S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Virus Research 308 (2022) 198631

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/virusres

Contents lists available at ScienceDirect

Virus Research

Review

The role of microRNAs in solving COVID-19 puzzle from infection to

Check for

updates

therapeutics: A mini-review

Sujay Paul ™, Luis Alberto Bravo Vazquez™”, Paula Roxana Reyes-Pérez

a,#
)

Carolina Estrada-Meza ™", Rafael Arturo Aponte Alburquerque ™", Surajit Pathak ”,
Antara Banerjee ”, Anindya Bandyopadhyay ““, Samik Chakraborty ¢, Aashish Srivastava '

@ Tecnoldgico de Monterrey, School of Engineering and Sciences, Campus Querétaro, Av. Epigmenio Gonzalez, No. 500 Fracc. San Pablo, CP 76130 Querétaro, México
Y Chettinad Academy of Research and Education (CARE), Chettinad Hospital and Research Institute (CHRI), Department of Medical Biotechnology, Faculty of Allied

Health Sciences, Chennai, India
¢ International Rice Research Institute, Manila, Philippines
d Reliance Industries Ltd, Navi Mumbai, India

€ Division of Nephrology, Boston Children’s Hospital, Harvard Medical School, Boston, MA 02115, USA
f Department of Clinical Science, University of Bergen, 5021 Bergen, Norway

ARTICLE INFO

Keywords:

MicroRNAs

SARS-CoV-2

COVID-19

biomarker

miRNA-based therapeutics
gene regulation

ABSTRACT

Nowadays, one of the major global health concerns is coronavirus disease 2019 (COVID-19), which is caused by
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Even though numerous treatments and
vaccines to combat this virus are currently under development, the detailed molecular mechanisms underlying
the pathogenesis of this disease are yet to be elucidated to design future therapeutic tools against SARS-CoV-2
variants. MicroRNAs (miRNAs) are small (20-24 nucleotides), non-coding RNA molecules that regulate post-
transcriptional gene expression. Recently, it has been demonstrated that both host and viral-encoded miRNAs
are crucial for the successful infection of SARS-CoV-2. For instance, dysregulation of miRNAs that modulate
multiple genes expressed in COVID-19 patients with comorbidities (e.g., type 2 diabetes, lung adenocarcinoma,
and cerebrovascular disorders) could affect the severity of the disease. Thus, altered expression levels of circu-
lating miRNAs might be helpful to diagnose this illness and forecast whether a COVID-19 patient could develop a
severe state of the disease. Besides, researchers have found a number of miRNAs could inhibit the expression of
proteins, such as ACE2, TMPRSS2, spike, and Nsp12, involved in the life cycle of SARS-CoV-2. Accordingly,
miRNAs represent potential biomarkers and therapeutic targets for this devastating viral disease. Therefore, in
this current review, we present the recent discoveries regarding the clinical relevance and biological roles of
miRNAs in COVID-19.

1. Introduction

symptoms, be asymptomatic or manifest severe infection conditions,
such as acute respiratory distress, heart complications, kidney failure,

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
that causes the coronavirus disease 2019 (COVID-19) has spread rapidly
since the first documented incidence in Wuhan, China, in late 2019. It
represents a public health emergency of global importance (Chakra-
borty and Maity, 2020) that has accounted for at least 244,385,444
confirmed infected cases and 4,961,489 COVID-19 related deaths
worldwide as of October 27, 2021 (“WHO Coronavirus (COVID-19)
Dashboard,” 2020). COVID-19 patients might display moderate flu-like
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and septic shock that lead to death or long-term health complications
(Alimohamadi et al., 2020; Krishnan et al., 2021; Osuchowski et al.,
2021).

SARS-CoV-2 belongs to the Coronaviruses, a group of positive-sense
enveloped single-stranded RNA viruses with an average genome size of
26-32 kb (Naqvi et al., 2020; Vale et al., 2021) that have been previously
implicated in the viral outbreaks of Middle East respiratory syndrome
coronavirus (MERS-CoV) and SARS-CoV (Adachi et al., 2020). This virus
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is primarily transmitted through small respiratory droplets exhaled by
infected persons that can travel several meters carrying the SARS-CoV-2
viral entity (Greenhalgh et al., 2021; Lotfi et al., 2020; Morawska and
Cao, 2020). Upon transmission, SARS-CoV-2 virus particles bind to the
lung epithelial cells through interactions between the spike (S) protein
and the host cellular entry receptor angiotensin-converting enzyme 2
(ACE2) (Mulay et al., 2021; Ryu and Shin, 2021; Ziegler et al., 2020).
This process is mediated by the transmembrane serine protease 2
(TMPRSS2), which activates fusion proteins of several respiratory vi-
ruses. In fact, this protease allows the fusion of the viral and cellular
membranes and promotes viral entry into the cell (Bestle et al., 2020;
Kaseb et al., 2021; Machhi et al., 2020; Rangel et al., 2020). In severe
COVID-19 individuals, the cytokine storm increases the lethal unre-
strained systemic inflammatory response caused by immune cells
releasing large amounts of pro-inflammatory cytokines and chemokines,
damaging distant organs and resulting in multiorgan failure and even
death (Kim et al., 2021b; Leisman et al., 2020; Zhao et al., 2021).

Several approaches have been undertaken to further understand the
SARS-CoV-2 infection pattern and to find possible treatment options; for
example, it has been speculated that numerous antiviral drugs, such as
oseltamivir, lopinavir, interferon-alpha (IFN-a), remdesivir, among
others, could be plausible options to treat COVID-19 patients. Never-
theless, there is no conclusive clinical evidence about the effectiveness
and safety of the abovementioned drugs (Chibber et al., 2020). Under
this premise, using the principles and molecular participants of gene
regulation mechanisms might represent an innovative way to inhibit and
ameliorate COVID-19 infection. Among these, microRNAs (miRNAs)
have emerged as potential theragnostic targets that could help to
elucidate the biological mechanisms underlying COVID-19 and design
novel drugs against this virus (Fani et al., 2021). MiRNAs are short,
non-coding RNAs of ~22 nucleotides in length that regulate one-third of
all protein-coding human genes (Hammond, 2015). Furthermore, miR-
NAs play a crucial role in the pathogenesis of various ailments, including
viral infections, neurodegenerative disorders, metabolic diseases,
chronic pediatric diseases, and parasite-specific diseases (Bruscella
et al., 2017; Paul et al., 2021a, 2021b, 2020a, 2020b). Regarding the
viral infection of mammalian cells, miRNAs participate in the control of
lytic and latent viral replication (Grassmann and Jeang, 2008) and,
specifically, in coronavirus, it has been proved that they are involved in
immune response and viral protein expression (Abu-Izneid et al., 2021;
Mirzaei et al., 2021). Remarkably, miravirsen and RG-101 are the most
promising miRNA-based drugs that have been widely studied in the last
years to treat hepatitis C (Bonneau et al., 2019), and it is worth
mentioning that miravirsen might have a noteworthy anti-SARS-CoV-2
effect that should be thoroughly explored (Alam and Lipovich, 2021).
Therefore, miRNA-based therapeutics are outlined as innovative stra-
tegies to mitigate viral diseases, specially COVID-19.

