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RNA viruses always have been a serious concern for human health by causing several outbreaks, often pan-
demics. The excessive mortality and deaths associated with the outbreaks caused by these viruses were due to the
excessive induction of pro-inflammatory cytokines leading to cytokine storm. Cytokines are important for cell-to-
cell communication to maintain cell homeostasis. Disturbances of this homeostasis can lead to intricate chain

miRNAs . .. . . . .
Antiviral therapeutics reactions resulting in a massive release of cytokines. This could lead to a severe self-reinforcement of several
Inflammation feedback processes, which could eventually cause systemic harm, multiple organ failure, or death. Multiple

inflammation-associated pathways were involved in the cytokine production and its regulation. Different RNA
viruses induce these pathways through the interplay with their viral factors and host proteins and miRNAs
regulating these pathways. This review will discuss the interplay of host proteins and miRNAs that can play an
important role in the regulation of cytokine storm and the possible therapeutic potential of these molecules for

the treatment and the challenges associated with the clinical translation.

1. Introduction

RNA viruses have already caused multiple outbreaks, epidemics, and
two major pandemics within the first two decades of the 21st century
and thus remain a global health threat as well as a major concern for
future outbreaks. Due to the lack of proof-reading ability of RNA poly-
merases, they continuously mutate and show excellent adaptability to
challenging environments and circumvent the selective pressure acting
against them, including the host’s innate immune system and the
existing antiviral drugs. The remarkable adaptive evolution, com-
plemented by their potential of increased zoonotic transmissibility be-
tween the different species and the human hosts, allows the emergence
of new strains of viruses of highly pathogenic potential with increased
transmissibility, that can even lead to the pandemic, as in the case of
current COVID-19 pandemic. These unique properties and the unpre-
dictability of viral evolution pose a major challenge to develop proper
therapeutics or vaccines against the diseases caused by RNA viruses. The
last two decades saw pandemics in the form of Swine flu (HIN1 Influ-
enza virus (IAV)), Coronavirus Disease —2019 (COVID-19) caused by

severe acute respiratory syndrome coronavirus —2 (SARS-CoV-2), epi-
demics, and endemics in the form of SARS-CoV, MERS-CoV, multiple
outbreaks of Dengue, Ebola, Zika. Cytokine storm (CS) was associated
with many of these RNA viruses and the reason for the excessive death
rate.

Cytokine storm (CS) or cytokine storm syndrome has been associated
with the rapid, excessive induction of inflammatory cytokines and
chemokines and the over-activation of immune cells, which can ulti-
mately lead to organ damage and death. CS is triggered by pathogens
such as bacteria and viruses, autoimmune conditions, and organ trans-
plants (Fajgenbaum and June 2020). CS patterns and the effects caused
due to different pathogens differ, and thus, it is important to identify the
precise diagnosis and treatment strategy associated with each condition.
It is still unclear why most of the pandemics and outbreaks causing RNA
viruses are associated with CS that, in turn, lead to excessive death rates.
The strategies these viruses involve to escape the host immune response
and divert it to cause CS is still unclear and can vary among different
viruses. RNA viruses such as Human Influenza viruses (IAV), Human
coronaviruses (H-CoV), and Dengue virus (DENV) are very much
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associated with the induction of CS. These viruses must employ some
strategies to circumvent the antiviral immune responses and modulate
the inflammation-related pathways to escape from cell death to achieve
maximum replication. Meanwhile, there are negative regulatory mech-
anisms by the host immune system to avoid the excessive induction of
cytokines. Previously unexplored roles of the host non-coding RNAs,
such as microRNAs (miRNAs), in the regulation of the antiviral and in-
flammatory responses, have been demonstrated recently due to the ad-
vancements in high-throughput sequencing technologies.

Although the precise mechanism of CS induction is unclear, the re-
view will focus on the interplay between the RNA viruses and the host’s
innate immune inflammation-associated pathways. This review will
explain how host proteins and miRNAs interplay with virus factors and
regulate the induction of CS. The possible therapeutic potential of the
host factors in controlling CS during RNA virus outbreaks will be
discussed.

2. Inflammation-associated pathways during RNA virus
infection

The immune system’s inflammatory response is a defence mecha-
nism against various pathogens like viruses, bacteria, harmful stimuli,
damaged cells, or toxic compounds. During viral infection, our immune
system activates the inflammatory response through a cascade of
signaling pathways to limit the virus. After encountering the pathogens
in the cells, various pattern recognition receptors (PRRs) on the host cell
membrane recognize the pathogen-associated molecular patterns
(PAMPs) derived from the pathogens. These PRRs include Toll-like re-
ceptor (TLR), Retinoic acid-induced gene - I like receptor (RLR),
Nucleotide-binding oligomerization domain (NOD)-like receptor (NLR),
C-type lectin-like receptors, and cytosolic DNA sensors like cyclic GMP-
AMP synthase (cGAS) (Fig. 1) (Koyama et al., 2008; Kumar et al., 2011;
Yamada et al., 2021). In the case of RNA viruses, the viral genome is
recognized by RLRs in the cytoplasm, TLR3, and TLR7 in the endosome
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of epithelial cells and immune cells. Upon recognition, these PRRs
activate interferon regulatory factors (IRFs) through specific adaptor
molecules such as IPS-1/MAVS, TIR-domain-containing adapter
inducing IFN-p (TRIF) and MyD88, respectively (Kawai et al., 2005;
Mogensen, 2018). These adaptor molecules activate kinases, like TANK
binding kinase 1 (TBK1), which phosphorylate IRF3 and IRF7. The
cGAS-STING pathway is associated with the recognition of cytosolic
dsDNA from DNA viruses, bacteria, nucleus, and mitochondria of
injured or dying cells. During RNA virus infection, the mitochondrial
DNA and nuclear DNA released from damaged cells are recognized by
cGAS. The ¢GAS molecule homodimerized after binding to dsDNA and
activated cGAMP, which interacts with STING. The activated STING
interacts with TBK1, which subsequently phosphorylates IRF3 (Moos-
savi et al., 2022). These phosphorylated IRFs get dimerized (homo or
hetero dimerization), translocate into the nucleus, and induce gene
expression of type I IFNs (Carty et al., 2021; Kumar et al., 2011). RNA
viruses such as IAV, SARS-CoV, MERS-CoV, SARS-CoV-2, and DENV can
trigger the antiviral pathways as well as inflammatory response path-
ways in host body. These inflammatory pathways include Nuclear factor
kappa-light-chain-enhancer of activated B-cells (NF-kB) signaling,
Mitogen-activated protein kinase (MAPK) signaling, Janus kinase (JAK)
- signal transducer and activator of transcription (STAT) pathway,
Inflammasome pathway. As a result, interferons, inflammatory cyto-
kines, and chemokines will be produced (Liu et al., 2017).

2.1. NF-«B signaling

NF-kB transcription factor plays an essential role in producing pro-
inflammatory cytokines such as interleukin-6 (IL-6) and tumor necro-
sis factor-a (TNF-a). During viral infection, the NF-kB activity is induced
by a signaling cascade of PRRs. There are five structural components of
NF-kB, such as NF-kB1 (p50), NF-kB2 (p52), RelA (p65), RelB, and c-Rel,
which mediate the transcription of the target genes. Under normal
conditions, NF-kB is inhibited by inhibitor of NF-kB (IxB). The PRR

Fig. 1. Inflammatory pathways activated during viral
infection.

During virus infection, PAMPs (Pathogen-associated
molecular patterns) and DAMPs (Damage-associated
molecular patterns) released from lysed cells, recog-
nize by various PRRs (pattern recognition receptors)
such as TLR (Toll-like Receptor), RLR (Retinoic Acid-
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which may be responsible for cytokine storm (Created
with BioRender.com).
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signaling activates IkB kinase (IKK), consisting of two catalytic subunits
and one regulatory subunit such as IKKe, IKKf, and NF-kB essential
modulator (NEMO) or IKKy, respectively. IKK can be triggered by cy-
tokines, growth factors, mitogens, microbial components, and stress
stimuli (Liu et al., 2017). Upon activation, IKK phosphorylates IkB,
leading to its proteasomal degradation and subsequent release of NF-xB
for nuclear translocation and transcriptional activation of
pro-inflammatory cytokine genes (Chen et al., 2018).

