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1 | INTRODUCTION

Summary

The family of Suppressor of Cytokine Signalling (SOCS) proteins plays pivotal roles
in cytokine and immune regulation. Despite their key roles, little attention has been
given to the SOCS family as compared to other feedback regulators. To date, SOCS
proteins have been found to be exploited by viruses such as herpes simplex virus
(HSV), hepatitis B virus (HBV), hepatitis C virus (HCV), Zika virus, respiratory
syncytial virus (RSV), Ebola virus, influenza A virus (IAV) and SARS-CoV, just to
name a few. The hijacking and subsequent upregulation of the SOCS proteins upon
viral infection, suppress the associated JAK-STAT signalling activities, thereby
reducing the host antiviral response and promoting viral replication. Two SOCS
protein family members, SOCS1 and SOCSS3 are well-studied and their roles in the
JAK-STAT signalling pathway are defined as attenuating interferon (IFN) signalling
upon viral infection. The upregulation of SOCS protein by SARS-CoV during the
early stages of infection implies strong similarity with SARS-CoV-2, given their
closely related genomic organisation. Thus, this review aims to outline the plausi-
bility of SOCS protein inhibitors as a potential therapeutic regimen for COVID-19
patients. We also discuss the antagonists against SOCS protein to offer an over-
view on the previous ‘successes’ of SOCS protein inhibition in various viral

infections that may portray possible clues for COVID-19 disease management.

KEYWORDS
antiviral, COVID-19, inhibition, SARS-CoV-2, SOCS, treatment

etiological agent responsible for COVID-19 has been identified as

severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2). The

Global public health is under enormous threat due to the ongoing SARS-CoV-2 infection is associated with a 3.4% mortality rate, which
COVID-19 pandemic affecting more than 218.5 million individuals is lower than the previous severe acute respiratory syndrome-
accompanied by 4.5 million related deaths worldwide.! The coronavirus (SARS-CoV), and middle-east respiratory syndrome-
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coronavirus (MERS-CoV) outbreaks at 9.6% and 40% mortality rate,
respectively.?™* The first coronavirus outbreak caused by the SARS-
CoV was first identified in Guangdong Province, China in
November 2002.° The animal reservoir, that is, responsible for the
SARS-CoV outbreak is suggested to be the bats.> Subsequently, the
MERS-CoV outbreak was reported in Jeddah, Saudi Arabia in
September 2012.° It was postulated to be associated with the
dromedary camel.® To date, the origin of SARS-CoV-2 is still being
debated, with sources pointing to bats as the natural reservoir, akin
to the related SARS-CoV identified in the year 2002.7®

Coronaviruses are RNA virus that belongs to the family of
Coronaviridae, which can be subdivided into four different genera:
alpha (a), beta (), gamma (y) and delta (8).” Similar to SARS-CoV and
MERS-CoV, the SARS-CoV-2 is a member of the beta (B) genus, thus
sharing a certain degree of similarity in general morphology and
structure as its counterparts, especially concerning the SARS-CoV
with an astonishing 79% genetic identity and 94.4% amino acid
similarity."”10 The SARS-CoV-2 infection, like its counterparts, affects
mainly the respiratory system, giving symptoms such as fever, dry
cough, fatigue, dyspnoea, headache, gastrointestinal discomfort,
diarrhoea, conjunctivitis, skin discolouration or rashes, anosmia and
dysgeusia.® However, the major contributor to the rapid progression
of COVID-19 lies within the large numbers of asymptomatic cases of
SARS-CoV-2 infection in addition to the patients with the afore-
mentioned disease symptoms.'>12

Currently, the persistent symptoms of COVID-19 pose serious
health and quality of life concerns of the COVID-19 survivors. As
such, prolonged anxiety, chest pain, dizziness, hair loss, weight loss,
prolonged palpitation, sleep difficulty, depression and prolonged
gastrointestinal symptoms which encompasses nausea, vomiting,
diarrhoea, lack of appetite, abdominal pain and dysgeusia.}®*
Apart from that, other concerns such as the tempered immune
system in SARS-CoV-2 infection may give rise to an increase of
unexpected co-infections in COVID-19 patients. There have been
many reports of coinfection in SARS-CoV-2. For instance, scrub
typhus (caused by chiggers carrying Orientia tsutsugamushi) co-
infection in Nepal and dengue virus (transmitted by Aedes aegypti
mosquitoes) co-infection in Asia, in which, presenting similar clinical
manifestations, such as fever, muscle aches, joints pain, muscle
aches, fatigue and dyspnoea, just to name a few.'>® With the
overlapping clinical manifestation and immunological cascades of
the co-infections, it may contribute to misdiagnosis and enhanced
pathogenesis, leading to serious complications. Hence, it is vital to
revisit lessons learnt from the SARS-CoV and MERS-CoV out-
breaks, especially with respect to the regulation of cytokine sig-
nalling such as the Suppressor of Cytokine Signalling (SOCS) family,
a key regulatory factor in the cytokine storm that may elicit the
potentially lethal acute respiratory distress syndrome (ARDS) in
COVID-19 patients.?”1®