Accordingly, numerous human miRNAs have shown the potential to
interact directly with coronaviruses, and increasing evidence has
elucidated the role of miRNA in SARS-CoV-2 infection, indicating the
interplay between miRNA and its targeted biomolecules is critical for
SARS-CoV-2 development (Zhang et al., 2021). During the last few
years, valuable bioinformatic-based reports have been published
regarding elucidating functions of miRNAs participating in SARS-CoV-2
infection, COVID-19 progression, and potential therapeutics (Jafar-
inejad-Farsangi et al., 2020; Khan et al., 2020a; Rahaman et al., 2021;
Teodori et al., 2020). Relevant inquiries have illuminated the fact that
the genomic RNA of SARS-CoV-2 could mediate both the entry and
infection mechanisms of this virus via absorbing the host
immune-associated miRNAs (Zhang et al., 2021). Moreover, a number of
computational tools have allowed the identification of miRNAs in the
genome of this novel coronavirus. Since viral miRNAs are associated
with the modulation of gene expression in host cells and viral target
genes, the prediction and validation of the miRNAs encoded by the
SARS-CoV-2 represent a prominent way to find the basis for developing
new drugs and vaccines (Yu et al., 2021).
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Hence, in this mini-review, we present an overview concerning the
experimental evidence from studies related to the roles of miRNAs in
mediating SARS-CoV-2 infection in mammal cells to shed light on their
potential relevance as theragnostic targets and to impulse the study of
the miRNA transcriptome implications in the life cycle of COVID-19.

2. The molecular crosstalk of viral-derived and human miRNAs
in COVID-19 infection and immune response

Many DNA viruses can encode non-coding RNAs in the form of
miRNAs; notwithstanding, diverse reports have demonstrated that some
RNA viruses are also able to encode their own miRNAs (Nanbo et al.,
2021; Tycowski et al., 2015; Zhan et al., 2020). These viral miRNAs can
facilitate virus replication and autoregulation, initiate apoptosis,
contribute to cytokine storm, modulate the response of host cells, and
enable viral infection (AbdelHamid et al., 2021; Li and Zou, 2019).
Conversely, the host’s miRNAs can be up/down-regulated as a result of
infection, either because they are targeted by the virus to ensure survival
or as a host response to enable defense mechanisms to fight infection or,
to cause the virus to enter a latent state (Barbu et al., 2020).

For instance, starting from a computational-based approach and
followed by experimental validation, viral-encoded miRNAs of SARS-
CoV-2 have been suggested to be involved in the infection stages in
the Vero E6 cell model, where the overexpression of v-miR-147-3p
resulted in decreased expression of human targets EXOC7, RAD9A, and
TFE3, which participate in membrane addition, polarized exocytosis,
transforming growth factor-beta signaling as well as lipid and glucose
metabolism regulation (Liu et al., 2021). Such approaches arise impor-
tant discussions about miRNAs encoded by the SARS-CoV-2 virus, but
caution must be taken since any computational prediction of candidate
miRNAs, and their targets must be experimentally validated in terms of
co-expression, interaction, and biological function, which holds chal-
lenges by itself (Riolo et al., 2020); for example, gPCR can be prone to
artifacts resulting in false positives (Svoboda, 2015). Accordingly, the
existence of viral-derived miRNAs within the genome of SARS-CoV-2
can be confirmed by performing Northern blot analysis (McClure
et al., 2011). In fact, the Northern blot technique has allowed re-
searchers to validate the occurrence of viral miRNA-like RNA structures
in different viruses, including the H5N1 influenza virus (miR-HA-3p)
and the Ebola virus (miR-VP-3p) (Chen et al., 2016; Li et al., 2018).
Intriguingly, a recent Northern blot assay-based study confirmed that
the SARS-CoV-2 could encode the viral miRNA-like small RNA vmiR-5p
from its ORF7a, which might be involved in the pathogenesis of the virus
at issue (Pawlica et al., 2021). Moreover, deep sequencing of infected
Calu-3 and Vero E6 cells revealed that the nucleocapsid gene (N) of
SARS-CoV-2, which critically regulates pro-inflammatory cytokines and
lung pathology, may encode miRNAs, being the top three
v-miRNA-N-28612, v-miRNA-N-29094, and v-miRNA-N-29443. Inter-
estingly, the expression of v-miRNA-N-28612 demonstrated to have a
positive association with viral load in COVID-19 patients (Meng et al.,
2021).

On the other hand, differential expression of host miRNAs following
SARS-CoV-2 infection has been demonstrated in distinct tissues and
disease stages. For instance, plasma samples of infected patients dis-
played a distinctive miRNA profile in which the expression pattern of 55
miRNAs was dysregulated; especially, it was noticed that miR-776-3p
and miR-1275 were the most significantly downregulated miRNAs in
the analyzed samples; while miR-4742-3p and miR-3215-3p were the
most significantly upregulated ones. (Farr et al., 2021). As well,
hsa-miR-31-5, which has been associated with inflammatory disorders
by participating in the NF-kB pathway and IL-13 signaling (Gwiggner
etal., 2018; Xu et al., 2013), was found to be highly upregulated during
the early stage of the disease. In this regard, targeting the expression of
pro-inflammatory miRNAs could be a reliable source of novel treatments
for COVID-19 (Farr et al., 2021). Furthermore, attention has been drawn
to the participation of miRNAs within the autophagy mechanisms that
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take place during SARS-CoV-2 infection. Autophagy is a two-way road
since host autophagy can function to suppress virus infection, while
viruses often can take over the autophagy machinery of the cell to
support their replication (Delorme-Axford and Klionsky, 2020).
Recently, an autophagy interaction network, particularly associated
with the cytokine storm, was built. In this network, hsa-miR-192-5p,
hsa-miR-340-3p, hsa-miR-4772-5p, and hsa-miR-652-3p were sug-
gested as biomarkers, as they were found significantly differentially
expressed in samples of peripheral mononuclear cells of patients with
SARS-CoV-2 infection and healthy individuals (Chen et al., 2021c).

Additionally, blood and placenta samples of SARS-CoV-2-infected
pregnant women revealed altered transcriptomic profiles, where out of
35 miRNAs displaying a differential expression level in plasma, seven
antiviral (miR-21, miR-23b, miR-28, miR-29a, miR-29¢, miR-98, and
miR-326) and six immunomodulatory miRNAs were found to be upre-
gulated. Similarly, the placenta showed upregulation of 8 miRNAs
acting on viral replication (miR-21b, miR-29¢, miR-98, miR-155, miR-
146, miR-190, miR-326, and miR-346) (Saulle et al., 2021).