2.2. MAPK signaling

MAPKs belong to a serine/threonine protein kinase family, which
induces in response to various external stimuli such as DNA damage,
heat shock, and pro-inflammatory cytokines (IL-1, IL-6, TNF-a) (Chen
et al., 2018). This pathway can also be activated by a wide variety of
viruses, such as DENV, IAV, WNV, and Hepatitis C virus (HCV). It can
either enhance or suppress viral replication (Kumar et al., 2018b).
Activated MAPKs are involved in cell proliferation, differentiation,
apoptosis, and immune response (Fung and Liu, 2019). The members of
mammalian MAPKs, such as extracellular signal-regulated kinase 1
(ERK1), ERK2, p38a, Jun N-terminal kinase 1 (JNK1), and JNK2, are
well known for their role in innate immunity milieu (Soares-Silva et al.,
2016). The MAPK pathway gets activated in response to virus infection
via PRR mediated pathways. To activate MAPK and inflammatory
cytokine production, consecutive signal transduction through several
protein kinases is required. The MAPK kinase kinase (MAP3K) gets
activated by the TLR signaling process, which further activates MAPK
kinase (MAP2K). Subsequently, MAP2K activates MAPKs (JNK1/2,
ERK1/2, p38) and induces inflammatory cytokines production in
myeloid cells (Arthur and Ley, 2013). Moreover, RANTES/CCL5 is a
chemokine involved in inflammatory responses induced by MAPK
pathway activation in viral infection. Reports suggest that upon IAV
infection in bronchial epithelial cells, the p38 and JNK activation reg-
ulates RANTES production (Kujime et al., 2000). JNK activation induces
the transcription factor, activator protein-1 (AP-1), during the early
infection stage, which is crucial in producing IFN-f (Ludwig et al.,
2001).

2.3. JAK/STAT signaling

JAK/STAT pathway plays a vital role in signal transduction in
response to external stimuli and involved in hematopoiesis, inflamma-
tion, and immune system regulation (Calabrese et al., 2021). JAK/STAT
signaling pathway gets activated in response to cytokines and growth
factors by binding to their respective receptors. As a result, JAK (JAKI,
JAK2, JAK3, and Tyk2) gets auto phosphorylated and interacts with
STAT (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6)
and phosphorylate it. Conformational change of STAT leads to homo-
dimerization (e.g., STAT1/STAT1) or heterodimerization (e.g.,
STAT1/STAT2), which gets transported into the nucleus and binds to
specific genes for initiation of transcription (Banerjee et al., 2017).
STAT1/STAT2 heterodimer bind to IRF9 and forms an Interferon Stim-
ulated Gene Factor 3 (ISGF3) complex, which binds to IFN-stimulated
response elements (ISRE), that leads to induction of hundreds of inter-
feron stimulatory genes (ISGs), many of which have antiviral function
(Ezeonwumelu et al., 2021). IL-6 activate the JAK/STAT signaling by
STAT1/STAT3 dimerization for further activation of target genes. In
granulocytes, this signaling initiates T-cell proliferation and IL-10
signaling (Schindler and Strehlow, 2000). The signaling cascade medi-
ated by IL-6 induces the MAPK pathway. IL-6 also upregulates the
expression of SOCS3 which is a negative regulator of the STAT1 medi-
ated signaling pathway (Morris et al., 2018). IL-12 mediated JAK-STAT
pathway involves STAT4 which induces the production of IFN-y by NK
cells and the development of Thl cells mediated immune responses
(Schindler and Strehlow, 2000). The cytokines and chemokines released
from innate immune pathways recruit other immune cells such as
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monocytes, dendritic cells (DC), macrophages, and natural killer (NK)
cells and activate the adaptive immune cells such as CD4" and CD8" T
cells which further produce inflammatory cytokines (IL-2, IFN-y, TNF-a,
GM-CSF) (Yang et al., 2021).

2.4. Inflammasome

The NLR Family Pyrin Domain Containing 3 (NLRP3) inflammasome
plays a crucial role in host antiviral immunity. Viruses like IAV and West
Nile virus (WNV) induce inflammasome activation. Viral components
and cytosolic Damage-associated molecular patterns (DAMPs), such as
mitochondrial injury, protein aggregates, and aberrant ion concentra-
tions, can trigger the NLRP3 inflammasome activation (Zhao and Zhao,
2020). The NLRP3 inflammasome comprises NLRP3, pro-caspase-1, and
apoptosis-associated speck-like protein (ASC). These three proteins get
assembled and initiate auto-cleavage of pro-caspase-1 to activated
caspase-1 protease. Caspase-1 activation leads to secretion of IL-1f and
IL-18 and gasdermin-D mediated pyroptosis (Ong et al., 2017). Pyrop-
tosis is associated with inflammation-mediated programmed cell death
of infected cells. This process is characterized with pore formation on
plasma membrane by gasdermin-D. Gasdermin-D, a pore-forming pro-
tein, induces transmembrane pore formation, which allows K' efflux
and water influx. Thus, it disrupts the membrane potential and releases
cytosolic proinflammatory cytokines, IL-1p and IL-18 from the lysed
cells (Kuriakose and Kanneganti, 2019; Nguyen and Kanneganti, 2022).
Study of SARS-CoV-2 infected human primary monocytes and COVID-19
patients under intensive care show that pyroptosis activated through
inflammasome and increase the level of IL-1f (Ferreira et al., 2021).
Reports suggest CLEC5A act as PRR during DENV infection and induce
activation of NLRP3 inflammasome and pyroptosis in multiple cell types
such as macrophages, platelets, DCs, and neutrophils (Nguyen and
Kanneganti, 2022).

2.5. ¢GAS-STING pathway during RNA virus infection

During RNA virus infection, DAMPs like nuclear and mitochondrial
DNA are released from damaged cells recognized by cGAS. The lung
sample from COVID-19 patients shows the involvement of cGAS-STING
pathway in tissue damage and production of IFN. Mitochondrial DNA
released from SARS-CoV-2 infected endothelial cells induces the pro-
duction of IFN-I and cell damage by activating the cGAS-STING pathway
(Domizio et al., 2022). In the case of IAV infection, the mitochondrial
DNA is released into the cytosol by the virioporin activity of the IAV M2
protein in MAVS dependent manner, which activate the cGAS-STING
mediated innate immune response (Moriyama et al., 2019). However,
STING also plays a critical role in RNA virus infection, independent of
cGAS. The fusion of RNA virus envelops with the host cell membrane
activates the STING-dependent signaling pathway and produces IFN-I
(Holm et al., 2016). In COVID-19 pathogenesis, IFN-I plays a crucial
role. In the early phase of infection, the rapid rise of IFN-I is associated
with virus suppression, whereas in the late phase, the continuous rise of
IFN-I causes hyperinflammation (Domizio et al., 2022).

2.6. Autophagy

Autophagy is an antiviral strategy of the host immune system to limit
virus replication. It is the self-eating process of cells by lysosomal
degradation to maintain homeostasis and clearance of pathogens. This
process can synergistically interact with the PRR-induced innate im-
mune pathways to control virus replication. It also maintains cytokine
homeostasis in a prolonged immune activation state by negatively
regulating various components of the innate immune pathway. During
virus infection, the TLRs in the endosome are stimulated by the PAMPs
in the endosomal compartments. The TLR pathway activation stimulates
the interaction of MyD88/TRIF to Beclin-1 (It interacts with other pro-
teins to form an autophagy initiation protein complex) to initiate
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autophagy (Choi et al., 2018). However, the TLR pathway can be
inhibited by autophagy components, such as the degradation of TRIF by
TAX1BP1-mediated selective autophagy (Samie et al., 2018). Down-
stream to the TLR-signaling pathway, NF-kB pathway components can
crosstalk with autophagy. For instance, IKK} and p65 are targets of
various autophagy components for their degradation (Pradel et al.,
2020). A study shows RIG-I mediated autophagy through
RIG-I-MAVS-TRAF6 signaling, where Beclin-1 translocates to mito-
chondria and interacts with TRAF6. This interaction induces
K63-polyubiquitination of Beclin-1, which induces autophagy (Lee et al.,
2018). The autophagy components of the ATG5-ATG12 complex can
interact with RIG-I/MAVS pathway by preventing the interaction of
CARD domains and inhibiting IFN-I production (Jounai et al., 2007).
Similarly, inflammasome activation can be regulated by autophagy. The
poly dA:dT activation of inflammasome in macrophage trigger auto-
phagy. This process can also act as a negative feedback regulation of
inflammasome activation by polyubiquitinated lysosomal degradation
of ASC (Pradel et al., 2020). Virus infection-mediated inflammation
leading to severe fatal cases is well illustrated in COVID-19 cases. In such
cases, autophagy could be an essential process to limit the virus and
check hyper-inflammation.

