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ABSTRACT

Since the World Health Organization (WHO) declared COVID-19, the disease caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), as a pandemic in March 2020, and more than 117
million people worldwide have been confirmed to have been infected. Scientists, medical professionals,
and other stakeholders are racing against time to find and develop effective medicines for COVID-19.
However, no drug with high efficacy to treat SARS-CoV-2 infection has been approved. With the
increasing popularity of gene therapy, scientists have explored the utilization of small RNAs such as
microRNAs (miRNAs) as therapeutics. miRNAs are non-coding RNAs with high affinity for the 3’-UTRs of
targeted messenger RNAs (mRNAs). Interactions between host cells and viral genomes may induce the
upregulation or downregulation of various miRNAs. Therefore, understanding the expression patterns of
these miRNAs and their functions will provide insights into potential miRNA-based therapies. This re-
view systematically summarizes the potential targets of miRNA-based therapies for SARS-CoV-2 infec-
tion and examines the viability of possible transfection methods.

© 2021 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

MicroRNAs (miRNAs) are short non-coding RNAs, 19—25 nu-
cleotides in length. After their biogenesis, mature miRNAs interact
with certain messenger RNAs (mRNAs) in the cytoplasm during
post-transcriptional regulation in a multiprotein RNA-induced
silencing complex (RISC) [1,2]. These miRNA-induced silencing
complexes (miRISCs) interact with target mRNAs primarily at
complementary sequences in the 3’-untranslated region (3’-UTR)
and mainly decrease mRNA stability or promote mRNA degradation
[3,4]. Perfect complementary binding results in mRNA cleavage;
however, imperfect binding results in aborted translation [5].
miRNAs were first observed in phenotype variants of Caeno-
rhabditis elegans; through several experimental approaches, a
negative regulatory element (NRE) located at the 3’-UTR of the lin-
14 gene was found to be responsible for the observed abnormal
morphology, and it was shown that the element produced small
RNA molecules. However, protein levels were not affected [3]. This
surprising finding was later discussed, and interest in the
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phenomenon began to increase [6]. Although miRNAs are non-
coding RNAs, more than 500 miRNAs have been identified in
humans, and a single miRNA can modulate hundreds of different
mRNAs [7]. Several studies have confirmed that 30%—60% of
mammalian mRNAs can be regulated by a single miRNA [8,9].
Studies of miRNAs have become quite popular, and much of the
focus has been on identifying and characterizing miRNAs for their
potential as either biomarkers or in targeted therapies not only in
animal cells but also in human cells [6,10].

Epigenetic factors and dysregulation during miRNA biogenesis
could alter their expression and can lead to abnormalities in various
cellular activities, such as proliferation, growth, differentiation,
apoptosis, cell cycle, and tissue development [11,12]. Moreover,
several miRNAs have been reported to mediate shifts in host de-
fense mechanisms related to cellular immunity [13].

2. Roles of miRNAs in viral infections

Immunity is a complex process. During an immune reaction,
several molecular pathways, which include miRNAs, have long
been known to mediate the process of inflammation primarily via
immune cell modulation. Like their hosts, most pathogens, such as
viruses, also encode miRNAs to promote their survival [14]. Due to
their small size, lack of immunogenicity, and excellent functional

2095-1779/© 2021 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:indwiani@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpha.2021.03.003&domain=pdf
www.sciencedirect.com/science/journal/20951779
www.elsevier.com/locate/jpa
https://doi.org/10.1016/j.jpha.2021.03.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jpha.2021.03.003
https://doi.org/10.1016/j.jpha.2021.03.003

L.D. Rizkita and I. Astuti

flexibility, miRNAs are susceptible to host miRNA-mRNA co-mod-
ulation expression during infection [9]. To ensure their survival,
viruses must replicate their genetic material by using the host's
cellular machinery. During this process, crosstalk can occur be-
tween host miRNAs and the viral genome [8,15,16]. These in-
teractions can occur via three different pathways: (i) mRNA
blocking, (ii) mRNA destabilization, and (iii) mRNA degradation via
protein complexes [17]. However, viruses can also mediate changes
in cellular miRNAs prior to infection, to create an advantageous
environment for pathogenesis. These miRNAs mostly bind to the 5’
and 3’ non-translated regions (NTRs), although some bind in the
coding regions of viral proteins [18,19].

