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Abstract: The coronavirus disease 2019 (COVID-19) pandemic has affected millions of
people and crippled economies worldwide. The severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) responsible for this pandemic has triggered avid research on its
pathobiology to better understand the pathophysiology of COVID-19. In the absence of
approved antiviral therapeutic strategies or vaccine platforms capable of effectively target-
ing this global threat, the hunt for effective therapeutics has led to many candidates being
actively evaluated for their efficacy in controlling or preventing COVID-19. In this review,
we gathered current evidence on the innate nucleic acid-sensing pathways expected to be
elicited by SARS-CoV-2 and the immune evasion mechanisms they have developed to
promote viral replication and infection. Within the nucleic acid-sensing pathways, SARS-
CoV-2 infection and evasion mechanisms trigger the activation of NOD-signaling and
NLRP3 pathways leading to the production of inflammatory cytokines, IL-1p and IL-6,
while muting or blocking cGAS-STING and interferon type I and III pathways, resulting in
decreased production of antiviral interferons and delayed innate response. Therefore, block-
ing the inflammatory arm and boosting the interferon production arm of nucleic acid-sensing
pathways could facilitate early control of viral replication and dissemination, prevent
disease progression, and cytokine storm development. We also discuss the rationale behind
therapeutic modalities targeting these sensing pathways and their implications in the treat-
ment of COVID-19.

Keywords: COVID-19, SARS-CoV-2, innate immune system, nucleic acid sensing, immune
evasion, NLRP3, cGAS-STING, coronavirus

Introduction

Belonging to the Coronaviridae family, coronaviruses (CoVs) are enveloped, posi-
tive-sense single-stranded RNA viruses with a 5'-cap structure and a 3'-poly-A tail.
They are further characterized by one of the largest RNA viral genomes of up to
26-32 kilobases in length." Seven members of this family have been identified to
infect humans till date’ including, highly pathogenic severe acute respiratory
syndrome coronavirus (SARS-CoV) and middle east respiratory syndrome corona-
virus (MERS-CoV). These coronaviruses were responsible for the outbreaks of
SARS in 2002 and MERS in 2012, respectively.

In December 2019, the outbreak of pneumonia of unknown origin in Wuhan,
China’ accelerated interest in a novel strain of coronavirus, which was later named
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). World Health
Organization (WHO) has declared SARS-Cov2 a pandemic on March 11, 2020
due to its rampant dissemination. Since its discovery, the virus has also exerted
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a strong global crisis crippling both our healthcare systems
SARS-CoV-2
family,

and economies. 1s a member of the

Coronaviridae Coronavirinae  subfamily,
Betacoronavirus genus and subgenus Sarbecovirus. The
latest coronavirus disease 2019 (COVID-19) pandemic
caused by the SARS-CoV-2 virus has affected over
sixteen million people and caused over half a million
death worldwide as of 31st July, 2020.°

The coronavirus genome encodes nonstructural (nsp),
structural and accessory viral proteins. The open reading
frames (ORF) la and 1b at the 5'-terminal of the CoV
genome constitute the viral replicase gene that encodes 16
nonstructural enzymes. The CoV virion is composed of
primarily four structural proteins — spike (S), envelope (E),
membrane (M) and nucleocapsid (N). The nucleocapsid
representing the viral genome is enclosed within the viral
The

S glycoprotein that protrudes from the viral envelope is

envelope containing the M and E proteins.
a class 1 viral fusion protein that is processed by host
proteases into two functional domains, S1 receptor binding
unit and S2 membrane fusion unit.” The accessory proteins
3a, 3b, 6, 7a, 7b, and 8 (or 8a and 8b in some isolates)
have been identified to be involved in immune evasion.
This aids viral pathogenesis through inhibition of type
I interferons (3b and 6), modulation of cellular DNA
synthesis (6, 8b), induction of apoptosis (3a, 3b, 8a),
stimulation of chemokine synthesis (3a), induction of
unfolded response,”
inflammation.” '® SARS-CoV-2 appears to have evolved
from the recent bat CoV isolate RaTG13 and shares 80%
homology to SARS-CoV (retrospectively named SARS-
CoV-1), and 50% to MERS-CoV."!
The S protein on the surface of these viruses engages

arms of protein and

with the respective receptor proteins on the host cell sur-
face enabling viral attachment and subsequent fusion with
the host cells resulting in viral infection. While the SARS-
CoV uses the angiotensin-converting enzyme 2 (ACE2)
receptor to gain entry into ciliated bronchial epithelial
cells and alveolar type II cells,'>"® the dipeptidyl pepti-
dase 4 (DPP4; also known as CD26) serves as the func-
tional receptor for MERS-CoV entry into unciliated
bronchial epithelial cells and alveolar type II cells.'*'
SARS-CoV-2 also shows strong binding affinity to ACE2
receptor.'® Post viral entry, translation of the two 5'-
terminal ORFs la and 1b leads to the synthesis of multiple
copies of new RNA genomes which encapsulate with the
N protein forming a helical nucleocapsid. The M protein

then plays a key role in assembling the virion particles

which bud off from the endoplasmic reticulum (ER) and
the Golgi bodies, and new viruses are released by
exocytosis.'"'®

The pathogenic human coronaviruses are known to cause
acute pulmonary disease characterized by atypical pneumonia
in humans. Respiratory failure is leading cause of mortality
during SARS-Cov2 infection and is associated with immune
dysregulation and cytokine storm. While the human immune
system is equipped to control and eliminate such infections,
dysregulated immune response can pave the way to immuno-
pathology and subsequent impairment in pulmonary gas
exchange. Despite the global efforts from different sectors to
develop a vaccine and to control the rapid spread of infection,
to this date there is no specific medication for the prevention or
treatment of COVID-19 infection. Understanding the immune
antiviral sensing mechanisms, the immunological pathways
elicited, and the immune evasion mechanisms regulated by
SARS-CoV-2 are needed to guide the proper design and
development of a vaccine against it.

In this review, we first summarize the current state of
knowledge on the known viral nucleic acid-sensing
mechanisms and speculate their evasion by the novel
SARS-CoV-2 based on the genomic similarity between
SARS-CoV-2 and other human Betacoronaviruses (SARS-
CoV-1, and MERS-CoV). The immune recognition and
evasion mechanisms of SARS-CoV-2 being a relatively
nascent field, studies related to other CoVs such as SARS-
CoV-1 and MERS-CoV provide references to gain insights
on the possible mechanisms involved. We further address
the therapeutic modulation of the innate sensing mechan-
isms as prospective therapy. We have critically reviewed
the preprint literature together with published peer-
reviewed articles in order to gather updated information
on the rapidly evolving field of COVID-19 pathogenesis.

