progressive telomere shortening of T cells has been observed in patients
with viral infections including, HIV, HBV, HCV, EBV, and CMV. The
extensive proliferation of T cells in response to viral infections is asso-
ciated with telomere shortening as well as the replicative impairment
and decreased immunocompetence (Bellon & Nicot, 2017; Plunkett
etal., 2001; Van Baarle et al., 2008; van de Berg et al., 2010; Zanet et al.,
2014). Susceptibility to viral infection with respect to telomere length is
not new idea. A prospective study of 75,309 individuals from the general
population for up to 23 years revealed that shorter leukocyte telomere
length was associated with higher risk of hospitalization due to any
infection and pneumonia (Helby et al., 2017). A significant association
has been reported between CD8CD28 — cell telomere length and
experimentally induced upper respiratory viral infection in healthy
adults (Cohen et al., 2013).

Collectively, leukocyte telomere length will affect the immunocom-
petence, either with normal aging or in defined pathologic conditions.
So, the inevitable consequence of this complex scenario can be the
inadequate immune response against newly encountered antigens. So,
telomere length is positively associated with the efficiency of immune
response by affecting the rapid expansion of immune cells towards fight
infection or disease.
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3.2. Telomere and COVID-19

Lymphopenia has been identified as a reliable predictive and prog-
nostic marker for patients with COVID-19. Indeed, COVID-19 associated
lymphopenia is marked by a low count of CD4/CD8 T cells, but not B
cells. The current result proposed that lymphopenia at the initial pre-
sentation of COVID-19 is linked with poor prognosis in patients. T cells
play a critical role in orchestrating responses in viral infections so, a
decrease in T cells is significantly associated with increases in inflam-
mation indicators (Diao et al., 2020; Huang & Pranata, 2020; Tan et al.,
2020). Survival, proliferation, and maturation of lymphocytes in bone
marrow, thymus, and secondary lymphoid organs add more complexity
to the kinetics of lymphopoiesis in humans. However, lymphopoiesis is
tightly coupled with telomere length. Shorter telomere length as a result
of aging or inter-individual differences can induce slow proliferation of
lymphocytes (Patrick & Weng, 2019; N. P. Weng et al., 1997). Drastic
reduction of the T-cell count, lymphopenia, is shown to be a hallmark of
severe COVID-19. Rapid expansion and recovery of the T-cell pool are
essential for inducing an adequate immune response and recovery from
COVID-19. Analysis of telomere length among elderly patients with
COVID-19 reveal that comparatively short PBMC telomeres are associ-
ated with low lymphocyte count in older persons infected with SARS-
CoV-2. T-cell proliferative capacity is telomere length-dependent, and
telomeres shorten with age. So, these findings might explain the sus-
ceptibility to severe COVID-19 in older age (Benetos et al., 2021).

According to our knowledge, gender-related factors might affect
COVID-19 vulnerability, severity, and lethality. The higher capability of
plasmacytoid dendritic cells to produce the antiviral response in the
context of type 1 interferon (IFN-1), higher antibody response, less
mitochondrial DNA instability and increased telomere length in females
compared to males may explain the gender difference in response to
viral infections such as SARS-CoV-2. So, it seems that the reduction of
telomeric DNA reservoir in elderly male subjects may play a pivotal role
in COVID-19 poor clinical prognosis (Storci et al., 2021).

Based on the above evidence, in a simplified hypothesis, shorter
telomere length in human lymphocytes maybe drive susceptibility to
lymphopenia and so more severe and potentially lethal SARS-CoV-2
infection (Aviv, 2020; Tsilingiris et al., 2020).