It is well-established that inflammation is one of the major
outcomes of the host-elicited immune response, leading to a se-

ries of complicated infections. This is mediated by complex

inflammatory signalling pathways, such as the Janus Kinase Family
and Signal Transduction and Activators of Transcription (JAK/STAT)
and NF-kB pathways - the regulation and interaction between
various cytokines, chemokines, interferons, interleukins (IL), tumour
necrosis factor (TNF), endothelial cells and immune cells.!’ Cyto-
kines are proteins that are vital for cell-cell communication,
cell differentiation, growth and defence mechanisms.?® Cytokines
also play pivotal roles in the human immune responses during
infection, inflammation, cancer; and in modulating the humoral
and cell-mediated immune pathways via various cell surface
receptors.?!

Upon viral infection, the phosphorylation of the N-terminus of
JAK and subsequently activation of STAT is dependent on various
cytokines as well as interferons or IFN.?? This cascade of reactions
must be tightly regulated, to prevent over-expression which leads to
hyperinflammation or under-expression which ultimately leads to
poor patient outcomes. The negative regulation of the JAK/STAT
pathway is mediated by the SOCS proteins. There are a total of eight
known members of the SOCS family, SOCS1-7 and CISH (Cytokine-
inducible SH2-containing protein).2® In this review, we discuss the
roles of the SOCS family of proteins in the innate immune system and
how they are modulated upon SARS-CoV-2 infection. Further, we
review the molecular mechanisms underpinning the modes of action
for the SOCS protein family that hold promise towards developing
novel antiviral candidates to ameliorate the severity of COVID-19

disease progression.

2 | THE SOCS FAMILY PROTEINS

Cytokines play important roles in fundamental biological processes
including cytokine-induced signal transduction pathways. Excessive
or sustained release of cytokines can be detrimental, thereby
emphasising the importance of negative regulators, such as the SOCS
proteins, in modulating cytokine signalling (Figure 1).

SOCS protein contributes substantially to the negative regu-
lation of the JAK/STAT pathway. The activation of the JAK-STAT
pathway depends on the binding of the cytokines to cognate re-
ceptors which induce phosphorylation of tyrosine residues at the
receptor by JAKs. Subsequently, STAT gets recruited to the site
followed by dimerisation and nuclear translocation, where tran-
scription of genes occurs.?”’” Among the SOCS, SOCS1-SOCS3
and CIS primarily regulate the JAK/STAT pathway, whereas
SOCS4-SOCS7 act on growth factor receptor signalling path-
ways.?®> Generally, SOCS protein members inhibit the JAK/STAT
pathways by tagging the target proteins for ubiquitination and
subsequent proteasomal degradation. This is achieved by the
recruitment of the E3 ubiquitin ligase scaffold via the interaction
between the SOCS box motif and Cullin-5.28 As the central SH2
domain determines the binding mechanism of the SOCS protein
members, each SOCS protein member has different binding

mechanisms.
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FIGURE 1 A general structural representation of the Suppressor of Cytokine Signalling (SOCS) family proteins. There are eight known
members, namely SOCS1 to SOCS7 and cytokine-inducible SH2-containing protein. The SOCS family can be characterised by a central Src
homology 2 (SH2) domain, extended SH2-subdomain (ESS), C-terminal SOCS box motif and N-terminal domain with varying sequence and

length.?* Here, only the SOCS1 and SOCS3 share a distinctive kinase inhibitory region (KIR) in the N-terminal domain, an additional direct
inhibitory mechanism for JAK tyrosine kinase activity. The highly conserved SOCS box motif contains 40-60 amino acid residues and interacts
with Elongin B and C, Cullin-5 and RING-box-2 (RBX2), to recruit E3 ubiquitin transferase for the regulation of cytokine signalling.2>2% The
SH2 domain is responsible for the recognition and binding mechanism of each SOCS protein, whereas ESS contributes to the physical