These signalling pathways have a crucial role in regulating virus
replication. An uncontrolled and excessive inflammatory response can
harm the host, leading to a severe inflammatory condition like CS, often
associated with the RNA virus infection.

3. Cytokines and Cytokine storm (CS)
3.1. Cytokines - introduction

Cytokines are small molecules produced by the immune and non-
immune cells that regulate the immunological processes and facilitate
the elimination of invading pathogens while maintaining immune ho-
meostasis (Tisoncik et al., 2012). Cytokines act locally at picomolar
concentrations and have a very short half-life. These molecules attach to
cell surface receptors, instigating targeted cells to express distinct genes.
These are classified into four structural families such as four alpha-helix
bundle families (comprising IL2 subfamily, IFN subfamily, and IL-10
subfamily), IL-1 family, IL-17 family, and cysteine-knot cytokines
(transforming growth factor [TGF-f] superfamily) (Ramani et al., 2015).
Further, cytokines are categorized into many types, such as interferons,
colony-stimulating factors (CSF), interleukins, chemokines, trans-
forming growth factors (TGF), and TNF, which are secreted in a range of
paracrine, autocrine, and endocrine pathways. These have been func-
tionally linked with pro-inflammatory and anti-inflammatory mecha-
nisms in various infections and immune system illnesses.
Pro-inflammatory cytokines such as TNF-o, IL-1, IL-6, IL-12, IL-18,
IFN-y, granulocyte-macrophage colony-stimulating factor (GM-CSF),
promote inflammation. Anti-inflammatory cytokines such as IL-1Ra,
IL-10, IL-13, IL-4, TGF-p, IFN-a trigger inflammation to subside. The
JAK-STAT and NF-xB pathways are two of the most widely used cytokine
effector pathways. Cytokine ligands activate these pathways, which are
likewise regulated and induce the release of more cytokines through
adaptive immune cells. For instance, IL-10 shows the effects on other
proinflammatory cytokines either by reducing or completely terminat-
ing their inflammatory response. Similarly, IL-6 involves in improving
the activity of CD4 ™ cells by upregulating IL-21 and also helps in T-cell
differentiation by suppressing IFN-y signaling (Lordan et al., 2019).
However, their dysregulation may result in an array of
immuno-pathologies, such as CS, depending on the amount and duration
(Karki and Kanneganti, 2021).

3.2. Cytokine storm - pathology

The distinction between a normal and a dysregulated response to a
severe infection is hazy, especially since specific cytokines can be helpful
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and detrimental to the host. Hence the term “cytokine storm” refers to a
group of immune dysregulations marked by constitutional symptoms,
systemic inflammation, and multi-organ dysfunction, which can prog-
ress to multi-organ failure if left improperly treated. Almost all patients
suffering from cytokine storm are febrile, and in severe instances, the
temperature may rise to a high level, and headache, fatigue, anorexia,
diarrhea, rash, myalgia, arthralgia, and neuropsychiatric abnormalities
are also possible. These signs and symptoms might be caused by
cytokine-instigated tissue damage or acute phase physiological changes,
or they could be the outcome of immune-cell-mediated responses.
Disseminated intravascular coagulation can develop quickly, resulting
in arterial occlusion or hemorrhages, hypoxemia, dyspnea, hemostatic
imbalance, vasodilatory shock, hypotension, and mortality (Fajgen-
baum and June 2020). CS can be a life-threatening condition for the host
due to a sudden rise in the production of various inflammatory cytokines
and chemokines during viral and bacterial infection. CS is initiated by
inflammatory cytokines and subsequently propagated by various in-
flammatory mediators, including cytokines that spread through circu-
lation. Besides standard clinical features of inflammation, for instance,
redness, swelling, edema, heat, and pain, it may cause severe failure of
the vital organs. In the case of Coronavirus-associated severe pneu-
monia, which is commonly related to rapid replication of the virus,
extensive aggregation of inflammatory cells, increased production of
inflammatory mediators, and virus-induced immunopathology, all of
which contribute to ARDS and acute lung injury (ALI) (Jafarzadeh et al.,
2020).

3.3. Induction of cytokine storm

Depending on the stimulus, CS can be characterized as pathogen-
induced (as in sepsis), auto-inflammatory or monogenic, or induced by
therapeutic intervention. Pathogen-induced CS has mostly been studied
with a connection to bacterial and viral respiratory infections. By
attaching to PRRs, bacteria such as Streptococcus pyogenes, and Staphy-
lococcus aureus activate nuclear NF-«B signaling and IRF3/IRF7 in innate
immune cells (Karki and Kanneganti, 2021). Several factors can be
responsible for CS, including triggers induced by pathogen (e.g., bac-
terial sepsis, influenza virus, and COVID-19), other factors like auto-
inflammatory disorders, monogenic disorders (e.g., primary or
secondary hemophagocytic lymphohistiocytosis (HLH)). Additionally,
various therapies like CAR T-cell therapy, T-cell-engaging immuno-
therapies, and gene therapies may also be responsible for CS (Tang et al.,
2021). One of the main causes of infection-related death is sepsis, a
serious clinical illness with high mortality risk. In sepsis, two phases
follow one another; the first is a hyper-inflammatory phase, and the
second is an immunosuppressive phase. Numerous markers, including
C-reactive protein (CRP), procalcitonin, IL-1, IL-6, and TNF-q, are pre-
sent throughout the hyperinflammatory phase. Pro-inflammatory cyto-
kines such as IL-1, IL-6, and TNF-a are generated as an early response to
injury or disease. The liver produces CRP in response to infection which
is induced by IL-6. The body produces procalcitonin, which is recog-
nized as the most useful sign of severe systemic inflammation. Several of
these markers are identified as sepsis biomarkers and can be utilized to
help diagnose and treat sepsis patients (Kocak Tufan, Kayaaslan, and
Mer, 2021). CS triggered by viral infection is to fight or compete with
immune defense systems or to escape from it (Kirsch-Volders and
Fenech, 2021). IAV, DENV, and various strains of SARS-CoV infect the
human host and are known to cause damage by inducing CS. Addi-
tionally, CS spreads throughout the body affecting vital parameters and
causing systemic sepsis, characterized by prolonged hypotension, hyper-
or hypothermia, leukocytosis, or leukopenia, and commonly thrombo-
cytopenia thereby severely affecting vital parameters and damaging
vital organs of the host (Hussell and Goulding, 2010). The exact mech-
anisms underlying CS in RNA virus infections are complex and multi-
factorial. Several factors contribute to the development of CS, including
viral factors, host factors, and the interplay between the virus and the
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host immune system. Further research is required in this field for better
understanding of induction of CS mechanism.

4. Role of RNA viruses in the stimulation of CS

In the case of RNA viruses like the influenza virus, it activates innate
immunity, which is widely based on the presence of PRRs on the cell
membrane of immune cells. The activation of PRRs triggers various
signaling cascades leading to the production of several specific pro-
inflammatory cytokines. A considerable rise in the expression of these
cytokines, including TNF-a, IL-6, and IL-1p worsens the inflammatory
response leading to apoptosis and reduction in mitochondrial reactive
oxygen species, resulting in vascular malfunction and multiple organ
failure and finally causing the demise of the host (Gu et al., 2019). Se-
vere cases of CS uncommonly remarked in seasonal and mild influenza
infections reveal the connection between the high cytokine level and the
severity of the disease (Liu et al., 2016). Different cytokine waves
emerge throughout an IAV infection, starting with the early responses of
RANTES, IFN-a, IFN-B, IFN-k, IL-8, and MCP-1 to the later responses of
IL-1a/B, IL-6, IL-18, IFN-I, TNF-a, MCP-1, MCP-3, MIP-1x, MIP-1b,
MIP-3a, RANTES, and IP-10, which are mostly produced by the infec-
ted macrophages in the lower respiratory tract (Gu et al., 2019). DENV
has both structural and non-structural proteins. Among them, func-
tionally non-structural proteins are associated with viral polyprotein
processing, RNA replication, and virion assembly, and some
non-structural proteins are also reported to modulate host immune
response. To understand the virus strategy in vitro, studies have been
conducted in a variety of cell types that are associated with DENV
infection, such as epithelial cells, endothelial cells, hepatocytes, muscle
cells, dendritic cells, monocytes, and mast cells. Nevertheless, immune
cells are the major target for in vivo infection. The non-structural pro-
teins of the virus have a crucial role in modifying the host’s immune
responses, which may ultimately lead to CS. The proteins NS2A, NS2B,
NS4B, and NS5 have been demonstrated to disrupt type I IFN signaling.
Also, the production of a variety of chemokines and pro-inflammatory
mediators is induced by NS5 and NS4B. The cell-mediated immune
system, particularly CD8" T lymphocytes, targets NS proteins. Several
studies have found that dendritic cells and macrophages express C-type
lectins receptors such as DC-SIGN (CD209) and CLEC5A, which are
utilized by DENV for host cell entry. When DENV interacts with its host
cell receptors, various pro-inflammatory, antiviral, and immunoregu-
latory cytokines are expressed and released. DC-SIGN primarily function
as a site of viral attachment, as viral internalization also occurs in those
cells which express a mutated internalization sequence of DC-SIGN.
Moreover, DENV binding to CLEC5A has been demonstrated to induce
pro-inflammatory cytokines (Srikiatkhachorn et al., 2017).