Innate Immune Recognition of
SARS-CoV-2

The observation of non-specific inflammation in pulmonary
lesions and pulmonary tissue damage in SARS cases high-
lights the importance of immune recognition and subse-
quent inflammatory response throughout the course of
coronavirus infection.'” Although the pathogenesis of
SARS-CoV-2 is not yet completely understood, it is evident
that both viral and host components play a crucial role in
the severity of COVID-19 infection. In general, viral infec-
tion of a host cell triggers an immune reaction against the

virus post viral recognition by the innate immune system.
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Figure | Nucleic acid-sensing pathways and their evasion by SARS-CoV-2 during COVID-19 infection. The nucleic acid-sensing pathways within the innate immune system
recognizes the pathogen-associated molecular patterns (PAMPs) comprising of viral nucleic acids and other viral intermediates including single-stranded RNA (ssRNA) or
double-stranded RNA (dsRNA), via distinct pattern recognition receptors (PRRs). The RNA-sensing arm is activated by RNA viruses such as SARS-CoV-2, while DNA-
sensing is triggered by host genome released as byproducts of viral reproduction and tissue injury. These receptors include toll-like receptor (TLR), RIG-I-like receptor
(RLR), C-type lectin-like receptors (CLmin) as well as certain cytoplasmic free-molecule receptors, such as stimulator of interferon genes (STING), cyclic GMP-AMP
synthase (cGAS), and NOD-like receptor (NLR). Coronaviruses (CoVs) which are typically ssRNA viruses, form dsRNA during their replicative stage. While ssRNA can be
detected by TLR7 or TLR8 and potentially RIG-I and PKR, dsRNA engages TLR3 in the endosome and RIG-I, MDAS, and PKR in the cytosol. The cGAS-STING pathway is
incapable of directly sensing RNA of CoVs; however, they are likely to get activated by danger-associated molecular patterns (DAMP) signals, such as mitochondrial DNA
(mtDNA), released as a result of CoV infection. These PRRs initiate a signaling cascade culminating in primarily type | interferon (IFN-a/B) and inflalmmatory cytokine
production (IL-6 and IL-1B). The presence of low innate antiviral defenses to SARS-CoV-2 suggests the presence of effective evasion mechanisms by SARS-CoV-2 to escape
immune surveillance. SARS-CoV-2 is suggested to suppress IFN-I response by means of similar mechanisms as used by SARS-CoV-1, namely Nspl, Nsp3d/PLpro, Nsp7,

Nsp|5/EndoU, Nsp16, ORF3, ORF6, ORF8, ORF9b, M, and N.

However, pathogenesis of these viral infections is usually
associated with an immune response that gets uncurbed,
thereby resulting in tissue damage and functional impair-
ment in lungs, as well as reduced lung capacity. Here, we
review the activity of nucleic acid-sensing pathways during
COVID-19 infection. The RNA-sensing arm is activated by
RNA viruses such as SARS-CoV-2, while DNA-sensing
arm is triggered by host damage-associated molecular pat-
terns (DAMPs) released as byproducts of viral reproduction
and tissue injury.

The innate immune system recognizes the pathogen-
associated molecular patterns (PAMPs) comprising viral
nucleic acids, protein, lipids, structural components and

other viral intermediates including single-stranded RNA
(ssRNA) or double-stranded RNA (dsRNA), via distinct
pattern recognition receptors (PRRs). These receptors
include RIG-I-like receptor (RLR), toll-like receptor
(TLR), NOD-like receptor (NLR), C-type lectin-like
receptors (CLmin) as well as certain cytoplasmic free-
molecule receptors, such as stimulator of interferon genes
(STING), cyclic GMP-AMP synthase (cGAS), gamma-
16 (IF116) and DNA-
interferon-regulatory  factors

interferon-inducible protein
of

(DAI), to name a few.”*%* Viral RNA recognition occurs

dependent activator

primarily in the cytoplasmic or endosomal compartments
within an infected cell (Figure 1). CoVs which are
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typically ssRNA viruses and form dsRNA during their
replicative stage. While ssRNA can be detected by TLR7
or TLR8 and potentially RIG-I and PKR, dsRNA engages
TLR3 in the endosome and RIG-I, MDAS5, and PKR in the
cytosol. These PRRs initiate a signaling cascade culminat-
ing in primarily type I interferon (IFN-o/B) and inflamma-
tory cytokine production. Type I IFNs are key in the
establishment of an antiviral state through their induction
of interferon stimulated genes (ISGs) and their gene pro-
ducts that inhibit viral infection robustly by impacting both
the early and late stages of the virus life cycle.”® Type
I IFNs bind to their cognate IFNAR, thereby activating the
JAK-STAT pathway leading to the transcription of ISGs.
Although type I (IFN-0, IFN-B, IFN-¢, IFN-k, IFN-® in
humans) and also type III (IFN-y) IFNs are key to antiviral
defense, other pro-inflammatory cytokines such as tumor
necrosis factor alpha (TNF-a), and interleukin-1 beta (IL-
1B), IL-6, and IL-18, also play a supporting role. This
helps in the establishment of an antiviral state in the
infected cell and its immediate surroundings as well as
potentiate an adaptive immune response.

The role of the various PRRs in CoV infection is
derived from genetic studies where increased susceptibility
to infection was noted in the absence of a specific PRR
and its associated signaling. Despite the limited literature
on innate immune response specific to SARS-CoV-2, their
shared sequence homology with other CoVs and the con-
served innate immune signaling mechanisms enable us to
recapitulate the findings from related CoVs.

RIG-I-Like Receptors (RLRs)
(RIG)-I-like
(RLRs) include cytoplasmic viral sensors such as RIG-I,

Retinoic acid-inducible gene receptors
melanoma differentiation-associated gene 5 (MDAS) and
laboratory of genetics and physiology 2 (LGP2), that pri-
marily detect viral RNA.>**> RLRs thus constitute key
PRRs for RNA viruses that can also recognize some
DNA viruses.

While RIG-I senses long dsRNA molecules and short
dsRNAs bearing a tri- or di-phosphorylated 5’ end, MDAS5
is more specific for long dsRNAs as well as higher-order
structured RNA.?®* Recognition of viral PAMP RNA
activates RIG-I and MDAS that converge upon the adaptor
protein, mitochondrial activator of virus signaling
(MAVS). Interaction with MAVS then leads to the recruit-
ment and activation of protein kinases such as TANK-
binding kinase 1 (TBKI1)/IKKe and IKKo/IKKf, which

in turn activate interferon regulatory factor (IRF)-3, IRF-

7 and NF-«xB, respectively. These activated transcriptional
factors translocate to the nucleus and induce the expres-
sion of various innate immune response genes, such as
IFN-I, IFN-III and various other pro-inflammatory cyto-
kines (PIC), including TNF-a, IL-1, IL-6, and IL-18; lead-
ing to the establishment of an antiviral state in the infected
cell and surrounding tissue.”’ ' SARS-CoV-1 infection of
bronchial epithelial cells upregulated the transcription of
several genes associated with the RLR signaling pathway,
including RIG-I, MDAS, IRF-3/7, IFN-B, -\, STATs and
several other ISGs.*> SARS-CoV-2 being similar to
SARS-CoV-1 by 80%,'" is likely to be detected by the
RLR sensors, RIG-I and MDAS.

