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A B S T R A C T   

COVID-19 is a highly transmissible disease caused by severe acute respiratory syndrome coronavirus-2 (SARS- 
CoV-2), affects 226 countries and continents, and has resulted in >6.2 million deaths worldwide. Despite the 
efforts of all scientific institutions worldwide to identify potential therapeutics, no specific drug has been 
approved by the FDA to treat the COVID-19 patient. SARS-CoV-2 variants of concerns make the potential of 
publicly known therapeutics to respond to and detect disease onset highly improbable. The quest for universal 
therapeutics pointed to the ability of RNA-based molecules to shield and detect the adverse effects of the COVID- 
19 illness. One such candidate, miRNA (microRNA), works on regulating the differential expression of the target 
gene post-transcriptionally. The prime focus of this review is to report the critical miRNA molecule and their 
regular expression in patients with COVID-19 infection and associated comorbidities. Viral and host miRNAs 
control the etiology of COVID-19 infection throughout the life cycle and host inflammatory response, where host 
miRNAs are identified as a double-edged showing as a proviral and antiviral response. The review also covered 
the role of viral miRNAs in mediating host cell signaling expression during disease pathology. Studying mo
lecular interactions between the host and the SARS-CoV-2 virus during COVID-19 pathogenesis offers the chance 
to use miRNA-based therapeutics to reduce the severity of the illness. By utilizing an appropriate delivery 
vehicle, these small non-coding RNA could be envisioned as a promising biomarker in designing a practical 
RNAi-based treatment approach of clinical significance.   

1. Introduction 

Recently the world went through a serious outburst of the deadly 
SARS Coronavirus 2 (severe acute respiratory syndrome coronavirus 2). 
It was started in the December of 2019 when there was a cluster of 
pneumonia cases in the city of Wuhan in China. Corona Viruses are the 
genera of single-stranded RNA viruses circulating within a population 
ranging from animals to humans for a very long time. These viruses are 
grouped under the subfamily Coronavirinae in the Coronaviridae family. 
This subfamily consists of four main genera of coronaviruses- Alpha, 
Beta, Gamma, and Delta (2020). 

To date, we know seven coronaviruses viz 229E(Alpha), NL63 
(Alpha), OC43(Beta), HKU1(Beta), along with MERS-CoV(Beta corona
virus causing Middle East Respiratory Syndrome), SARS-CoV(Beta 
coronavirus causing severe acute respiratory syndrome) and the latest 
SARS-CoV-2(novel coronavirus causing COVID-19) which have a history 
of infecting humans [1]. Undoubtedly it could be quoted as the primary 
cause of human mortality. The symptoms of the novel Coronavirus could 

range from fever and cough to severe pneumonia with an incubation 
period of 2 weeks. Despite being equipped with advanced technology, 
it's a big challenge to keep pace with the quick spread of infectious 
diseases. The cause of this rapid reach could be quite diverse; majorly 
varied geographical zones and globalization have contributed to the 
emergence of new variants as potential sources of infection. In order to 
identify a potential therapy against this global situation, one approach 
could be finding the likeliness of SARS CoV-2 with other viral infections 
under the same family of viruses [2]. The currently hyped vaccine 
technology has proven successful in tackling the previous outbreaks. In 
2020, vaccines for SARS CoV-2 had shattered previous records going 
from development to its approval in a matter of months, but still, it 
might not be able to cope with the newly emerging SARS-CoV-2 mutants 
and the durability of immunity post-vaccination [3]. That being the 
case, few novel diagnostic and therapeutic strategies targeting these 
RNA viruses is the need for an hour. 

MicroRNA or miRNA is a 19–24 nucleotide long, evolutionary 
conserved endogenic RNA categorized under the family of small non- 
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coding RNA. There is a prospective role of miRNA in the SARS-CoV2- 
Host dialogue [4]. It modulates its role by targeting complementary 
mRNA and silencing its function by either inhibiting mRNA translation 
or degradation of mRNA [5]. 

There are several ways by which SARS-CoV-2 infection could be 
hampered: (1) Inhibition of Viral Replication, (2) Blockage of cellular 
receptors, and (3) Hindering the function of viral proteins. The miRNA- 
based therapy is a novel approach and could be a possible diagnostic, 
prognostic, and therapeutic target that could be incorporated in addition 
to the conventional COVID-19 treatment regime. The miRNA can inhibit 
the viral replication by attaching itself to the 3′UTR region of the viral 
genome or the cellular targeting receptor or obstructing the structural 
and non-structural proteins of SARS-CoV-2 without perturbing the 
expression of the human genome [6]. This review encompasses the role 
of miRNA during different stages of the interaction of human and viral 
miRNAs during the course of SARS-CoV-2 infection. Considering the 
vital involvement of miRNA as the spoke in the wheel of pathogens, 
novel strategies inculcating the use of miRNA and the use of modern 
technological advancements, their delivery, associated shortcomings, 
and insight can be incorporated into future research for the management 
of COVID-19 pandemic. 

2. Epidemiological update on COVID-19 

As of 27th March 2022, the World Health Organization provides a 
comprehensive epidemiological state of COVID-19 prevailing around 
the globe. It suggests a sharp declining trend in the overall cases by 14 % 
compared to the prior week. In addition to that, the new death toll 
strikes the previous record by 43 %. It is worth mentioning that taking 
the six regions of WHO under consideration; all the regions have reached 
the landmark of reducing the number of new cases. Despite this fact, 
countries such as Chile, the USA, India, the Russian Federation, and the 
Republic of Korea show the maximum number of new deaths, which is 
alarming. The key observation from this report includes consistent 
fluctuation in COVID-19 tests leading to perform less number of tests 
and hence a reduction in the number of new cases. The represented data 
thus loses its accuracy and reliability, is less robust, and insufficient 
surveillance, thereby limiting the assessment of the spread of the 
COVID-19 virus and the Variants of Concern (VOC). This will clearly 
restrict the routine treatment and precautionary measures that may 
account for future COVID-19 waves. Hence, it is crucial to identify a 
universal vaccine tailored to appropriate social practices [7]. 

An epidemiological update on the Omicron-Delta recombinant 
variant (XD Pango lineage) has triumphed in recent times due to the 
high death rates. Further evidence is still needed from the WHO's end. A 
massive study had been performed on the trends of SARS CoV-2 on the 
basis of gender parity, suggesting a higher prevalence of morbidity and 
mortality in male than female. On a similar line of work, Giada Ponte
corvi et al. mentioned the possible role of miRNAs in exhibiting the 
COVID-19 gender parity. Their objective was to extract the miRNAs 
which are mainly revolving around the prime interacting components; 
ACE-2 receptor, TMPRSS2, ADAM 17, and Furin expand the scope of 
post-transcriptional miRNA regulation in the COVID-19 pathogenesis 
[8]. 

3. COVID-19: the enemy 

3.1. Genomic architecture of SARS-CoV-2 virus 

SARS-CoV-2 genome is known to have a single-stranded enveloped 
positive-sense RNA (+ssRNA) virus. According to the NCBI genome 
database for the novel SARS CoV-2, it constitutes 13–15 open reading 
frames (ORF), of which 12 are functional with the GC content of about 
38 %, the genomic arrangement of the ORFs is remarkably similar to that 
of SARS-CoV and MERS-CoV. In addition to that, the genetic makeup 
also involves 16 nonstructural proteins (nsp), four structural proteins 

viz. the Spike glycoprotein (S), an envelope protein (E), the membrane 
protein (M), and nucleocapsid phosphoprotein(N), and six accessory 
proteins (viz 3a, 6, 7a, 7b, 8, 10) [9]. The family of CoV is known to hold 
16 non-structural proteins, which have a role mainly in their RNA syn
thesis. The CoVs have a unique and unprecedented feature where the 
CoV nsp14 codes for a special exoribonuclease (3′-5′) known as ExoN 
[10]. This assist in the persistence of infection, giving them an added 
advantage based on its stability. The Spike proteins are responsible for 
constructing spikes that aid in the attachment of the virus to the host 
receptor present on the surface of the viral coating. The electron mi
croscopy images results suggest that the S proteins are made up of S1 
and S2 subunits. S1subunit is involved in the attachment of the virus in 
the host's range and cellular orientation, while S2 subunits check the 
membrane fusion of the viral to the host cell membrane [11].The 
Membrane glycoprotein is a triple-spanning membrane protein that 
drives the assembly of the SARS-CoV-2 by binding to the nucleocapsid 
[12]. The Envelope protein is an integral membrane protein highly 
involved in viral pathogenesis. 

The Nucleocapsid glycoprotein stabilizes the viral RNA structure via 
two different domains. These proteins play a crucial role in the virus 
entry, fusion, and survival in the host cells; hence, we can be quoted as 
the potent drug target [13]. Numerous single mutations have been 
realized in the SARS-CoV-2 genomes since the virus first erupted in 
2019, which have induced the emergence of risky variants. Although 
genetic changes have also been noted from other genomic regions, such 
as ORFs 7b, 8, 10, and nsp3, several SARS-CoV-2 genes, including S, N, 
and NSP12 (RdRP), have evidenced substantial mutability. As in ORF10 
protein, Hassan et al. found 128 single and 35 co-occurring mutations 
directly influencing pathogenicity. Additionally, they noted that 
missense mutations had drastically reduced ORF10's stability [14]. With 
the incidence of highly frequent mutations in ORF7b and ORF8, 
demographically relying upon mutations and a cyclical emergence of 
dominant mutations have been reported in various countries as variants 
of concern [15]. High viral transmission and immune escape have been 
linked to genetic alterations R203K and G204R in the N protein and 
Q27stop in ORF8 [16]. To identify and develop a potential target for the 
SARS CoV-2, it is crucial to be well versed in the intricate mechanism of 
viral replication along with the knowledge of host-virus interaction and 
its regulation inside the host's body. 

3.2. Lifecycle and pathogenesis of SARS CoV-2 virus 

Intending to discover a novel strategy to combat the fatal SARS-CoV- 
2 virus, it is crucial to be aware of the molecular pathways governing the 
pathogenesis of the virus. A comprehensive study performed by Bosch 
et al. classified the life cycle of SARS-CoV-2 with the host tissues into five 
stages: Attachment, Viral entry, Viral replication, and Protein synthesis, 
Maturation, and Release [17]. The SARS-CoV-2 virus employs the virion 
to invade the host cell to complete its life cycle by the mode of repli
cation within the host cell to increase the copy number of the virus 
particles. This ultimately leads to cellular infection as well as increased 
transmissibility. The pathway by which the COVID-19 virus mediates its 
lifecycle and induces viral pathogenesis requires generous efforts to 
resolve. Nevertheless, as per the published studies so far, the SARS-CoV- 
2 replication cycle mainly initiates with-. 