interaction between SOCS protein and substrate.?¢

2.1 | SOCS1 and SOCS3
Compared to the other SOCS protein members, SOCS1 and SOCS3
are well-studied in the JAK-STAT signalling pathway, playing pivotal
roles in cytokine regulation, especially in the context of virulence
factors.?? Indeed, the existence of SOCS1 and SOCS3 are mainly to
ensure the viability of the organism. Studies on SOCS1 and SOCS3
knockout in mice resulted in neonatal and embryonic death,
respectively.*®

SOCS1 is a 23.4 kDa protein involved in the regulation of JAK/
STAT and NF-kB pathways via ubiquitin-mediated proteasomal
degradation. In particular, SOCS1 is known to negatively regulate
IFNy-induced signalling pathways which is evident in SOCS1
knockout mice.®! In contrast, SOCS3 is a 24.8 kDa protein that
negatively regulates the expression of pro-inflammatory cytokines
(IL-6) and anti-inflammatory cytokines (IL-10) via selective binding to
the gp130 receptor.3? Despite the differences in function, SOCS1 and
SOCS3 share a kinase inhibitory region (KIR) in the N-terminal
domain that functions as a pseudo-substrate, a feature distinct
from the other SOCS protein members. In addition to the generic
ubiquitylation and degradation activities, SOCS1 and SOCS3 possess
an additional direct inhibitory mechanism on JAK tyrosine kinase
activity due to the presence of KIR, upstream of the SH2 domain. For
instance, the SH2 domain in SOCS1 can directly bind to the activa-
tion loop of JAK which hinders the JAK activity and tyrosine phos-
phorylation of STAT1a. Moreover, SOCS1 can also bind directly to
the IFNy receptor (IFNGR) and type | IFN receptor (IFNAR) to
augment the inhibitory activity on IFN signalling pathways. On the
other hand, the main kinase inhibitory effect of SOCS3 is contributed
by the interaction between the KIR of SOCS3 and the JAK2 kinase
domain. This is due to the lower affinity of the SH2 domain in SOCS3
for the binding of the activation loop of JAK.2%%° |n addition, SOCS3
can interact with various cytokine receptors to downregulate JAK-
STAT signalling. For instance, the binding of SOCS3 to the Tyr401
region of the erythropoietin receptor inhibits JAK2 and STAT5
activation.® The binding of SOCS3 to other cytokine receptors such

as Tyr757 of gp130 receptor, Tyr985 of the leptin receptor, Tyr800
of IL-12 receptor and Tyr729 of granulocyte colony-stimulating
factor (G-CSF) receptor, also show a similar interference to the
JAK-STAT pathway.3*

2.2 | Other SOCS proteins

In contrast, the inhibitory mechanisms of other SOCS protein mem-
bers are far less studied. CIS is a 28.6 kDa protein that can inhibit
cytokine-induced STATS5 signalling via substrate competition, in
which the SH2 domain of CIS competitively binds to the phosphor-
ylated tyrosine residues in activated cytokine receptors, instead of
the JAKs.®2%5 For instance, the signal transduction of many cyto-
kines, such as IL-2, IL-3, erythropoietin, growth hormone and pro-
lactin are inhibited.3¢ Similar to CIS, SOCS2 is a 22 kDa protein that
also utilises competitive binding via SOCS box to hinder the growth
factor-mediated activation of STAT5b.3234 Only SOCS1 and SOCS3
are documented to interact and suppress JAK activities directly via
KIR. Owing to the lack of KIR in SOCS2, the possibility of direct
interaction with JAK remains minute. Interestingly, recent studies
have shown otherwise, where SOCS2 can interact with JAK2 directly
to negatively modulate the JAK2-STATS5 signalling pathway, thereby
diminishing the development of natural killer cells.*” Notably, SOCS2
can antagonise other SOCS members. For example, SOCS2 antago-
nises SOCS1 and SOCS3 in the negative modulation of IL-2 and IL-3

signalling, as illustrated by the enhanced cytokine response with

higher proteasomal-dependent turnover rate of SOCS1 and
5S0Cs3.%8
SOCS4 and SOCSS5 are 50.6 and 61.2 kDa proteins, respectively,