Toll-Like Receptors (TLRs)

Toll-like receptors (TLRs) are widely expressed in various
cellular compartments including plasma membranes, endo-
somes, lysosomes, cytosol and endocytolysosomes. The
various TLRs recognize a variety of PAMP signals, includ-
ing nucleic acids, lipids, proteins and lipoproteins.*® RNA
sensing TLR3, 7, 8 and 9, anchored on the intracellular
membranes of endosomes, detect viral nucleic acid pat-
terns associated with viral infections.>* While TLR3
detects dsRNA, TLR7 and 8 detect ssRNA and TLR9
detects unmethylated CpG containing ssDNA. Different
TLRs are equipped with distinct adaptor proteins, includ-
ing myeloid differentiation primary response gene 88
(MyDS8),
containing adaptor-inducing interferon-f (TRIF), TIR
protein (TIRAP), TRIF-
related adaptor molecule (TRAM), and thyroid hormone

toll-interleukin 1 receptor (TIR) domain-

domain-containing adaptor

receptor interactor (TRIP), which induces distinct immune
responses. For instance, TLR4, TLR7 and TLRS8 use the
MyD88 adaptor for downstream signaling, and TLR3 and
TLR4 use TRIF. MyD88 activates the transcription factors
NF-kB and mitogen-activated protein kinases (MAPKs)
pathways, while TRIF activates the transcription factors
IRF-3 and NF-«B to induce the expression of type
I interferon.*

TLR3 senses dsRNA leading to the activation of NF-
kB and type I IFN production.>® TLR3 and MyD88 were
differentially expressed in response to SARS-CoV-1 infec-
tion in vivo,?’ indicating the activation of at least two
distinct TLR signaling pathways in SARS-CoV pathogen-
esis. TLR3 signaling via TRIF adaptor was also shown to
elicit a balanced protective immune response against
CoV, SARS-CoV-1 and MERS-CoV,

infections.’”*® The intracellular RNA in endosomes is

pathogenic
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known to activate TLR7 leading to the instant production
of type I IFNs, which is key to control potentially lethal
CoV infections by SARS-CoV-1 and MERS-CoV.** Rapid
clinical whole-exome sequencing of young men with
severe COVID-19 led to the identification of a rare puta-
tive loss-of-function variants of TLR7 and transcriptional
downregulation of type I IFN signaling.** Furthermore,
MyDS88, a vital component to transduce signaling down-
stream of multiple TLRs, was found to be vital in limiting
the lethality of mouse-adapted SARS-CoV-1 infection.*!
Similarly, TRIF deficient mice were highly susceptible to
SARS-CoV-1 infection and displayed an aberrant pro-
inflammatory profile similar to those seen in patients
infected with SARS-CoV-1 or MERS-CoV, and with
poor disease outcomes.>’ Furthermore, cell surface TLRs,
in particular TLR4, have also been suggested to detect
molecular patterns associated with S protein from SARS-
CoV-2 to induce inflammatory responses.'®

NOD-Like Receptors (NLRs)

NOD-like receptors (NLRs) are a type of PRR that detect
a wide range of both cytosolic pathogen- and danger-
associated molecular patterns (PAMP and DAMP). NLRs
such as NACHT, LRR, and PYD domains-containing pro-
tein 1 (NLRP1), NLRP3, NLR family CARD domain-
containing protein 4 (NLRC4), and absent in melanoma

2 (AIM2) interact with apoptosis-associated speck-like
protein (ASC) and caspase-1 forming a multiprotein com-
plex called inflammasome.*** The inflammasome aids in
viral eradication by the secretion of pro-inflammatory
cytokines, IL-1pB and IL-18, and induces a form of inflam-
matory cell death called pyroptosis.**** NLRP3 inflamma-
some is the most studied inflammasome that is known to
mediate inflammation and antiviral responses.*> NLRP3 is
prospectively activated in response to SARS-CoV-2.

The activation of NRLP3 inflammasome requires two
steps — priming and activation. Initially, the priming step
involves the activation of PRRs (RLRs and TLRs) via
sensing RNA of SARS-CoV-2. This eventually leads to
NF-xB activation and induces the expression of NLRP3,
pro-caspase-1, pro-IL-1p and pro-IL-18. Then, the activa-
tion step is triggered by sensing intracellular DAMPs
induced by SARS-CoV-2.

Similar to SARS-CoV-1 and MERS-CoV, SARS-CoV-2
causes cellular alterations in host cells, including abnormal
ion concentrations, and accumulation of protein aggregates,
which are sensed as DAMPs in the infected host cells and
lead to NLRP3 inflammasome activation.*> The main
SARS-CoV-2 proteins that could activate NLRP3 inflam-
masome and induce IL-1p secretion are envelope protein (E
protein), open reading frame-3a (ORF3a), ORF8 and non-
structure protein-3¢ (Nsp3c) (Table 1). SARS-CoV-2

Table | The Mechanism of Action of SARS-CoV-2 Viral Proteins Activating NLRP3 Inflammasomes