Attachment of SARS-CoV-2 viral spike protein to the host cell re
ceptor (ACE-2) where the spike protein facilitates cell tropism by 
directing the S protein to penetrate specific host tissues consisting of 
host cell receptors angiotensin-converting enzyme 2 (ACE) for viral 
entry. Angiotensin-converting enzyme 2 (ACE-2) is a cellular receptor 
encoded mainly in the lung, heart, kidneys, intestine, and arteries. S 
glycoprotein undergoes cleavage into the S1 and S2 subunits by the 
presence of an extracellular protease Transmembrane protease serine2 
(TMPRESS2). The S1 subunit of the S protein attaches itself to the ACE-2 
receptor while S2 underwent further cleavage with the help of 
TMPRESS2 for membrane fusion [16]. The viral entry is mediated via 
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any one of the two processes. First, fusion of viral and host cell mem
brane to allow the viral genome admittance within-host cytosol. Second, 
endocytosis of the ACE-2 receptor-bound virus enclosed in a vesicle to 
grant entry into the host cytoplasm and subsequently viral RNA genome 
released in the host cytoplasm. Following that, the viral genome uncoats 
to set the viral RNA free. Host cell machinery for the translation is 
hijacked for viral RNA translation of polyproteins (pp1a and pp1ab) and 
critical viral proteases. The polyproteins are further processed to 16 
nonstructural proteins with the assistance of 3 CLpro and PLpro forms 
complex. Formation of Clpro and PLpro complex with RNA-dependent 
RNA polymerase to synthesize a negative strand of RNA as a template. 
This serves as a template for positive-stranded RNA viral genome, 
replication of the complete RNA genome and generation of subgenomic 
mRNA for the process of translation of viral structural and accessory 
proteins. This newly formed structural (e.g., S, E, M, and N) and 
nonstructural accessory protein assemble at the transitional zones to 
trafficked between ER and Golgi body in a membrane-enclosed vesicle. 
Both the cellular organelle are found associated with post- 
transcriptional regulation, protein synthesis, packaging of protein, and 
transport [17, 18]. Lastly, with the maturation of SARS-CoV-2 virion, 
they are translocated encased in a vesicle towards the host cell mem
brane to undergo exocytosis to discharge into the extracellular milieu. 
This release of the virion doesn't rip the host cell apart hence referred as 
non-lytic exocytosis. This invasion contributes to the virulence of the 
protein which is an infective mediator in the community transmission of 
respiratory droplets. The infected cells undergo apoptosis/necrosis that 
activates the host's inflammatory response. This can be marked by the 
assembly of pro-inflammatory cytokines and the production of T helper 
cells or macrophages [18]. This turns out with a dramatized immune 
reaction of uncontrolled cytokines and chemokines levels circulating 
into the blood, thus embarking on a condition known as a cytokine 
storm. This condition drives the progression of the systemic inflamma
tory response, which brings about a state of acute respiratory distress 
syndrome (ARDS) and a series of tissue/organ damage [19]. This makes 
a critically diseased condition and boosts COVID-19-linked co-morbid
ities like coagulopathy, thrombosis, inflammation, and multiple organ 
failure in severely ill COVID-19 patients [20]. 

4. MiRNA-biogenesis and mechanism of action 

An organism's genome comprising DNA/RNA directs the regulation 
of cellular processes, cell to cell communication, and homeostasis [21]. 
The regulation of these complex processes is carried out with the help of 
protein encoded by the nucleic acids. Surprisingly, only 1–2 % of the 
human RNA is transcribed by DNA and could be categorized under the 
coding region, while the rest of the lot is derisively known as junk or 
noncoding RNA. These noncoding RNAs (ncRNA) are emerging as the 
major players in evolution and are known to mediate chunks of signaling 
pathways essential for an organism's survival. These ncRNA could be in 
the form of circular RNA (circRNA), long ncRNA (lncRNA), small 
nucleolar RNA (snoRNA), or Micro RNA (miRNA) [22]. 

miRNAs are short noncoding RNAs having an approximate length of 
22 nucleotides. Most of the miRNA are synthesized as a result of DNA 
transcription, which at the outset forms primary miRNAs and is later 
processed to precursor miRNAs [23]. Most miRNAs target the 3′UTR of 
the specific mRNA, but in the case of virus miRNA, it has been found to 
bind at 5′UTR to repress gene expression. Current literature has 
mentioned that miRNA ferries among the different subcellular locali
zation to direct the transcription and translation pathways [24]. Any 
strange behavior mediated by these miRNAs is a strong indicator of any 
host infection. miRNAs are mainly reported in two forms: extracellular 
or circulating miRNA found in the extracellular fluids, whereas cellular 
miRNA is present inside the cell [25,26]. miRNA begins its biogenesis 
with post – or co-transcriptional modification of RNA polymerase II/III 
transcripts. Generally, miRNAs are either intragenic, processed mainly 
from noncoding genes or introns and few from exons of the mRNA 

transcripts or intergenic transcribed autonomously by their promoter 
with any host gene involvement. miRNAs also encode a family of clus
ters having comparable seed regions. Broadly miRNA biosynthesis can 
take place in one of the two pathways, viz. Canonical or Noncanonical 
[27]. The Canonical pathway of miRNA biogenesis, also known as the 
classical pathway, initiates the formation of a >70 nucleotides long pri- 
miRNA transcript from miRNA genes. After that, the pri-miRNA is 
subjected to a microprocessor complex consisting of Drosha and DGCR8, 
which metabolizes the former to a ~65nucleotide length pre-miRNA 
[28]. This pre miRNA travels from the nucleus to the cytoplasm with 
the help of Ran-GTP depending on exportin-5 and modifies itself to 
miRNA duplex ~22 nucleotides. This step is facilitated by another 
complex of Dicer and RNA binding protein (TRBP/PACT) [29]. One 
strand of the duplex RNA is degraded while the other remains intact and 
associates with Argonaute (AGO) to form a miRNA-RISC complex. 
Contrarily the noncanonical pathway began with the cleavage of small 
hairpin RNA (shRNA) by the microprocessor complex and exported to 
the cytoplasm associated with Exportin-5/Ran GTP. From here on, these 
can progress by Dicer independent or Dicer dependent pathways. In the 
former pathway, the pre-miRNA is processed in AGO-2 dependent 
manner [28]. The latter pathway could be observed in the case of Mir
trons and (m7G) 7-methylguanine capped pre-miRNA, which complete 
their maturation in a Dicer-dependent manner. Mirtrons differ from 
m7Gcap in nucleocytoplasmic shuttling, where Exportin exports 
mirtrons-5/RanGTP and m7Gcap by Exportin 1, ultimately leading to 
the miRISC complex [30]. This new complex complements the 3′ or 
5′UTR (completely/partially) of the target mRNA where the RISC en
forces a family of GW182 proteins to attach with polyAbinding proteins 
(PABPs) employing CCR4-NOT deadenylase complex [31]. This complex 
destabilizes it, resulting in degradation via exoribonuclease. It is worth 
mentioning that complete complementary interaction induces degra
dation of target mRNA while partial complementary interaction inhibits 
translation. Fascinatingly miRNA merely embodies 1 % of the total 
human gene; however, it could umpire the expression of about 60 % of 
the protein-encoding gene (Fig. 1) [32]. 

5. miRNAs as therapeutic biomarker 

The miRNAs have been acknowledged as potential biomarkers in 
case of a broad range of infections from tuberculosis to HIV to globally 
encountered current acute respiratory syndrome, SARS-CoV-2. These 
noncoding RNA is associated with modulation of gene expression and 
provides a perfect means to evaluate alternation in the miRNA expres
sion, uniquely discriminating a complicated case from an uncomplicated 
one. These small molecules meet almost all the requisite criteria to take 
the position of an ideal biomarker; thus, they are highly specific, 
accessible, marked sensitivity, extended long half-life in sera, rapid, and 
clinically economical (https://www.fda.gov/drugs). The detection of 
miRNAs is performed using standard means involving qPCR, northern 
blotting, microarrays, mass spectroscopy, and Next-generation 
sequencing (NGS). Recent trends reveal that researchers favor the use 
of NGS and qPCR more frequently due to the accuracy of these ap
proaches in terms of enhanced sensitivity, specificity, and stability with 
vast input of total RNA. Initial symptoms prevailing in most viral dis
eases are often vague viz. pain, headache, fever, sore throat, etc., giving 
negligible information about the exact cause of infection and its causa
tive agent. A study on Herpes simplex virus-1 miRNAs has shown 
satisfactory specificity, differentiating an active infection stage with 
miRH1 from a latent one with miR-H2-6. Thus, it proves that miRNA 
profiling can give an upper hand during the treatment of patients when 
the regular diagnostics treatments could not succeed. Oncologists were 
the first to utilize this approach, and it is only recently that it could be 
applied for SARS CoV-2 [33,34]. 

Furthermore, these miRNAs could be easily detected in the blood, 
serum, plasma, saliva, cerebrospinal fluid (CSF), urine, and histological 
biopsies and can escape the blood-brain barrier [35,36]. 
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Noncoding transcripts data are accumulated in specified computa
tional databases, and many registered miRNAs are on the verge of get
ting FDA approved. A majority of 90 % of miRNAs occur in association 
with proteins, while the rest, 10 %, are encapsulated in exosomes and 
microbubbles, giving protection under adverse extracellular conditions. 
Recent findings have proposed ample host and virus-specific biomarkers 
accountable for SARS CoV-2 infection [35]. Respiratory illnesses often 
share a similar lung morphological aspect but differ in pathophysio
logical aspects. Grasselli et al. described the pathological conditions of 
SARS CoV-2 as a severe endothelial damage adjunct with high D-dimer, 
disordered plasma membrane, and strikingly amplified mortality rate. 
Examination of COVID-19 patients undoubtedly could permit the early 
detection of disease severances and subsequent follow-ups [37,38]. 

5.1. SARS CoV-2 virus encoded miRNA as potential biomarker 

With the encounter of the deadly virus, the host can trigger an 
extraordinary immune response which can set about differential 
expression of host and viral miRNAs as elaborated formerly. Viral 
miRNA mainly functions by modulating different life cycle phases and 
inducing/inhibiting the expression of host defense mediated pathways. 
Viral miRNAs encoded by the SARS-CoV-2 genome guard their replica
tion machinery and escape the host's immunity by targeting various host 
genes, finally attenuating it. Identification of viral miRNA could be 
accomplished by two main approaches, i.e., in silico analysis and 
sequencing of small cloned RNA [39]. Recent studies have predicted 
3377 human target genes denoting it to be a unique target for 170 SARS- 
CoV-2 encoded matured miRNAs [40]. Earlier, a study was conducted by 
Usme-Ciro et al. on miRNA, which predicted that the biogenesis 
pathway followed by RNA virus encoding miRNA follows the non- 

canonical miRNA biogenesis pathway. This pathway proceeded in a 
Dicer- or Drosha-independent manner [41]. Lately, Drosha-dependent 
miRNA processing in cytoplasmic RNA viruses has also come to light. 
But in the case of SARS CoV-2, researchers are still not able to explain 
miRNA biogenesis and hence pose a hot topic of interest for different 
scientists [42]. 

Viral miRNAs have been widely focused on in recent years to un
derstand their mechanism of action to develop therapeutics. Mostly viral 
miRNAs have shown their role in overall pathogenesis by regulating host 
gene promoters. The findings of an in silico study have shown an anal
ogy between the SARS CoV2 genome and regulatory host miRNA such as 
miR8066, miR5197, miR3611, miR3934-3p, miR1307-3p, miR3691-3p, 
miR1468-5p [40]. Few of the viral miRNAs exhibiting their action along 
different life cycle stages and pathogenesis are compiled below. 

The works of Dr. Xingyin Liu et al. elaborated on the role of virus- 
encoded MR 147-3p in priming TMPRSS2 gene expression in host 
gastrointestinal cells [40]. This causes a viral entry and could be the 
possible explanation for COVID-19 mediated gastrointestinal symptoms. 
TMPRSS2-and endothelial cell surface protein, known to activate viral S 
protein, attaches to the ACE2 receptor aiding viral evasion. The virus 
entails the transcriptional and translational apparatus of the host for 
carrying out its replication, transcription, and protein synthesis. Hence 
SARS CoV-2 employs viral miRNAs to endorse their needs by protecting 
self mRNA from host degradation [43]. They do so by repressing the 
attachment of RNA polymerase II to the host promoter during tran
scriptional initiation by targeting transcriptional factors viz. (TAF4, 
TAF5, TAF7L, MAFG, TCF4, TFDP2, TRPS1, BRF1, SOX11) and human 
mediator complexes like MED1, MED9, MED12L, and MED19 and 
inhibiting few mRNA deadenylases complexes like CCR4-NOT (CNOT4, 
CNOT10, and CNOT6L) [44]. The SARS-CoV-2 can invade other tissues 

Fig. 1. Schematic mode of the interplay between human miRNA and SARS CoV-2 viral miRNA in COVID-19 infected individuals. 
(A) Conventional mechanism of eukaryotic host miRNA biogenesis and regulation of host gene expression. (B) The life cycle of SARS-CoV-2 virus with possible means 
of SARS-CoV-2 genome integration in the host cell and contribution of SARS-CoV-2 virus miRNAs to the manifestation of viral infection 1) virus attachment to host 
cell receptors (ACE-2) via its spike glycoprotein to penetrate the host cell. 2) Viral replication and host miRNA response alternation, as well as the maintenance of 
miRNA targeting sites in the viral genome 3) synthesis and discharge of new viruses to invade unaffected host tissues. 4) Ultimately, triggering the immunosup
pression followed by a hyperinflammatory response in the host body. 
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by releasing and breaking off from the host cell. The viral MR359-5p 
upregulates the expression of MYH9 (non-muscle myosin heavy chain 
9), which promotes attachment, invasion, migration, and release within 
the host cell. The architecture of virus particles is subjected to viral 
uncoating, which is facilitated by the overexpression of MYH9. Studies 
have shown that MR359-5p also enhances the expression of Integrin β-5 
protein which is associated with cytoskeleton-related and adherence 
functions driving viral surfing, trafficking, and internalization. Addi
tionally, Fu et al. study suggested the presence of viral miRNA miR-nsp3- 
3p in the host sera, which might be another potential biomarker option 
[45,46]. The pathogenesis of the viral infection is emanated by 
inflammation, arresting of host cell apoptosis, immunosuppression, and 
other pathological damages [47,48]. 