Some studies have suggested that host miRNA-viral genome
interactions are beneficial to virus sustainability [20]. Wang et al.
[21] observed that oncogenic human papillomavirus virus 16
HPV16 and HPV18 infection could suppress the expression of the
host miRNA miR-34 and destabilize the expression of the tumor
suppressor p53 to induce tumor formation. Poxvirus, which causes
smallpox in humans, has been reported to facilitate the degradation
of host miRNAs. The further investigation showed that the ability of
poxvirus to evade the host miRNA defense system and the binding
of host miRNAs in the 3’-UTR of the viral genome massively
downregulated host miRNAs to enhance the proliferation of
infected cells [16]. Cell degradation after viral infection was also
shown after an miRNA from the influenza PB1 gene coding region
bound to the host miRNAs miR-323, miR-491, miR-485, miR-654,
and miR-3145 [19]. Human epithelial type 2 (HEp-2) cells infected
with respiratory syncytial virus (RSV)-green fluorescent protein
(GFP) contained lower miRNA levels when compared to the levels
in non-infected cells, and the NF-kB monomers p65, p50, and p52
were significantly altered. Although RSV does not encode any
miRNA in its genome, its binding to the host miRNA miR-146a-5p
reduced its expression and downregulated miR-345—5p, let-7c-
5p, and miR-221. Furthermore, these cells did not appropriately
respond to and kill the virus because the expression of p21 and the
70 kDa heat shock protein (HSP-70) was suppressed [9].

In contrast, some host miRNAs block virus accumulation. The
presence of miRNA response elements (MREs) within the 5’- and
3’-UTRs of the viral genome has been suggested as the main way
that miRNAs respond to pathogenic viral activities [22]. MiR-32 can
interfere with further spread of the retrovirus primate foamy virus
type 1 (PFV-1) in normal human cells by activating the RNA-
mediated silencing machinery to act on the viral proteins Tas and
Bet [23]. In a mouse model, miR-144 targeted the tumor necrosis
factor (TNF) receptor-associated factor 6 (TRAF6)/IRF7 signaling
axis and further decreased type-1 interferon (IFN—I) expression
during HINT1 influenza virus infection [24]. Peng et al. [25] inves-
tigated the contribution of hsa-miR-1-3p to the inhibition of viral
replication by targeting the supportive host factor ATPGVIA after
infection with two main influenza A virus (IAV) subtypes HIN1
(PR8) and H3N2 in HEK293T cells.

The growing interest in miRNA-related studies is due to in part
to its role in unraveling the mysteries of RNA and because they can
also be used as a tool to discover targets for alternative therapies for
various diseases, such as COVID-19, the disease caused by severe
acute respiratory syndrome-corona virus-2 (SARS-CoV-2). The lat-
est epidemiological data from the WHO reported [26] that SARS-
CoV-2 has spread to more than 200 countries and has infected
over 65.8 million people, resulting in nearly 1.5 million deaths
globally. SARS-CoV-2, which like SARS-CoV and Middle East res-
piratory syndrome coronavirus (MERS-CoV), belongs to the family
Coronaviridae (subfamily Coronavirinae) but has lower morbidity
and mortality rates than the two previous viruses [27,28]. SARS-
CoV-2 is an enveloped, non-segmented, positive-sense single-
stranded RNA virus [27,29] and is of the same lineage as SARS-
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CoV, which caused the SARS epidemic in 2003. SARS-CoV-2 is
one of the seven members of the CoV family that can infect humans
and cause diseases with a wide spectrum of clinical manifestations,
by attacking the respiratory epithelial barrier and causing serious
acute lung injury (ALI), sometimes acute respiratory distress syn-
drome (ARDS), and even death from multi-organ failure (MOF) due
to massive inflammatory cell infiltration and proinflammatory
cytokine/chemokine release, which is sometime referred to as a
“cytokine storm” [28,30,31].