According to the recent studies, researchers hypothesize that in-
dividuals with short telomeres would have a suboptimal antiviral
response upon SARS-CoV-2 infection, hence leading to more severe and
progressive disease. Evaluation of different gene expression patterns in
the human lung tissues of non-smokers, smokers, and obstructive pul-
monary disease/ idiopathic pulmonary fibrosis (COPD/IPF) patients
provides a novel direction showing a crucial and interdependent asso-
ciation between telomere replication/maintenance pathway and SARS-
CoV-2 COVID-19 proteins. In this study, age-related gene expression
alterations in cellular pathways such as telomere replication/mainte-
nance pathway in COPD and IPF showed a significant association with
the SARS-CoV-2 ACE2-TMPRSS2-Furin-DPP4 axis. These findings could
open new insights into the identification of the pathogenesis process and
pharmacological targets for COVID-19 (Maremanda et al., 2020).

In a prospective study, telomere length was compared by Flow-FISH
in hospitalized COVID-19 patients and healthy volunteers. Compared to
healthy controls, there was a significantly higher proportion of patients
with short telomeres (<10th percentile) in the COVID-19 patients. Also,
a significant correlation between telomere length biological factors such
as C-reactive protein level (CRP), lymphocyte count, and neutrophil-to-
lymphocyte ratio (NLR) was reported (Froidure et al., 2020). Analysis of
telomere length in peripheral blood lymphocytes in COVID-19 patients
in Spain revealed that telomeres were shorter in the groups with severe-
acute severity compared to mild-moderate severity. Statistical analysis
of telomere length of patients in different age groups demonstrated that
the association between COVID-19 severity and short telomeres is in-
dependent of age (Sanchez-Vazquez et al., 2021).

A prospective cohort study of the survivors hospitalized with severe
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COVID-19 introduced the leucocyte telomere length as an independent
risk factor for post-COVID lung fibrosis. A four-month follow-up of pa-
tients revealed that short blood leucocyte telomere lengths can
contribute to the development of post-COVID lung fibrosis (McGroder
et al., 2021). Technical and sampling details of the relevant literature
papers cited in the present manuscript about the role of telomere length
in COVID-19 are summarized in Table 1.

Altogether, recent findings suggest that the leucocyte telomere
length, as a marker of biological age, can influence the severity of
COVID-19. It seems that individuals who exhibit lymphocyte telomere
shortening may be more susceptible to severe and potentially lethal
SARS-CoV-2 infection. The association between the shorter telomere
length and more severe clinical manifestation of COVID-19 are sum-
marized in Fig. 1. As short telomeres can be elongated by telomerase,
new treatment strategies, such as telomerase activation-based therapies
can introduce a new approach for ameliorating the deleterious compli-
cations of COVID-19.

4. Epigenetic alterations

According to a consensus definition in biology, an epigenetic trait is
described as a ’stably heritable phenotype resulting from changes in a
chromosome without alterations in the DNA sequence’ (Berger et al.,
2009). Current evidence indicates that several environmental and life-
style factors such as nutrition, behavior, physical activity, smoking,
alcohol consumption, inflammation, environmental pollutants, working
habits, and occupational exposure can modify epigenetic patterns
(Baccarelli & Bollati, 2009).

Epigenetic modifications are reversible and transient alterations that
included DNA methylation, histone modification, and non-coding RNAs.
DNA methylation is one of the main epigenetic modifications that affect
the chromatin structure. CpG sites or the CpG islands are the primary
targets for DNA methylation in mammalian genomes. Proximal pro-
moters of many genes in the human genome are associated with CpG
islands. CpG-island methylation by DNA methyltransferases (MTase)

Table 1
Technical and sampling details of the relevant studies about the possible role of
the telomere length in COVID-19 pathogenies.