Khan et al. have demonstrated the contribution of viral miRNAs in 
the modulation of a variety of signaling pathways such as insulin 
signaling, Wnt, T cell-mediated immunity, autophagy, FGF receptor 
binding, Type I Interferon signaling pathways, NF-κB, PI3K/Akt, TNF- 
alpha, ErbB, mTOR, VEGF, TGF-beta and MAPK signaling pathways, 
and the Notch signaling pathway which affect heart and brain devel
opment [40]. SARS CoV-2 employs viral miRNA, which dysregulates 
host miRNAs crucial for fatty acid, metabolism, insulin resistance, renal 
and myocardial processes, and peroxisomes proliferator-activated 
signaling (PPAR) wrap up with COVID-19 infection followed by an 
added overcomplicated comorbidity [40]. 

The SARS-CoV-2 viral miRNA exhibits hybridization of vital human 
proteins like beta and gamma-globin 2 in the hemoglobin subunit, IFN 1, 
and olfactory receptor proteins. This concludes in oxygen fluctuations in 
vital organs and dysosomia, as in the case of COVID 19 [49]. Another 
study on the virus-derived miRNA MR345-5p by Arsian et al. and team 
described the 5′UTR target of the TGF-Beta receptor 3 (TGFBR3) gene, 
which has an activating effect that provokes the host's innate and 
adaptive immune response, generates regulatory T cells, and thereafter 
encourages Th1 differentiation, and maybe the cause of pathological 
trauma. Chemokine-mediated cytokine storm occurs due to activation of 
critical host immune response and chemokine signaling pathway tar
geted by viral miRNAs (miR-1-5p,miR-2-5p, miR-3-5p, miR-4-5p, miR- 
5-5p, and miR-6-5p [50]. 

Pawlica et al. and their team conducted an in-vitro experiment on 
lung-derived cell lines and nasal swabs, which led them to discover a 
viral miRNA-like small RNA viz. CoV2-miR-O7a (SARS-CoV-2 miRNA- 
like ORF7a-derived small RNA). They demonstrated its association 
with Argonaute proteins, a core component of RNAi gene silencing. They 
also managed to identify Basic Leucine Zipper ATF-Like Transcription 
Factor 2 (BATF2) as its putative target, which takes part in interferon 
signaling [51]. Another in vitro study was done by Meng et al. where 
they isolated viral miRNA from COVID-19 infected cell lines like Vero E6 
and Calu-3. They sorted three significant viral miRNAs (v-miRNA-N- 
28612, v-miRNA-N-29094, and v-miRNA-N-29443) extracted from the 
N gene of the viral genome. Further RT-qPCR analysis denoted the 
suppression of host transcripts viz. ACO1, BCAS1, BNIP3L, CLDN10, 
DMBX1, and SNCA by virtue of upregulated v-miRNA-N. They also 
demonstrated a few additional binding targets for viral miRNA like IL-1, 
NLRP3, and caspase 1 in the host inflammasome [52]. 

In-silico study of SARS-CoV-2 encoding miRNA targets the Ca2+
signaling pathway, which acts as a key activator that subsequently af
fects other signaling pathways branching it. A variety of prediction tools 
are used to compare the resemblance of small noncoding miRNA of the 
host to viral miRNAs to identify an efficient target to effectively build a 
human-friendly therapeutic vaccine [39]. One of the computational 
works of Tie Ying Yu et al. has identified three miRNA precursor se
quences with the help of BLAST analysis of novel SARS-CoV-2 and then 
functionally annotated mature and precursor sequences [53]. Aydemir 
et al. figured out that 40 SARS-CoV-2 encoded miRNA and their 
respective targets using computational tools. Those targets were 
significantly involved in various gene signaling pathways, including 
TGFB, JAK/STAT (STAT1 and STAT5B), NFKB; tumor-suppressing- 

AKT1, PTEN, RB1, epigenetic factors like Histone deacetylases and 
JARIDs, and transcription factors. Liu et al. conducted a computational 
project aiming to check the role of SARS CoV-2 encoded miRNAs in the 
lung tissues. Their findings suggested that viral miRNAs were associated 
with amplifying chemokine signaling pathways by inducing proin
flammatory cytokines, mainly CXC chemokine ligand 16 (CXCL16) and 
arrestin beta [39]. These cytokines were predicted to be the binding 
targets of MR147-5p. Similarly, they also revealed MR66-3p to target the 
TNF-alpha transcription enhancer in the spleen, which operates as a 
chief cytokine during inflammation [54]. 

The viral genome encoded miRNA also has a permissive role in the 
immunosuppressive activity. They practice this by dwindling the IFN-I 
signaling pathways and autophagy. Liu et al. have elaborated on the 
role of viral encoded MR328-5p in the over-expression of the Retinoid X 
receptor alpha (RXRα) gene, whose upregulation hampers host immu
nity by repressing IFN1 machinery. The STAT family also downregulates 
the IFN response. The COVID virus has also been reported to hijack host 
miRNAs in the form of proviral factors such as hsa miR-146b and hsa- 
miR-939, which have a key role in host immunity. The findings of 
Saini S et al. have given away that the viral miRNA MD241-3P mis
balances vascular pulmonary homeostasis by curbing the BMPR2 gene 
in the bone, which undergoes TGF-β signaling. Therefore, these decrease 
the antiviral response in the host body and ultimately lead to lung dis
eases [44,55]. 

Viral miRNAs like MD2-5p and MR147-3p, which are predicted to 
stop the activity of pro-apoptotic components such as cation transport 
regulator-like protein 1 (CHAC1) and RAD9A genes, respectively, 
impede the host's apoptotic defense mechanism. By interfering with host 
miR-376b-3p, which is primarily coupled to increase rapamycin 
expression, SARS-CoV-2 virus also suppresses autophagy [56]. The sci
entific community has acknowledged these viral miRNAs as a budding 
space of research that has already taken its pace leading to the break
through of novel viral miRNAs. (Fig. 2). 

5.2. Host encoded miRNAs as potential biomarker 

The dialogue between the human host and the pathogen has shed 
light on the underlying host-pathogen noncoding miRNAs. miRNA 
promotes the regulation of about one-third of the entire human protein 
encoded gene set [77]. Multiple studies on miRNA have shown its 
crucial role in the pathogenesis of various human diseases such as 
cancer, neurological, cardiovascular, and many infectious diseases. The 
interaction of the host and the pathogen arises under miRNA's function 
in intercellular communication [78]. Multiple studies have highlighted 
the role of human miRNAs in fighting viral infections. Since the RNA of 
single-stranded RNA viruses (ssRNA viruses) and host mRNA are struc
turally similar, the binding of miRNA is a simple process for the host. 
According to studies, the miRNA typically associates with a group of 
proteins to form a RISC (RNA-induced silencing complex), which spe
cifically targets the 3′UTR of target mRNAs and suppresses or destroys 
the protein synthesis pathway. However, it is discovered that host 
miRNAs bind to the 5′UTR or gene promoters of viral RNA and then 
cause translational repression. One miRNA from an infected host cell has 
been shown to perform a variety of roles, ranging from activating 
important immune pathways to acting as a proviral factor by interfering 
with immune pathways. By weakening the host's immune surveillance 
pathways, the host miRNA can act as a proviral. Host miRNAs are 
sometimes referred to as bipartite because they promote viral replica
tion, target some of the critical host immune responses to aid viral im
mune evasion, or persistently alter the number of free miRNAs in a cell 
[79]. SARS CoV-2 enters the host cell via the ACE-2 receptors expressed 
on Type 2 pneumocyte cells in particular. Finally, these miRNAs sup
press Toll-Like Receptors (TLRs), which are known to generate antiviral 
responses by stimulating the production of multiple inflammatory cy
tokines (IL-1, IL-6, and IL-8) as well as endothelial function governing 
inherent receptors. Centa et al. reported suppressed expression of miR- 
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26a, miR-29b, and miR-34a in tissue samples from COVID-infected pa
tients' lungs. Surprisingly, they discovered a reciprocal correlation be
tween the levels of Interleukins and the miRNAs mentioned above. With 
the increased expression of IL-4, the level of miR-29b-3p shrinks, and 
likewise, upregulated IL-6 and ICAM-1 lead to low levels of miR-26a-5p 
while IL-8 caused an increased level of miR-29b-3p.In the case of miR- 
34a, its downregulation in CD4+ and CD8+ T cells lifts the level of 
kappa-light chain enhancer of activated B cells; consequently, the In
terleukins show the host miRNA expression during inflammation [80]. 

As mentioned in the literature of Tang et al., miR-146a, miR-21, and 
miR-142 in COVID19 affected induce the inflammatory machinery by 
promoting MAPK and NF-Ƙb signaling [81]. It was identified that 
restricting miR-21 or miR-142 would promote multiple cascading re
actions and activation of the JAK-STAT cell signaling circuit, resulting in 
proinflammatory status advancements. It is necessary to mention the 
virus particles' tactics in targeting the host cell mitochondria. Mito
chondria, also known as the cell's powerhouse, mediate critical cellular 
processes like cell cycle, signaling, metabolism, differentiation, immu
nity, and cell death. For SARS CoV-2 infection, the primary basis of 
mitochondrial trauma is the production of reactive oxygen species ROS 
and the stimulation of inflammatory mediators. The virus can modulate 
this function by directing miRNAs to crash the mitochondrial defense 
mechanism against ROS; for example, miR-2392 works together with 
mitochondrial DNA (mtDNA) to efficiently shut the genes encoding for 
proteins such as methionine-R-sulfoxide reductase, COX 6B1 and COX- 
10, NADH: Ubiquinone Oxidoreductase Subunit S5 (NDUFS5), 
CKMT1A (mitochondrial creatine kinase), Mitochondrial Ribosomal 
Protein L34 (MRPL34), and adenylate kinase 4 (AK4). Besides this, host 
miRNA (miR-302b and miR-372) targets the mitochondrial antiviral 
signaling protein (MAVS), which occurs in the outer mitochondrial 
membrane and is responsible for innate antiviral immunity. Targeting 
these proteins leads to the silencing of type 1 interferon signaling via 

inhibition of Interferon regulatory factors 1 and 2 [82]. The most 
obvious finding that emerged from the analysis of the host-mediated 
miRNA is that one of the host miRNAs, i.e., miR-2392, is known to 
promote glycolysis by specifically thrusting hexokinase two pyruvate 
kinase enzymes which play a key role in sustaining the viral spike pro
tein glycosylation and their replication [82]. 