3. Studies on comorbidities

Comorbidities have been found to alter the severity, quality of life,
and mortality in patients with viral infections. Therefore, individuals
with pre-existing diseases are more susceptible to SARS-CoV-2 infection
and may experience worse clinical conditions (Beckman et al., 2021).
SARS-CoV-2 has the potential to dysregulate numerous cellular path-
ways, perhaps leading to an increase in anomalies in patients with
comorbidities, such as cardiovascular diseases, renal failure, pulmonary
complications, cancer, obesity, diabetes, and so on. These facts suggest
that miRNAs might be critical epigenetic regulators behind the molec-
ular processes that trigger the clinical complications of COVID-19 in
several patients with pre-existing diseases and that host miRNAs and
SARS-CoV-2 may both indeed play a role in the pathogenesis of this
disease (Khan et al., 2020b).

Case in point, Chen and colleagues (2021a) conducted a study to find
the risk of SARS-CoV-2 infection in patients with lung adenocarcinoma
(LUAD). This investigation revealed that the LUAD tumor microenvi-
ronment might control type I transmembrane protein ACE2 expression,
thus reducing inflammation and acute lung injury induced by
SARS-CoV-2 infection by inhibiting angiotensin II/NF-kB signaling,
which is responsible for promoting vascular remodeling and inflam-
mation (Zhang et al., 2005). Using bioinformatics analysis, researchers
observed higher levels of ACE2 protein expression in sequencing data of
LUAD patients than normal tissues. Moreover, seven differentially
expressed correlative genes were detected (i.e., ACE2, MMP12, CXCL9,
IL-6, FCN3, AZU1, IRAK3, and HYAL1), and five differentially expressed
correlative miRNAs were predicted as potential regulators of ACE2 (i.e.,
miR-9-5p, miR-125b-5p, miR-381-3p, miR-130b-5p and miR-421);
specifically, it was observed that miR-125b-5p might be an upstream
inhibitor of ACE2. Remarkably, the most common toll-like receptor
signaling pathway was shown to be enriched by IL-6 mRNA and
miR-125b-5p concurrently, implying that the miR-125b-5p-ACE2-IL-6
axis influences the likelihood of SARS-CoV-2 infection in patients with
lung adenocarcinoma. (Chen et al., 2021a). Therefore, the impact of the
miR-125b-5p-ACE2-IL-6 axis on LUAD should be decoded in further
studies to reduce the risk of COVID-19 in LUAD patients.

According to multiple studies, type 2 diabetes (T2D) increases the
incidence of infection, severity, and mortality in COVID-19 patients
(Fang et al., 2020; Roncon et al., 2020). To better understand the mo-
lecular mechanism of the SARS-CoV-2 infection and its genetic associ-
ation with T2D, a gene-miRNA interaction network was employed
through bioinformatics approaches using transcriptomic data of lung
epithelium cells, pancreatic islet cells, and peripheral blood mono-
nuclear cells (PBMCs) (Islam et al., 2021). Afterwards, 11 miRNAs
associated with 19 differentially expressed genes (i.e., miR-1-3p,
miR-34a-5p, miR-129-2-3p, miR-146a-5p, miR-16-5p, miR-101-3p,
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miR-671-5p, miR-155-5p, miR-124-3p, miR-20a-5p, and let-7b-5p) were
identified throughout this investigation; the importance of these miR-
NAs lies on the fact that they could share pathogenic implications among
COVID-19 and diabetes. These miRNAs have been identified to be
involved in viral respiratory diseases, which have been reported to in-
crease apoptosis by reducing anti-apoptotic BCL2 protein and modu-
lating inflammatory responses targeting MCL1 and NFKBIA
hub-proteins (Islam et al., 2021). Under this premise, more research is
needed to elucidate the functional implications of these miRNAs among
COVID-19 and T2D.

In another study, serum samples from T2D patients and healthy in-
dividuals were examined to evaluate whether soluble ACE2 (sACE2)
protein and miRNAs could be used as biomarkers to detect COVID-19.
Subsequently, it was detected that sACE2 levels were decreased in
T2D patients (which may increase the susceptibility to SARS-CoV-2
infection); however, this outcome was also affected by other impor-
tant factors, including gender, age, and level of obesity. In addition,
researchers performed in silico analysis and unveiled that miR-421
(whose levels were lowered in T2D serum samples), miR-3909, miR-
212-5p, and miR-4677-3p might regulate the expression of ACE2.
Intriguingly, these miRNAs have never been explored previously in T2D
(Elemam et al., 2021). These outcomes imply that further investigations
are required to understand the interplay between the forecasted miR-
NAs, T2D, and COVID-19 susceptibility.

Likewise, Wang et al. (2021) analyzed serum samples of both T2D
patients and elderly people and observed that the expression levels of
miR-7-5p, miR-24-3p, miR-145-5p, and miR-223-3p were decreased in
those individuals; however, this altered miRNA expression was not
observed in young people. Since it was unveiled that both the free form
and the exosome form of the aforesaid miRNAs might hinder the repli-
cation of the SARS-CoV-2 via targeting the S protein, this regulatory
mechanism was negatively affected in T2D patients and elderly persons
due to their low circulating levels of the miRNAs at issue; therefore,
these individuals are more vulnerable to SARS-CoV-2 infection. This
group of researchers also found out that long-term exercises could
enhance the expression of these miRNAs with promising antiviral ac-
tivity. In summary, serum exosomes (especially those of healthy young
persons) containing miR-7-5p, miR-24-3p, miR-145-5p, and miR-223-3p
might represent a reliable strategy for the treatment of COVID-19 in
individuals with T2D and elderly people.

Moreover, miRNA expression has also been found to play a crucial
role in developing SARS-CoV-2 infection susceptibility in kidney dis-
ease. Evidence showed that the efficiency of the interaction between
miRNAs and disease-related target genes could be affected by single-
nucleotide polymorphisms (SNPs), and people with common genetic
variations in the APOL1 gene or high-risk APOL1 genotype were shown
to be more likely to develop kidney disease associated with SARS-CoV-2
infection (Safdar et al., 2021). Since miR-6741-3p targets the 3° UTR
region of APOL1, it may partially inhibit APOL1 expression and, there-
fore, help to alleviate kidney complications in patients with COVID-19.
Additionally, miR-6741-3p targets some APOLI-related genes that
interact directly with kidney disorders, perhaps, leading to SARS-CoV-2
infection (Safdar et al., 2021). Accordingly, miR-6741-3p could repre-
sent a valuable therapeutic target for COVID-19-associated kidney dis-
eases whose regulatory role on APOLI should be further studied in the
future.