3. Host-pathogen interactions in SARS-CoV-2 infection

SARS-CoV-2 shares many of the same characteristics as most
coronavirus family viruses, including a pleomorphic or spherical
shaped capsid envelope 150—160 nm in size, a polycistronic mRNA
with a 5’ cap and 3’ poly-A-tail, and an unsegmented, positive,
single-stranded RNA genome (30 kb) [32—34]. SARS-CoV-2 has two
large polyproteins, ORFla and ORF1b; four structural proteins:
spike (S), envelope (E), membrane (M), and nucleocapsid (N); and
eight accessory proteins: ORF3a, ORF3b, ORF6, ORF7a, ORF7b,
ORF8a, ORF8b, and ORF9b. It has also been determined that SARS-
CoV-2 lacks a hemagglutinin esterase gene, which is strongly
related to the betacoronavirus human coronavirus (hCoV) HKU1
[32,34]. ORFlab expresses a total of 16 non-structural proteins
(NSP) named NSP1-16 with the help of papain-like protease
(PLpro) and 3C-like protease (3CLP™), which cleave the replicase
polyprotein. Each NSP has a particular role in disrupting the host
cell environment while keeping the virus secure. Some of these
NSPs also encode proteins with essential features, such as PLpro
(nps3), 3CLP™ (nsp5), and RNA-dependent RNA polymerase/RdRp
(nsp12) [32,35]. RdRp plays a major role in the viral life cycle, and
scientists believe that one of the active sites of RdRp could be used
as a potential target for drug treatment [36]. The structural proteins
S, E, M, and N are essential for virus assembly and have the primary
function of inducing host cell infection [34].

Like other viruses, SARS-CoV-2 creates various problems in host
cells, ranging from triggering abnormal gene expression to global
cell destruction, which are related to the host immune response.
The molecular mechanism is still observable because it involves
complex mechanisms throughout the system [37]. Type II pneu-
mocytes and mucosal ciliated cells in the lung are thought to be the
major targets of SARS-CoV and IAV infection because these
epithelia are relatively vulnerable to respiratory infection due to
their high risk of pathogen exposure [38]. The main target cells of
SARS-CoV-2 in the airway epithelial, alveolar epithelial, and
vascular endothelial cells are angiotensin-converting enzyme 2
(ACE2) receptor and transmembrane protease serine 2 (TMPRSS2)
[39]. The receptor binding domain (RBD) in the S1 subunit of the
surface-expressed S protein of SARS-CoV-2 binds to ACE2 receptors
on the target host cells, and this binding initiates the process of
infection. The S1 subunit is cleaved, while the S2 subunit, which
consists of a fusion peptide (FP) and two heptad repeat regions, HR1
and HR2, folds in on itself, bringing the two heptad repeat regions
together. Then, the viral genome is unpackaged in the host cell
cytoplasm [39].

Studies have revealed that during SARS-CoV-2 infection, several
inflammatory pathways can be activated [40]. When the innate
immune system is activated, pattern recognition receptors (PRRs),
especially Toll-like receptor type 3 (TLR3), respond to pathogen-
associated molecular patterns (PAMPS), resulting in robust inter-
cellular signaling through the Toll/IL-1R domain-containing adaptor-
inducing interferon-beta (IFN-$) (TRIF)-dependent pathways [14].
Through these pathways, the transcription factor nuclear factor
kappa B (NF-kB) may be activated to stimulate further immune re-
sponses [14,29,41]. Activation of NF-«B can lead to the induction of
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downstream factors including proinflammatory cytokines, such as
interleukin-6 (IL-6), interferon-alpha (IFN-¢.) and IFN-f, IL-1b, IL-6,
IL-12, IL-18, IL-33, TNF-¢, and tumor growth factor-beta (TGF-B);
several chemokines, including C—C motif chemokine ligands CCL2,
CCL3, and CCL5, and C-X-C motif chemokine ligands CXCL8, CXCL9,
and CXCL10 [29,42]. Activation of these cytokines can lead to a
“cytokine storm”. In patients with moderate to severe COVID-19,
Yang et al. [43] found that elevated concentrations of three pro-
teins, IL-1 receptor antagonist, CCL7, and CXCL10, were correlated
with viral load and lung damage. In such cases, poor outcomes,
including death, were often unavoidable.