As viral load correlates with disease severity, antibody-dependent
enhancement (ADE) in secondary infection enhances viral entry into
host cells leading to increased viral load and immune activation asso-
ciated with disease severity. In DENV-infected patients, aberrant in-
flammatory responses have been found. In comparison to healthy
controls, a number of host inflammatory biomarkers, including GM-CSF,
IFN-y, IL-15, IL-10, IL-8, IL-6, MCP-1, MIP-1p, and TNF-a, were elevated.
The disease severity was reported to correlate mainly with four cyto-
kines, including IFN-y, IL-10, GM-CSF, and MIP-1f. Those who have a
severe DENV infection frequently experience liver damage. The severity
of the disease appears to be correlated with an increase in the liver
enzymes aspartate transaminase (AST) and alanine transaminase (ALT).
Direct viral cytopathogenic effects and immune-mediated injury are
primarily involved in the pathogenesis of liver damage in DENV infec-
tion. Infected hepatocytes express IFN-f, IFN-a, RANTES, IL-8, IL-10, IL-
6, and IL-12 via NF-kB. IFN-a and IFN-p are known to boost nearby cells’
antiviral defenses. RANTES, IL-6, IL-8, IL-10, and IL-12 attract NK cells,
CD8*, and CD4 " lymphocytes, which causes the hepatic cells to undergo
apoptosis (Tarasuk et al., 2022).

Moreover, SARS-CoV-2, which is the devil behind the serious
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pandemic, caused a severe outbreak. The mortality related to COVID-19
disease is ARDS which appears to cause similar immunopathogenic
features in SARS-CoV and MERS-CoV infections. It has been found that
CS is one of the prominent hallmarks of ARDS. Patients with COVID-19
infection exhibit high blood levels of cytokines and chemokines such as
IL-1, IL-1Ra, IL-7, IL-8, IL-9, IL-10, basic FGF2, GCSF, GMCSF, IFN, IP-
10, MCP-1, MIP-1, PDGFB, TNF, and VEGFA. In extreme cases of
SARS-CoV-2 infection, similar to SARS-CoV and MERS-CoV infections,
the resulting CS induces a strong inflammatory immune response that
contributes to ARDS, multiple organ failure, and eventually death.
COVID-19-infected patients have greater leukocyte counts, aberrant
respiratory findings, and higher plasma pro-inflammatory cytokine
levels. The immediate cause of mortality from acute COVID-19 is CS,
damaging lungs and many organs, including the heart, kidneys, and
liver, which results in multiple organ depletion (Li et al., 2020; Huang
et al., 2020).

The exact mechanisms by which RNA viruses stimulate CS are not
fully understood, several factors have need to be identified as potential
contributors. Exploration of novel findings will contribute to the un-
derstanding of the mechanisms involved in CS associated with RNA virus
infections.

5. Comparative aspects of CS induction by different RNA viruses

When the host is infected with respiratory viruses like coronavirus,
RSV, or IAV, a fine balance must be struck between preventing viral
multiplication and preventing harm to the lung’s delicate structure.
Respiratory infections depend on the immune system’s ability to prevent
virus multiplication, yet over-activation can worsen inflammation and
sickness. Although they play a role in viral pathogenesis, cytokines
trigger immune responses that are antiviral. RSV, enteroviruses, ade-
noviruses, human metapneumovirus, IAV, and parainfluenza viruses are
the main viral pathogens responsible for lower respiratory tract in-
fections (LRTI) in humans (Forbester and Humphreys, 2021). Consid-
ering the wide prevalence of influenza subtypes, HIN1 and H5N1 are
much more studied. So, these two subtypes are used as examples to focus
on the function of the innate CS caused by the IAV. HIN1 has a lesser
cytokine/chemokine response than H5N1, although it is greater than the
seasonal H3N2 flu. IL8 is more elevated in both severe HIN1 and sea-
sonal H3N2 cases, so it may be considered a marker of serious illness.
Pro-inflammatory chemokines IP-10, MCP-1, MIG, and MIP-1 are
considerably greater in HIN1 infections than in healthy controls; MCP-1
and MIG are more than twice as high in severe cases. Moreover, TNF-a
and IL-6 levels in DCs following H7N9 infection were equal in H5N1 or
H3N2 virus-infected cells. Other cytokines were modest and consider-
ably lower in DCs infected with the H7N9 virus than in those infected
with the H5N1 virus or even seasonal H3N2 influenza (Gu et al., 2019).

During different RNA virus infections, the disease pathogenesis is
associated with the expression pattern of cytokines and chemokines.
Nevertheless, similarities and differences are observed during the early
and late phases of illness (see Table 1). IL-6 is a key cytokine that has a
significant role in severe cases of COVID-19 and dengue hemorrhagic
fever (DHF). During COVID-19 infection, rapid induction of Thl cells
activates the pro-inflammatory mediators such as IL-6. The elevated
level of IL-6 leads to activation and induction of other inflammatory
cytokines such as IL-8, VEGF, and MCP-1, causing an elevation in
endothelial permeability and reduced expression of E-cadherin, result-
ing in ARDS. Conversely, IL-6 contributes less to the disease etiology of
DHF than COVID-19, despite an increased vascular permeability which
results in plasma leakage and shock, which are major pathological
hallmarks of DHF. Additionally, the overexpression of IL-6 raises the
levels of TNF-a and IL-1, and a slew of other cytokines, and leads to the
infiltration of macrophages and neutrophils. This is responsible for the
amplification of IL-6 following the expression of various chemokines
comprising monocyte attracting protein-1 (MCP-1/CCL-2), interleukin-8
(CXCL-8), which arouse infiltration of neutrophils and macrophages into
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Table-1
Various viral infections and associated cytokine patterns.
Virus Cytokines and Cytokines and References
chemokines in early chemokines in late
infection infection
Influenza RANTES, IFN-a, IFN-f, IL-1a/p, IL-6, IL-18, (Gu et al., 2019)
IFN-x, IL-8, and MCP-1  IFN-I, TNF-o, MCP-1,
MCP-3, MIP-1a, MIP-
1b, MIP-3a, RANTES,
and IP-10
HIN1 IL-6, IL-12, IP-10 and IP-10, TNFa, IL-15, IL- (Yu et al., 2011)
TNF-a 12, IL-6, IL-8 and IL-9
H5N1 IL-1p, IL-6, TNF-a, IL- IL-12 and IL-8 (Kalaiyarasu
10 and IL-18 et al., 2016)
H7N9 1L-6, IL-8, MIP-1aand IL-6and IL-8 (Wang et al.,
MIP-1p 2014)
WNV IFN-a, CXCL10/IP-10, CCL2/MCP-1 and (Hoffman et al.,
CCL8/MCP-2 CCL7/MCP-3 2016)
RSV IL-6 and TNF-qa, IFN-B, IFN-A1, IFN-y, (Lambert et al.,
CXCL10 (IP-10), IL-1p, TNF-a, IL-6, IL-  2014)
CXCLS8 (IL-8), CCL2 10, CXCL8, and
(MCP1), CCL3 (MIP- CXCL10
la), and CCL5
(RANTES)
DENV GM-CSF, IFN-y, IL-15, IFN-y, IL-10, GM-CSF, (Tarasuk et al.,
1L-10, IL-8, IL-6, MCP- and MIP-18 2022)
1, MIP-1p, and TNF-a
SARS- IFN-y, IL-1, IL-6, IL-12, IFN-y, IL-1, IL-6, IL-12, (Sun et al., 2020)
CoV and TGF-f, CCL2, and TGF, CCL2,
CXCL10, CXCL9, and CXCL10, CXCL9, and
IL-8 IL-8
MERS- IL-6 and IFN-a, IL-8, IL2, IL7, IL10, GSCF, (Sun et al., 2020)
CoV CXCL- 10, and CCL5 1P10, MCP1, MIP1a
and TNF o
SARS- IL-10, IL-6, IL-1 and 1L2, IL7, IL10, GSCF, (Costela-Ruiz
CoV-2 TNF-a IP10, MCP1, MIP1A, et al., 2020;
and TNFa. Hasanvand,
2022)