Furthermore, intending to know the effects of SARS-CoV-2 on oste-
oblastic activity during fracture healing, Mi and coworkers (2021)
explored whether COVID-19 infection can predispose patients to oste-
oporosis. They observed that miR-4485 was upregulated in COVID-19
patients and that this increased miRNA expression has a crucial role in
the inhibition of osteogenic differentiation. This effect was demon-
strated both in vitro and in vivo, using bone marrow mesenchymal stem
cells (BMSCs) and testing directly to the fracture site in a murine model
system, respectively. Additionally, during this investigation, TLR-4 was
identified as a potential target gene for miR-4485, and its diminution
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Fig. 1. Schematic representation of the miRNAs associated with the preexistence of comorbidities and COVID-19. Different investigations have demonstrated that
patients with chronic diseases, such as lung adenocarcinoma, kidney disease, type 2 diabetes, osteoporosis, and cerebrovascular disorders, display altered expression
levels of specific miRNAs that may be involved in the progression of COVID-19. The LUAD tumor microenvironment mainly controls the expression of ACE2 reg-
ulatory miRNAs, including miR-9-5p, miR-125b-5p, miR-381-3p, miR-130b-5p, and miR-421. Similarly, diabetes affects 17 different miRNAs that target ACE2, S
protein, anti-apoptotic protein BCL2, and hub-proteins MCL1 and NFKBIA. In kidney disease, on the other hand, variations in the APOL1 gene (regulated by miR-
6741-3p) persist in COVID-19 patients. Finally, miR-4485 and miR-24 have been linked with osteoporosis and cerebrovascular disorders, respectively.

induced by miR-4485 suppresses osteoblastic differentiation and bone
remodeling in SARS-CoV-2 infection. Thus, miR-4485 may provide a
promising target for improving fracture healing and anti-osteoporosis
therapy in the SARS-CoV-2-infected population (Mi et al., 2021).

Interestingly, data from a recent study revealed that the expression
levels of miR-24 were downregulated in endothelial cell extracellular
vesicles isolated from plasma samples of patients with cerebrovascular
disorders infected with COVID-19 (Fig. 1). Since miR-24 targets
Neuropilin-1, the diminished expression of this miRNA leads to an
increased expression of Neuropilin-1, which mediates the SARS-CoV-2
internalization and might be implicated in the cerebrovascular events.
Accordingly, the therapeutic role of miR-24 in COVID-19-associated
neurologic events represents a promising option to set the direction of
further investigations regarding the implications of the miRNA tran-
scriptome in those complications of COVID-19 that are prompted due to
the presence of comorbidities (Gambardella et al., 2021).

4. Biomarkers and future therapeutics

During the last few years, both host- and virus-encoded miRNAs have
been proposed as outstanding biomarkers of COVID-19 (Fayyad-Kazan
et al., 2021; Guterres et al., 2020; Pinilla et al., 2021). Besides, the ex-
istence of SARS-CoV-2 has modified what was previously known as
acute respiratory distress syndrome (ARDS) owing to the fact that these
diseases have the same clinical definition; nevertheless, their patho-
physiology is different. Accordingly, both illnesses have similar lung
morphology and respiratory mechanics; however, COVID-19 patients
display severe endothelial injury accompanied by the existence of
intracellular virus and disrupted cell membranes resulting in low static
compliance of the respiratory system, high D-dimer concentration, and a
markedly increased mortality rate (Grasselli et al., 2020). Under this
premise, eleven miRNAs (miR-93, miR-99a, miR-92a, miR-212,
miR-20a, miR-19b, miR-18a, miR-17, miR-126, miR-106b, and
miR-769) were identified to be implicated in ARDS-related pathways.

Besides, miR-19a was concluded to be implicated in target tissue
remodeling and immune system pathways and let-7a in the blood
coagulation pathways (Martucci et al., 2020). Likewise, the evaluation
of miR-29a-3p, miR-146a-3p, miR-155-5p, and let-7b-3p in acute and
post-acute SARS-CoV-2 patients concluded that the levels of these
miRNAs were significantly higher in SARS-CoV-2 patients than in the
healthy group. Additionally, the expression levels of miR-29a-3p and
miR-146a-3p differ significantly between acute and post-acute
COVID-19 patients creating the possibility of their use as biomarkers
to differentiate different stages of the disease (Donyavi et al., 2021).

Severe cases of SARS-CoV-2 require hospitalization in intensive care
units (ICU), where the mortality rate ranges from 25 to 50% (de Gon-
zalo-Calvo et al., 2021). Case in point, the levels of circulating miRNA
expression were analyzed between ICU and ward patients; subsequently,
it was observed that five miRNAs (i.e., miR-27a-3p, miR-27b-3p,
miR-148a-3p, miR-199a-5p, and miR-491-5p) were upregulated, and
five (i.e., miR-16-5p, miR-92a-3p, miR-150-5p, miR-451a, and
miR-486-5p) were downregulated in critically ill patients. Additionally,
six miRNAs exhibited substantial suppression in patients who did not
survive the ICU. Interestingly, among all of them, two miRNAs
(miR-192-5p and miR-323a-3p) were stated to be significant predictors
of ICU mortality (de Gonzalo-Calvo et al., 2021).

Likewise, Garg et al. (2021) analyzed inflammation and
cardiovascular-specific miRNAs, discovering that miR-155, miR-208a,
and miR-499 were upregulated in critically ill COVID-19 patients
compared to healthy and severely ill influenza-associated ARDS in-
dividuals. In severe SARS-CoV-2 cases, the presence of ARDS is accom-
panied with diffuse alveolar damage (DAD); besides, COVID-19
infection is associated with endothelial dysfunction and possible
immunothrombosis (Bonaventura et al., 2021). On the other hand, the
analysis of possible miRNAs related to the interleukins associated with
the cytokine storm could be essential for the early detection of hyper
inflammation in COVID-19. Significant correlations were noticed be-
tween miR-26a-5p, miR-29b-3p, and miR-34a-5p and targets related to
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Fig. 2. Potential roles of COVID-19-associated miRNAs as biomarkers and therapeutic targets. Identifying dysregulated miRNAs during COVID-19 development
could lay the groundwork to develop innovative diagnostic techniques and treatments for COVID-19 and its related complications. These important miRNAs with
potential therapeutic benefits have been demonstrated to be involved in the immune system, blood coagulation, inflammation pathways, and cytokine storms.
Furthermore, they have been related to pathways implicated in acute respiratory distress syndrome and cardiovascular disorders. Remarkably, there are specific
miRNAs that have been shown to behave as predictors, which can help identify the stage, severity, and mortality of the disease. Besides, COVID-19 patients who did
not respond to treatment with remdesivir and favipiravir also manifested altered expression levels of miRNAs that could work as novel theragnostic targets.

inflammatory signaling and endothelial inflammation. Remarkably,
these miRNAs were downregulated in most of the lung biopsies
belonging to COVID-19 patients. These outcomes support that the roles
of miR-26a-5p, miR-29b-3p, and miR-34a-5p on inflammatory response
and endothelial dysfunction in COVID-19 should be explored in further
studies (Centa et al., 2021).