Aim of study Sample Sample Method  Reference
Type Size (s)

Analysis of association Peripheral 17 COVID- TeSLA, (Benetos et al.,
between telomere Blood 19 SB 2021)
length and patients,
lymphocyte count in 21 non-

COVID-19 patients COVID-19
patients

Age-Dependent Lung Tissue 48 qPCR (Maremanda
Assessment of gene patients/ et al., 2020)
expression in crucial controls *
pathways of cellular
maintenance

Analysis of association  Peripheral 70 COVID-  Flow- (Froidure
between telomere Blood 19 patients FISH et al., 2020)
length and the risk s
of severe COVID-19 491

control

Analysis of association  Peripheral 89 COVID-  gPCR (Sanchez-
between telomere Blood 19 patients Vazquez et al.,
length and COVID- 2021)

19 severity

Investigation of Peripheral 76 COVID-  gPCR (McGroder
biological risk for Blood 19 et al., 2021)
Pulmonary fibrosis survivors
in COVID-19

survivors

TeSLA, Telomere Shortest Length Assay; SB, Southern Blotting; qPCR, quanti-
tative Polymerase Chain Reaction, FISH, Fluorescent In Situ Hybridization.
*Including non-smokers, smokers, and patients with COPD and IPF.
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Fig. 1. Biological aging predictors and COVID-19. The association between shorter telomere length (right), and epigenetic clocks (left) with COVID-19 Severity.

influences chromatin condensation by assembling methyl-binding pro-
teins. So in general, CpG-island methylation in promoter regions is
associated with gene silencing. Core histone proteins undergo major
modifications such as acetylation, methylation, phosphorylation, and
ubiquitination that directly or indirectly influence chromatin architec-
ture. A large number of possible histone modifications cause an extra
level of complexity for the tight control of chromatin structure. How-
ever, post-translational modification of histone proteins is a powerful
epigenetic mechanism that can affect chromatin structure. Non-coding
RNAs are functionally relevant RNA molecules that do not encode
functional proteins. There is a wide range of non-coding RNAs such as
transfer RNAs (tRNAs), ribosomal RNAs (rRNAs), microRNAs (miRNAs),
and short-interfering RNAs (siRNAs). Non-coding RNAs can act as the
epigenetic modifiers by interacting with DNA, other RNAs, and proteins
(Dupont et al., 2009).

In general, epigenetic mechanisms act as control systems for modu-
lating the expression regulation without affecting the actual DNA
sequence of the organism. The gene expression profile in human cells
mainly can be controlled by epigenetic mechanisms.

4.1. Epigenetic and immune response

A natural and effective immune system must be able to discriminate
various antigens, including self from non-self and harmless non-self from
dangerous non-self. Changes in tissue homeostasis as the result of
invading pathogens trigger the cell’s heterogeneity, and phenotypic
plasticity in the innate immune system and the adaptive immune
response relies on the highly diverse antigen receptor repertoire of
lymphocytes. Several molecular processes such as the reprogramming of

hematopoietic, random rearrangement of antigen-receptor genes, allelic
exclusion, and immunologic memory guarantee the remarkable het-
erogeneity of immune cells and their ability to respond to pathogen
challenges. This characteristic of immune cells justifies the existence of
mechanisms that increase the diversification of the individual cells and
maintaining the integrity of the immune system. Current evidence
highlight the fundamental role of epigenetic mechanisms in regulating
the immune response in both innate and adaptive immunity, as well as
the regulation of the cell-fate decision and maintenance of immune cell
lineages.

Epigenetic mechanisms play an important role in the control of
lymphopoiesis and immunity. Early lymphopoiesis is controlled by
signaling pathways for instance, Notchl, and its downstream tran-
scription factors provide a key regulatory signal for the formation of the
earliest T-cell precursors (Pui et al., 1999). Loss of function in epigenetic
modifying enzymes such as MTases and histone deacetylases (HDACs)
highlight the importance of epigenetic mechanisms in cell-fate de-
cisions, cell lineage stability and functions of various immune cell sub-
sets (Bezu et al., 2019). Also, recent genome-wide epigenetic analyses
have identified immune cell-type-specific epigenetic signatures which
determine the critical role of epigenetic mechanisms in the maintenance
of immune homeostasis (Rahmani et al., 2019).