Host miRNA plays a distinguished role in the life cycle of SARS CoV2 
as well. Prior studies have noted the importance of host miRNAs in 
blocking the attachment and entrance of the SARS CoV-2 by virtue of its 
effect of distinct miRNA families on ACE2 and TMPRSS receptor genes. 
Matarese A et al.'s work on human lung microvascular endothelial cells 
and human umbilical vein endothelial cells reveal that hsa-miR-98-5p 
binds the 3′UTR of TMPRSS2 transcript. hsa-miR-125a-5p miRNA with 
miR-200 family are known to target 3′UTR of ACE2 mRNA in contrast to 
hsa-let-7e-5p, which binds to the 3′UTR of TMPRSS2 [83]. Moreover, 
the ACE 2 receptor is also hindered by hsa-miR-23b-5p and hsa miR-769- 
5p in its 3′UTR [84]. Liu et al.'s manuscript has mentioned another 
miRNA has-miR-4661-3p which reportedly binds and represses the 
3′UTR of the S gene [85]. Plenty of previous research has been con
ducted keeping the S protein gene at the center, citing a few of them, 
including- hsa-miR-510-3p, hsa-miR-624-5p, and hsamiR-497-5p target 
S glycoprotein RNA; hsa-miR-23b and hsa-miR-98 is specifically tar
geting S protein by cleaving Interferon-beta genes and VP1 genes; hsa- 
miR-622, hsa-miR-761, miR-A3r, has-miR-15b-5p, miR-A2r, and hsa- 
miR-196a-5p also target the S protein gene while miR-338-3p, miR- 
4661-3p, miR-4761-5p, hsa-miR-4464, hsa-miR-1234-3p, hsa-miR- 
7107-5p, and hsa-miR-885-5p is unique to the RBD of S gene [86]. Tang 
h et al. carried out a study on the S glycoprotein associated CLEC4M 
gene, which was investigated to get suppressed by hsa-miR-4462 and 
hsa-miR-5187-5p. Additionally, hosts encoding hsa-miR-3934-3p are 
involved in the biosynthesis of extracellular matrix proteins such as 
Heparan Sulfate ProteoGlycan. In contrast, hsa-miR-8066 is involved in 

Fig. 2. SARS-CoV-2 encoded miRNAs present in human serum during COVID-19 infection [14–16,54,57–76].  

M. Panda et al.                                                                                                                                                                                                                                  



Life Sciences 305 (2022) 120761

7

the synthesis of mucin-type O-glycan synthesis, a kind of post- 
translational modification [87]. 

Much of earlier research has been carried out to know the targets of 
host miRNA to restrain viral replication, transcription, and translation. 
It includes hsa-miR-203b-3p, which targets ORF1ab and ORF3a of 
influenza; hsa-miR-497-5p, hsa-miR-21-3p, and hsa-miR-195-5p are 
specific to nonstructural protein synthesis; lung epithelial tissue 
expressing hsa-miR-497-5p, hsa-miR-21-3p, and hsa-miR-195-5p also 
inhibit replication by nucleotide deletion in viral ssRNA coding strands 
[88–90]. 

Complimentary miRNAs (cc-miRNA) such as cc-miR1c, cc-miR2c, cc- 
miR3c, cc-miR4c, cc-miR5c, cc-miR6c, and cc-miR7c bred by host 
miRNAs are thought to be responsible for post transcriptional silencing 
of the SARS-CoV-2. Previous research has shown that these miRNAs 
have a high affinity for the viral genome, either directly, as in 5p-miRNA 
and miR-5197-3p, or indirectly, as in a few miRNAs such as miR-1273a, 
miR-1273d, miR-1272, miR-1292-5p, miR-3143, miR-1226-5p, and 
miR-7161-3p. Few works in literature like Chen et al. reported that miR- 
1307-3p and miR-3613-5p regulate the TGF signaling beta signaling by 
binding to the 3′UTR, where the upregulation of the former activates 
semaphorin signaling. In contrast, the latter's suppression reduces the 
level of FGF 2 and VCAM1, thus leading to pulmonary pathogenesis 
[91]. The ORF9 gene fragment encodes N glycoprotein, which is an 
essential component of the SARS CoV-2 virus. A cocktail of antisense 
miRNAs binds to the viral 5′UTR, 3′UTR, and ORF9, preventing viral 
protein synthesis and assembly. Similarly, hsa-miR-126 and hsa-miR- 
378 inhibit N protein production by preventing translation and 
cleaving the IFN- gene in that order [89]. 

In a study that set out to determine the miRNA's engagement in 
inflammation, apoptosis, and immune response, Khan M-A-A-K et al. 
found the defensive role of hsa-miR-17-5p, hsa-miR-20b-5p, and hsa- 
miR-323a-5p host miRNA in the process [87]. Few host miRNAs(hsa- 
miR-516b-3p, hsa-miR-3529-3p, and hsa-miR-6749-3p) act reversibly 
by the RELA gene, thus encouraging viral infection. The host also assigns 
a small number of miRNAs (miR-21, miR-125b-5p, miR-199a, miR-211, 
miR-138, miR-211, miR-146a, and miR-146) as antagomiRs to reduce 
the lung epithelium trauma by virtue of the cytokine storm [92]. 

Owing their biregulatory role, host miRNAs are known to down
regulate various signaling pathways associated with host immune sup
pression and censored proinflammatory cytokines, including IFN-, TGF-, 
interleukin (IL), IGF1 (insulin-like growth factor 1), tumor necrosis 
factor-related apoptosis-inducing ligand (TRAIL), and toll-like receptors 
(TLRs). miRNAs may also be used in defense mechanisms by reducing 
host cell apoptosis [93]. P53 modulated miRNAs like miR-101, miR-100, 
miR-99a/b, miR-7, miR-107, let-7, miR-199, miR-200, miR-15/16, miR- 
223, miR-143/145, and miR-17 function either by binding to mTOR 
mRNA directly downregulating it or silencing their downstream target 
molecule [94]. 

Fulzele et al. conducted in-vitro experiments, and their findings show 
that the miRNome of this SARS CoV-2 infected lung tissue had altered 
miRNAs expression levels by using miR-15b-5p, miR-15a-5p, miR-548c- 
5p, miR-548d-3p, miR-409-3p, miR-30b-5p, and miR-505, and this will 
be applicable for the rest of the human coronavirus [95]. Exosomal 
miRNAs are an excellent delivery system for miRNAs (detailed infor
mation in the preceding sections). Patients in the high dimer fragment 
group had lower levels of miRNA-103a, miR-145, and miR-885, while 
miR-424 was upregulated [95]. Demirci MDS et al. did a detailed in- 
silico analysis in which they attempted to predict the miRNA binders 
for different targets of the SARS CoV-2 virus. They concluded that, aside 
from ORF6, which has miR-190a-5p as a target site, and the envelope 
target (E) protein, which has miR-3672 as a target site, the rest of the 
viral component had a plethora of miRNA binders. MiR-325, miR-34a- 
5p, miR-6820-5p, miR-1252-5p, miR-1262, miR-2355-3p, miR-382-5p, 
miR-215-3p, miR-5047, miR-6779-5p miRNAs were discovered to 
target the viral membrane, and miR-8066, miR-1911-3p, miR-4259, 
miR-6838-3p, miR-208a-5p. 

These findings unequivocally demonstrate that SARS-CoV-2 miR
NAs, in addition to host miRNAs, are involved in the pathogenesis 
process. Despite being a cost- and time-efficient method, this theoretical 
foundation needs experimental validation. For this, numerous tech
niques are used to validate in-silico results, including microarray 
profiling, RNA sequencing, miRNA profiling, RT-PCR, Northern, West
ern, and ELISA blotting as well as immunocytochemistry [39] (Fig. 3). 

5.3. COVID-19 co-morbidities associated biomarkers 

Multiple comorbidities, namely hypertension, cardiovascular and 
cerebrovascular conditions, diabetes, lung, liver, and kidney disease; 
cancer patients on chemotherapy; smokers; transplant recipients; and 
patients taking steroids chronically have been associated with an 
increased risk of SARS CoV-2 infection and enhanced disease severity 
[101]. Considering the documented studies on differential expression of 
miRNAs in tumorigenic tissues or even expression of viral miRNAs to 
hijack the host immune system [102], miRNAs have been explored 
widely as a potential biomarker as a potential alternative to prevalent 
therapeutics in recent times. Here, we have reviewed a few studies that 
documented the possible avenues of miRNA applications in the diag
nostic and therapeutic of SARS-CoV-2 comorbidities (Fig. 4). 

5.3.1. Diabetes 
In an extensive meta-analysis conducted by Kumar et al. [103], 

including 33 studies (16,003 patients) to explore the SARS CoV-2 pro
gression in diabetic patients, a two-fold increase in mortality and 
severity of COVID-19 were documented, demonstrating the significant 
correlation between the two [103]. In another subsequent study, dia
betes was associated with a significant increase in the risk of mortality 
when studied against hospitalized patients [104]. Investigating the role 
of human pancreas miRNAs in the interplay between COVID-19 and 
diabetes, Pathak and Mishra [105] reported that the upregulation of 
diabetic biomarkers post SARS-CoV-2 infection can influence the tar
geting of SARS-CoV-2 genome by hsa-miR-298, hsa-miR-3925-5p, hsa- 
miR-4691-3p, and hsa-miR-5196-5p miRNAs preferentially over cell's 
Diabetes-associated messenger RNAs (mRNAs) in the human pancreas 
leading to diabetic as well as SARS-CoV-2 complications [105]. In 
another study, wherein the relation between the diabetic and COVID-19 
affecting cardiovascular conditions was studied, the expression of two 
miRNAs, miR-15b-5p and miR-30e-3p, was predicted to target the SARS- 
CoV-2 genome and monitoring their expression could prove to be po
tential biomarkers [106]. Simultaneously, upregulation of miRNA miR- 
133a was also predicted to be associated with a number of roles, 
including regulation of lipotoxicity and ACE-2 receptor function in 
congestive heart failure conditions, having basically a protective role 
against impaired cardiovascular contractility and therefore a promising 
candidate for investigation in heart failure associated with both diabetic 
and COVID-19 complications [106]. miR-133a, when studied in relation 
to arrhythmia, which has also been associated with SARS-CoV-2, also 
showed to be expressed and involved along with the miRNAs miR-1, 
miR-208, miR-328, miR-21, miR-212, and miR-590 which thereby 
demonstrates a potential to be a futuristic biomarker and therapeutic 
targets [106]. Subsequent studies on the analysis of circulating serum 
exosomal miRNAs in elderly diabetic patients demonstrate that the four 
miRNAs, miR-7-5p, miR-24-3p, miR-145-5p, and miR-223-3p has the 
potential to directly inhibit the SARS-CoV-2 replication and S protein 
expression and their reduced expression in elderly and diabetic persons 
has been correlated with decreased inhibition of SARS-CoV-2 replica
tion, promising them to be significant diagnosis and therapeutic targets 
[107]. Analyzing host miRNAs for their anti-viral effects in further 
studies conducted by Roganović [108] has also led to the identification 
of miR-146a, which has been demonstrated to target the SARS-CoV-2 
genome as well as downregulation of miR-146a in patients with di
abetics, obesity, and hypertension has been found to be associated with 
the systematic effects of SARS-CoV-2 including enhanced inflammation 

M. Panda et al.                                                                                                                                                                                                                                  



Life Sciences 305 (2022) 120761

8

Fig. 3. Expression of human derived miRNAs during SARS CoV-2 infection [14–16,59–67,96–100].  
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and fibrosis thereby marking miR-146a to be a potential future 
biomarker [108]. 