Relevant reports have stipulated that the expression levels of
different miRNAs can be monitored to evaluate the severity of respira-
tory diseases (Stolzenburg and Harris, 2018). In this context, miRNAs
linked with inflammatory responses (i.e., miR-31-3p, miR-29a-3p, and
miR-126-3p) were found significantly downregulated in blood samples
of COVID-19 patients who did not respond to a treatment with remde-
sivir and favipiravir (two broad-spectrum antivirals previously used to
treat influenza) during hospitalization, as well as the levels of the genes
targeted by these miRNAs (i.e., ZMYM5, COL5A3, and CAMSAP1) were
significantly upregulated. Also, it was noticed that the expression pat-
terns of these miRNAs are significantly decreased when the disease
grade of COVID-19 increased. Moreover, miR-17-3p was upregulated in
patients who received the treatment, thus triggering the upregulation of
its target gene, DICER1. On the contrary, patients who did respond to the
antiviral treatment resulted in an inverse expression level of these
miRNAs and targeted genes. Hence, this information might be beneficial
for the COVID-19 prognosis (Keikha et al., 2021a). As mentioned pre-
viously, it has been observed that these miRNAs participate in the
regulation of inflammatory signaling regarding chronic inflammatory
response, endothelial inflation, and lipid accumulation in other diseases
such as atherosclerosis (Eken et al., 2019; Shi et al., 2018; Tan et al.,
2019; Tang et al., 2017), and hence miR-31-3p, miR-29a-3p,
miR-126-3p, and miR-17-3p might represent drug targets for the alle-
viation of COVID-19-associated inflammation.

In other cases, the COVID-19 patients who did not respond to

treatment with tocilizumab (TCZ), a monoclonal antibody against the IL-
6 receptor, expressed low serum levels of miR-146a-5p (Sabbatinelli
et al., 2021). In the case of COVID-19 patients who have developed
hyperinflammation syndrome with deficient levels of miR-146a-5p are
prone not to respond to TCZ treatment, thus having a greater severity
risk. Furthermore, this group of researchers indicated that the
IL-6/miR-146a-5p balance could be reestablished in those COVID-19
patients that reacted to the TCZ treatment. Notwithstanding, among
non-responders, those with greater disequilibrium of these molecules
experienced the most unfavorable outcomes. As observed, this study
enlightens a potential miRNA biomarker that can answer some of the
questions related to the progression of inflammaging and COVID-19
(Sabbatinelli et al., 2021).

A recent study has noticed that miR-451a is significantly decreased
in plasma samples of COVID-19 patients, thus promoting the expression
of its target gene (IL-6R), which is associated with the manifestation of
cytokine storms. The downregulation of miR-451a might occur due to
the presence of upregulated long non-coding RNAs (IncRNAs) in the
plasma of COVID-19 patients that own binding sites for this miRNA (i.e.,
LOC105371414, LOC105374981, and LOC107987081) (Yang et al.,
2021). Similarly, miR-374a was detected to be downregulated in the
analyzed plasma samples of COVID-19 patients, while the expression
levels of its target CCL2 were upregulated; intriguingly, the derepression
of CCL2 could be associated with the activation of cytokine storms and
ARDS. Additionally, 16 upregulated IncRNAs were linked with the in-
hibition of miR-374a in COVID-19 (Yang et al., 2021). These outcomes
reveal a new miRNA-based regulatory mechanism involved in cytokine
storms that must be further studied to validate its therapeutic use.

It is worth mentioning that Fu et al. (2021) found that the presence of
a virus-derived miRNA-like molecule miR-nsp3-3p in the serum samples
of COVID-19 patients might be useful to evaluate whether an individual
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Table 1
miRNAs involved in SARS-CoV-2 infection, with relevant in vivo or in vitro evidence.
miRNA Regulation Target Viral/ Sample source/cells Biologic effect/function Reference
human
encoded
miR-147- - EXOC7, RAD9A, and Viral Vero E6 cells Affects polarized exocytosis, transforming (Liu et al., 2021)
3p TFE3 growth factor beta signaling and lipid and
glucose metabolism regulation
v-miRNA- - ACO1, BCAS1, Viral Calu-3 and Vero E6 Related to viral load in COVID-19 patients (Meng et al., 2021)
N- BNIP3L, CLDN10, cells
28612 DMBX1, and SNCA
miR- Downregulated in LUAD ACE2 Human Tissues from LUAD Regulation of the immune system (Chen et al.,
125b-5p  patients patients 2021a)
miR- Downregulated in LUAD IL-6 Human Tissues from LUAD Regulation of the immune system
125b-5p  patients patients
miR-421 Downregulated in T2D ACE2 Human Serum Associated with the susceptibility to SARS- (Elemam et al.,
patients CoV-2 infection 2021)
miR-7-5p Downregulated in T2D S protein Human Serum Decreased inhibition of viral replication (Wang et al., 2021)
miR-24- patients and elderly people
3p
miR-145-
5p
miR-223-
3p
miR- Upregulated APOL1 Human Nasopharyngeal Kidney complications during COVID-19 (Safdar et al.,
6741-3p swabs 2021)
miR- Upregulated TLR-4 Human Muscle, bone, and Inhibition of osteogenic differentiation (Mi et al., 2021)
4485-3p bone marrow during COVID-19
miR-24 Downregulated in patients Neuropilin-1 Human Plasma Related to cerebrovascular events and SARS-  (Gambardella
with cerebrovascular CoV-2 internalization et al., 2021)
disorders
miR-31-5 Upregulated IL13RA1 Human Plasma Inflammation modulation (Farr et al., 2021)
miR-19a Upregulated - Human Blood Tissue remodeling and immune system (Martucci et al.,
pathways 2020)
let-7a Upregulated - Human Blood Blood coagulation pathways (Martucci et al.,
2020)
miR-192- Downregulated - Human Plasma Synthesis of cytokine and chemokine (de Gonzalo-Calvo
5p et al., 2021)
miR-323a-  Downregulated PB1 Human Plasma Inhibits replication of the (de Gonzalo-Calvo
3p HI1N1 influenza A virus et al., 2021)
miR-155 Upregulated - Human Serum Associated with cardiovascular disease and (Garg et al., 2021)
inflammation
miR-208a Upregulated - Human Serum Myocardial/cardiomyocyte damage (Garg et al., 2021)
miR-499- Upregulated - Human Serum Myocardial/cardiomyocyte damage (Garg et al., 2021)
5p
miR-26a- Downregulated IL-6 Human Post-mortem lung Endothelial (Centa et al., 2021)
5p samples and inflammatory signaling pathways
miR-29b- Downregulated VEGFA and SPARC Human Post-mortem lung Endothelial (Centa et al., 2021)
3p samples and inflammatory signaling pathways
miR-29a- Downregulated COL5A3 Human Blood Inflammatory responses (Keikha et al.,
3p 2021a)
miR-31- Downregulated ZMYM5 Human Blood (Keikha et al.,
3p 2021a)
miR-126- Downregulated CAMSAPI Human Blood (Keikha et al.,
3p 2021a)
miR-17- Upregulated DICER1 Human Blood (Keikha et al.,
3p 2021a)
miR-146a-  Downregulated NF-xB Human Serum Negative regulator of NF-xB (Sabbatinelli et al.,
5p 2021)
miR-451a Downregulated IL-6R Human Plasma Associated with cytokine storms (Yang et al., 2021)
miR-374a Downregulated CCL2 Human Plasma Associated with cytokine storms and acute (Yang et al., 2021)
respiratory distress syndrome
miR-nsp3- - - Viral Serum Potential biomarker to predict the (Fu et al., 2021)
3p development of a severe disease of COVID-
19
miR-200c- Upregulated in patients with - Human Saliva Potential biomarker of COVID-19 (Pimenta et al.,
3p severe symptoms and >42 2021)
years old
miR-21 Downregulated IL-12p53 Human Serum Anti-neuroinflammatory activity (Keikha et al.,
miR-124 Downregulated Stat3 Human Serum 2021b)
miR-146a Downregulated TRAF6 Human Serum
miR-326 Upregulated CEBPA Human Serum Pro-neuroinflammatory activity
miR-155 Upregulated S0CS1 Human Serum
miR-27b Upregulated PPARS Human Serum
miR-155 Upregulated - Human Calu-3 cells Lung injury provoked by ARDS (Wyler et al., 2021)
miR-4485 Upregulated - Human Calu-3 cells -
Upregulated - Human Plasma Developmen of severe cases of COVID-19 (Grehl et al., 2021)