The large body of evidence confirms the central role of epigenetic
mechanisms in the pathophysiology of autoimmune conditions. Epige-
netic profiles are established during embryonic development and stably
inherited to daughter cells during mitosis. So, it seems that the accu-
mulation of epigenetic alterations could induce the inflammatory
response by altering gene expression profiles (Obata et al., 2015). The
pathophysiology of autoimmune diseases is closely linked to the
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combination of genetic susceptibility and epigenetic modifications. The
advent of high-throughput epigenetics technologies is provided new
insights into the pathogenesis of autoimmune diseases. Many studies
over the last decade have shown that the importance of epigenetic
mechanisms during the development of the most prevalent autoimmune
diseases, such as systemic lupus erythematosus (SLE), rheumatoid
arthritis (RA), multiple sclerosis (MS), Sjogren’s syndrome (SS), auto-
immune thyroid diseases (AITD), and type 1 diabetes (T1D). Alterations
in the DNA methylation and histone modification pattern, and also the
abnormal expression of miRNAs can lead to aberrant gene expression,
and consequently the onset of autoimmune diseases in humans (Maz-
zone et al., 2019). Investigation of genomic and gene-specific DNA
methylation levels in patients with autoimmune diseases revealed that
DNA methylation levels are altered in CD4 + T cells. Consequently,
transcriptional dysregulation in several autoimmune-related genes may
contribute to autoimmune disease onset and progression (Z. Wang et al.,
2017).

Numerous ways guarantee and facilitate the viral hijacking of host
cellular machinery for the completion of their life cycle. The heritable
nature of epigenetic signatures indicates that they could play important
roles in the viral hijacking of host cellular processes. Virus-induced
overexpression of MTase has been reported in diverse viruses such as
KSHV, EBV, HBV, HIV-1, HTLV-1, HPV, SV40, and adenoviruses. At least
one virus, PBCV-1, and perhaps many bacteria, including C. pneumoniae,
target the chromatin architecture of its host cell by methylation of
various histone and non-histone proteins (Paschos & Allday, 2010).
Generally, it seems that viruses and bacteria can manipulate epigenetic
processes to complete their life cycle and influence host responses
associated with immunity and inflammation.

4.2. Epigenetic and COVID-19

Epigenetic mechanisms play a crucial role in the maintenance of
cellular homeostasis and genome integrity throughout viral infections.
Epigenetic changes act as silent modulators of the immune system that
can direct both the production of chemical mediators of inflammation
and control the magnitude of the host response by regulating the chro-
matin structure. Several studies suggest that multiple layers of epige-
netic mechanisms, including DNA methylation, histone modifications,
and non-coding RNA-mediated regulatory events, are involved in the
adaptation of the immune system, which determines the outcome of the
host-pathogen interactions during SARS-CoV-2 infection (Chlamydas
et al., 2020; Pruimboom, 2020; Sen et al., 2021). Based on our current
knowledge, epigenetic signatures play a critical role in the crosstalk
between SARS-CoV-2 and the host cell. Hence, elucidation of the
epigenetic landscape can facilitate the identification of the diagnostic
biomarkers and therapeutic targets to combat COVID-19.

An integrated analysis of the data from single-cell assay for
transposase-accessible chromatin (scATAC) and single-cell RNA
(scRNA) sequencing revealed that chromatin epigenetic status and
transcriptomic immune profiles of T cells are functionally relevant to the
pathogenesis stage of COVID-19 (S. Li et al., 2021). Distinct patterns of
DNA methylation were confirmed using genome-wide DNA methylation
analysis of patients with severe COVID-19. Hypermethylation of IFN
related genes and hypomethylation of inflammatory genes, as well as
epigenetic clock analyses, revealed that alteration in epigenetic archi-
tecture can affect the severity and mortality of COVID-19. So, elucida-
tion of the exact epigenetic signatures of COVID-19 can be useful for the
understanding of molecular mechanisms of pathogenicity and potential
therapeutic targets against SARS-CoV-2 (M. J. Corley et al., 2021).