Viral % Similarity (to Function References | Proposed Mechanisms References
Protein SARS-CoV)
E 94% Envelope protein | [44—46] Pore formation in ERGIC/Golgi membranes [47,48]
Altering cytosolic Ca®" concentration
ORF3a 72.04% Accessory [44-46] Act as ion channel at ER membrane [49]
protein .
Altering cytosolic K™ concentration
Inducing mitochondrial damage and ROS release
Stimulating ASC ubiquitination [51,52]
Forming ASC specks
ORF8 40% Accessory [45,46] Binding to LRR domain of NLRP3 [54]
protein
Forming intracellular aggregates [53,54]
Triggering ER stress and lysosomal damage
SUD, 82% Viral genome [55,56] Promote macrophage infiltration to bronchial and lung | [57]
Nsp3c replication interstitial spaces
Induce IL-1B expression and secretion
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E protein has 94% similarity to SARS-CoV-1,***® suggest-
ing that it may induce the activation of NLRP3 inflamma-
some by similar mechanisms. The ion channel (IC) activity
of E protein, through pore formation in ER-Golgi inter-
mediate compartment (ERGIC)/Golgi membranes, results
in releasing calcium ions (Ca®") in the cytosol. Ca”" is the
major key ion that triggers the secretion of IL-1f in an
NLRP3 inflammasome-dependent manner and is also
a major contributor for acute respiratory distress syndrome
(ARDS).*”*®  Further, SARS-CoV-1 ORF3a activates
NLRP3 through its ion channel feature as well. The ion
channel activity of ORF3a mediates the disruption of intra-
cellular potassium ion (K ") concentration when localized to
plasma membrane.*’ Thus, the alteration in intracellular K*
concentration triggers mitochondrial damage and reactive
oxygen species (ROS) release which augments the NLRP3
activation.**" Interestingly, ORF3a also stimulates IL-1p
secretion independently of NLRP3 activation through ubi-
quitination of ASC which facilitates ASC specks
formation.’’>> SARS-CoV-2 ORF3a shares homology by
72.04% to SARS-CoV-1 ORF3a and is speculated to use
similar mechanisms for NLRP3 activation.***® Upon
SARS-CoV-1 infection, ORF8b mediates formation of
intracellular aggregates triggering endoplasmic reticulum
(ER) stress and lysosomal damage, thereby resulting in
NLRP3 activation.”>* Also, ORF8b directly interacts
with NLRP3 by binding to its LRR domain.>* However,
SARS-CoV-2 ORF8 has low similarity to SARS-CoV-1
ORF8 (about 40%),***® and hence may not behave simi-
larly between the two viruses. Recently, Chang and his
colleagues reported that the SARS unique domain (SUD)
of SARS-CoV-1, which is similar to SARS-CoV-2 by
82%,°>% activates NLRP3 inflammasomes. SUD is the
¢ domain of non-structural protein 3 (Nsp3c) which aids
in viral genome replication. SUD induces IL-1f expression,
its secretion and mediates the upregulation of CXCL10.”” It
also induces macrophage/monocyte cell infiltration to bron-
chial and lung interstitial spaces leading to lung injury.”’
The activation of complement (C5a) by MERS-CoV infec-
tion also contributes to pyroptosis via overexpression of
caspase-1 and IL-1p.%%>°

The SARS-CoV-2 activated NLRP3 is expected to
interact with ASC forming ASC specks. The recruitment
of pro-caspase-1 by ASC speck induces caspase-1 activa-
tion by self-cleavage which subsequently cleaves the pro-
IL-1P, pro-IL-18 and inactive gasdermin D (GSDMD) into
IL-1B, IL-18 and active GSDMD. Further, activated
GSDMD induces pyroptosis by forming pores in cell

membrane allowing proinflammatory cytokines, IL-1B

and IL-18, to be secreted into the extracellular space.***

STING Pathway

In the last decade, stimulator of interferon genes (STING)
was identified as an adapter protein involved in innate
immune signaling triggering IFN-I expression in response
to mislocalized nucleic acids in the cytosol. STING is well
documented as a cytosolic DNA sensing pathway conse-
quent to DNA viral infections in a cyclic GMP-AMP
synthetase (cGAS) dependent manner. This canonical
STING pathway involves cGAS activation upon recogniz-
ing viral DNA in the cytosol of infected cells which leads
to the production of the second messenger cyclic GMP-
AMP (cGAMP). cGAMP then binds to STING on the ER
resulting in its translocation to the Golgi apparatus where
TBKI1 is recruited and activated by autophosphorylation.
Activated TBK1 phosphorylates IRF-3 and inhibitor of
NF- «B kinase (IxB kinase) releasing NF-xB, which then
translocate to the nucleus to induce transcription of inflam-
matory genes.°0’°]

The cGAS-STING pathway is incapable of directly
sensing RNA of CoVs; however, they are likely to get
activated by DAMP signals, such as mitochondrial DNA
(mtDNA), released as a result of CoV infection.®”
Additionally, STING also plays a crucial role in limiting
the infection of RNA viruses through the non-canonical
STING pathway, which represents the crosstalk between
the RNA and DNA sensing pathways. Upon RNA viral
infection, RLRs sense the cytosolic RNA and then activate
MAVS, which interact with STING forming a complex at
mitochondrial-associated endoplasmic reticulum mem-
branes (MAM). These in turn recruit and activate TBK1
and IKKe, that activate the transcriptional factors, IRF-3,
IRF-7 and NF-kB.%* The induction of IFN-I production is
the main antiviral response mediated by STING activation.
Besides the role of STING in the induction of IFN-I
expression, STING inhibits the initiation of translation of
viral proteins independent of the initiation factor eIF2.%*
Thus, the innate immune sensing pathways, RLRs and
STING, harmonize to restrict RNA viral infection through
several antiviral mechanisms, including IFNs and restric-
tion of viral protein synthesis.

Collectively, SARS-CoV-2, an enveloped RNA virus,
is likely to activate innate immune responses by distinct
mechanisms, including RLRs, TLRs, NLRP3, cGAS and
STING pathways.
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Innate Immune Evasion of
SARS-CoV-2

Unsurprisingly, CoVs have evolved to encode multiple
factors in order to evade the immune sensing pathways,
IFN  pathway, thus,
recognition.®>®® This in turn favors viral immunopatho-

antagonize the and avoid
genesis through a dysregulated immune response. The host
response to SARS-CoV-2 is defined by low type-I/III IFN
levels and exuberant pro-inflammatory chemokine and
cytokine production.®’” Low plasma titers of neutralizing
antibodies against SARS-CoV-2 were also noted in 30% of
recovered COVID-19 patients.®® The presence of low
innate antiviral defenses to SARS-CoV-2 suggests the
presence of effective evasion mechanisms by SARS-CoV
-2 to escape immune surveillance.

CoVs have evolved various strategies to antagonize IFN
induction, to the establishment of a cell-intrinsic state of
viral resistance, and its consequent signaling. CoVs have
developed virulence factors antagonizing each step of the
pathway right from PRR sensing to IFN secretion to IFN
signal transduction and ISG activation (Figure 1). The virus
is known to use physical strategies, such as the formation of
double-membrane vesicles, to avoid immune recognition.®
The Nsps are responsible for rearranging membranes origi-
nating from host cellular membranes such as the rough ER,
into double-membrane vesicles. These may shield viral
replication and transcription from detection by the sur-
rounding host innate immune sensors.® 7!

SARS-CoV-1 have been shown to effectively suppress
innate IFN response in numerous in vitro and in vivo
studies via multiple mechanisms.”> > SARS-CoV-2 is
suggested to suppress IFN-I response by means of similar
mechanisms as used by SARS-CoV-1, namely Nspl,
Nsp3d/PLpro, Nsp7, Nspl5/EndoU, Nspl6, ORF3,
ORF6, ORF8, ORF9b, M, and N (Table 2).