lung tissue (Dayarathna et al., 2020; Pum et al., 2021). In extreme cases
of SARS-CoV, infected patients along with IL-6 show the highest pro-
portion of serum pro-inflammatory cytokines (IFN-y, IL-1, IL-6, IL-12,
and TGF-B) and chemokines (CCL2, CXCL10, CXCL9, and IL-8) were
detected compared to uncomplicated SARS patients. Likewise, the MERS
study indicated disease severity was found to be linked with a higher
fraction of serum pro-inflammatory cytokines (IL-6 and IFN-a) and
chemokines (IL-8, CXCL- 10, and CCL5) than mild or moderate illness
(Sun et al., 2020). Another crucial cytokine TNF-a which is considered to
be a quintessential pro-inflammatory cytokine for the “center of the
influenza cytokine storm,” is responsible for the activation of endothe-
lial cells and upregulation of IL-1 and IL-6 production following the
invasion of pathogens. In addition, the conditions like inflammation and
tissue damage in cytokine release syndrome (CRS) have majorly been
arbitrated by TNF-a, IL-6, IL-1, and nitric oxide (NO), which are the
secretion of activated macrophages and monocytes (Morris et al., 2021).

Viruses evolved several methods to circumvent the host immune
system, which resulted in a persistent infection that spread quickly and
caused severe tissue damage and pro-inflammatory CS (Kirsch-Volders
and Fenech, 2021). The studies conducted on severely ill patients with
human coronaviruses (HCoVs) infection suggest that the
pro-inflammatory responses have a significant role in the disease path-
ogenesis. In-vitro study shows that there is a delay in the release of cy-
tokines and chemokines in respiratory epithelial cells, DCs, and
macrophages at the early stage of SARS-CoV infection. In later stages,
less amount of the antiviral factors (IFNs) and high levels of
pro-inflammatory cytokines (IL-1p, IL-6, and TNF-a) and chemokines
(CCL-2, CCL-3, and CCL-5) lead to an imbalance of cytokines and result
in CS (Ye et al., 2020). In the initial stages of SARS-CoV and MERS-CoV
infection, delayed production of IFNs interferes with the antiviral
response (Channappanavar et al., 2019). While in later stages, delayed
production of IFNs occurs and the secretion of cytokines and chemokines
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increases, which attracts the inflammatory immune cells. A huge in-
flammatory immune cluster resulting in the infiltration of the cells into
the lungs causes lung inflammation. Thus, this hyperproduction of the
cytokine leads to CS (Ye et al., 2020).

Some viruses enter the host cell via receptor-mediated endocytosis
and other pathways, such as glycan-lectin interaction-based entry. In the
case of dengue infection, the virus interacts with CLEC5A, which is a
type of lectin. CLEC5A is a PRR for DENV that is highly expressed in
neutrophils, monocytes, macrophages, osteoclasts, microglia, and den-
dritic cells. DENV activates the CLEC5A and TLR2, which induce the
NET formation and release pro-inflammatory cytokines. This activation
of CLEC5A along with TLR2 leads to the induction of p38 kinase and
AKT kinase activation, which causes the huge NET formation in neu-
trophils as well as inflammasome (NALP3, NLRC4, AIM2) activation and
pro-inflammatory cytokine (IL-1p, CCL2, TNF, IL-17a) production in
macrophages (Sung and Hsieh, 2021). Understanding the comparative
aspects of CS induction by different RNA viruses is crucial for developing
targeted therapeutic strategies and interventions. Study related in this
field will be helpful in the identification of potential targets for inter-
vention and better CS treatment approaches.

6. Host proteins as regulators of inflammation and CS

To maintain the homeostasis of cytokines and protect the cells from
harmful immune responses, there are some negative regulators which
can target the inflammatory pathway in a negative feedback mecha-
nism. Dysregulation of such effectors can cause severe inflammatory
diseases. SOCS (Suppressor of Cytokine Signaling) proteins are the best
example of negative regulators of interferons and cytokine production.
SOCS1 and SOCS3 can regulate the JAK/STAT pathway by inhibiting the
JAK tyrosine kinase activity, which is important to produce ISGs. SOCS1
can inhibit the NF-kB activation in response to TLR signaling. Another
essential negative regulatory protein for the NF-kB pathway, A20/
TNFAIP3, functions as a deubiquitinase and interacts with NEMO/IKKy
(Yoshimura et al., 2018).

Anti-inflammatory cytokines such as TGF-f, and IL-10 also take part
in maintaining cytokine homeostasis. IL-10 can suppress the expression
of various immune effector molecules, pro-inflammatory cytokines, and
T-cell costimulatory molecules and subsequently inhibit macrophage
activation. IL-10 may also increase the production of an anti-
inflammatory mediator like IL-1Ra, which is an antagonist of the IL-1
receptor. TGF-p has an immunosuppressive effect on various innate
and adaptive immune cells. For example, it can suppress the TLR-
mediated pro-inflammatory responses in macrophages (Lee and Kim,
2007). TGF-p suppress production of IL-2 and activate the Smad family
proteins, which can inhibit the proliferation of CD4™" T cells, CD8" T
cells and NK cells. However, TGF-p facilitate the proliferation and dif-
ferentiation of Treg cells. (Zhang et al., 2022). Depending on the con-
centration of TGF-p, it may also play pro-inflammatory roles. During
SARS-CoV-2 infection, the elevated expression of TGF-f can mediate
ARDS, inflammation, and pulmonary fibrosis in severe conditions (Jiang
et al., 2022). A study showed that the patients infected with DENV show
the association of IL-10 and TGF-p levels with the disease severity
(Pandey et al., 2015). Hence, the balance between pro- and
anti-inflammatory effectors is crucial for immune homeostasis
maintenance.

7. Host non-coding RNAs- potential role in the regulation of CS
7.1. Role of miRNAs in virus infection

The whole genome sequencing technique helps to find out the ma-
jority of non-coding genome sequences which do not take part in protein
synthesis but have a significant role in gene regulation. The non-coding
RNAs (ncRNAs) participate in signaling pathways by interacting with
specific proteins where they can regulate the transcription or translation
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of genes. Reports suggest that non-coding RNAs like micro-RNA
(miRNA), long non-coding RNA (IncRNA), and circular RNA (circRNA)
have a potential role in the regulation of inflammation and immune
system pathways (Chew et al., 2018). Among these ncRNAs, the most
studied ncRNA is miRNA. miRNAs were studied in several diseases,
including viral diseases. In several in vitro studies along with patient
samples, it has been reported that the miRNA expression alters, which
can be a potential biomarker or therapeutic target during the viral
infection.

The miRNA are small RNA molecules of 21-25 nucleotides long. It
can bind to the 3’ untranslated region (UTR) of a target mRNA and
regulate its transcription. Multiple miRNAs can regulate a single gene.
Various studies of miRNA expression and its effect on virus replication
suggest that these small ncRNA can also regulate virus replication by
targeting the virus genome. The blood sample of patients infected with
H1N1 influenza virus showed altered expression of 193 miRNAs. Among
these, 16 miRNAs (miR-1260, miR-1285, miR-18a, miR-185, miR-
299-5p, miR-26a, miR-30a, miR-335, miR-34b, miR-519e, miR-576-3p,
miR-628-3p, miR-664, miR-665, miR-765, and miR-767-5p) were
highly dysregulated and able to clearly distinguish between infected and
healthy individual (Tambyah et al., 2013). In a similar study of serum
miRNA profile of patients’ samples infected with H7N9, four miRNAs
such as miR-106a, miR-20a, miR-17, and miR-376c were highly
expressed as compared to the healthy group (Zhu et al., 2014b). Another
promising prognostic biomarker for HCV-mediated fibrosis is circulating
miR-20a (Shrivastava et al., 2013). Difference in the expression of
various miRNAs may help to distinguish the viruses which cause similar
disease symptoms. A study conducted by Farr RJ et al. suggested the
possibility of virus type specific expression of miRNA. Three miRNAs
(miR-423-5p, miR-23a-3p, and miR-195-5p) are involved in the early
stages of the SARS-CoV-2 infection but not during IAV infection (Farr
et al., 2021). These findings identify the dysregulated miRNAs during
viral infection that can help to distinguish between healthy and infected
individuals and highlight the potential of miRNA as a prognostic
biomarker during virus infection. Variations in profiles of cell-free small
RNA expression, which are unique to specific virus infections, can be
used as a reliable diagnostic marker for various infectious processes.