5.3.2. Kidney diseases, cancer 
Considering the expression of the SARS-CoV-2 receptor, ACE-2 in the 

renal tubular cells, patients affected by associated kidney diseases like 
nephropathy, chronic kidney diseases, and glomerulonephritis are at a 
higher risk of SARS-CoV-2 infections as well, and their early diagnosis is 
certainly crucial. Studies have reported that downregulation of ACE-2 
pathways in SARS-CoV-2 affected individuals may lead to podocyte in
juries and cause acute kidney injuries [109]. miRNAs are essential for 
kidney functions, and as a result, they have presented an interesting site 
for diagnosis and therapeutic targets over the years against kidney dis
eases. Widiasta, Ahmedz et al., in their review, reports a number of ACE- 
2 associated gene enhancers and gene silencer miRNAs, of which the 
miR-29, a fibrotic gene silencer and reported fibrotic-protectant, is 
proposed for further studies as a potential biomarker [109]. In-silico 
studies analyzing the role of miRNAs as pathological biomarkers have 
also demonstrated a potential correlation between differential expres
sion of miR-6741-3p during kidney diseases and their susceptibility to 
SARS-CoV-2 infection, thereby demanding a further in-depth analysis of 
miR-6741-3p as a potential target [110]. Srivastava, Swayam Prakash 
et al., in their paper, suggested that the miRNAs that have been reported 
to alter the ACE-2 expression level in COVID-induced diabetic kidney 
diseases, including nephropathy and glomerulosclerosis, could be 
analyzed for their diagnostic roles and reports a number of miRNAs 
including, miR-125b, miR-143, miR-145, miR181a, which could be 
targeted for further studies [111]. Arisan et al. studied the correlation 
between the SARS-CoV-2 virus and the comorbidities associated with it, 
reporting seven miRNAs, miRs 8066, 5197, 3611, 3934-3p, 1307-3p, 

3691-3p, 1468-5p linking them to viral pathogenicity and host immune 
responses and could be potential biomarker targets. In another one of 
the studies, miR-2392 was analyzed for its role as a potential therapeutic 
target and was demonstrated to be associated with a number of SARS- 
CoV-2 associated comorbidities including cardiovascular diseases, hy
peresthesia, CNS failure and kidney failure, with results observing an 
enhanced miR-2392 expression in SARS-CoV-2 infected cells and pre
dicting their utilization as a positive biomarker for SARS-CoV-2 infec
tion [50]. 

The multi-systemic SARS-CoV-2 infection observed in critically 
immunocompromised individuals increases the risk of SARS-CoV-2 
complications in cancer patients as well and essentializes early diag
nosis. miR-2392, which has been studied in kidney diseases as a po
tential COVID-19 biomarker, was also extensively studied in cancer 
tissues, where it is suggested to be a dominant factor in cellular invasion 
and metastasis and suggests miR-2392 targeting could decrease SARS- 
CoV-2 infection [112]. In silico analysis of mature miRNAs from the 
SARS-CoV-2 genome identifies nCoV-MD3-3P that targets p53 and 
subverts-reduces its antiviral responses resulting in diseases manifesta
tion, proposes it to be a potential biomarker [74]. miR-29a-3p, which 
has been reported to be a suppressor miRNA inhibiting cancer cell 
proliferation and invasion, when studied against SARS-CoV-2, depicts 
interaction with possible inhibition of viral translation and replication 
and demands further analysis of their potential anti-SARS-CoV-2 effects 
[113]. 

5.3.3. Cardiovascular diseases 
Underlying cardiovascular diseases or myocardial injuries observed 

during SARS-CoV-2 infection have been linked to increased COVID-19 
severity. As a result, studying cardiovascular diseases linked to 

Fig. 4. Differential miRNA as biomarkers in COVID-19 infected patients with various comorbidities.  
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miRNAs could lead to antiviral therapies against SARS-CoV-2. The 
increased expression of circulating miRNAs miR-21, miR-126, miR-155, 
miR-208a, and miR-499 in serum of critically ill-COVID-19 patients has 
been reported, with possible differentiation between severely ill, me
chanically ventilated Influenza-ARDS and COVID-19 patients, demon
strating their significance as SARS-CoV-2 biomarkers [114]. miR-320, 
which has been reported to be involved in the regulation of cardiac 
injury and dysfunction via antithetical regulation of Hsp20 in ischemic 
heart diseases, was observed to have a significantly hyper-expression in 
deceased COVID-19 patients, with reports marking a seven-fold increase 
of both miR-320b and miR-483-5p expressed patients in dying during in- 
hospital stay for COVID-19, marking them as possible COVID-19 strat
ification biomarkers [115]. miR-29, which has been previously associ
ated with kidney diseases, is reported to promote pathologic 
hypertrophy of cardiac myocytes and their serum expression analysis in 
hospitalized COVID-19 patients observes a reduced expression with an 
elevation of their mRNA targets correlating with the disease severity, 
possibly aiding in futuristic SARS-CoV-2 diagnostic targets [116]. In 
another study, analyzing the cardiometabolic miRNAs associations with 
SARS-CoV-2 severity, myocyte-derived (myomiR) miR-133a along with 
liver-derived miR-122 were reported to be associated with 
inflammation-induced myocyte damage and hepatic acute phase re
sponses respectively, which upon further analysis reported to be possible 
markers of SARS-CoV-2 severity and mortality [117]. 

5.3.4. Pregnancy and SARS-CoV-2 
Pregnant women are quite a susceptible group with a higher risk of 

SARS-CoV-2 infection probability, with predictions even suggesting 
possible vertical transmissions and can be either asymptomatic or 
symptomatic [118]. miRNA profiled from the human placenta of 
infected and uninfected control subjects reported the isolation of a 
number of miRNAs including miR-21b, miR-29c, miR-98, miR-146, miR- 
155, miR-190, miR-346, and miR-326 which acts in viral replication 
through direct-indirect mechanisms and could be potential biomarkers 
[119]. Complications in pregnancy, including in HIV-associated pre
eclampsia interlinking SARS-CoV-2 and HIV infection, report identifi
cation of potential host miRNAs with anti-SARS-CoV-2 infection 
properties and differential expression including miR-28, miR-125b, 
miR-150, miR-223, and miR-382 by the studies of Huang, Jialing et al., 
while Nersisyan et al., studies report miR-21, miR-195-5p, miR-16-5p, 
miR-3065-5p, miR-424-5p, and miR-421 miRNAs which can be further 
studied for their HIV-associated preeclampsia and COVID-19 associa
tions [84,120,121]. Although it is worth mentioning that the lack of 
studies correlating SARS-CoV-2 infection and its association with 
miRNA expression profiles in pregnant women significantly constricts 
the data and therefore warrants further studies in this field in the future. 

5.3.5. Coagulopathy 
The coagulopathy caused by COVID-19 is nearly similar to coagu

lopathies that are encountered in other critical infections [122]. In a 
study on 26 COVID-19 infected patients, Gambardella et al., reported the 
significantly higher level of miR-424, while miR-103a, miR-145, and 
miR-885 showed low expression levels in patients, having higher D- 
dimer compared to a lower one [123]. In the same study, it has also been 
found that miR-145 directly targets the tissue factor, whereas von Wil
lebrand Factor is a direct target of miR-885. Notably, miR-424 is related 
to hypercoagulability, while low expression of miR-103a is associated 
with deep vein thrombosis. Even though the procedure for both miRNAs 
have not been currently exposed. miR-424 can alone be a predictor of 
pulmonary embolism and acute myocardial infarction in COVID-19 
patients, but miR-103a was found to modulate D-dimer levels individ
ually [123]. In COVID-19 infection, upregulation of miR-9, dysregulates 
the EP300 transcription factor, resulting in increased plasminogen 
activator inhibitor 1 (PAI-1). This PAI-1 might be an inhibitor of both 
tissue plasminogen activator (tPA) and urokinase plasminogen activator 
(uPA) [124,125]. The two most common plasminogen-activating serine 

proteases are tPA and uPA. Plasmin is a breakdown fibrin polymer at 
certain places, causes the breakdown of blood clots, and the inactive 
precursors of plasmin are plasminogen [126,127]. 

5.3.6. Pulmonary diseases 
ARDS, which indicates severe acute lung injury, is the most common 

concern of SARS-CoV-2 infection, and nearly 20 % of infected people 
will reach this stage [128]. Under normal settings, miR-16-2 reduces 
both productions as well as expression of TNF-α and IL-6 while 
improving anti-inflammatory IL-10 in the lung's macrophages. Never
theless, in COVID-19 infected patients, the production of pro- 
inflammatory cytokines increases IL-6, MCP-1, TNF-α, and IL-1, 
whereas it lowers the IL-10 production and TGF-β [129]. During the 
acute phase, patients infected with COVID-19, showed higher miR-1246 
expression levels, which increases the expression of ACE2 in the lungs, 
along with that also increases vascular permeability and heightens 
apoptosis, causing injury in the lung epithelial [130]. miR-155 is located 
in lymphoid cells of the lungs, shown higher in COVID-19 patients. IL- 
1β, TNF-α, PAMPs, and DAMPs are all examples of inflammatory stimuli 
by this miRNA [131]. Studies show that miR-181 expression was low
ered in older people, activating innate and adaptive immune systems 
[132]. Recent studies reported that expression of miR-181a miRNA is 
solitary downregulated in SARS-CoV-2 infected patients, increasing viral 
clearance. Furthermore, low levels of miR-181a boost viral entry by 
increases the transcription of TMPRSS2 and ECA2 mRNA. This variation 
exacerbates lung injury by lowering the Bcl-2 molecule that controls cell 
apoptosis [130,133]. In bronchoalveolar stem cells, expression of miR- 
223 (BASCs) downregulated activates numerous inflammatory path
ways by increasing ACE2 receptors, potentiating viral replication. This 
leads to the lung surface's destruction and also loss of repair capacity 
[134]. Lastly, miR-211 has been linked with enhanced inflammatory 
response and increased attraction for actual target sites in COVID-19 
[135]. 

5.3.7. Neurological disease 
Coronavirus arrives in CNS through ACE2 receptor present in 

choroid plexus and neurons that are inhibitory or excitatory in nature. 
Receptors of astrocytes and oligodendrocytes may also act as an entry 
point for SARS-CoV-2 into the CNS [136]. Kim et al. reported that high 
levels of miR-7a in COVID-19 patients suppress the transcription of 
numerous proteins, like α-synuclein. The suppression of proteins tran
scription may cause neurodegenerative diseases like oxidative stress, 
fragmentation of mitochondria, and autophagy, increasing the risk of 
neuronal death and maximizing harm in the brain and cognitive 
dysfunction after CVD occurrence [137]. The miRNA miR-24 can 
regulate the expression of NRP1, which is a transmembrane receptor 
that helps in virus entry; however, in COVID-19, this miRNA is down
regulated, increasing the production of NRP1 and, as a result, the 
neurological damage increases [138]. Keikha et al. reported that in se
vere COVID-19 infection, miR-124 expression decreases in CNS [139]. 

5.3.8. Obesity 
Papannarao et al. reported higher expression of miR-200c might 

escalate vulnerability to COVID-19 in obese people. As miRNAs are the 
initial molecules that regulate the cell cycle, circulating miR-200c might 
be a biomarker to recognize individuals at risk of developing severe 
COVID-19 infection [140]. Overexpression of miR-155 in obese mice's 
ATM causes insulin resistance. A study on human adipocytes treated 
with TNF-α, resulted in elevated miR-155 expression and inflammation, 
and underlined the importance of miR-155 [141]. miR-146a down
regulation has been discovered in diabetes, obesity, and hypertension, 
resulting in increased inflammation and fibrosis and systemic conse
quences associated with severe COVID-19 infection [108]. Adipocyte 
and adipose tissue function anomalies have been linked to fat deposition 
in obesity. Downregulation of miR-126 increases hypercytokinemia and 
ARDS vulnerability, resulting in severe COVID-19 infection in younger 

M. Panda et al.                                                                                                                                                                                                                                  



Life Sciences 305 (2022) 120761

11

obese patients as compared to older obese patients [142,143]. 

5.3.9. Chronic liver disease 
Organ-specific miRNAs with the most considerable changes in severe 

COVID-19 were myomiR miR-133a and liver-derived miR-122, and both 
were linked to 28-day ICU mortality. Another essential characteristic of 
miR-122 is its remarkable tissue selectivity, which provides information 
about the underlying pathology [144,145]. Liver-derived miRNA miR- 
192-5p was a significant predictor of mortality during an ICU stay, 
whereas hypoMSCs have much greater levels of miR-210 than norMSCs. 
miR-210 also decreased the hepatocyte apoptosis rate [146]. RNA-seq 
data from hepatic, lymph node, heart, kidney, and lung got 
throughout dissections of SARS-CoV-2 infected patients with low or high 
viral loads were used to correlate miR-2392 to SARS-CoV-2 infections. 
During the associating link between gene fold change values, there was 
an important and positive link to liver tissue, but no link was found 
when comparing C2 curated gene sets [147]. Hence, it may be concluded 
that miRNAs play a crucial role in COVID-19 multi-organ problems. 