that regulates epidermal growth factor (EGF) signalling.®2®? It is

postulated that the SH2 domain of SOCS4 and the N-terminal re-
gion of SOCS5 interact with the EGF receptor (EGFR) via
phosphorylation-dependent and phosphorylation-independent in-
teractions, respectively. The docking of SOCS4 to EGFR subjects
the activated EGFR to proteasomal degradation via recruitment of E3
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ubiquitin ligase. Moreover, SOCS4 has the same binding affinity to
STAT3 as to the EGFR, thereby suggesting that SOCS4 is capable of
attenuating STAT3 activation as well.*°4! On the other hand, it is
proposed that SOCS5 targets the proteins (EGFR, IL-6R, IL-4R) for
proteasomal degradation, allowing it to negatively regulate cytokine
receptor signalling. As such, SOCS5 can contribute to T-helper 1
(Th1)/Th2 differentiation via the attenuation of IL-4 dependent
STATé activation.*142

Akin to SOCS1-SOCS5 and CIS proteins, the inhibitory mecha-
nism underlying SOCSé6 (59.5 kDa) is likely via ubiquitination and
proteasomal degradation as well, with heme-oxidised IRP2 ubiquitin
ligase-1 as a replacement for E3 ubiquitin ligase.*> SOCS6 is known
for its role in regulating the insulin signalling pathway where it
suppresses the activation of the insulin receptor substrate 1 (IRS-1),
extracellular signal-regulated kinases (ERK1/2) and protein kinase
B.32 Similar to SOCS2, SOCS6 also possesses the ability to antagonise
other SOCS protein members. Furthermore, the N-terminal domain
of SOCS6 promotes SOCS6 nuclear localisation, in which STAT3 is
regulated.** Lastly, SOCS7 (62.9 kDa) is a well-documented protein
with its negative regulation of insulin-like growth factor | receptor
(IGF-IR) signalling. Similarly, SOCS7 regulates the IGF-I signalling by
subjecting IRS-1 docking on the cytoplasmic domain of activated IGF-
IR to proteasomal degradation via the SOCS box. Besides this, the
interactions between the SH2 domain of SOCS7 and IRS-2 and IRS-4
also suppress signalling.#* In addition, SOCS7 can modulate the JAK-
STAT signalling pathway induced by leptin and prolactin via the
interaction of JAK2-STAT3 and JAK2-STAT5.

3 | GENERAL FEATURES OF SARS-CoV-2

Similar to its beta-coronavirus counterparts (such as SARS-CoV and
MERS-CoV), SARS-CoV-2 exhibits a close resemblance in its general
morphology.*® SARS-CoV-2 is an enveloped non-segmented positive-
sense RNA virus, ranging from 65 to 125 nm in diameter.*” Its RNA
genome is ~29.9 kilobases (kb) with two-thirds containing the main
open reading frame 1a and 1b (ORF1ab) replicase from the 5-end -
for ppla and pplab polyproteins that encode non-structural proteins
(NSP) 1-11 and NSP 12-16, respectively.48 The remaining one-third
of the genome from the 3’-end encodes different structural proteins,
such as spike (S), envelope (E), membrane (M) and nucleocapsid (N)
proteins.*? In addition, there are also variable ORFs alternating at the
3’-end, such as the ORF3a, ORF3d, ORF6, ORF7a, ORF7b, ORFS,
ORF9%b, ORF14 and ORF10 for the production of accessory pro-
teins.*® The typical organisation of the SARS-CoV-2 genome can be
denoted as: 5'-leader-UTR-replicase-S-E-M-N-3'-UTR-poly(A) tail,
with the aforementioned accessory genes scattered between the
structural genes (S-E-M-N) at the 3’ end.*°