(continued on next page)
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miRNA Regulation Target Viral/ Sample source/cells Biologic effect/function Reference
human
encoded
hsa-miR-
320a-3p
hsa-miR- Upregulated Human Plasma
629-5p hsa-miR-29a-3p Downregulated Human
Plasma
hsa-miR-342-3p Downregulated Human
Plasma
hsa-miR-185-5p Upregulated - Human Plasma
hsa-miR- Upregulated - Human Plasma
4516
miR-96 Upregulated Human Calu-3 and Vero (Kim et al., 2021a)
cells
miR-100 Upregulated Human Calu-3 and Vero
cells
miR-196a Upregulated Human Calu-3 and Vero
cells
miR-7 Downregulated Human Calu-3 and Vero
cells
miR-23b Downregulated Human Calu-3 and Vero
cells
miR-193b Downregulated Human Calu-3 and Vero
cells
miR-625 Downregulated Human Calu-3 and Vero
cells
miR-92a- Upregulated Human MSC-EVs Suppression of pro-inflammatory responses (Park et al., 2021)
3p and inhibition of viral replication
miR-26a- Upregulated - Human MSC-EVs
Sp
miR-23a- Upregulated - Human MSC-EVs
3p
miR-103a-  Upregulated - Human MSC-EVs
3p
miR-181a-  Upregulated - Human MSC-EVs
5p

can develop a severe state of this disease. This miRNA-like molecule is
located between the 2873-2894 nucleotides of the 3’ arm of a hairpin
within the non-structural protein 3 (Nsp3) gene (Fu et al., 2021).
Intriguingly, the severe state of the COVID-19 disease could be fore-
casted approximately 7.4 days before the appearance of severe symp-
toms with an accuracy of 97.1% using miR-nsp3-3p as a biomarker;
nonetheless, serum levels of miR-nsp3-3p were found undetectable after
the recovery of COVID-19. Consequently, this virus-encoded miRNA-like
molecule owns a noteworthy potential to indicate the risk of the
occurrence of critical illness among COVID-19 patients before the
manifestation of serious complications and thus represents an innova-
tive strategy that can help manage the amelioration of COVID-19 pa-
tients (Fu et al., 2021). Likewise, the evidence obtained from an
investigation in which saliva samples of COVID-19 patients were
examined enlightened the fact that the expression levels of miR-200c-3p
were elevated among the 40+ aged patients with severe symptoms.
Hence, miR-200c-3p could be used as a prognostic target for COVID-19
(Pimenta et al., 2021).

Recently, an investigation in which serum samples of COVID-19
patients with different disease severity were examined led to discover
that the relative expression of miRNAs with anti-neuroinflammatory
activity (i.e., miR-21, miR-124, and miR-146a) was significantly
decreased, and the relative expression of their target genes (i.e., IL-
12p53, Stat3, and TRAF6) was increased in these affected individuals.
Furthermore, the relative expression of miR-326, miR-155, and miR-27b
(involved in pro-inflammatory mechanisms) was augmented, thus
inducing the degradation of their target genes CEBPA, SOCS1, and
PPARS (Fig. 2). Therefore, these miRNAs could be significant bio-
markers for COVID-19 (Keikha et al., 2021b); nonetheless, additional
studies are required to validate their accuracy. In the same way, more
miRNAs correlated with neuroinflammation should be examined in
further inquiries, not only to detect novel biomarkers but also to develop

miRNA-based approaches to prevent neuroinflammatory damage in
COVID-19.

In addition, Wyler et al. (2021) studied the small RNA expression
profile of Calu-3 cells infected with SARS-CoV-2 and detected an upre-
gulated expression of miR-155 and miR-4485. Since it has been
described that the deletion of miR-155 could mitigate the lung injury
caused by ARDS (Woods et al., 2020), the therapeutic potential of this
miRNA in COVID-19 pathogenesis should be studied thoroughly.
Another investigation in which plasma samples from COVID-19 patients
were examined using high throughput sequencing approach to detect
small circulating RNAs buttressed that four small virus-derived RNAs
similar in size to human miRNAs are linked with COVID-19 symptoms
and ageusia. These virus-derived tiny RNAs might represent promising
biomarkers since they were abundantly present even in recovered
COVID-19 patients (Grehl et al., 2021). In this same study, 20 miRNAs
displayed lower abundance in severe cases of COVID-19, while 11
miRNAs were upregulated. Among these differentially expressed miR-
NAs, hsa-miR-320a-3p, hsa-miR-629-5p, hsa-miR-29a-3p, hsa--
miR-342-3p, hsa-miR-185-5p, and hsa-miR-4516 were the most
representative ones because of their possible association with severe
states of COVID-19 and their potential application in molecular di-
agnostics (Grehl et al., 2021).