7.2. Role of miRNAs in regulating inflammation-associated pathways
induced upon RNA virus infection

The miRNA can modulate the disease pathogenesis by targeting
various host factors. The miRNA can target several inflammatory me-
diators, which can either enhance or inhibit the inflammatory response.
Several miRNAs were studied in various inflammatory conditions,
which can regulate cytokines, chemokines, and transcription factors. For
instance, the hsa-miR-410, hsa-miR-26a, and let-7c have the potential to
target IL-6 mRNA. The miRNA hsa-miR-205-3p, hsa-miR-124-3p, hsa-
miR-299-3p are among the modulators of IL-6 receptor expression.
Studies have shown that hsa-miR-216a, hsa-miR-138, and hsa-miR-9 can
inhibit the NF-xB transcription factor (Aslani et al., 2021). The study of
inflammatory lung diseases like ALI, and ARDS shows the
anti-inflammatory role of miR-223 by suppression of the NLRP3
inflammasome (Yan et al., 2019). Various studies show the factors
involved in inflammatory pathways are targeted by miRNA. For
example, JAK2 is regulated by miR-135, STAT1 is regulated by miR-145,
miR-221, and STATS3 is regulated by miR-124 and let-7 (Wu et al., 2012;
Gregersen et al., 2010; Zhang et al., 2010; Koukos et al., 2013; Wang
et al., 2010). These miRNAs can potentialy modulate the expression of
genes which are key factors of inflammatory pathway and hence regu-
late inflammatory condition. Several micro RNAs are found to regulate
MAPK signaling. For instance, it has been demonstrated that
miR-125a-3p controls the expression of p38 MAPK in rat trigeminal
ganglions experiencing orofacial inflammatory pain (Chew et al., 2018).
A number of miRNAs such as hsa-miR-20b and hsa-miR-524, target
ERK-2, and hsa-miR-23b binds to the 3/-UTR of TAB2/3, which can

Current Research in Immunology 4 (2023) 100062

influence the activation of the MAPK/AP-1 pathway. The c-JUN is
likewise targeted by the hsa-miR-216b, hsa-miR-29c, and hsa-miR-139
(Aslani et al., 2021). All these findings show the potential of miRNA
to regulate inflammatory pathways, which can modulate hyper-
inflammatory conditions like CS.

Several studies support the crucial function of miRNA in viral
infection (Fig. 2; Table 2). The dysregulated miRNAs during viral
infection can target the host gene as well as the viral genome either in
favor of enhancement of viral genome replication or inhibition. These
miRNAs can act as a positive or negative regulator of genes involved in
the inflammatory pathway (Krishnamoorthy et al., 2022). For example,
a study in a mouse model shows that miR-144 has a proviral role during
influenza infection by targeting TRAF6. miR-144 suppresses TRAF6
level and dysregulates the downstream signaling of antiviral gene
expression via IRF7 showing the complex interplay of miRNA in anti-
viral innate immunity (Rosenberger et al., 2017). In contrast, the anti-
viral activity of upregulated miR-136 was shown upon IAV H5N1
infection in vitro. This miRNA acts as an agonist of RIG-I, thereby
enhancing the expression of IL-6 and IFN-$ (Zhao et al., 2015). miR-324
shows a dual role during IAV infection by targeting the viral genome and
the host gene CUEDC2 which is a negative regulator of the JAK-STAT
pathway, hence, enhancing the host antiviral immunity (Kumar et al.,
2018a). miR-155 shows antiviral effects which target SOCS1 and in-
crease the expression of IL-6 and IFN-p during IAV infection (Izzard
et al., 2014). The aberrant expression of miR-155 during viral infection
can lead to the hyperactivation of proinflammatory mediators which
may cause the hyperinflammatory condition. However, the miR-155 can
also target essential molecules involved in immune response pathways
such as MAPK/NF-kB (Krishnamoorthy et al., 2022). These findings
highlight the diverse role of miRNA during viral infection. The Periph-
eral blood mononuclear cell (PBMC) of the influenza-infected patient
sample shows the interaction of miR-302a to the 3’ UTR of IRF5.
Treatment of miR-302a mimic in PBMC reduces the IRF5 expression and
decreases the production of IRF5-regulated inflammatory cytokines such
as IL6, IL8, TNF-a, IFN-B, CCL2, CCL5 which leads to higher virus pro-
duction (Nguyen et al., 2018). The in vitro study of IAV shows the
increased expression level of miR-132 and target MAPK3/ERK1 which
involved in TLR, MAPK pathway (Buggele et al., 2012). The miR-30
family members are involved in the regulation of immune signaling
pathways during different virus infections such as IAV, and flaviviruses
(DENV, Zika virus) (Carvalho-Silva et al., 2022; Su et al., 2021). The cell
lines (HeLa, U937) infected with DENV shows increased expression of
miR-30e* which target IkBa which is an inhibitor of NF-xB and activates
the NF-kB pathway, hence promoting expression of IFN-f and its
downstream IFN stimulated genes such as MxA, OAS1, IFITM1 which
inhibit the virus replication (Su et al., 2021; Zhu et al., 2014a). The
miR-30e-5p is also reported to be involved in the disruption of negative
feedback mechanism by targeting SOCS1 and SOCS3 and was proposed
to be a potential therapeutic target to regulate inflammation (Mishra
et al., 2020a; Mishra et al., 2020b). The miR-146a and miR-21 were
found to be dysregulated during DENV and SARS-CoV2 infection and
negatively correlated with inflammatory pathway (Maranini et al.,
2022; Ouyang et al., 2016). The expression of CCL20 was found to be
upregulated in inflamed airway epithelia, which can be potential targets
of miR-21 (Tang et al., 2020). During DENV infection in primary human
monocytes and THP-1 cells, the miR-146a act as a proviral effector by
targeting TRAF6 and hence limiting host IFN-p production (Wu et al.,
2013). The promoter analysis of miR-146a shows, it is dependent on
NF-kB for its induction. However, the miR-146a has target sites for
IRAK1 and TRAF6 which are the mediator of NF-kB signaling (Taganov
et al., 2006). Hence, miR-146a can inhibit NF-xkB dependent proin-
flammatory cytokine production by negative feedback regulation.
Enterovirus study in mice model shows that the transcription factor AP-1
induces the expression of miR-146a during infection. It inhibits IFN-I
production by targeting IRAK1 and TRAF6, which are involved in the
TLR pathway. The expression of IRAK1 and TRAF6 was restored by the
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Fig. 2. Regulation of inflammatory pathways by miRNA.