Apart from the structural proteins, the NSPs and accessory
proteins of SARS-CoV-2 play very crucial roles in viral replication.
They are largely associated with cytokine signalling and immune
evasion upon infection. NSP 1 is associated with the inhibition of IFN

signalling for innate immune evasion and induces the production of

chemokines, contributing to cytokine storm in COVID-19 patients.>!
NSP3 and NSP5 (proteinase) are found to impede innate immunity, to
promote cytokine expression and to cleave viral polyproteins.>?
Further, NSP7, NSP8 and NSP12 constitute the RNA-dependent RNA
polymerase (RdRp) complex that promotes viral genome replication,
methylation and transcription, which may further aggravate disease
progression in patients.>® Aside from the NSPs, accessory proteins
such as the ORF6 localises at the nuclear pore complex (NPC), dis-
rupting the nuclear translocation of STAT-1 and STAT-2 by blocking
the karyopherin/importin complex and antagonising interferon sig-
nalling - thereby suppressing the immune response.>* ORF8 is
believed to be involved in immune evasion via the downregulation of
the major histocompatibility complex-1 (MHC-I) which functioned to
present viral antigen peptides for lymphocyte recognition, thereby
contributing to impaired host immune system.>> As such, the MHC-1
molecules present the viral peptide to cytotoxic T-lymphocytes (CTL),
subsequently the CTL releases various antiviral substances (e.g.,
perforins, granzyme and FasL) to induce cell death in SARS-CoV-2
infected cells.”>®> Besides that, CTLs are also responsible for the
release of various cytokines such as IFN-y, TNF-a and IL-2, an
impaired CTL recognition would mean reduced expression of JAK-
STAT signalling and the following antiviral cascade response.>®
Hence, it becomes important to study the immune response with
respect to these cytokine signalling pathways in the context of SARS-
CoV-2 infection.

4 | ASSOCIATED JAK-STAT CYTOKINE
SIGNALLING PATHWAYS

As the name suggests, the suppressor of cytokine signalling or SOCS
family acts as a checkpoint inhibitor or negative feedback for cyto-
kine signalling to restrict excessive inflammation. Among the SOCS
family, SOCS1 and SOCS3 contain a kinase inhibitory region (KIR)
that inhibits kinase activities, such as the JAK-STAT signalling
pathway, thereby playing a pivotal role in cytokine regulation.??
Aside from JAK-STAT, cytokine stimulation can be also induced via
various other pathways, such as NF-kB and MAPK. However, the
JAK-STAT signalling pathway represents the most classical cytokine
stimulation pathway with respect to the SOCS family (Figure 2).
The JAK-STAT pathway begins with cytokine stimulation of the

).18 These cell surface

cell surface receptor (such as IFN-1 receptor
receptors are associated with JAK which subsequently phosphory-
lates STAT, thus triggering the downstream JAK-STAT signalling
pathway.?’ During viral infection, the cells recognise foreign viral
antigens via pattern recognition receptors (PRRs), such as the
intracellular nucleic acid sensors associated Toll-like receptors (TLRs)
3,4, 7 and 8, and retinoic acid-inducible gene I-like receptors (RLRs),
for example, RIG-1, MDAS5.%%>7 Subsequently, this induces NF-kB to
produce pro-inflammatory cytokines (such as IL-1, IL-6 and TNF-a)
and interferon-regulatory factors or IRFs (such as IRF3 and IRF7).5¢
The IRFs subsequently stimulate the production of type | IFNs (IFN-

a, IFN-B, IFN-g, IFN-k and IFN-w) and type HI IFN (IFN-A).>¢
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FIGURE 2 A brief schematic illustration of the Suppressor of Cytokine Signalling (SOCS)-associated JAK-STAT signalling pathway.

(a) Pattern recognition receptors (PRRs) are expressed in various immune cells such as dendritic cells, macrophages, monocytes, neutrophils
and epithelial cells. Upon infection, the immune cells recognise foreign viral antigens via PRRs such as the Toll-like receptors (TLRs), and
retinoic acid-inducible gene I-like receptors (RLRs), thereby stimulating the production of cytokines and interferons (IFN). (b) IFN bind to IFN
receptors on the cell surface and subsequently stimulate the associated JAK-STAT signalling pathway for the activation of antiviral interferon-
stimulated genes (ISGs). This, in turn, promotes transcription of antiviral genes such as oligoadenylate synthetase (OAS) and latent
endoribonuclease (RNasel) (shown as OAS-RNasel), leading to the cleavage of both host and viral RNA - thus impeding viral replication.