Nspl antagonizes IFN-I through multiple antiviral
mechanisms. Nspl was shown to inhibit host protein
translation by stimulating host mRNA degradation, includ-
ing that of type I IFN. It selectively targets host mRNA
while sparing viral nRNA.”®®! Further, Nsp1 blocks IFN-
B expression upon SARS-CoV-1 infection through inhibi-
tion of NF-xB activation, IRF-3 dimerization, and c-Jun
expression and phosphorylation.”> However, when
exposed to IFN-I treatment, Nspl suppresses STATI
phosphorylation.”> SARS-CoV-2 Nspl is 86% similar to
SARS-CoV-1 Nspl, suggesting the induction of similar
evasion mechanisms.®

Papain-like protease (PLpro) is the d domain of Nsp3
that cleaves the N-terminal of replicase polyprotein at
three different sites releasing essential non-structural pro-
teins (Nsp) for replication.”® SARS-CoV-1 PLpro is
a potent IFN antagonist independent of its protease activ-
ity. PLpro inhibits nuclear translocation of IRF-3 by inhi-
biting IRF-3 phosphorylation and ubiquitination.®* ®> The
membrane anchored PLpro domain (PLpro-TM) seques-
ters TRAF3, TBK1, IKKe, STING, and IRF-3 preventing
STING dimerization and the assembly of STING-TRAF3-
TBK1 complex. Also, PLpro-TM reduces the stability of
RIG-I, STING, TRAF3, TBKI1, and IRF-3 in the STING-
TRAF3-TBK1 their
ubiquitination.®***”  Further, Yang and his colleagues
showed that MERS-CoV PLpro has the same activity in
decreasing IFN-B expression as SARS-CoV-1 PLpro.*®
SARS-CoV-2 PLpro sequence, being 96% similar to that
of SARS-CoV-1,">® would be expected to induce similar
effects. However, despite sharing high amino acid
sequence similarity with SARS-CoV-1, SARS-CoV-2

PLpro was found to lack both IFN-antagonizing and deu-
89

complex by  suppressing

biquitinase properties.

Nsp7 and Nspl5 were also suggested to impede IFN
induction in SARS-CoV-1, but the mechanism is yet to be
completely understood.®> Both Nsp7 and Nspl5 aid in
viral replication as Nsp7 is a primase that forms
a complex with Nsp8, while Nspl5 is poly(U)-specific
endoribonuclease (EndoU).** SARS-CoV-2 Nsp7 is
98.80% similar to SARS-CoV-1 Nsp7,*® while SARS-
CoV-2 Nspl5 has 89% similarity to SARS-CoV-1
Nsp15;*° suggesting that both Nsp7 and Nspl5 may
induce similar mechanisms.

EndoU is a highly conserved enzyme in all CoVs
which is encoded by Nsp15.° EndoU plays a key role
in suppressing both the type I and type III IFN response
in epithelial cells and macrophages.”’ Its activity limits
viral RNA sensing by host dsRNA sensors, including
MDAS5, PKR and OAS/RNasel. Coronaviruses with
mutated Nspl5 were found to have poor replication and
induces rapid apoptosis in mouse bone marrow-derived
macrophages.”' In this study, Nspl5 mutant virus acti-
vated the host immune viral sensors, MDAS5, PKR, and
the OAS/RNase L system, resulting in an early induction
of type I IFN and PKR-mediated apoptosis. During the
early stage of infection, majority of the dsRNA was
associated with the viral replication complex in the WT
virus-infected macrophages, whereas the dsSRNA was dis-
persed in the Nspl5 mutant virus-infected cells. This
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Table 2 The Mechanism of Action of SARS-CoV-2 Viral Proteins Evading Interferon Production and Signaling

Viral Protein % Similarity (to Function References | Proposed Mechanisms References
SARS-CoV)
M 90.54% Membrane protein; viral [44—46] Prevent TRAF3-TANK-TBKI-IKKe [74]
assembly complex formation
Suppress IRF-3/IRF-7 activation
N 90.52% Nucleocapsid protein; [44—46] Block RIG-I ubiquitination [94,100,101]
viral assembly
Inhibit NF-kB activation
Inhibit IRF-3 phosphorylation
ORF3 | ORF3a | 72.04% Accessory protein [44—46] Induce ER stress [73]
Activate PERK
Induce IFNARI ubiquitination
Proteolytic degradation of IFNARI
ORF3b | 32% [44] Inhibit IRF-3 phosphorylation [94]
ORFé6 68.85% Accessory protein [44—46] Localize to the ER/Golgi membrane [94,96]
Sequester karyopherin alpha 2
Inhibit the nuclear translocation of p-STAT |
Inhibit IRF-3 phosphorylation [94]
ORF8 40% Accessory protein [45,46] Inhibit IRF-3 dimerization [97]
Induce IRF-3 proteasomal degradation
ORF% 73% Accessory protein [44—46] Trigger the proteasomal degradation of [98]
MAVS, TRAF3, and TRAF6
Nspl 86% Suppress antiviral immune | [56] Stimulate host mRNA degradation sparing | [76-81]
response viral mRNA
Inhibition of NF-«kB activation [75]
Inhibition of IRF-3 dimerization
Inhibition of c-Jun expression and
phosphorylation
PLpro, Nsp3d 96% Protease [55,56] Reduce IRF-3 phosphorylation and [82-85]
ubiquitination
Sequester TRAF3, TBK 1, IKKe, STING, and | [86,87]
IRF3
Disrupt the assembly of STING complex
Repress the ubiquitination of RIG-I, STING,
TRAF3, TBKI, and IRF3
Decrease the stability of STING complex
Nsp7 98.80% Complex with nsp8: [46] - [85]
Primase
(Continued)
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Table 2 (Continued).

Viral Protein % Similarity (to Function References | Proposed Mechanisms References
SARS-CoV)
Nspl5 89% EndoU: poly(U)-specific [44,56] Cleavage of polyU sequences from viral [71,90-92]
endoribonuclease RNA
Limit PAMP formation
Escape MDAS recognition
Nspl6 93% 2'-O-MT: 2"-O-ribose [44,56] Create 5'-cap structure on the viral [93]
methyltransferase mRNAs
Escape detection by MDAS

indicated that coronavirus Nspl5 was critical for viral
dsRNA
Moreover, the CoV EndoU was found to target the poly-

evasion of host sensors in macrophages.
uridine (polyU) extensions on 5'-polyU-containing, nega-
tive-sense (PUN) RNAs, where the PUN RNA constitutes
the PAMP recognized by MDAS5.%> Therefore, the clea-
vage of polyU sequences from PUN RNAs by EndoU
limits the PAMP formation and their immune recognition,
and thereby hinder the ability of MDAS to activate the
innate immune response in response to CoV infection.
EndoU is a highly conserved virulence factor and thus,
may present a potential target for vaccine and antiviral
strategies.