The management of various inflammatory pathways during RNA virus infection by miRNAs. Upon viral infection, miRNAs are known to dysregulate and can target
different host factors associated with the intracellular inflammatory pathways by targeting the 3' UTRs. This balance is maintained by miRNA that targets negative
and positive regulators of these inflammatory pathways. Black colour indicates miRNAs indicating commonly found miRNA in several RNA virus infections. Red
colour indicates miRNAs that are linked to IAV infection, whereas green and pink indicate miRNAs that are predicted and linked to dengue and SARS-CoV-2 in-
fections, respectively. (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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Table 2
Host factors regulated by miRNA in different RNA virus infections.
miRNA Virus Target Role in pathway Reference
miR-146a 1AV TRAF6 Signal transducer in NF-«kB pathway (Deng et al., 2017)
DENV (Ouyang et al., 2016)
SARS-CoV-2 (Maranini et al., 2022)
miR-590 DENV TRAF6 Signal transducer in NF-«kB pathway (Su et al., 2021)
miR-223 SARS-CoV-2 NLRP3 Inflammasome complex (Yan et al., 2019)
miR-155 SARS-CoV-2 SOCS1 Negative regulator of cytokine signaling (Narozna and Rubis, 2021)
1AV (Izzard et al., 2014)
DENV (Wong et al., 2020)
miR-150 DENV SOCS1 Negative regulator of cytokine signaling (Wong et al., 2020)
miR-124 SARS-CoV-2 JAK2 Initiate JAK-STAT pathway (Zhang et al., 2021)
miR-132 1AV MAPK3 Inflammatory cytokine production via TLR pathway (Buggele et al., 2012)
miR-423-5p SARS-CoV-2 SOCS3 Negative regulator of cytokine signaling (Narozna and Rubis, 2021)
miR-4776 1AV IxBp Inhibitor of NF-xB (Othumpangat et al., 2017)
miR-340 1AV RIG-I PRR recognize viral genome (Zhao et al., 2019)
miR-451a SARS-CoV-2 IL6R IL6 receptor (Zhang et al., 2021)
miR-299-3p SARS-CoV-2 JAK1 Initiate JAK-STAT pathway (Zhang et al., 2021)
miR-24 1AV p38 Activation of MAPK pathway (Liao et al., 2021)
miR-21 DENV 1L1p Proinflammatory cytokine (Ouyang et al., 2016)
SARS-CoV-2 (Maranini et al., 2022)
miR-30e* DENV IkBa Inhibitor of NF-xB (Su et al., 2021)

inhibition of miR-146a, which in turn increase IFN-I production. The
viral replication was suppressed while there was enhancement in the
survival rate of the mouse (Ho et al., 2014). The expression level of
miR-150 was found elevated in the PBMC sample of DHF patients as
compared to DF. This miRNA has a target site for SOCS1 and negatively
correlates with the expression of SOCS1 in DHF patients (Chen et al.,
2014). The aberrant expression of SOCS1 can be one of the reasons for
cytokine dysregulation in DHF patients where miR-150 targeted thera-
peutic can be helpful. During SARS-CoV-2 infection, the upregulated
expression of miR-423-5p was observed at the early stage (Farr et al.,
2021). This miRNA has target site for SOCS3 which could be involved in
the dysregulation of cytokines during the virus infection (Wang et al.,
2019). miR-378b can bind to TBKBP1 and enhance TBK1 expression and
involves the activation of the cGAS-STING pathway. It was reported that
miR-29a can interact with IRF7 and activate STING/TBK1/IRF3. Addi-
tionally, miR-29a may inhibit TRAF6 expression, which could
contribute to a reduction in the antiviral response (Shah et al., 2019).
However, the studies related to miRNAs regulating the cGAS-STING
pathway during RNA virus infection are inconclusive and this field has
yet need to explore.

These findings indicate a significant association of miRNA in regu-
lating the inflammatory pathways during RNA virus infection. The
miRNA can interact with various components of inflammatory pathways
and the transcripts of cytokines. The dysregulated expression of miRNA
during RNA virus infection can affect the host’s innate immune system
either by enhancing or inhibiting these inflammatory responses
depending on the specific miRNA targets and hence contribute to the
disease severity. Thus, the understanding of the interplay between
miRNA and inflammatory pathway can provide new insight into the
development of the innovative therapeutic potential of miRNA to
overcome the harmful effect of CS associated with RNA virus
pathogenesis.

8. RNA-virus derived non-coding RNAs that can regulate
inflammation pathways

Several DNA viruses are known to encode miRNA which function to
evade the host immune system and regulate the host or viral genes.
Recent advancements in novel sequencing techniques aid in identifying
the non-coding RNA fraction derived from RNA viruses, however, their
function is not well studied. Several RNA viruses, such as WNV, DENV-2,
EBOV, and SARS-CoV have been demonstrated to produce miRNA. Deep
sequencing of DENV-infected mosquito and mammalian cell lines have
identified dengue virus-encoded miRNA like small viral RNA, DENV-

vsRNA-5 which autoregulates viral replication by targeting the viral
non-structural protein 1 (NS1) gene. The 3'-terminal stem-loop of the
WNV genome was identified to encode a small miRNA-like RNA, KUN-
miR-1, which facilitates virus replication by targeting and increasing
the accumulation of a transcription factor GATA4 mRNA that has been
involved in lipid trafficking and immune recognition in mosquito cells
(Hussain et al., 2012). H5N1 encodes microRNA-like small RNA,
miR-HA-3p, which is involved in the enhanced production of cytokines
in human macrophages and mice models following infection with the
H5N1 virus. The miR-HA-3p has a target site in 3° UTR of PCBP2, which
is a negative regulator of RIG-I/MAVS-mediated antiviral innate im-
munity, and hence, contributes to CS. This study reports that the inhi-
bition of miR-HA-3p leads to a lower concentration of IFN-$, TNF-a, IL-6,
and IL-1f (Li et al., 2018). SARS-CoV-derived miRNAs have been
discovered in the lungs of infected mice which are involved in patho-
genesis during infection. These miRNAs are derived from nucleoprotein
and non-structural protein 3 regions of the virus. The bioinformatics
study of SARS-CoV-2 also revealed the putative miRNA encoded by
various genomic regions of the virus which can target various signaling
molecules involved in immune function, apoptosis, cell cycle, and
transcription (Nanbo et al., 2021). These virus-encoded miRNAs can be
used as a therapeutic target. However, experimental evaluation of their
expression and biological functions in the context of viral infection re-
quires additional research.

9. Potential therapeutics for CS treatment and associated
challenges

The higher mortality of RNA virus outbreaks such as IAV and SARS-
CoV-2 are associated with the higher viral load complemented with the
excessive secretion of inflammatory cytokines. The most common
strategy to treat the CS associated with these virus infections was to
reduce the level of viruses at the early stages of infection by the drugs/
molecules that can inhibit the replication and thereby prevent the CS. As
evident in the ongoing pandemic caused by SARS-CoV-2, the symptoms
vary between the individuals, and in many cases, the individuals already
approach severity when they are diagnosed the first time. The available
therapeutic methods offer hopes to treat the patients at an early stage of
CS induction and have limitations in treating severe patients.

Corticosteroids are anti-inflammatory steroid hormones that were
predominantly used to treat CS associated with virus infections. Timely
administration of Corticosteroids was reported to control the excess CS
induction and mortality and improve the clinical outcomes of severe
SARS patients (Chen et al, 2006). However, improper use of
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glucocorticoids was associated with the aggravation of disease in SARS
patients. Too early use of glucocorticoids will dampen the body’s de-
fense system, which will lead to an increase in the virus load, further
worsening the disease (Zhao et al., 2020). IL-1 family antagonist drug,
such as Anakinra, was shown to improve the clinical outcome of
COVID-19 patients with CS (Della-Torre et al., 2021). Anakinra shows
controversial results and is not recommended for patients already
experiencing respiratory failure (Khani et al., 2022). IL-6 antagonists
such as Tocluzimab and IL-6 inhibitors such as Chloroquine were also
shown to be efficient in the treatment of CS associated with virus dis-
eases (multicenter collaboration group of Department of, Technology of
Guangdong, and Health Commission of Guangdong Province for chlo-
roquine in the treatment of novel coronavirus 2020; Tanaka et al.,
2016). TLR agonists and antagonists were also shown to have thera-
peutic potential against CS associated with RNA virus infection (Liu
et al., 2022).