Early reports after the pandemic outbreak revealed that angiotensin
receptor 1 (AT1R) blockers could reduce the aggressiveness and mor-
tality of SARS-CoV-2 infections (Sun et al., 2020). SARS-CoV-2, similar
to the other coronavirus strains, uses the host receptor angiotensin-
converting enzyme 2 (ACE2) on the surface of the target cell for entry
inside the host (Wan et al., 2020). Leung and colleges showed that
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upregulated expression of ACE2 in lung tissue of active cigarette
smoking and COPD patients may explain the increased risk of severe
COVID-19 in these populations (Leung et al., 2020). Previous findings
demonstrated that the expression level of ACE2 is controlled by the
methylation pattern of the several CpG islands in the promoter of ACE2
(Zill et al., 2012). DNA methylation profiling of the ACE2 gene showed
that the methylation rate in lung epithelial cells is the lowest compared
with the other tissues. There was also evidence that age and gender
differences can affect the DNA methylation pattern of ACE2 gene (M.
Corley & Ndhlovu, 2020). Analysis of 700 lung transcriptome samples of
patients with comorbidities and suffering from severe COVID-19
revealed that ACE2 was highly expressed in these patients compared
to control individuals. Correlation and network analyses also offered
new insight into the epigenetic regulation of ACE2 gene in the lung
(Pinto et al., 2020). The recent In silico analysis of ACE2 expression
pattern suggests that epigenetic dysregulation might cause the over-
expression of ACE2 in the lung tissue. It seems that overexpression of
ACE2 facilitates the viral entry to host cells, which might be the cause of
the excessive immune response to SARS-CoV-2 and severe form of
COVID-19 (Sang et al., 2021; Sawalha et al., 2020).

Non-coding miRNAs are involved in cytokine modulation in the
immune system, so miRNAs might have deeply inhibitory effects on
cytokine storm and represent a novel and emerging targets for thera-
peutic intervention against SARS-CoV-2 (Gasparello et al., 2021; Hum
et al., 2021). Baldassarre and colleges analyzed the common structural
features of 5' untranslated regions (5'UTRs) of SARS-CoV-2 genome.
Their results highlighted the potential importance of non-coding RNAs
for the optimization of RNA-based drugs in the development of novel
therapeutic strategies (Baldassarre et al., 2020). Computational analysis
of the host miRNA binding profiles of different SARS-CoV-2 genomes
from different geographical locations suggested that miRNAs of host and
SARS-CoV-2 can indeed play roles as the pivotal epigenetic modulator.
Also, disease severity, symptoms, and mortality rate can be influenced
by miRNA clusters of host and virus amongst the COVID-19 patients
(Khan et al., 2020). Evaluation of the levels of the circulating inflam-
matory miRNAs in COVID-19 patients who did not respond to the anti-
IL-6 receptor drug Tocilizumab (TCZ) showed that serum levels of miR-
146a-5p were significantly lower in COVID-19 patients after the treat-
ment compared to age- and gender-matched healthy control subjects.
Therefore, identification of blood-based biomarkers, such as miRNAs,
can allow for a better understanding of molecular pathways involved in
the pathogenesis and treatment of SARS-CoV-2 (Sabbatinelli et al.,
2021). High-throughput sequencing of miRNAs in peripheral blood of
patients with COVID-19 and healthy controls revealed the dysregulated
expression of miRNAs in the peripheral blood of patients. These findings
suggested that differential expression of miRNAs can also open new
insights into the potential targets for novel treatments (C. Li et al.,
2020). Also, altered expression levels of circulating miRNAs in hospi-
talized patients proposed that circulating miRNA profiles are associated
with the severity of COVID-19 (de Gonzalo-Calvo et al., 2021). Table 2
summarized the technical and sampling details of the relevant studies
about the role of epigenetic mechanisms in COVID-19.

Finally, our growing knowledge of COVID-19 gives a clear insight
into the importance of epigenetic mechanisms in the pathogenesis of
SARS-CoV-2. Epigenetic regulation mechanisms in COVID-19 severity
are illustrated in Fig. 1. The epigenetic contribution in many aspects of
the SARS-CoV-2 infection, including the viral life cycle and the host
immune response, highlights that more studies are needed to evaluate
the role of epigenetic alterations in the pathophysiology of COVID-19. A
deeper understanding of the underlying mechanisms could provide
critical clues about the variable clinical manifestations and improve
treatment options for SARS-CoV-2.