The presence of immunoglobulin M (IgM) and immunoglobulin
G (IgG) antibodies was detected at days 6—8 after exposure [44],
indicating that adaptive immunity was also activated during the
infection; IgM was reported to peak at 3 weeks and decline slowly,
whereas IgG continued to increase and may persist beyond 7 weeks
[45]. Infected cells are recognized by cytotoxic T lymphocytes
(CTLs) or CD8* T lymphocytes through major histocompatibility
complex class 1 (MHC class 1) complexes on the cell surface. This
recognition attracts immune molecules to diminish cells. As re-
ported by Baruah and Bose [46], there are five different CTL epi-
topes, three sequential B cell epitopes, and five discontinuous B cell
epitopes in the SARS-CoV-2 surface glycoprotein. However, sam-
ples collected from SARS-CoV-2-infected subjects suggested that
CD3%, CD4™, and CD8™ levels were mostly below the normal range
as both B cells and NK cells were significantly decreased. This
finding paralleled those of studies showing direct viral killing of
lymphocytes as a reason for the massive reductions in various
immune cell populations, which caused lymphopenia in COVID-19
patients [39,47]. Xiong et al. [48] reported the presence of several
altered genes in bronchoalveolar lavage fluid, with one surprising
result, an increase of TP5313, which is known to be vital during p53
signaling-induced programmed immune cell death.

Since a trial of recombinant IFN showed remarkable results as a
SARS-CoV treatment, a similar trial is currently under way for
SARS-CoV-2 [49]. Various pharmacological interventions that
showed significant improvement in IAV, SARS, and MERS infection
are now being applied to SARS-CoV-2 cases. However, specific,
effective therapies for patients with COVID-19 have not yet received
clinical approval [50].

4. miRNAs in SARS-CoV-2

The discovery of miRNAs as part of RNAi with antiviral ability
was observed quite well but still remained unclear. Attachment of
SARS-CoV-2 to host receptors enables the virus to release its
genome into the cytoplasm, where it employs the host machinery
for replication. Once in the cytoplasm, an antiviral defense, in the
form of host endogenous miRNAs, is activated that it recognizes
small viral RNA (svRNA) [51,52]. The RNA-ase III endonuclease
Dicer, the enzyme that processes mature miRNAs, allows the host
RNAi machinery to control viral RNA replication by specifically
recognizing the viral double-stranded RNA (dsRNA) through com-
plementary sequence recognition. This allows the virus to evade
the host antigen-specific response to viral proteins [53].

An in silico study suggested that numerous cellular miRNAs
could target the SARS-CoV-2 genome, with each miRNA having up
to 10 target sites. Thus, these miRNAs have the potential as thera-
peutic agents. However, as shown in an miRNA analysis by Fulzele
et al. [20], miRNA activity in patients infected with SARS-CoV-2 is
age-dependent. Younger patients have more host miRNAs with
viral complementary binding sites than aged individuals, and thus
may be better able to prevent viral replication. This finding is also
supported by a study by Huan et al. [54], which showed that miRNA
levels in peripheral blood are related to age.
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4.1. miRNA-based therapeutic approaches in SARS-CoV-2