6. Potential MiRNA-based antiviral strategies targeting SARS 
CoV-2 

Following the development of an FDA-approved mRNA vaccine, re
searchers have focused on the regulatory role of miRNA in disease 
pathogenesis. It has painted the possibility of progress in developing a 
novel antiviral strategy. Aside from RNA vaccines, many new promising 
RNA-targeted strategies have been explored. The ability of miRNA to 
manipulate SARS-CoV-2 - host interaction by umpiring RNA degradation 
or inhibition of protein synthesis is being investigated in recent studies. 
As a result, we attempt to highlight the potential therapeutic approaches 
based on miRNA that could alter the landscape of conventional mRNA 
vaccines for COVID-19. 

6.1. miRNA-based-restoration therapy: MiRNA mimics and precursors 

The main motto behind miRNA restoration therapy is to increase 
miRNA levels that are downregulated in the diseased cell [148,149]. It is 
executed by using synthetic miRNA mimics or Precursors to replace the 
miRNA molecule loss. miRNA mimics have sequences identical to the 
sequences of endogenous matured miRNA[150]. Since these mimics 
don't contain new sequences, this approach does not have the backdrop 
of vector-mediated toxicity while conducting a synthesis. Inculcating 
vector-based restoration of miRNA using expression vectors like the 
retrovirus, lentivirus or adenovirus is extensively practiced to achieve a 
long-term expression of miRNAs and is administered intravenously 
[151]. They do so by inserting precursor miRNA sequences to promoters 
involving downstream RNA polymerase and subsequent upregulation of 
the desired miRNA. For instance, MRG-201 and MRX34 mimic the ac
tion of miR-29 and miR-34a, respectively [152,153]. Another strategy in 
a similar line is conducted by using miRNA precursors. This also can 
enhance the matured miRNA levels, but they are employed in the in
termediate state, which further gets matured. There are findings that 
these precursor miRNAs have a modulatory role in recognizing the 
target [154,155]. A recent work conducted by Jafari et al. showed 
evidently how the effects dissipated by pre-miRNA differ from that of 
miRNA from an anticancer perspective [156]. Enormous research is 
conducted to induce the upregulation of the desired miRNA. A fluo
roquinolone antibiotic, enoxacin is a must mention antibiotic which 
enhances the overexpression of target miRNAs, i.e., miR-125a, miR-139, 
miR-199b, and miR-23b [157]. Although these strategies are quite 
nonspecific, this area still grabs the minds of researchers. Young et al. 
worked on small organic molecules and recognized a few molecules such 
as 2-(2-(Dimethylamino)ethyl)-5-amino-1H-benzo[de]isoquinoline-1,3 
(2H)-dione responsible for the expression of miR-122 [158]. 

6.2. miRNA based- inhibition therapy: MiRNA inhibitors and sponges 

Lately, considerable literature has grown up around the theme of 
RNA-based therapies such as antisense oligonucleotides (ASOs) tech
nology which has proposed the use of multiple classes of compounds to 
serve the purpose of miRNA inhibitors [159]. ASOs can be described as 
small single-stranded nucleic acid that exclusively targets cognate RNA. 
In the following section, we systematically confer the mechanism, 
chemical modifications, and the optimized delivery strategy governing 
around ASOs. Existing literature indicates that it carries out its function 
utilizing two prime mechanisms depending on the nature of the chem
ical backbone. (A) RNase H independent ASOs act as steric blockers 
subjecting to disrupting the RNA secondary structure, splicing machin
ery, and RNA-Protein interactions. (B) RNase-dependent ASOs also 
referred to as GapmeRs, employ and catalyze specified RNA's RNase- 
mediated cleavage. This leads to suppressed expression of RNA and 
protein. The chemical modifications form the basis of differences in the 
ASO mechanism [160]. These chemical modifications increase the effi
cacy by boosting its potency and pharmacokinetics while lowering its 
toxicity. One of the most familiar modifications is the substitution of one 
of the non-bridging oxygen with a sulfur atom in the phosphodiester 
bond, which leads to the formation of a first-generation ASO. Phos
phorothioate (PS). Second-generation ASOs comprises a modification in 
the 2′ position of the sugar moiety, which embraces the druggable 
properties of ASO. Adding to the fact, the development of the Third 
generation ASO involves many modifications, including Locked Nucleic 
Acid(LNAs), Phosphorodiamidate morpholino oligomers (PMOs), and 
Peptide nucleic acids(PNAs), which increase the affinity to target 
miRNA. These modifications based ASOs, upon binding to the target 
entity, carry out RNase H1 cleavage [161–163]. Modifications such as 
LNA and PS have a nonspecific nature while dealing with the proteins 
resulting in diminished urinary clearance rate and an enhanced half-life. 
While Peptide-nucleic acid (PNA)-based ASOs and 
methylcytosinenucleobase-modified ASOs have better binding affinity 
and don't activate the immune response PNAs are less hydrophilic, and 
have a quick urinary clearance rate; hence are not a good choice for 
carrying out inhibition [164]. Fazi et al. work fascinatingly suggest the 
plus point of using ASOs is that it does not require any vector to travel to 
the target cells; they could internalize themselves by micropinocytosis 
or gymnosis. This approach was first practiced against SARS-CoV, 
considering it to have the closest resemblance to SARS CoV-2 and tar
geted ORF 1 a of the virus and also the 5′UTR regulatory sequence of the 
positive RNA strand [165]. Yuchen nan et al. mentioned a promising 
ability of ASO to have antiviral properties. They modified the chemical 
sugar moiety mainly with a morpholine ring (PMOs [antisense mor
pholinooligomers] and P-PMOs [peptide-conjugated antisense mor
pholinooligomers]) [166]. To develop ASO specific to SARS CoV-2, it is 
important to realize that the virus harbors 14 ORFs, which in specific 
combination encode for the spike, nucleocapsid, membrane, envelope, 
or accessory proteins. Hence Zhu et al. pointed out the significance of 
these proteins in designing accurate ASO targeting specific proteins 
[167]. 

Aside from that, the concept of a miRNA sponge differs greatly from 
that of an inhibitor in that the sponge transgene is mostly carried by a 
virus vector, and the transcribed mRNA contains multiple binding sites 
for the target miRNA. This method outperforms the existing methods of 
miRNA knockout or miRNA in loss of function for inhibition therapy. 
The use of miRNA sponges carrying transgenes is prevalent in a wide 
range of cells that would not be possible using ASOs [168]. To achieve 
continuous miRNA inhibition, ASOs would require repeated trans
fection, whereas a miR sponge can perform uninterrupted inhibition. 
These miRNA sponges are members of the RNA class, which contains 
numerous artificial miRNA binding sites that compete for miRNA 
binding with miRNA targets. Furthermore, these miRNA sponges are 
now designed using a simple enzymatic ligation method to customize 
circular RNA. This sponge has the ability to inhibit matured miRNA 
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exogenously, making it a potentially useful therapeutic option. Sur
prisingly, these circular RNAs have more than one binding site in the 
circular sequence and are easily carried by viral vectors, allowing them 
to regulate multiple miRNAs [169]. 

6.3. miRNA biogenesis interference therapy 

Drosha and Dicer are two important enzymes that regulate the 
miRNA synthesis machinery. Attempting to weaken or delete these en
zymes would result in an overall imbalance of miRNA levels in the body. 
A recent ACE-2 study discovered that a small number of miRs are 
responsible for downregulating ACE-2 expression in cardiomyocytes by 
binding to ACE-2 mRNA and protein. Aside from cardiac remodeling, 
cardiomyopathy, and heart failure, deletion of dicer enzymes in 
cardiomyocyte-specific cells would make them more susceptible to viral 
infection. In an orthotopic mouse model, a DGCR8 gene responsible for 
microprocessor complex unit formation was deleted. In a rat model, it 
was discovered that it alternated miRNA biogenesis and cognitive and 
behavioral impairment. Our body consists of thousands of miRNA bodies 
dictating gene expression. In case of inhibition of miRNA processing 
enzyme would have a redundant outcome, which is not favorable for 
therapeutic designing [170,171]. The upregulation of miR-200c re
presses the expression of ACE-2 in both human and rat cardiomyocytes. 
This fact would pave the way to design miR-200c based therapy by 
targeting the viral RNAs and miRNAs to lessen the treatment window 
and disarm the SARS CoV-2 pathogenesis potential. Existing literature 
also highlights the effect of Dicer mutation in animal models, which 
exhibits reduced cellular miRNA biogenesis and ultimately lowers the 
inflammatory activation, which increases the host conformity to murine 
cytomegalovirus infection [172]. It has also been predicted that varied 
Dicer expression in different hosts would result in distinct miRNA 
expression and, therefore, susceptibility to viral pathogens, including 
SARS CoV-2 [173]. This Dicer regulated protein expression could be 
utilized to bind those protein targets which otherwise could not be 
accessible with conventional drug compounds. e.g., Dicerna Pharma
ceuticals formulated the use of DICER substrate siRNA (DsiRNA), which 
could silence oncogene protein myc, which could condense the tumor 
volume in mouse models [174]. Kaur et al. recognized miR-214, miR-98, 
and miR-32 to target TMPRSS2 and ultimately silence it. Deletion of 
miRNA regulatory protein could change the high binding affinity of 
these miRNAs with this SARS CoV-2 receptor which could help in 
devising an antiviral drug lead [175,176]. 

6.4. miRNA-based target site blocker therapy 

Target site blocker (TSB) is single-stranded RNA molecule that usu
ally acts as a barrier between miRNA and its target site to prevent the 
action of the target gene [177]. It functions by blocking the binding site 
of miRNA at the 3′UTR region of the target mRNA gene. Usually, it 
targets a single site while the remaining target gene continues to be 
regulated. The main objective behind subjecting this TSB to miRNA 
therapy is to check whether the miRNA interaction with a target gene is 
responsible for the desired effect. For instance, a CAV1 TSB phenotyp
ically resembles a miR-199a-5p inhibitor and exhibits the way miR- 
199a-5p plays its role as a crucial factor of TGFβ signaling in lung 
endothelial tissues. A commonly employed Target site blocker miRCURY 
LNA miRNA mainly determines the pathways associated with miRNA 
inhibition detected based on phenotypic analysis. A study has also 
shown the use of TSM to validate the communication of miR-155 with 
PAD4 throughout the neutrophil action in the extracellular space during 
inflammatory infections [178]. 

6.5. Prospective miRNA-mediated helicase suppression therapy 

Wang et al. described a new class of host enzymes known as DEAD- 
box helicase acting as a double-edged sword in viral replication. The 

precise mechanism of their involvement in virus replication is still a 
mystery, but in general, DEAD-box helicase has been portrayed as an 
ATP-dependent chaperone that manipulates the RNA by disordering its 
secondary and tertiary structure RNA and protein configuration 
[179,180]. It has been shown to have a remarkable response during 
transcription, post-translational modification, miRNA biosynthesis, 
translation, and RNA degradation in the host. Also, it has been revealed 
that many such helicases like DDX1, DDX3, DDX5, and DDX17 have a 
role in host cell–virus dialogue which benefits the virus in their main
tenance and survival [180]. Considering these facts, research is required 
to provide therapeutic involvement at the stage of miRNA biosynthesis, 
which could be administered as a substitute to existing approaches. This 
approach has not seen any parallel investigation specifically for SARS- 
CoV-2; hence more information on this area would help shape a 
greater degree of accuracy [181]. 