Furthermore, SARS-CoV-1 Nspl6 which is a 2'-
O-ribose methyltransferase counteracts IFN induction via
preventing MDAS detection by creating 5'-cap structure
on the viral mMRNAs.”® SARS-CoV-2 Nsp16 is 93% simi-
lar to that of SARS-CoV-1.**° This similarity suggests
that the evasion strategy of SARS-CoV-1 Nspl6 is likely
to be retained in SARS-CoV-2 as well.

ORF3 is an accessory protein that has two domains,
ORF3a and ORF3b. As ORF3a localizes to ER-Golgi
compartment, it causes ER stress which in turn activates
PKR-like ER kinase (PERK). The activated PERK induces
increased IFN alpha-receptor subunit 1 (IFNAR1) ubiqui-
tination. This causes the IFNARI to translocate to lysoso-
mal compartment for proteolytic degradation. ORF3a
induces the IFNAR1 degradation independent of its cog-
nate ligand IFN-I1.”> ORF3b of SARS-CoV-1 inhibit IRF-3
phosphorylation thus inhibiting its nuclear translocation.”*
Although SARS-CoV-2 ORF3b is similar to SARS-CoV-1
by only 32%," ORF3b of SARS-COV-2 is reportedly

more potent in antagonizing IFN-I, which may explain
the poor IFN response in COVID-19 patients.””

ORF6 inhibits both IFN-I synthesis and signaling. The
downregulation of IFN-I expression by SARS-CoV-1
ORF6 is associated with the prevention of IRF-3
phosphorylation.”* The IFN-I signaling is further inhibited
by ORF6 via sequestering karyopherin alpha 2 preventing
the nuclear translocation of p-STAT1.°*%® We speculate
similar activity by SARS-CoV-2 ORF6 due to their
amino acid homology with SARS-CoV-1 ORF6 by
68.85%.* 4

SARS-CoV-1 ORFS8 hinders IRF-3 dimerization and
induces IRF-3 proteasomal degradation,”” while ORF9 trig-
gers the proteasomal degradation of MAVS, TRAF3, and
TRAF6.”® SARS-CoV-1 ORFS is 40%**® while ORF9b is
73%*46 similar to SARS-CoV-2. This low homology could
contribute to increased SARS-CoV-2 susceptibility to type
I IFN when compared to SARS-CoV-1."

Both nucleocapsid (N) and membrane (M) proteins of
SARS-CoV-2 are similar to SARS-CoV-1 proteins by
90.5%.** N protein counteracts IFN-I at different
levels — inhibits RIG-I stabilization by blocking its ubiqui-
inhibits NF-kB activation and IRF-3
phosphorylation.”*'°%1°! Further, viral M protein has

tination, and
also been reported to inhibit IFN-1 production by imped-
ing the formation of TRAF3, TANK, TBK1/IKKe com-
plex and subsequently inhibiting TBK1/IKKe-dependent
activation of IRF-3/IRF-7 transcription factors.”*

A very recent report has also identified the role of
SARS-CoV-2 Nspl3, Nspl4, Nspl5 and ORF6 as potent
IFN antagonists.®” Amongst the 27 SARS-CoV-2 proteins
investigated in this study, ORF6 was revealed to be the
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strongest suppressor of primary IFN production and IFN
signaling.

Severe and critically ill COVID-19 patients presented
with a characteristic phenotype of impaired type I IFN
production and activity, accompanied by downregulation
of ISGs, compared to mild or moderate cases.'** The lack
of a robust type I/IIl IFN response in SARS-CoV
-2-infected cells suggests the likelihood of similar evasion

mechanism as seen in SARS-CoV-1.%7

Collectively, these
evasion strategies could be responsible for the low levels
of IFN-I/III response in in vitro and in vivo models of

SARS-CoV-2 infection as well as in COVID-19 patients.®’

Interferon Signaling in the Early and
Late COVID-19 Phases

In addition to their role in establishing an effective anti-
viral defense, chronic type I IFN response can also be
deleterious owing to its systemic, pro-inflammatory
actions.'* It appears that rather than the complete absence
of IFN response, the response may be delayed enabling the
creation of sufficient viral titer levels. SARS-CoV-1 infec-
tion was found to be characterized by temporal and spatial
variation in the activation of NF-kB, activator protein
(AP)-1, and IRF-3/7 with time.**> Here, the expression of
IFNs was delayed in comparison to that of pro-
inflammatory cytokines. In fact, the kinetics of CoV repli-
cation and IFN signaling is believed to determine the
severity of CoV infection. While an early IFN-I response
can aid in controlling CoV infections, delayed signaling
paves way for viral replication and disease progression.
Therefore, in addition to the timing of IFN-I response, the
associated viral titer levels in the tissue also play
a dictating role in determining the severity of infection.
A delayed IFN-1 response accompanied by robust viral
replication orchestrated an inappropriate inflammatory
response through the accumulation of pathogenic inflam-
matory monocyte-macrophages (IMMs) and subsequent
lung immunopathology together with reduced survival in
a SARS-CoV-1 infection model in mice.'® In this study,
an early IFN-I response was seen to reduce viral titers and
ameliorate immunopathology. It was also interesting to
note that the depletion of IFN-a/f receptor (IFNAR)
reduced the IMM response, and morbidity and mortality
associated with SARS-CoV-1 infection. Similarly, in
MERS-CoV infection, the timing of IFN-I response rela-
tive to viral replication appears to dictate the infection
outcome in mouse models. While early IFN-I signaling is

protective during MERS-CoV infection, late induction of
IFN-I failed to inhibit viral replication resulting in fatal
pneumonia and inflammatory cytokine storm.'®>

Early studies on SARS-CoV-2 also suggest an improved
sensitivity to early IFN-I signaling. While SARS-CoV-2
exhibited similar viral replication kinetics to SARS-CoV-1
in vitro (Vero cells), it showed increased sensitivity to IFN-I
pre-treatment relative to SARS-CoV-1."'"® This could
perhaps be explained by the lack of ORF3b, a key IFN
antagonist, in SARS-CoV-2 as opposed to SARS-CoV-1.
Type III IFN response was found to better control SARS-
CoV-2 replication and spread compared to type I IFN.'"’
Nevertheless, the specific ISGs activated and those that
control viral spread need further elucidation. Lymphocyte
antigen 6 complex, locus E (LY6E), was found to impair the
cellular fusion of multiple CoVs, including SARS-CoV-2,
SARS-CoV-1, and MERS-CoV, by interfering with the
S protein-mediated membrane fusion.'” This suggests
that IFN-induced transmembrane (IFITM) protein family
members, such as LY6E, could potentially restrict the entry
of SARS-CoV-2 and their replication, as was previously
shown in the case of SARS-CoV-1.!%° However, IFITM
proteins have also been implicated in promoting infection
by other human CoVs, such as HCoV-OC43."'%!"" Specific
mutations in IFITM1 or IFITM3 were shown to convert
them from an entry restriction factor to an entry facilitating

aiding MERS-CoV or SARS-CoV
111

factor and thus,
S protein-mediated entry.