Likewise, Kim et al. (2021a) performed a small
RNA-sequencing-based study of Calu-3 and Vero cells infected with
SARS-CoV-2. The outcomes of this analysis revealed the presence of a
number of miRNA candidates within the genome of SARS-CoV-2 that
could interact with human mRNAs. Besides, researchers noticed that
miR-96, miR-100, and miR-196a were upregulated, whereas miR-7,
miR-23b, miR-193b, and miR-625 were downregulated after the
SARS-CoV-2 infection. Nonetheless, the host and viral transcripts tar-
geted by these miRNAs are yet to be elucidated. Later, it was unveiled
that mesenchymal stem cell-derived extracellular vesicles (MSC-EVs)
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can help to ameliorate COVID-19 via repressing viral replication and
hence relieving the cytopathic effects of the disease and suppressing
pro-inflammatory responses. Afterward, the miRNA profile of these
extracellular vesicles was examined through small RNA-sequencing,
which revealed that 17 miRNAs contained in the aforesaid vesicles are
able to interact with rarely mutated and conserved 3’ UTR sequences of
the SARS-CoV-2 genome. Among them, the most significantly upregu-
lated miRNAs were miR-92a-3p, miR-26a-5p, miR-23a-3p,
miR-103a-3p, and miR-181a-5p. Since researchers predicted that the
vast majority of the target genes of the detected miRNAs are related to
the assembly of the viral replication machinery, and inflammatory re-
sponses, the antiviral properties of MSC-EVs were attributed to the
regulatory roles of these tiny RNA molecules. In summary, these findings
support the fact that MSC-EVs could represent a promising alternative to
treat multiple variants of SARS-CoV-2 (Park et al., 2021).

Some of the most relevant implications of miRNAs in COVID-19
infection are described in Table 1.

5. Conclusion

The global outbreak triggered by the rapid propagation of COVID-19
has enhanced different research arenas that aim to design a reliable and
efficient cure for this disease; nevertheless, the limited information
regarding the safety of the current vaccines and treatments represents a
remarkable opportunity to continue developing new studies to fill the
knowledge gaps regarding the molecular mechanisms that take place
during the viral cycle of SARS-CoV-2. Consequently, throughout the last
years, different investigations have been focused on understanding the
implications of the miRNA transcriptome in the progression of COVID-
19. As observed all over this review, relevant reports have enlightened
the fact that specific miRNAs, which are dysregulated due to the pre-
existence of comorbidities, are associated with the development and
clinical complication of COVID-19. Furthermore, it has been demon-
strated that the expression levels of numerous miRNAs are altered
during COVID-19 illness; additionally, SARS-CoV-2 encoded miRNAs
can affect the host’s immune response. Nevertheless, the information
that exists to date about the relationship between the miRNA-based gene
regulation and COVID-19 implies that further inquiries should be con-
ducted both in vivo and in vitro using miRNA mimics and inhibitors to
find alternative strategies to manage COVID-19.

6. Future perspectives

It is well known that scientists are making great efforts to find a
proper way to prevent and/or treat COVID-19. As it could be observed in
this review, the study of the potential use of miRNAs as theragnostic
tools for COVID-19 remains at an early stage; however, the impact of
these regulatory molecules on the signaling pathways that occur during
the viral infection (Ahmad et al., 2020; Barbu et al., 2020) implies that
more research should be addressed to understand the underlying mo-
lecular mechanisms; specially, the connection between miRNAs and
angiotensin II/NF-«B signaling should be thoroughly examined since it
has been demonstrated that the inhibition of this molecular process
promotes the alleviation of severe cases of COVID-19 (Hariharan et al.,
2020). In addition, the altered production of high amounts of
pro-inflammatory cytokines in severely ill patients of COVID-19 (cyto-
kine storm) is a mechanism that might contribute to the lethality of this
disease (Tang et al., 2020). As a matter of fact, in a report published at
the beginning of this year, authors predicted numerous miRNA candi-
dates that could target cytokine storm associated mRNA transcripts (i.e.,
IL-1B, IL-6, and IL-8) (Gasparello et al., 2021); notwithstanding, the
experimental validation of the antiviral and/or anti-inflammatory ef-
fects of these miRNAs in COVID-19 remains unexplored, thus leaving the
door open to design new investigations to find innovative miRNA-based
treatments for this viral disease.

A relevant inquiry has predicted that three promising miRNAs (i.e.,
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miR-16, miR-24, and miR-200) may participate in the modulation of
COVID-19 infection (Hum et al., 2021), and hence the functional char-
acterization of these miRNAs must be considered in the design of further
experiments to find therapeutic targets for the disease at issue. More-
over, different studies have stated that several miRNAs (e.g., miR-323,
miR-485, miR-491, miR-654, and miR-3145) can potentially inhibit
viral replication (Abu-Izneid et al., 2021); therefore, this information
must be considered to test the efficacy of these specific miRNAs as a new
alternative to deal with COVID-19.

In a similar way, it has been shown that the liver-specific miR-122
has a crucial role in the replication process of hepatitis C virus (HCV);
interestingly, miR-122 is the first miRNA whose antagonizing drug
(SPC3649 or miravirsen) has been entered into human clinical trials
(Baek et al., 2014). Case in point, a recent investigation has thrown
evidence about the fact that miR-122 can interact with the genomes of
SARS-CoV-2 and HCV; this outcome suggests that miravirsen might be
used as an anti-miR oligonucleotide-based drug to treat COVID-19
(Alam and Lipovich, 2021). Likewise, it has been forecasted that
miR-16, miR-21, let-7b, let-7e, and miR-146a can target genes that are in
the lungs of COVID-19 patients (e.g., STAT1 and CCND1) (Jafar-
inejad-Farsangi et al., 2020); owing to the fact that these genes are
linked with viral replication, experimental tests are required to elucidate
whether these miRNAs could be considered as targets for COVID-19
therapeutics.

A key element that deserves more attention due to its relationship
with COVID-19 is the ACE2 receptor, which allows the viral entry of
SARS-CoV-2 into the cells (Beyerstedt et al., 2021). Consequently, it has
been proposed that the clinical implications of certain ACE2-associated
miRNAs, including miR-18, miR-29, and miR-125b, should be thor-
oughly investigated to find novel miRNA-based therapies for COVID-19;
specially, it is thought that the use of anti-miR-18 and anti-miR-125b
might be helpful to treat the nephropathy related to COVID-19
(Widiasta et al., 2020). Similarly, a relevant study demonstrated that
miR-200c inhibits the expression of ACE2 in cardiomyocytes; this fact
might lay the foundations to manage the cardiovascular complications
that can occur during COVID-19 (Lu et al., 2020).