The advantage of identifying the hallmarks of any disease, such
as those caused by viral infections, is that such information helps
scientists develop therapies. Nucleosides, nucleotides, viral nucleic
acids, and enzymes/proteins involved in the replication and tran-
scription of SARS-CoV-2 are potential treatment targets [49]. As
mentioned briefly above, miRNAs have a significant relationship
with viral infection, as they can either enhance viral activity or stop
replication through numerous pathways. Several studies of miRNA-
based therapies have been conducted, and in cancer, the use of
miRNAs has successfully increased the survival rate [12]. Current
miRNA-based therapies focus on suppressing or enhancing miRNA
activity. Strategies that inhibit miRNA expression utilize modified
miRNA inhibitors or oligomers, such as miRNA antisense therapy,
small molecule inhibitors, locked nucleic acids (LNAs), peptide
nucleic acids (PNAs), morpholinos, miRNA sponges, and miRNA
binding site silencing using gene-targeted single-stranded RNA
(ssRNA) sequences. In contrast, miRNA replacement therapy usu-
ally refers to augmenting cellular miRNA activity by transfecting
synthetic mimics or miRNA-loaded lentiviral vectors [55]. An
antagomir is a small synthetic RNA with the ability to bind to
certain genes through complementary sequences [56]. Antagomir
miR-122 transfection was reported as the first synthetic oligonu-
cleotide therapy, and it was shown to cure hepatitis C virus (HCV)
infection. Thereafter, several studies have been conducted using the
same strategy. In contrast to antagomirs, miRNA mimics interact
with the target by assembling with the non-distinguishable sense
of true endogenous miRNAs to induce changes in mRNA expression
through miRISC (Fig. 1) [5,22]. The main purpose of administering
miRNA mimics is to restore the functional level of an underex-
pressed intracellular miRNA that is related to disease. Several
miRNA mimic therapies have shown potential, especially in cancer,
and one clinical trial for hepatocellular carcinoma has been con-
ducted. However, due to five cases of immune-related side effects,
the study was halted in September 2016 [4,22].

4.2. miRNAs that target viral proteins related to host binding

Among the structural proteins that envelop SARS-CoV-2, the
spike (S) glycoprotein is considered to bind to host cells through the
ACE2 receptor [29]. ACE2 receptors are abundantly expressed in the
lungs and heart, and are also expressed in the digestive tract, testes,
and kidneys. This distribution of ACE2 receptors explains the wide
variation in the symptoms and clinical signs of SARS-CoV-2 infec-
tion [57]. In the circulation, ACE2, which is an ACE homolog, plays a
role in regulating blood pressure and electrolyte levels [58,59].
Similar to SARS-CoV, after the S1 subunit binds to ACE2, the S2
subunit of the S protein is likely to undergo conformational
changes, leading to viral-to-host attachment, which promotes viral
entry. Internalization causes SARS-CoV-2 to release its viral RNA
genome into the cytoplasm (Fig. 1). The attachment process is
peptidase-activity independent, but several transmembrane pro-
teinases may be involved in binding [59,60]. RNA interference
(RNAI) has been widely utilized to silence certain mRNAs in SARS-
CoV infection since the SARS/MERS pandemics more than 10 years
ago [61]. For example, Qin et al. [60] transfected the sense and
antisense templates of small interfering RNAs (siRNAs) into SARS
CoV-infected HEK293T cells and tested the ability of the small non-
coding RNAs to bind with the SARS-CoV S gene and modulate its
degradation, resulting in the failure of host cell receptor binding.

Like siRNA, miRNA-mediated RNAI has attracted much interest.
During a respiratory infection, ACE2 is thought to function to pro-
tect the lungs from excess inflammation that would trigger ARDS.
As shown in Table 1 [62-66], the results of one study targeting the
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Fig. 1. The illustration shows how transfected antagomir and miR mimic to host cell being processed intracellular. MiRNA: microRNA; antagomir: antagonist microRNA; ACE2:
angiotensin converting enzyme-2; TMPRSS2: transmembrane protease serine 2; ISG: interferon stimulated gene; miRISC: miRNA-induced silencing complex.