At the same time, an early upregulation of IFN and
other cytokines was found to promote severe respiratory
stress and lethality in older individuals and aged mouse
models of SARS."'? The acute phase of SARS-CoV infec-
tion is usually associated with an IFN-y-related cytokine
and chemokine storm causing immunopathological
damage in SARS patients.'"* Thus, although IFN-a and p
reportedly inhibit in vitro viral replication and protects
type 1 pneumocytes against SARS-CoV infection in
macaques,’'*'"> IFN- y appears to be a double-edged
This IFN
inflammatory response with age may also have important

sword. imbalance between and pro-
implications in COVID-19 pathogenesis.

The innate recognition of viral factors elicits the
release of chemotactic factors that amplify the immune
response against viral infection. Therefore, the spectral
changes in these chemotactic factors during the course of
infection may set in motion an unstable immune response.
This immune misdirection may in turn favor viral replica-

tion and aggravate tissue damage. It is, therefore, of
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utmost importance to ascertain the specific molecular
mechanisms employed by SARS-CoV-2 to evade immune
surveillance to be able to successfully curb the COVID-19
infection.

Implications of Nucleic
Acid-Sensing Pathway Modulation in
the Treatment of COVID-19

The presence of reduced innate viral resistance with
regards to low levels of IFN induction together with
a robust pro-inflammatory chemokine and cytokine profile
appears to define and drive key features of COVID-19
pathogenesis. After careful evaluation of the innate recog-
nition of SARS-CoV-2 and its subsequent evasion, we
rationalize treatment strategies currently under investiga-
tion as antivirals for COVID-19 and their clinical efficacy
is carefully considered in this section.

Inhibition of NLRP3 Activation

Pyroptotic cell death and high level of IL-1p secretion are
derived upon the activation of NLRP3 inflammasomes.
Colchicine is a drug used clinically for gout and familial
Mediterranean fever. Research has suggested its ability to
inhibit ~ NLRP3 inflammation  non-selectively.''®
Colchicine inhibits NLRP3 through inhibiting the activa-
tion of P2X7 receptor and thereby the interaction between
ASC and NLRP3; more specifically, the transportation of
ASC to NLRP3.''"""!'® The GRECCO-19 study investi-
gated the use of colchicine to prevent COVID-19 asso-
ciated complications, such as myocardial necrosis and
pneumonia development (NCT04326790).''° This clinical
trial recommended the use of colchicine as it significantly
improved the time taken for clinical deterioration; how-
ever, its results should be interpreted with caution.'*°
Chloroquine and hydroxychloroquine are antimalarial
drugs which also have anti-inflammatory activity. These
drugs suppress NLRP3 inflammasomes by targeting the
two signals of NLRP3 activation, namely priming fol-
lowed by activation as discussed previously.'?'
Chloroquine was reported to inhibit SARS-CoV-1 effec-
tively in in vitro studies.'?""'** However, hydroxychloro-
quine showed more potency than chloroquine in inhibiting
SARS-CoV-2.123 Nevertheless, the RECOVERY clinical
trial investigating the use of hydroxychloroquine along
with other repurposed drugs for the treatment of
COVID-19 has halted its hydroxychloroquine intervention
arm as no added benefit was observed compared to

placebo in the hospitalized patients (NCT04381936).'**
Therefore, using these drugs in COVID-19 treatment still
stands controversial and further studies need to be
conducted.'?

Further, NLRP3 could be inhibited by select small
molecules such as MCC950 and OLT1177 which also
appear promising.'?®!'?” Knocking out NLRP3 or using
MCC950 to inhibit NLRP3 in a murine model of SARS-
CoV-1
decreased pulmonary edema and injury.”” OLT1177 also

infection resulted in increased survival and
suppressed systemic inflammation in an LPS mouse model
by preventing NLRP3 inflammasome formation and was
found to be safe for use in humans.'?” However, treating
patients infected with SARS-CoV-2 with these drugs need
further pre-clinical and clinical studies to ascertain their
safety and efficacy.

There are many more investigational drugs targeting
NLRP3 activation, such as Inzomelid and IFM-2427,
which are currently being considered in the treatment of
COVID-19 and these have been extensively reviewed

in. 128

Anti-IL-1B

Since IL-1P is one of the major cytokines in the hyperin-
flammatory cytokine storm associated with ARDS in
COVID-19 patients, IL-1B-neutralizing antibody or recom-
binant IL-1 receptor antagonist could potentially be used
as a COVID-19 treatment regimen.'*® Canakinumab is
a monoclonal antibody neutralizing IL-1f that was found
to be a promising anti-inflammatory treatment in diseases,
including lung cancer (NCTO01327846), atherosclerotic
disease (NCT01327846), and autoinflammatory recurrent
fever syndromes (NCT02059291). Canakinumab when
tested in a subgroup of COVID-19 patients with ARDS
receiving hydroxychloroquine and lopinavir-ritonavir
demonstrated a rapid anti-inflammatory response and
improvement in oxygenation in addition to being safe
and well tolerated when compared to those not receiving
canakinumab.'?

The recombinant antagonist of IL-1 receptor, anakinra,
is used in the treatment of rheumatoid arthritis. Various
clinical trials have indicated a reduction in systemic
inflammatory response upon using anakinra in cases of
sepsis  and
(MAS),130-132
COVID-19 clinical studies using anakinra but the results
are yet to be published (NCT04339712, NCT04330638).

Notably, using these anti-inflammatory treatments in

macrophage  activating  syndrome

There are currently two registered
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COVID-19 may weaken the cytokine storm post SARS-
CoV-2 infection.

Type | and Type lll Interferons (IFN-I/III)
The downregulation of interferons is a common evasion
mechanism used by SARS-CoV-2, SARS-CoV-1 and
MERS-CoV. Using recombinant IFNs is the treatment of
choice to overcome this obstacle and it was extensively
tested previously in SARS-CoV-1 and MERS-CoV. While
recombinant IFN-o and IFN-f have been approved for
therapy in diseases such as multiple sclerosis and viral
hepatitis,'** recombinant IFN-y is yet to be approved for
any indication.