(Figure is redrawn from Park and Iwasaki.”®)

Following the production of IFNs, IFN-I (IFN-a/pB) binds to the IFN-
a/B receptor-1 (IFNAR1)/IFNAR2, that is, associated with JAK1 and
TYK2 subunits which subsequently phosphorylate the cytoplasmic
STAT1 and STAT2 (15X). This then stimulates the formation of STAT1-
STAT2 heterodimer transcription factor complex (STAT1/STAT2/
IRF9), forming IFN-stimulated gene factor 3 (ISGF3) for translocation
to the nucleus, thereby upregulating interferon-stimulated genes
(ISGs) such as the 2/,5'-oligoadenylate synthetase (OAS), protein ki-
nase R (PKR)—ultimately downregulating viral replication.>® In addi-
tion, the upregulation of STAT3 also enhances the production of
inflammatory cytokine IL-6 via TLR4, which subsequently activates the
NF-kB pathway, producing more IL-6 and other chemokines.*®

Notably, despite the aforementioned signalling cascade, other
factors such as gender might come into play for the pathogenesis of
COVID-19. In which, the pattern recognition receptors (PRRs), such
as the intracellular nucleic acid sensors TLRs, and RLRs are more
pronounced in females than males.>” This is shown in a study where it
has suggested that the oestrogen receptor subtype, ER-a that pre-
sent only in female mice enhances TLRs and NK cells response,
producing a much more robust cytokine response (TNF-a, IL-1 and
IL-6) compared to the male mice, causes the death of infected cells,
thus, clearing the more efficiently.®®

pathogen Moreover,

the predominant gender-bias occurrence of transmembrane protease
serine 2 (TMPRSS2) and ACE2 receptors in males may contribute to
the high SARS-CoV-2 entry and replication.’® Interestingly, the
androgen receptors present only in males, are the promoters for
TMPRSS2. In contrast, females can regulate the expression of ACE2
via oestrogen activities.?® Hence, these conferred some immuno-
protective measures to females compared to males.

As a critical cytokine regulator, SOCS proteins normally impede
IFN signalling upon excessive STAT1 or STAT3 upregulation to limit
inflammation. Unfortunately, viruses can exploit SOCS protein inde-
pendently upon infection, suppressing the normal JAK-STAT signal-
ISGs (OAS, PKR)—thus
subsequently downregulate the innate and adaptive immune re-

ling pathway, reducing the antiviral

sponses to promote viral replication.®*

5 | SOCS-ASSOCIATED CYTOKINE REGULATION
IN SARS-CoV-2 INFECTION

As mentioned, SOCS proteins regulate the JAK-STAT pathway in a

variety of ways. Hence, SOCS1 and SOCS3 can bind to the phos-
photyrosine residues of JAK1, JAK2 and TYKZ2, inhibiting tyrosine
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phosphorylation of STAT1 and STAT3 via KIR, and subsequently
hindering the nuclear translocation of STAT1 and STAT3.°2 This, in
turn, downregulates the antiviral 1SGs. While SOCS proteins can
provide negative feedback to prevent excessive pro-inflammatory
cytokine production, they can be easily hijacked by the virus to
promote viral replication. For instance, herpes simplex virus (HSV)
induces SOCS1 and SOCS3 production, effectively inhibiting type |
and type Il IFN, thereby evading ISGs associated with innate im-
munity - thus enhancing viral replication.?’ Besides this, a similar
hijack mechanism by the respiratory syncytial virus (RSV) upregu-
lates both SOCS1 and SOCS3 via its viral NS1 and NS2 proteins,
effectively inhibiting the type | IFN antiviral signalling pathway.®%¢*
Similar SOCS1 and SOCS3 upregulation are also observed for Zika
virus upon 48 h post-infection of A549, Jar and human neural pro-
genitor cell lines.> Notably, a similar phenomenon was also discov-
ered in which SARS-CoV can induce SOCSS3 by fourfold after 48 h of
infection, dampening the antiviral effects of IFNs.® Furthermore, the
downregulation of JAK-STAT also causes T-cell-dependent activation
of B-cells to fail to undergo class switch recombination to produce
more robust IgA, IgG, or IgE antibodies to elicit an antiviral response
against SARS-CoV infection.®” Given the genomic similarities be-
tween SARS-CoV-2 and the closely related SARS-CoV, there exists a
strong possibility for a similar phenomenon to be exhibited by SARS-
CoV-2 on SOCS proteins.