Table 1
Examples of miRNA-based therapies for respiratory infectious diseases.
miRNA therapy Virus Targets Effects Refs.
Antagomir-miR- H5N1 ACE2, NF-kB upregulation  Decrease lung edema in severe pneumonia in mice model [62]
200c-3p influenza
Antagomir-200c-5p H5N1 DUSP1 Attenuate pulmonary inflammatory responses and lung injury [62]
influenza
miR-17 mimic SARS-CoV  Viral S, N, E, M protein and Deactivate viral proteins based on microarray analysis (BASCGAP consortium) in bronchoalveolar [63]
miR-574—5p mimic ORFla stem cells (BASC)
miR-214 mimic
miR-223 mimic SARS-CoV N and S protein Viral entry based on microarray analysis (BASCGAP consortium) in BASC [63]
miR-98 mimic
miR-155 mimic VSV STAT1, STAT2 Phosphorylate STAT1/2 to activate ISGs transcription in murine-VSV infected ex vivo model [64]
Inhibitor hsa-let-7e- Human-Adv NF-kB, SOC, STAT, and IFN  Viral replication in human primary lung fibroblasts (IMR-90) cells infected with HAdV5 [65,66]

Sp

Abbreviation: Antagomir: antagonist miRNA; ACE-2: angiotensin converting enzyme-2; DUSP1: dual-specificity phosphatase 1; BASC: bronchoalveolar stem cells; BASCGAP:
bronchoalveolar stem cells genome anatomy projects; STAT1/STAT2: signal transducers and activators of transcription 1 and 2; VSV: vesicular stomatitis virus; ISG: interferon
stimulated gene; Human-Adv: human adenovirus; SOC: suppressor of cytokine; IFN: interferon; HAdV5: human adenovirus-5.

ACE2 receptors in the lungs during H5N1 influenza infection led to
acute lung injury or ARDS. This study showed that the virus
massively disrupted ACE2 expression upon binding. In a mouse
model, plasma miR-200c-3p levels were significantly elevated and
were correlated with ARDS symptoms. Administration of antago-
mir miR-200c-3p successfully ameliorated lung edema in the
mouse model by upregulating ACE2 expression, which induced NF-
kB activation [62]. This study was also supported by the findings of
Nersisyan et al. [67], who identified several miRs, such as hsa-let-
7e/hsa-miR-125a and hsa-miR-141/hsa-miR-200 that target ACE2
and TMPRSS2 genes and are modulated by lysine-specific deme-
thylase 5 B (JARID18). Surprisingly, Sacconi et al. [68] demonstrated
through bioinformatics and experimental analyses that patients
with head and neck cancer might have higher resistance to SARS-
CoV-2 infection due to downregulated expression of TMPRSS2.
Further observation showed a strong correlation with the upregu-
lation of miR-31—-3p and miR-503—5p. However, this finding re-
quires confirmation in studies targeting these miRNAs in SARS-
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CoV-2-infected cells. Another study investigated several host
miRNA targets within SARS-CoV that were expressed in bron-
choalveolar stem cells (BASCs) (Table 1 [63]). Downregulated ex-
pressions of miR-17, miR-574—5p, and miR-214 in BASCs were
found to enhance the activities of not only the S glycoprotein but
also the nucleotide (N) protein, matrix (M) protein, small envelope
(E) protein, and ORFla primarily by acting upon host receptor
binding. Therefore, suppressing the expressed viral proteins by
upregulating these miRs is likely to inhibit viral internalization.
Similar results were observed for miR-223 and miR-98; down-
regulation of these miRs (by 8.7- and 5.6-fold, respectively) enabled
the N protein and S glycoprotein to engage in viral-to-host trans-
mission [63].

In silico studies have shown remarkable results in identifying
3CLP™ and RdRp as potential target candidates. However, no
miRNA-related studies have confirmed this association. In a study
conducted by He et al. [69], it was shown that six designed 21-mer
siRNAs were able to target various regions of the SARS-CoV
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replicase gene (ORF1a). Although this in vitro experiment showed
promising results, its clinical usefulness remains to be determined
[69,70].