In vitro studies have concluded that IFN- is the most
effective in inhibiting SARS-CoV-1 replication comparing to
IFN-o/y."**!3 Also, combining IFN-o/p with the antiviral
drug, ribavirin, is a promising regimen in SARS-CoV-1."3¢137
A preliminary clinical study on combining IFN alfacon-1,
a synthetic IFN-0, and corticosteroids in SARS patients
resulted in rapid restoration of lung abnormalities, oxygen
saturation and creatinine kinase levels at an early stage of
infection.'*® However, the use of this intervention at a later
stage of infection was noted to be ineffective; thus, stressing
the usage of this combination at an early stage of SARS only.

MERS-CoV replication was also found to be inhibited by
IFN-o/B,"*? particularly IFN-B was the strongest MERS-CoV
replication inhibitor compared to other IFNs.'*° It is interest-
ing to note that MERS-CoV are more sensitive to IFN-a than
SARS-CoV which may be explained by the absence of ORF6
in MERS-CoV.'*! Using recombinant IFN-0/B in combina-
tion with antiviral drugs such as lopinavir/ritonavir, ribavirin
and cyclosporin A were also shown to be effective against
MERS-CoV."*""'* Two clinical studies on combining IFN-a
and ribavirin in MERS patients reported the increase of
overall survival at an early stage of the disecase while the
critically ill patients with ARDS who were diagnosed late did
not benefit from this combination.'**!'* Indeed, these find-
ings stress on the usage of [FN with antiviral drugs at an early
stage of MERS infection.

While two in vitro studies have demonstrated improved
sensitivity of SARS-CoV-2 to IFN-1 with drastically reduced
viral titers upon pre-treatment, in comparison with SARS-
CoV-1,7%1% the results from the clinical studies are highly
awaited to conclusively ascertain the safety and efficacy of
IFN-I as a therapy in COVID-19. Several clinical trials are
ongoing across the world investigating the use of IFN-1
either as a single agent or in combination therapy. The
DisCoVeRy trial is examining interventions of IFN-B1A in

combination with lopinavir-ritonavir, lopinavir-ritonavir
alone, remdesivir alone, or hydroxychloroquine alone as
a treatment for COVID-19 in hospitalized adults
(NCT04315948). Another Phase II trial also studies inhaled
IFN-BIA for COVID-19 treatment (NCT04385095).'4
Potential experimental therapeutics IFN-a2b, arbidol or
a combination of IFN-a2b plus arbidol was repurposed for
COVID-19 patients, and IFN-02b treatment significantly
reduced the duration of both detectable viral levels as well
as that of elevated blood levels of IL-6 and C-reactive protein
(CRP).""" There are also two registered clinical trials using
IFN-f in triple combination for the treatment of COVID-19.
A Phase II, open-label, randomized trial on treatment of
COVID-19 patients with IFN-B combines it with lopinavit/
ritonavir and ribavirin (NCT04276688).'**!'*° This study
reported the safety of the triple combination and it also
shortened the hospital stay in mild-to-moderate patients.
The other randomized controlled trial on moderate-to-
severe COVID-19 patients treated them with a triple combi-
nation of IFN-B, lopinavir/ritonavir and hydroxychloroquine,
but the results are yet to be published (NCT04343768).">°
A third phase, open-label, non-randomized clinical trial on
the use of IFN-a as prophylaxis in high-risk healthcare staff
over 28 days reported a protective role on medical staff
without any side effects (NCT04320238)."!

Type III IFNs have also been widely studied in SARS
and MERS, where found to be
protective.”*!3  Although type III IFNs are not yet

it was largely
approved for use in the clinic, IFN-A provides an attractive
intervention strategy in SARS-CoV-2 infection as well.
SARS-CoV-2 infection of intestinal epithelial cells was
found to be sensitive to IFN-III treatment.'®” Another
mouse model of SARS-CoV-2 infection also showed simi-
lar results and both prophylactic and therapeutic adminis-
tration of IFN-Ala effectively inhibited SARS-CoV-2
replication.'>* Therefore, clinical studies are under way
to investigate further the efficacy of IFN-A1 in COVID-
19 (NCT04343976, NCT04331899).

Type I IFN being more potent but inflammatory and
type III IFN with their sustained action, we propose an
intervention strategy that brings out the strengths of both
IFN-I and III. Hence, treating COVID-19 patients with
IFN appears to be a promising treatment option at an
early stage of infection. IFN-1 therapy, in particular, is
proposed to be effective as a prophylactic agent or an
early treatment option for SARS-CoV-2.
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Inhibition of EndoU Activity

The structural similarity of RNase A with EndoU presents
with the opportunity to use small molecule inhibitors of
RNase A to inhibit Nspl5 activity. In a study by Ortiz-
Alcantara et al, some previously characterized RNase
A inhibitors, such as Benzopurpurin B, C-467,929,
C-473,872, and congo red showed efficacy in inhibiting
the endoribonuclease activity of SARS-CoV-1 Nsp15.'%°
In silico analysis of FDA-approved compounds targeting
EndoU suggested clinically available drugs, Glisoxepide
and Idarubicin, that are currently used for treating diabetes
and leukemia, respectively, as strong candidates for repur-
posed COVID-19 drugs due to their strong affinity to bind
EndoU."°

Conclusions
The unprecedented spread of SARS-CoV-2 and the global
impact of COVID-19 have urged the scientific community
to accelerate their basic science and clinical research on
this pandemic. The wealth of scientific data generated
have led to remarkable improvements in our understanding
of COVID-19 pathogenesis. Being a relatively nascent
field, references to related CoVs, particularly SARS-CoV
-1 and MERS-CoV, have also greatly helped in this regard.
Although SARS-CoV-2 does share a lot of similarities
with SARS-CoV-1 and MERS-CoV, it is far more patho-
genic than its predecessors and also, elicit differential host
immune responses in certain regards. For instance, the
asymptomatic nature of a significant proportion of those
infected with SARS-CoV-2 suggests rapid transmission
rates and longer incubation period, thereby adding to the
challenge of controlling the COVID-19 spread in the com-
munity. It is, therefore, of utmost importance to develop
a holistic understanding of the immune responses elicited
by SARS-CoV-2 to be able to successfully develop ther-
apeutic modalities against COVID-19. Here, we have
reviewed the recent literature and made educated guesses
where applicable from related CoVs on the mechanisms
entailing innate sensing of SARS-CoV-2, the viral escape
from innate detection, the role of IFN signaling over the
course of infection and lastly, addressed some of the
currently being investigated therapeutic strategies modu-
lating these sensing pathways to control COVID-19 infec-
tion. COVID-19 still poses a lot of unanswered questions
with respect to its differential pathogenesis across patients
as well as its differences with other related CoVs, neces-
sitating further studies to be able to timely meet the need

for the development of an effective antiviral therapeutic or
vaccine to curb this global threat.
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