5. Conclusion

Heterogeneous clinical manifestations of SARS-CoV-2 infection are
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Table 2
Technical and sampling details of the relevant studies about the possible role of
the epigenetic mechanisms in COVID-19 pathogenies.

Aim of study Sample Sample Method(s) Reference
Type Size
Genome-wide Peripheral 41 Infinium (M. J. Corley
DNA Blood patients/ MethylationEPIC et al., 2021)
methylation controls *  array,
profiling of ddPCR
peripheral
blood of
patients with
severe
COVID-19
Expression Lung 27 RNA Sequencing (Leung et al.,
analysis of Tissue patients/ 2020)
ACE2 gene , controls §
as the entry
receptor for
SARS-CoV-2,
in small
airway
epithelia of
smokers and
COPD
patients
Analysis the Serum 30 RT-PCR (Sabbatinelli
plasma level COVID- ddPCR et al., 2021)
of circulating 19
inflamma- patients,
miRs in 29
COVID-19 controls
patients
treated with
TCZ
Analysis of Peripheral 10 RNA Sequencing (C. Lietal,
miRNAs Blood COVID- 2020)
expression in 19
the peripheral patients,
blood from 4
human controls
patients with
COVID-19
Analysis the Peripheral 84 RT-qPCR (de Gonzalo-
circulating Blood COVID- Calvo et al.,
miRNAs 19 2021)
profile of patients
hospitalized
COVID-19
patients

ddPCR, droplet digital Polymerase Chain Reaction; TCZ, Tocilizumab; RT-PCR,
Reverse Transcription Polymerase Chain Reaction PCR; RT-qPCR, Reverse
Transcription- quantitative Polymerase Chain Reaction.

* Including 9 severe COVID-19 patients, 9 uninfected controls, 5 hospitalized
influenza, 9 untreated primary HIV infection and 9 coinfected with mild/mod-
erate COVID-19 and HIV-1.

9 Including 10 current smokers with COPD, 9 nonsmoker controls and 8 healthy
current smokers.

one of the biggest challenges in COVID-19. At a glance, inter-individual
variation determines the way people respond to the disease. Scientifics
suggest that telomere attrition and epigenetic alterations as the main
predictors of biological aging and cellular senescence (Jylhava et al.,
2017) might influence the severity of COVID-19. There is a direct cor-
relation between telomere length and the proliferative potential of cells
(Notaro et al., 1997). Significant reduction of T cells count is a hallmark
of severe COVID-19 (Diao et al., 2020). Current research suggests that
short telomere is associated with a higher risk of developing severe
COVID-19 (Froidure et al., 2020; Sanchez-Vazquez et al., 2021). Also,
recent findings demonstrated that SARS-CoV-2 likely alters the epige-
netic architecture in cell-type and context-dependent fashion. Differ-
ential DNA methylation pattern and miRNA expression profiles in the
peripheral blood from patients with COVID-19 and their relationships

Gene 811 (2022) 146069

with transcriptome highlights the critical role of epigenetic mechanisms
in the pathophysiology of COVID-19 (M. J. Corley et al., 2021; Gas-
parello et al., 2021). This review indicates that the detailed role of
telomere length and epigenetic alterations in the severity of COVID-19 is
still unclear. To address the gaps in current knowledge, more compre-
hensive studies on larger groups of the population and robust epidemi-
ological studies population are needed to determine the role of telomere
length and epigenetic mechanisms in COVID-19 severity. Understanding
the exact mechanisms of COVID-19 pathophysiology can help determine
the future framework against this worldwide health threat. Identifica-
tion of the high-risk patient and personalized therapeutic intervention,
such as telomerase activation-based therapies and epidrugs, can provide
further invaluable insights into the controlling of COVID-19 outbreak.
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