7. Recent miRNA-mediated delivery system 

One of the major shortcomings encountered while designing miRNA- 
based therapeutics is the ease of delivering these miRNAs to the target 
tissues. The conventional delivery vehicle faces a critical issue of toxicity 
owing to its negative charge, short half-life, and restricted stability 
[182]. Consequently, these short non-coding naked miRNAs fall into the 
trap of redundant off- or on-target effects due to their charge, get 
rejected by the host immunity, or undergo disruption rapidly by the 
nucleases occurring in the bloodstream. Keeping all these in mind, the 
scientific community came up with the idea of formulating a vehicle 
conjugated with miRNA to effectively fix all the inadequacies. In this 
framework, recently, Viral and Nonviral vectors carriers have been 
utilized in vivo, including bacteriophages, exosomes, liposomes, mi
celles, nanoparticles, intravenous injection, and oral delivery systems in 
the preclinical and clinical interventions. These are manipulated at a few 
genomic sites to inhibit their replication machinery, making them safer. 

Virus-mediated carrier system includes the exploitation of adeno
virus or adeno-associated viruses (AVVs), lentiviruses, and retroviruses; 
Mowa et al. mentioned the use of Adenoviridae family derived Hepatitis 
B adenoviral vectors [183]. These vectors carried pri-miR-122/5, pri- 
miR-31/5, and primiR-31/5-8-9, which hindered viral reproduction in 
the human hepatocytes. Another study on Adeno associated viral vectors 
has elicited persistent gene expression in the delivery of specific miRNA 
Spinal and bulbar muscular atrophy (SBMA) [184]. Working on a similar 
line, another scientist, Ramanujam et al. [185] recognized retrovirus as 
an effective means of miRNA carrier. This RNA virus can invade the host 
cell, undergo reverse transcription, and finally integrate with the host 
genome to induce sustained gene expression [185]. It can create a space 
of up to 8 kb to incorporate a generous amount of genetic materials. 
Likewise, lentivirus too integrates into the host DNA, subjecting to 
persistent expression. Theis et al. experiment has discovered a marked 
recovery in spinal cord injured mice using lentivirus as an excellent 
vehicle for miR-133b. The key advantage of using these vectors is that it 
accounts for high transfection competency and remarkable gene 
expression of miRNA agomirs or antagomirs [186,187]. However, this 
viral vector restricts their usage in the clinical setup since they solicit 
strong host immune response, mutations due to inserted sequences, and 
cytotoxicity in a few cases, making their use quite delicate [188,189]. 

Considering the above limitations, alternatively, the use of nonviral 
miRNA vectors is the major focus of the researchers. The nonviral 
vehicle system involves both physical and chemical-based approaches. 
Physical-based approaches mainly deal with increasing the plasma 
membrane permeability momentarily to allow gene delivery at ease. 
Hence the host cell is subjected to hydrodynamics, electroporation, 
gene/biolistic guns, ultrasound, or laser-based technique. In contrast to 
that, the chemical-based approaches utilize the use of nanocarriers. 
These nanocarriers can be further sectioned into four classes. 
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(1) The first class includes Inorganic material-based nanocarriers 
comprising gold nanoparticles (AuNPs), Fe3O4-based nano
particles, silica-based, and magnetic nanoparticles. These are 
tailored by attaching amino or thiol groups onto their surface to 
allow the transmission of miRNA to target cells/tissues. The 
physicochemical properties like shape, surface functionalization, 
surface area, biocompatibility, and amphiphilicity offer advan
tages over the viral vector. Despite this, these bodies also have 
clearance and toxicity issues.  

(2) Second class of nanosystem includes Polymeric material-based 
nanocarrier, which could be either natural or synthetic. Poly
saccharides, proteins, or peptides are natural polymers offering 
easy uptake, have low toxicity, and can imitate the natural 
environment. Unfortunately, the host immune system and sera 
pose a significant disadvantage to these nanocarriers. Instead, 
synthetic polymer-based nanocarriers are the biomaterials that 
generate less cellular damage and lower cytotoxicity. Examples 
include polyethyleneimine (PEI), poly (lactic-co-glycolic acid) 
(PLGA), and dendrimers. Unlikely these polymers are known to 
have low transfection ability and are nonbiodegradable. miRNA- 
mediated therapy could have the upper hand over other therapies 
in the context of COVID-19 since it can be easily administered in 
the upper and lower respiratory tract by mere intranasal inhala
tion. Polymer-based Oligonucleotides are hydrophilic, and recent 
technologies have an aerosolized miR-93 amalgamated viral 
vaccine to confer protection by fluently getting absorbed in the 
lungs. Another approach by Dyawanapelly et al., which thrived in 
phase 2 clinical trials, demonstrated the use of siRNA against the 
nucleocapsid protein of respiratory syncytial virus (RSV) 
[190–192]. Moreover, antagomiRs are a new class of oligonu
cleotides that acts as miRNA silencer has shown their application 
in severe COVID-19 patients who have encountered cytokine 
storm [193]. Their administration in polymer-based nanocarriers 
enables remarkable results in the inflammatory landscape.  

(3) The third class of nanovectors is lipid-based nanocarriers, one of 
the most studied vectors. This takes into account that lipid 
complexes known as liposomes/lipoplex complexed or encapsu
lated with desired miRNA act as miRNA carriers and are of three 
types divided based on charge- cationic, anionic, and neutral li
posomes. These are simple to synthesize, stable, elevated loading 
efficiency, functionalize, and less cytotoxic. These nano delivery 
systems have gained ample popularity due to their broad range of 
druggable targets, small dosage, treatable side effects, and could 
be manufactured on a large scale. A single-step manufacturing 
procedure can synthesize a huge amount of small lipid nano
particles within a short period. Recently reported commercial 
nanocarrier formulations such as Lipofectamine®, SiPORT, and 
DharmaFECT are cationic lipoplexes which have generously 
given positive results in in-vitro and in-vivo setup and are 
amphiphilic apt for oligonucleotides delivery [191]. The most 
crucial con behind this liposome delivery system is the stability of 
these vectors in the host sera owing to its nonspecific binding 
protein targets. Thus to address this issue and enhance the cir
culatory half-life, they are first conjugated with polyethylene 
glycol (PEG) to enhance the stability, efficiency, and sustained 
RNAi delivery by receptor-mediated endocytosis.  

(4) The last class of nanocarriers is Cell-derived membrane vesicles, 
commonly referred to as Extracellular vesicles. These are usually 
associated with cell-to-cell communication and occur in different 
forms based on their sizes, such as Exosomes (40–120 nm), 
Microvesicles (100–1000 nm), or Apoptotic bodies (50–5000 nm) 
[190,192]. Wang et al. have mentioned that EVs are advanta
geous over other delivery systems as they have negligible anti
genicity, high delivery to the target tissue, null cytotoxicity, and 
potentially superior delivery option in miRNA-based therapeu
tics. Red Blood cells (RBCs) have a central role in pulmonary 

respiration and transport of oxygen and carbon dioxide hence 
conferring uninterrupted circulation. In agreement to a study, 
RBC consists of a small number of mRNAs and miRNAs. This RBC 
is associated with nanoparticles to succor ten times the advantage 
of nanoparticles alone [107]. Apart from that, immune cells such 
as T cells, Macrophages, Dendritic cells, and Natural cells are 
optimized in an encapsulated manner to transport miR/miR 
antagomir [194–208]. Fascinatingly Parayath et al.'s study 
revealed the injectable mode of administration of the T cells to 
selectively carry these small molecules to the target site. The 
specificity could also be enhanced by temporarily altering the 
circulating T cells to disease-specific antigens in an ex vivo 
manner [209]. Amusingly plant-derived exosomes vesicles are 
widely implicated in the current scenario with the name of edible 
nanoparticles (ENP). These ENPs could be extracted from plants 
like ginger and grapefruit. The SARS-CoV-2 miRNA of interest 
could be administered with this ENP, and potent therapy could be 
deduced in the interest of human mankind. The miR-530b-5p is 
known to specifically target the SARS CoV-2 genome by binding 
to the ribosome slippage between ORF1a and ORF1b. Using these 
ENPs, these miRNA could be accumulated in the inner linings of 
lung tissue in various biological entities [210]. In the face of the 
current pandemic, researchers have been trying hard to utilize 
novel delivery strategies to apply to miRNA. Zhang et al. work; 
introduced an innovative technique using nanobody, a miniature 
form of the engineered antibody. They utilized a miRNA cross
linked nanobody functionalized nanogel popularly known as 
Three-dimensional (3D) scaffold-based carriers. This nanogel 
paves a new avenue in the miRNA-mediated therapeutics world. 
It is important to note that these nanoparticles safeguard the 
miRNA from getting depleted so that they can passage all over the 
body effortlessly. Using these nano carrier-based carriers can 
combat COVID-19 by developing effective RNAi-based therapy 
subjecting to any of the above-mentioned delivery machinery 
[211]. 

A plant-derived miRNA -MIR2911 in a honeysuckle decoction (HD) 
has been notably known to inhibit viral replication and stimulate the 
negative conversion of moderately ill COVID-19 patients. Conversely, 
HD-MIR2911 failed to get absorbed in the gastrointestinal tract (GI) in 
patients with SID1 transmembrane family member 1 polymorphism. 
Thus, this miRNA requires scientific intervention focusing on the ways 
to deliver this small ncRNA in the host tissues suggesting potential 
miRNA-based COVID-19 therapeutics (Fig. 5) [212–214]. 

8. Challenges in the development of miRNA-based therapy 

Scientists around the globe are extensively engaged in formulating a 
therapeutic cure against the lethal SARS-CoV-2 viral infection. Despite 
advancements in molecular therapies, it is still a difficult hurdle to get 
down the virus spread. Scrutinizing over every possible molecular 
strategy, miRNA-mediated therapies are gaining enormous attention in 
scientific society. Despite miRNAs distinctive nature and favorable 
characteristics being in talk, it is still challenging to release an FDA- 
approved miRNA vaccine into the market. Statistical studies suggest 
that fewer than twenty miRNAs of therapeutic value have passed the 
initial phase of the clinical trial, but none could make it to phase III 
clinical trials. Zhang et al. mentioned that around 60 siRNA drugs had 
entered the clinical trials, among which two of them have been approved 
by the authorities. The study compared both miRNA and siRNA thera
peutics that revealed a higher fraction of rejected/terminated clinical 
studies of miRNA therapeutics than successful siRNA therapeutics 
[208]. This implies several unexplainable obstacles on the road to miR 
therapeutic candidates. There could be many possible reasons, including 
fewer vaccine nominees, multiple gene targets, less complementarity, 
etc. siRNA displays 100 % complementarity with the target gene and has 
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1–3 gene targets, making it a better choice. Multiple targets reduce the 
efficacy of the therapeutic approach. This miRNA usually functions by 
either inhibiting translation or downregulating the stability of the target 
gene. A miRNA-based therapeutics, i.e., miR-34a mimic altered two host 
immune pathways but failed to enter phase II trials due to immune 
toxicity issues [208]. Another study denoted a mode of action of a miR- 
122 molecule which revealed only a few genes participated in modu
lating the jaundice disease pathway [208]. Nonetheless, the experiments 
conducted could not show any results in the phase-I subjects but 
appeared in the phase-II trial cases. These instances exhibit the ill effects 
of multiple targets, which fail the process of developing a miR thera
peutic. Either chemical modifications or targeted delivery could address 
these limitations by using vectors. Moreover, the application of plant- 
derived miRNA (e.g., aly-miR396a-5p) affects the pathogenic genome 
but escapes the host gene and ultimately doesn't disturb the body's im
mune response. This novel approach will make a miR and efficient 
therapeutics option exclusively targeting the specified tissue/organ 
using a competent miRNA modulator, thus minimizing nonspecific in
teractions. The complex physiochemical nature of miRNA and miRNA 
inhibitors entails severe limitations in developing miRNA-based 

therapeutics. 
A large number and growing body of literature have focused on the 

nature of DNA or noncoding RNA-based miRNAs. Richard S Geary et al. 
suggested that these nucleic acid bodies carry a negative charge which 
endorses nonspecific attachment with blood serum proteins, restrained 
passive diffusion for cellular entry eventually declining urinary clear
ance [215]. It is found that ASOs like PNAs or unmodified siRNA don't 
hold any charge; they have a low affinity to plasma proteins. Hence, they 
are subjected to rapid clearance from the body by the route of meta
bolism or excretion from the body [216]. Accumulation of such 
nonspecific ASOs could ultimately lead to sequence complementarity to 
nonspecific target tissues. The main concerns while dealing with miRNA 
mimics includes: Restrained efficacy, activated complement cascade 
pathway, triggered partial thromboplastin time, and mounting up in 
nonspecific tissues is clinically insignificant for a good therapeutic 
candidate [217–219]. 