Additionally, since TMPRSS2 is another essential structure for SARS-
CoV-2 viral entry, its inhibition may positively promote the alleviation
of COVID-19 (Hoffmann et al., 2020). It has been observed that
miR-98-5p regulates the expression of TMPRSS2 in human endothelial
cells isolated from the lung and the umbilical vein, thus supporting its
potential use in miRNA-based therapeutics against COVID-19 (Matarese
et al., 2020). Subsequently, another study forecasted that hsa-miR-32,
hsa-miR-98, and hsa-miR-214 can silence the expression of TMPRSS2
and might pave a way to continue exploring the possible therapeutic
roles of hsa-miR-32, hsa-miR-98, and hsa-miR-214 against SARS-CoV-2
in vivo and in vitro. Interestingly, in this same investigation, hsa-miR-32
was demonstrated to silence the expression of TMPRSS2 in Caco-2 cells
significantly, and hence upcoming research should be focused on this
miRNA (Kaur et al., 2021). Nevertheless, it would also be worth
exploring if miRNAs could inhibit the production of the structural and
non-structural proteins that participate in crucial steps of the life cycle of
SARS-CoV-2, such as S protein, envelope (E) protein, Nspl, Nsp4, and
Nspl2 (Yadav et al., 2021). For instance, a previous report centered on
the SARS-CoV unveiled that miR-17*, miR-574-5p, and miR-214 can
target the S, E, N, and membrane (M) proteins, as well as the open
reading frame 1a (ORF1la) (Mallick et al., 2009). Since SARS-CoV and
SARS-CoV-2 possess a relevant genomic similarity (79.4 + 0.17 %)
(Chen et al., 2021b), miR-17*, miR-574-5p, and miR-214 might own
antiviral effects to manage COVID-19.

Another emerging issue that must be considered in forthcoming in-
vestigations is the fact that SARS-CoV-2 owns a substantial rate of mu-
tation due to its RNA nature and large genomic size. Some of these
mutations consist of deletions that occur in the viral genome and modify
the amino acid conformation of the accessory, structural, and non-
structural proteins, which, in fact, alter the pathogenesis and virulence
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Fig. 3. Potential functional and therapeutic implications of miRNAs in COVID-19 infection. As observed, numerous miRNAs might regulate crucial steps of the life
cycle of COVID-19, such as the interaction with essential receptors ACE2 and TMPRSS2, viral replication, and the production of structural and non-structural proteins
including S, E, N, M, and ORF1. Likewise, miRNAs could modulate the expression of lung genes involved in COVID-19 infection, and the expression of some of these
master regulators of gene expression could be triggered by human microbiota. Interestingly, there is a growing interest in the fact that cross-species transference of
miRNAs might have a regulatory effect within SARS-CoV-2 infection; therefore, this fact has arisen a broad therapeutic potential for plant-derived miRNAs, which

could be used to alleviate this disease.

of SARS-CoV-2, give rise to novel variants and impact the efficacy of the
current treatments and vaccines available (Andrés et al., 2020;
Mohammadi et al., 2021). Despite the above, new SARS-CoV-2 variants
arise mainly due to the appearance of point mutations that may also
enhance the transmissibility and pathogenicity of the virus. Indeed,
several point mutations have been detected so far in the gene that en-
codes the S protein (Janik et al., 2021; Sanyaolu et al., 2021). In addition
to deletions and point mutations, a recent analysis has demonstrated
that missense mutations also represent an alarming threat that may
enhance the pathogenicity of SARS-CoV-2 (Hassan et al., 2021). Under
this premise, a relevant inquiry buttressed that some human miRNAs,
such as miR-219a-2-3p, miR-30c-5p, miR-378d, miR-29a-3p, and
miR-15b-5p, can interact with the viral sequences of SARS-CoV-2.
Intriguingly, the outcomes of this investigation stated that the com-
plete complementary target sequences of the aforesaid miRNAs are
conserved in some of the newly emerged variants of the virus, i.e., South
Africa 501Y.V2 and United Kingdom variant B.1.1.7 (Siniscalchi et al.,
2021). Therefore, to obtain an effective and safe miRNA-based treat-
ment for COVID-19, further inquiries should assure that the interactions
between human miRNAs and SARS-CoV-2’s genome sequences are
conserved in almost all the existing variants of the virus.

Additionally, it is encouraging that the miRNA-based regulation of
gene expression might entail multiple potential paths to treat COVID-19.
In this regard, it has been proposed that miRNA-loaded MSC-EVs could
be effective therapeutic strategies for this virus through targeting the
PANoptosome, a protein complex that can modulate in parallel three
types of cell death events that include inflammation-mediated pyrop-
tosis, apoptosis, and necroptosis. Nonetheless, the relevance of the
PANoptosome in SARS-CoV-2 infection remains elusive, and hence more
investigations are required to understand the crosstalk between miR-
NAs, SARS-CoV-2, and the PANoptosome (Cetin, 2021). Likewise, the
data presented in a recent review implies that researchers should also
focus on understanding the interactions between human gut microbiota
and miRNAs during COVID-19 because these microbiota-miRNA asso-
ciations have been previously observed in other lung diseases. Indeed,

the consumption of probiotics could be favorable in the modulation of
endogenous miRNAs that might help to overcome COVID-19 (Hong and
Kim, 2021). For example, Soltani and Zandi (2021) have suggested that
bacterial lipopolysaccharides and lipoteichoic acid might activate the
NF-kB pathway through the TLR4 and TLR2 receptors. Subsequently, the
NF-xB pathway can enhance the expression of miR-200c-3p, which will
decrease the occurrence of ACE2 protein in the lungs. Altogether, these
molecular mechanisms represent an attractive approach to diminish
COVID-19 severity via targeting ACE2 with the microbiota-induced
expression of miR-200c-5p.

Finally, it is worth mentioning that recent observations have found
cross-species transferability of miRNAs which have a regulatory effect
within the new host. This fact has given a wide therapeutic potential to
plant-derived miRNAs that could be used to alleviate multiple diseases,
including COVID-19 (Cavalieri et al., 2016; El-Nabi et al., 2020; Lukasik
and Zielenkiewicz, 2016). In this context, a group of researchers pointed
out that MIR2911, a miRNA present in honeysuckle decoction, and has
shown antiviral activity against influenza A viruses (Zhou et al., 2014),
might inhibit the replication of SARS-CoV-2 (Zhou et al., 2020a; Zhou
et al., 2020b). Similarly, recent breakthroughs have elucidated that
ginger exosomal miRNAs (i.e., aly-miR396a-5p and rlcv-miR-rL1-28-3)
could impede the replication of SARS-CoV-2 via restricting the gene
expression of specific viral proteins, such as S protein and RNA poly-
merase Nspl12. Moreover, these plant-derived exosomal miRNAs might
inhibit the lung inflammation triggered by the viral exosomes produced
in the lung epithelial cells of the SARS-CoV-2 infected host (Teng et al.,
2021). Hence, plant-derived miRNAs can also represent a promising
alternative for COVID-19 treatment.

In summary, miRNAs are promising candidates for developing
innovative treatments for COVID-19; although several puzzles regarding
their interference in the life cycle of SARS-CoV-2 and within the regu-
lation of the immune response triggered by this virus are yet to be
solved, we believe the current review about the association of miRNA
transcriptome and COVID-19 will strengthen this area of research
(Fig. 3).
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