Upon viral infection, the host-expressed IFN-I would bind to the
JAK1 and TYK2 associated IFN-a/p receptor and trigger tyrosine
phosphorylation of STAT1 or STATS3, subsequently upregulating
cytokine production and antiviral ISGs (OAS, PKR), thereby halting
viral replication. While the activity of the SOCS proteins can be
directly hijacked to promote viral replication at an early stage, the
associated JAK-STAT signalling cascade for innate immunity can also
be hijacked in response to SARS-CoV-2 infection at the later stage of
infection, leading to enhanced cytokine production and subsequently
ARDS. Further, the activity of STAT1 can be inhibited by the SARS-
CoV-2 NSP1 and ORF6 proteins.’® The reduction of STAT1 is
compensated by the host by enhanced STAT3 activity, subsequently
inducing STAT3-1SGs.*® Furthermore, STAT3 can be further
enhanced upon acute lung injury via the upregulation of epidermal
growth factor receptor (EGFR).°® The hyperactivation of STAT3 re-
presses miR-34a, an inhibitor of plasminogen activator inhibitor-1
(PAI-1), which inadvertently enhances the level of PAI-1, leading to
the inhibition of the protein inhibitor of activated STAT3 (PIAS3) that
serves as the negative feedback for STAT3.2® Interestingly, the
activation of STAT3 enhances the production of inflammatory cyto-
kine IL-6 via enhanced binding of PAI-1 to TLR4, which subsequently
activates the NF-kB pathway, producing a greater amount of IL-6 and
chemokines.®®

Taken together, a SOCS antagonist may prevent further viral
replication via down-regulation of SOCS activity (hijacked by the
virus upon early stage of infection), thus promoting healthy IFN
signalling for JAK-STAT and subsequent immune response via ISGs.
However, the overexpression of the JAK family by the SOCS
antagonist, and enhanced EGFR signalling that activates STAT3

during the late infection stage may contribute somewhat towards
the cytokine storm, the main contributor to ARDS which maybe life-
threatening. Hence, the appropriate use of SOCS inhibitors at
different stages of SARS-CoV-2 infection may be highly critical in
influencing morbidity and mortality due to severe cytokine storms.
In this regard, other complementary strategies should also be
carefully considered and evaluated, for example, the use of conva-
lescent serum with neutralising antibodies against SARS-CoV-2.7°
Convalescent plasma containing neutralising antibodies and other
proteins such as anti-inflammatory cytokines, clotting factors,
defensins and natural antibodies inherited from the donor may
provide passive and effective immunity to alleviate COVID-19

pathogenesis.

6 | POTENTIAL DRUGS TO REGULATE SOCS IN
SARS-CoV-2 INFECTION

Described above are some pathways and mechanisms by which vi-
ruses, such as HSV, RSV, Zika and SARS-CoV, can hijack the SOCS
proteins to facilitate viral replication. While SOCS mediated JAK-
STAT signalling and cytokine storm are closely associated, the
former often occurs during the initial stage of infection. This clearly
highlights the potential of SOCS proteins as putative targets for
antiviral intervention. Although there are no established treatments
against SOCS proteins for SARS-CoV-2 infection, it may be worth-
while to revisit previous antiviral strategies. For example, the
transfection of antisense oligonucleotide to HSV-1 can effectively
knock down SOCS3 in epithelial FL human amnion cells with a sig-
nificant reduction in viral replication by 10% plaque-forming units
(pfu) per mL.”? In addition, 35 pM of peptidomimetic (pJAK2 1001-
1013), a modified SOCS1 antagonist, offers 40% protection against
HSV-1 infection in HEL30 keratinocytes.”?”® Combination with
100 U/mL of IFN-y achieved 100% protection.”?” This was achieved
due to the ability of pJAK2 to bind to the KIR region of SOCS1,
suppressing phosphorylation of STAT1, leading to increased IFN-y
signalling for the antiviral response.”?”2

Aside from that, certain miRNAs have also demonstrated the
ability to suppress SOCS expression. For instance, miRNA-19a indi-
rectly reduces SOCS1 and SOCS3 levels via the activation of
STAT3.”* This subsequently enhances IL-6 and IFN-a signalling,
resulting in the reduction of hepatitis C and hepatitis B virus repli-
cation.”* Similarly, miRNA-221 is postulated to be the mechanism
underlying the antiviral effect of IFN-a treatment in HCV patients via
the downregulation of SOCS1 and SOCS3 expression, subsequently
upregulating the JAK-STAT signalling pathway for antiviral
response.”® Furthermore, the use of 100 nM of ubiquitin-specific
protease 7 (USP7) small molecules (such as P5091 and P22077)
also suppress SOCS1 in HEK293T cells infected with Sendai virus and
vesicular stomatitis virus, subsequently inhibiting viral replication by
promoting antiviral activity mediated by IFN-I signalling.”® Zole-
dronic acid (ZA), an FDA-approved amino-bisphosphate drug for
various diseases (such as disease,