The prime requirement of designing a drug involves a drug target 
specific to a disease, i.e., SARS CoV-2 in the present case. A single 
miRNA has the property of regulating multiple targets; hence extracting 
a single mRNA is a demanding task [220]. In addition to that, various 

Fig. 5. Currently available delivery vehicle for the effective administration of miRNA-based therapeutics. It could be categorized broadly into viral and non-viral 
vectors. 1) Viral vector includes Lentiviruses, Bacteriophages, and Retroviruses. 2) Non-viral vector is further categorized into physical and chemical vectors. (i) 
Physical vector (biolistic gun, electroporation, ultrasound, etc.) (ii) chemical vector could be (a) inorganic material like gold nanoparticles (AuNPs), Fe3O4-based 
nanoparticles, silica-based nanoparticles, or magnetic nanoparticles; (b) polymeric vector such as polyethyleneimine (PEI), poly (lactic-co-glycolic acid) (PLGA), 
and dendrimers; (c) lipid-based nanocarriers like cationic, anionic, and neutral liposomes; (d) cell-derived membrane vesicles viz. Exosomes, microvesicles, or 
apoptotic bodies; lastly, (e) 3D scaffold based carrier comprises porous, fibrous scaffolds, etc. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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biological factors such as miRNA expression, accessibility to AGO2, 
availability of ample gene of interest, their expression, and successive 
off-target effects further restrict even the movement of therapeutic 
miRNA. For a miR therapeutic to display its effect, escaping the ribo
nucleases enzyme while circulating in the host blood is crucial [221]. 
For a naked miRNA, an unaltered 2′OH of ribose sugar is prone to quick 
degradation by the nuclease in the biological system. Additionally, 
chemical modifications such as LNA, PS, o-methyl, O-(2-Methoxyethyl), 
or Fluro boost the binding stability and affinity, improving the chances 
of miRNA attachment to the target genes [222,223]. 

It has been noted that chemical modifications in the 5′ end of the 
antisense strand are more vulnerable to getting ruined; hence biologists 
have thought to modify phosphorothioate at the sense strand to avoid 
such molecular asymmetrical glitches [224,225]. The endosomal system 
facilitates the trafficking of miRNA, which shows the transition from the 
early endosomal state to the late endosomal stage and further lysosomal 
state, which surrounds an acidic milieu showing active nuclease 
degradation. Consecutively for a miRNA mimic to show its effect, it is 
fundamental to interact with the miRNA RISC complex. While formu
lating miRNA-based mimics or inhibitors, it is essential to check whether 
the miR escapes the endosomal system or not. This constitutes a sig
nificant challenge that can be sorted by alternative delivery systems like 
photosensitive polyplexes or lipoplexes sensitive to pH facilitating sep
aration from endosomes [226,227]. Li et al. identified concerns arising 
due to toxicity mediated by chemical modifications in the complement 
cascade, blood coagulation, decreased WBC counts, activation of im
mune cells, or sequence independence [228]. These side effects occur as 
a sign of toxicity accompanying chemical modifications. Another in
adequacy related to miRNA-based inhibitors is poor absorption in a few 
regions, such as skeletal tissues or the blood-brain barrier [225,228]. For 
efficient uptake of these miRNA molecules, the size of the nanoparticles 
also establishes an important characteristic for penetration to leaky 
vessels. Hence, optimizing chemical conditions such as pH and hydro
philicity, which decide the size and urinary clearance, determines the 
warranted generation of biocompatible miRNA therapeutic options 
[229,230]. 

9. Future headways for the development of MiR-therapeutics 

Central to clinical research, the study of miRNA has been a booming 
interest over the past two decades. The lack of targeted vaccines has 
existed as a loop hole for these COVID-19 pandemic years. With the 
technological advancements in the field of vaccinology, it has somehow 
been ineffective against the current rising Variants of concern (VOC). 
Therefore there is an urgent need to address novel anti-SARS-CoV-2 
strategies and biomarkers or diagnostic approaches in the coming 
times. In order to eliminate the spread of COVID-19 infection, plasma 
from SARS-CoV-2 infection recovering patients are utilized and treated 
against severely infected patients attributed to the presence of anti
bodies and miRNAs. The presence of miRNA has a role in regulating the 
cytokine storm by blocking host receptors like ACE-2 and TMPRSS2. 
Previously published studies strongly suggest the importance of 
knowing the host cell response and virus metabolism to draw similarities 
with the nearest resembling organism [231]. Amidst the limited treat
ment choice, we can suppose that an RNA-based vaccine is a protagonist 
for long-term resistance against the SARS CoV-2 disease. Studies 
established by investigators such as Hum et al. and Demongeot et al. 
have examined the influence of miRNA in the viral genome, modulation 
of the host microenvironment, and the innate immune system of the host 
biological system [49,232]. A considerable amount of literature has 
been published on miRNA targeted therapy, mostly drawing the usage of 
miRNA antagonists or inhibitors viz. Cobomarsen- miR-155 inhibitor 
[233]. Also, miRNA mimics such as miR-29 mimic – Remlarsen [233]; 
Okuyan and Begen [234] attempts have introduced a Santaris Pharma 
A/S manufactured Miravirsen-a miR-122 antagonist and also the first 
miRNA-based drug passing Phase II clinical trials that suppresses the 

levels of viral RNA. With respect to the miRNA SARS-CoV-2 interaction, 
it can undergo both suppression and amplification of viral gene 
expression. It is important to bear in mind the above-mentioned limi
tations as a note of caution, which opens doors for new interventions in 
the field of miRNA-based therapy [235]. Identifying plant-based miR 
inhibitors, target-specific delivery, more efficient competent miR in
hibitors, or advancement of microvesicle-mediated targeted delivery are 
budding opportunities in the advancing miR therapeutics era. The field 
of miR-based therapy got introduced to plant-derived miRs, which get 
easily taken up by the gut/intestinal microbiota. Publish studies have 
mentioned the use of ginger exosome-like nanoparticles for the purpose 
of better miR (e.g., Plant miR2911) stability and its better absorption in 
GI tract than synthetic miRs (miR2911). Similarly, ginger-derived 
miRNAs (aly-miR396a-5p and rlcv-miR-rL1-28-3p) facilitates specific 
inhibition of expression of nonstructural and spike protein. These nat
ural miRNAs have high scalability and are on the verge of getting their 
validation, which opens a novel opportunity to design new drugs that 
could be administered orally [236]. A very interesting observation was 
made by a study conducted by Mangukia et al. and group, where they 
identified dietary plant derived miRNAs from fruits such as Citrus 
sinensis (Orange), Prunus persica (Peaches), Vitis vinifera (Grapes) and 
Malus domestica (Apple) to target SARS-CoV-2 viral genomes. They 
highlighted the role of miRNA csi miR169–3p extracted from Citrus 
sinensis to specifically target the 3′UTR region with a conserved 
sequence of “CTGCCT” to target all collocated 772 Omicron variants 
globally [69]. 

miR-therapeutic modulators, for instance, synthetic RNA/DNA 
mimics like Peptide Nucleic Acids (PNAs) are neutral charged and 
poorly soluble in water. This limitation is resolved by using gamma 
PNAs which cut the shortcomings of regular PNAs by having a hydro
philic nature and neutral charges that prevent nonspecific accumulation 
or adherence on the surface of nontarget tissues. It is the sole known 
molecule with the ability to invade DNA/RNA duplex with CG content as 
high as 100 % by undergoing tail clamp modifications [237]. It has been 
employed in various fields ranging from biological to clinical applica
tions, CRISPR Cas-9 gene editing, nanotechnology, and gene targeting. It 
is quite rampant to have immune system-related toxicity; hence, the 
investigators are switching to cell-derived microvesicles to effectively 
deliver miRNA [238]. This view is highly supported and applied to 
reduce the inflammation of cells by using platelet-derived microvesicles 
as a delivery vehicle enclosing miRNAs like miR-302b, miR-142-3p, and 
miR-223. The miRNAs miR-302b and miR-372 regulate mitochondrial 
metabolism via the SLC25A12 transporter, which controls MAVS- 
mediated antiviral innate immunity [239]. 

Nanoformulations-based methods are also becoming handy and can 
be administered in the form of nasal sprays. Scientists have deduced the 
relevance of miRNA in COVID-19-mediated comorbidities, like cardiac 
[240], pulmonary [241], or neurological diseases [242]. Viral miRNAs 
control the various signaling pathways mentioned above, creating a 
hypoxic microenvironment leading to severe consequences. Recently, 
considerable literature has grown up around the theme of COVID-19 
animal models, which has boosted the preclinical trials of candidate 
vaccines [243]. A mRNA vaccine mRNA-1273 displayed quick protec
tion to both upper and lower respiratory tract, for which Corbett et al. 
used a nonhuman primate model [244]. An investigation conducted by 
Rezk et al. evaluated the effectiveness of ivermectin in reducing the 
fatality percentage by influencing the expression profile of miR-2029, 
miR-233-3p, on a group of 300 COVID-19-infected hospitalized pa
tients. This shows the marked correlation of miRNA with the COVID-19 
existing therapy [73]. Studies have related the positive results from the 
COVID-19 RT-PCR test to changes in the miRNA profiles in nasal swabs, 
which could potentially classify the case self-reliantly [65]. In
vestigations are expanded with larger groups of infected people, 
including pre-symptomatic, asymptomatic, and infection caused by 
different variants. Additionally, to see whether this notion endures 
during the COVID-19 incubation period (on average 6–7 days) or if this 
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could be incorporated on real grounds for efficient detection and prog
nosis. miRNA biomarkers may be useful in providing infection evidence 
to doctors since miRNA responses reflect the host's response to infection. 

10. Conclusion 

As the COVID-19 pandemic unfolded, the world has seen diverse 
versions of mutants that restrict the disease to die out completely, escape 
the effectiveness of current therapeutics, and ability to sustain pre- and 
asymptomatic human-to-human transmission. In such a scenario, there 
is always a possibility of outbreak clusters; hence the focus should be on 
identifying the early signs of COVID-19 infection irrespective of the 
arising variants of concern exhibiting patterns of genomic mutations. 
The present study was undertaken to comprehensively account for small 
noncoding MiRNAs as a critical player in the viral illness game. Even 
though the class of miRNA has grabbed attention recently, they have 
been successfully calculated as the biomarker for a range of diseases 
over more than a decade. Researchers have already detected changes in 
miRNA expression levels in body fluids, including saliva, urine, breast 
milk, plasma samples, and serum in cardiovascular disorders, cancer, 
and viral infections. The miRNA-derived biomarkers offer a potent 
therapeutic option, being highly stable, specific, and resistant to several 
RNase III, making them an eligible biomarker for early disease detection. 
Computational and in vitro studies have manifested dynamics of miRNA 
expression contesting against the virus as a double-edged sword where it 
could potentially refrain and function as a proviral molecule during the 
disease onset. In addition, we addressed the virus-encoded miRNA's 
ability to persist in the host body by triggering pro-inflammatory cyto
kines or altering host signaling pathways, mishandling the host immune 
system and resulting in immune suppression and pathogenesis. Next- 
generation miRNAs therapy is advancing with the concept of personal
ized medicine, which could be incorporated by conjugating miRNA with 
a viral or nonviral delivery vehicle. In addition to that, the comorbidities 
contained with the SARS-CoV-2 disorient the existing clinical practice. 
Apart from that is high time to switch our focus on the cross-kingdom 
RNA molecules (plant miRNAs) which could turn the perspective of 
modulating this chronic contagious disease to the next stage. The 
acknowledgment of small noncoding miRNAs as a promising curative 
agent has shed light on the path of gene therapy, thus ruling out lethal 
viral infections. 
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