4.3. Role of miRNAs in accelerating interferon-induced antiviral
activity

Thus far, three studies have been published that were aimed to
identify miRNAs significantly expressed in lung epithelial cells from
SARS-CoV-2 patients. Chow and Salmena [71] found 11 miRNAs
that were common in all the studies: hsa-miR-5047, hsa-miR-
1301—-3p, hsa-miR-125a-3p, hsa-miR-19b-2-5p, hsa-miR-141—-3p,
hsa-miR-19b-1-5p, hsa-miR-1301—3p, hsa-miR-196a-5p, hsa-miR-
4758—5p, hsa-miR-15b-3p, and hsa-miR-153—5p [20,72]. Analyses
such as these will enable scientists to develop miRNA-based ther-
apies for patients with SARS-CoV-2 infection. Although no existing
and clinically approved antagomirs or mimics have been used for
SARS-CoV-2, some studies have shown positive results against
other viral infectious diseases, such as influenza A [25,71].

Genome wide analyses have revealed host miRNAs that function
as either viral enhancers or inhibitors. As antiviral agents, miRNAs
mainly act by inhibiting viral RNA production, blocking viral
replication, suppressing pro-viral proteins, or inducing the virus to
enter a latent phase [73]. Khan et al. [74] found that dysregulation
of host miRNAs caused by viral genome interaction in SARS-CoV-2
infection primarily disrupts TLR signaling, which is vital to the
activation of antiviral activities, such as IFN regulation and cytokine
production, and it also disrupts IL, TRAF6, S1P1, estrogen receptor,
protease-activated receptor (PAR), and bone morphogenetic (BMP)
signaling. When viral-host recognition occurs, the host innate im-
munity immediately responds by activating the NF-«B transcription
factor to modulate the expression of interferon-stimulated genes
(ISGs). ISGs exert antiviral effects by expressing the genes that
encode type 1 IFNs. Several miRNAs have been identified that
enhance modulation during this process [75]. A study by Wang
et al. [64] showed that delivery of miR-155 mimics could alter the
phosphorylation of signal transducer and activator of transcription
1 and 2 (STAT1 and STAT2) in murine macrophages after ex vivo
vesicular stomatitis virus (VSV) infection. STAT1/2 is characterized
by its ability to attach to DNA in the regions that encode ISG pro-
teins. Thus, they act as promoters of transcription [73,76]. Using
chromatin immunoprecipitation (ChiP) analysis of miR-21 in the
DU145 cell line, Yang et al. [77] identified the binding site for [FN-
induced NF-kB in the miR-21 promoter of a complex that showed to
contain STAT3 and the p65 NF-kB subunit. Downregulation of miR-
200a in the host increased ISG protein expression by targeting IFN-
o, receptors and STAT2/4, while upregulation of miR-223 induced
apoptosis in influenza virus-infected patients by repressing CREB
activity and modulating NF-kB activity, thereby supporting proin-
flammatory responses [78,79]. Lai et al. [80] investigated numerous
miRNAs with elevated expression during human coronavirus 0C43
infection that suppressed the virus by binding to its nucleocapsid,
and miR-9 was one of the miRs that also upregulated NF-«kB
expression and synergized cell sensitivity to TNF-a.