To impede the injurious effects of CS, a novel pharmacological
approach is required. Recent experimental studies show the potential of
miRNAs to regulate various pathological conditions by targeting the
host genes or pathogen genome. The dysregulated miRNA in different
pathological conditions can be used as a prospective biomarker for the
early detection of the pathophysiological conditions of patients as well
as a novel therapeutic target. Various miRNAs can directly or indirectly
regulate the expression of inflammatory cytokines. For instance, during
ARDS, miR-199 is known to have a pro-inflammatory effect in alveolar
macrophages contributing to the induction of key inflammatory cyto-
kines such as TNF-a, IL-1f, and IL6 (Desjarlais et al., 2020). It was re-
ported that type-I IFN could be regulated by miRNA. IFN-a can be
controlled by miR-4661, miR-22, and miR-122, whereas IFN-p can be
regulated by miR-146a, miR-26a, miR-34, and Let-7b (Rarani et al.,
2022). The miR-22 is a key regulator of MAVS gene expression during
the Japanese Encephalitis virus (JEV) infection, thereby suppressing the
IFN-I production and increasing viral replication (Zhao et al., 2020).
Studies have shown that in SARS infection, the deregulated expression of
interleukins is associated with lung damage. These can be
pro-inflammatory or anti-inflammatory interleukins which can be tar-
geted by various miRNAs such as the IL-1f expression being negatively
regulated by miR-146a in human lung alveolar epithelial (Perry et al.,
2008). The expression of IRAK1 and TRAF6 are inhibited by miR-146a
and suppresses the NF-kB activity, thereby suppressing the target gene
expression such as IL-1f, IL-6, IL-8, TNFa« (Li et al., 2010). It has been
shown that the anti-inflammatory interleukin IL-4 expression can be
controlled through STAT6 which is a target for miR-210. The expression
level of IL-8, a pro-inflammatory mediator is regulated by miR-106a,
miR-520b (Rarani et al., 2022). During DENV-2 infection, the down-
regulation of a few miRNAs such as miR-20a, miR-30b, and miR-106b
alleviates the inhibition of target genes, thereby increasing the level of
the pro-inflammatory cytokine. It’s possible that the inactivation of
repression of CCL5 and consequently increased cytokine secretion are
the results of the downregulation in miR-106b expression (Wong et al.,
2020). A report suggests the inhibition of IL-10 which is an
anti-inflammatory mediator by miR-27a and hence increase the pro-
duction of pro-inflammatory cytokines in murine macrophages infected
by Mycobacterium avium. However, the inhibition of miR-27a counter-
acts the effect (Hussain et al., 2017) and hence this can be a therapeutic
target for controlling CS. DHF is associated with severe pathological
conditions in dengue-infected patients. It has been found that miR-150 is
highly expressed in DHF patient samples that have a target site for
SOCS1 and there is a negative correlation between SOCS1 expression
and dengue severity. SOCS1 is a suppressor of cytokine signaling and
atypical expression of this gene can cause cytokine dysregulation. The
report shows the suppression of SOCS1 increases the expression of IFN-I,
thereby can suppress viral replication (Wong et al., 2020). Inhibition of
miR-150 in such conditions could be measured to tackle the deregulated
cytokine expression. These pieces of evidence support the regulation of
inflammation and virus infection by specific miRNA in patients which
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can be a potential regulator. The repeated report of dysregulated
expression of certain miRNA such as miR-21, miR-146a, miR-155, and
miR-122 in various virus infection conditions as well as cancer related
inflammatory conditions shows their strong potential for being a ther-
apeutic target to regulate the inflammation-mediated severity.

Several miRNA therapeutics entered clinical trials. An artificial
oligonucleotide, Miravirsen, which can bind and inhibit miR-122,
entered clinical trials. miRNAs can specifically target viral transcripts
and it has been considered for the generation of attenuated vaccines by
incorporating the miRNA response elements (MREs) into the viral
genome vaccine. Among the treatment of viral diseases, Anti-miRs and
antagomiRs are undergone clinical trials for HCV and HIV. Nevertheless,
none of the miRNA-based drugs have been approved yet.

Despite the fact that there have been many studies and significant
advances in the understanding of the mechanisms and effectiveness of
miRNA therapies, still, specific challenges to achieving maximum
effectiveness remain unresolved. Some of the major concerns include
targeted delivery, specificity, stability, immunological activation, and in
vivo and in vitro toxicity (Segal and Slack, 2020). Moreover, the stability
and uniformity of miRNAs in circulation is a hassle in miRNA therapies.
Nucleases found in the serum such as RNase A-type nucleases in the
blood quickly break down naked miRNAs with an unmodified 2' OH in
the ribose moiety (Segal et al., 2020). Another main problem with
miRNA therapy is the off-target effect of miRNAs during release from the
endosome and transported into the cytoplasm. Because incomplete hy-
bridization with 3’ UTRs produces miRNAs that target different path-
ways, they may unintentionally silence other genes. Off-target gene
silencing may have harmful effects and diminished therapeutic effects.
The likelihood of unanticipated side effects is suggested by the research
showing that a single miRNA may target many mRNAs. Even if a
particular miRNA is successfully targeted, there may still be unintended
target effects (Suter et al., 2017).

The host’s immune system may recognize double-stranded RNAs as
pathogens, and may become activated. For instance, systemic miRNA
administration can stimulate the innate immune system, just like other
forms of nucleic acids, which can have toxicities and serious adverse
effects. Through TLR, systemic injection of miRNA duplexes can cause
the release of inflammatory cytokines and type I interferons (IFNs).
Single or double-stranded RNAs (dsRNAs) can activate TLRs 3, 7, and 8
to trigger innate and adaptive immune responses. IFN pathway and
cytokine production are both activated when these TLRs detect dsRNA
molecules in cellular endosomal and lysosomal compartments (Yu et al.,
2018).

There is a gap between the understanding of the mechanism of CS-
induced viral infection and their regulation. Further studies should be
carried out to fill that gap and to provide robust therapeutics major to
overcome the adverse effects of CS associated with RNA virus outbreaks.

10. Conclusion

RNA viruses cause multiple outbreaks and are the biggest challenge
to global health due to their ever-mutating nature that makes it hard to
control through any specific therapeutics or vaccines. CS is associated
with severe infections of RNA viruses such as IAV and SARS-CoV-2, and
hence it is important to find strategies to prevent it. The current
knowledge about the mechanisms by which each virus induces CS is
expanding, although there are a lot of questions left to explore further.
The existing methods to treat CS have their own limitations and are not
enough to efficiently control the production of inflammatory cytokines
without limiting innate antiviral defense. Although causative agents
were different across several virus outbreaks, CS was often associated
with excessive mortality. Apart from the host protein regulators of
inflammation-associated pathways leading to CS, non-coding RNAs such
as miRNAs have therapeutic potential to treat or prevent CS.
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ADE Antibody-dependent enhancement

ALL Acute lung injury

ALT Alanine transaminase

AP-1 Activator protein-1

ARDS Acute respiratory distress syndrome
ASC Apoptosis-associated speck-like protein
AST Aspartate transaminase

cGAS-STING cyclic GMP-AMP synthase (cGAS)-stimulator of
interferon genes (STING)

circRNA circular RNA

CRP C-reactive protein

CRS Cytokine release syndrome

CS Cytokine storm

DAMPs Damage-associated molecular patterns
DC Dendritic cells

DENV  Dengue virus

DHF Dengue hemorrhagic fever

dsRNAs double-stranded RNAs

ECM Extracellular matrix

ERK1 Extracellular signal-regulated kinase 1
HCV Hepatitis C

HIV Human immunodeficiency virus

HLH Hemophagocytic lymphohistiocytosis
HMGB1 High-mobility group box 1

IAV Human Influenza viruses

IFNs Interferons

IKK IkB kinase

IL-6 Interleukin-6

IRF3 Interferon regulatory factor - 3

IRFs Interferon regulatory factors
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ISGF3  Interferon Stimulated Gene Factor 3

ISRE IFN-stimulated response elements

IkB NF-kB inhibitor

JAK Janus kinase

JEV Japanese Enchephalitis virus

JNK1 Jun N-terminal kinase 1

IncRNA  Long noncoding RNA

LNPs Lipid-based nanoparticles

LRTI Lower respiratory tract infections

MAP2K MAPK kinase

MAP3K MAPK kinase kinase

MAPK  Mitogen-activated protein kinase

MAVS  Mitochondrial antiviral signaling protein

miRNA  micro-RNA

MREs miRNA response elements

ncRNAs non-coding RNAs

NEMO  NF-kB essential modulator

NF-kB  Nuclear factor kappa-light-chain-enhancer of activated B-cells

NK Natural killer

NLR Nucleotide-binding oligomerization domain (NOD)-like
receptor

NLRP3 NLR Family Pyrin Domain Containing 3

NO Nitric oxide

NS1 Non-structural protein 1

PAMPs Pathogen-associated molecular patterns

PBMC  Peripheral blood mononuclear cell

PCBP2  Poly(rC) binding protein 2

PNA Peptide nucleic acid

PRRs Pattern recognition receptors

RLR Retinoic acid-induced gene - I like receptor

SOCS1  Suppressor of cytokine signaling 1

STAT Signal transducer and activator of transcription

TBK1 TANK binding kinase 1

TGF Transforming growth factor

TLR Toll-like receptor

TNF-a Tumor necrosis factor-a

TRIF TIR-domain-containing adapter inducing IFN-f

UTR Untranslated region

WNV West Nile virus
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