Activation of Tand B lymphocytes in SARS-CoV-2 infection could
also be mediated by miRNA. There have been several studies on the
protective function of various miRs in adaptive immune responses,
such as miR-17-92, which is considered to be a key regulator of T
cell development and supports T cell survival through BCL-2 and
phosphatase and homolog-mediated tensin (PTEN) [81]. In addi-
tion, in vitro and in vivo studies of miR-155 have suggested that its
upregulation is correlated with larger numbers of active human
CD8" T cells. Conversely, an miR-155 deficiency resulted in
increased type I IFN signaling and reduced proliferation of CD8* T
cells [82].
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Recent studies using computational approaches have suggested
that SARS-CoV-2 encodes miRNAs that may play a role in evading
host immune surveillance through several signaling pathways that
may be targeted indirectly, such as the TLR, IL, TRAF6, autophagy,
IFN-I, Wnt, and mammalian target of rapamycin (mTOR) signaling
pathways [74]. This finding was also supported by a study con-
ducted by Chow and Salmena [71], which showed that SARS-CoV-2
might have evolved to form a complex secondary structure
involving the coding region, and as a result, could evade the effects
of endogenous RNAi. However, this conclusion did not finalize the
hypothesis, and more studies were needed to confirm these find-
ings. The first study to observe the miRNAs in a virus was an
investigation of bovine leukemia virus (BLV). In this virus, replica-
tion can occur only when miRNAs bind to the mRNA of transcrip-
tion factors. Ebola virus (EBOV) has also been reported to encode
several miRNAs based on observations obtained using HEK293T
cells transfected with a plasmid harboring an EBOV pre-miRNA, and
the host cell machinery induced viral miRNA production upon
interaction [17].

5. MiRNA delivery systems

Systemic miRNA delivery still faces significant challenges since
delivered miRNAs could access many cytosolic mRNAs. In in-
fections, immunity acts as a double-edged sword, and it has been
reported that miRNAs may activate the innate immune response or
even be rejected by cellular immunity [12,22]. In addition, the
physiological characteristics of miRNAs, such as their short half-life,
make them difficult to handle. Before an miRNA reaches its target, it
may be degraded [83], and delivery of naked miRNA is impossible.
Therefore, each miRNA needs to be conjugated to a special vehicle.
Several crucial points must be considered when constructing vec-
tors for miRNA delivery, including possible toxicity and formulation
of the effective dose to maximize bioavailability [12]. To minimize
possible toxicity, nanocarriers may be the answer. Recently, well-
developed nanocarriers based on organic, inorganic, lipid, protein,
glycan, or even synthetic components have been developed [84,85].
Some carriers used in clinical settings are liposome-based, nano-
crystal-based, emulsion-based, and iron-carbohydrate complex-
based nanocarriers [86]. Nanocarriers are often chemically modi-
fied with peptide-like antibodies, proteins, or small molecules to
ensure high transfection through cells [87]. To minimize possible
toxicity and immunogenicity risks of viral vectors, nanocarriers
may be the answer. Nucleic acid delivery systems usually require a
nanocarrier or vector. The use of a viral-capsid vector is still a
popular notion; however, they often trigger serious immune re-
sponses in the host [88,89].

6. Conclusions

Understanding the role of miRNAs in SARS-CoV-2 pathobiology
has been gaining interest. Although the overall mechanism of viral
infection for SARS-CoV-2 has been well clarified based on those of
the related viruses, SARS-CoV and MERS-CoV, many questions
remain regarding the exact molecular signaling pathways involved.
Various miRNA-related studies have attempted to explore the as-
sociation between small non-coding RNAs and the expression of
numerous mRNAs. The structural and accessory envelope proteins
of SARS-CoV-2 are the basic viral proteins that can be targeted by
host miRNAs to block infection. For instance, miR-17, miR-574—5p,
and miR-214 are shown to induce degradation of the S glycoprotein,
N and M proteins, and ORF1a. Upon binding to ACE2 receptors, host
immunity is activated in an attempt to kill the virus and stop
further replication. Several miRNAs, such as miR-155, would enable
us to target both the innate and adaptive immunity of the host. It
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has also been shown that miR-9 plays a role in upregulating NF-xB
expression and boosting immunity. Some miRNAs could be used as
diagnostic tools to screen patients or even as therapies. The results
of the miRNAs imbalance through screenings can be developed into
either miR-inhibitor or miR-mimics for therapeutic strategies.
However, several challenges remain, especially in the safe delivery
of miRNAs. Various solutions are being developed to manage this
problem. We do know that some non-viral vectors can be used to
transfect miRNAs with fewer immunogenic and toxic effects.
However, further studies are required in the near future to develop
suitable and precise delivery of miRNAs for the treatment of SARS-
CoV-2 infection.
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