osteoporosis, Paget's
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postmenopausal osteoporosis, multiple myeloma and bone metasta-
ses), was shown to be able to downregulate the expression of SOCS3
effectively.”” The study clearly shows elevated inflammatory markers
such as C-reactive protein, leptin, IL-6 and TNF-a, a consequence of
JAK-STAT upregulation arising from the downregulation of SOCS
protein upon administration of ZA. In view of its FDA approval and
with appropriate detailed clinical trials, ZA could be one of the po-
tential drugs that could be repurposed for SARS-CoV-2 treatment
too.

As the viral infection progresses, the hyperactivation of natural
killer (NK) cells, macrophages, T cells and numerous other immune
cells contribute to the production of many different chemical medi-
ators (e.g., IP-10, CCL2, CCL3 and CCL-5) and proinflammatory cy-
tokines (e.g., IFN-y, TNF-q, IL-1, IL-6 and IL-8) via various signalling
pathway such as the IFN-JAK-STAT signalling pathways, leading to
lung scarring and ultimately cytokine storm associated ARDS in
SARS-CoV-2.787? While SOCS antagonist can be useful at the early
stage of infection to restore cytokine and interferon production for
the antiviral response, it has diminished usage for cytokine storm
inhibition at the latter stage. Hence, the immunosuppressors for JAK-
STAT signalling should also be thoroughly considered to inhibit the
JAK/STAT pathway to modulate the cytokine associated hyper-
inflammatory response.

As such, Baricitinib, and Ruxolitinib, a JAK1 and JAK2 inhibitor
that antagonises the activity of JAK-STAT signalling, has successfully
shown clinical improvements in 12 patients, and 18 critically ill pa-
tients with COVID-19, respectively.2°-82 Other potential drugs that
were able to antagonise JAK-STAT in SARS-CoV-2 infection are the
peptidomimetic inhibitors that mimic SOCS3 binding to the JAK2
catalytic domain, namely the KIRESS and KIRCONG chimeric peptide.
It has been shown to suppress STAT3 phosphorylation by up to 65%
in HIV Tat protein infected mouse vascular smooth muscle cells,
effectively suppressing JAK-STAT associated cytokine production.®®
Additionally, other therapeutic options such as antibodies against
inflammatory cytokines should also be considered. In which, tocili-
zumab, an anti-IL6 receptor antibody, and adalimumab, an anti-
tumour necrosis factor (anti-TNF) antibody have shown decreased
pro-inflammatory cytokines (IL-1, IL-6, TNF) in blood, conferring anti-
inflammatory activity, thereby reducing lung inflammation in COVID-
19 patients.®

7 | CONCLUSION

The rapid emergence of SARS-CoV-2 has brought into focus the
reconsideration of therapeutic approaches including drug repur-
posing. One class of immunoregulatory proteins that plays vital
roles in cytokine signalling and the immune response is the sup-
pressor of the cytokine signalling (SOCS) protein family. While there
are various therapeutic regimens including antivirals such as
Remdesivir and Favipiravir, the importance of SOCS proteins in the
attenuation of the IFN/JAK-STAT pathways should not be over-
looked. Among the eight SOCS protein members, SOCS1 and

SOCS3 are well-documented and studied with respect to modu-
lating the JAK-STAT signalling pathway. SOCS proteins are negative
feedback inhibitors of JAK-STAT activation, in the presence of IFNs.
This is to ensure that there is no overexpression of IFNs that may
culminate excessive JAK-STAT signalling and subsequently exag-
gerated inflammatory cytokine production. However, the SOCS
proteins can be easily hijacked and upregulated by various viruses
such as HSV-1, HBV, HCV, Sendai virus, vesicular stomatitis virus
and importantly SARS-CoV, thereby promoting viral replication.
Given the positive results from SOCS1 and SOCS3 inhibitors in
reducing viral loads, such as pJAK2 1001-1013, miRNA-193,
ubiquitin-specific protease 7 (USP7) and zoledronic acid (ZA), it is
important to consider the potential of SOCS inhibitors in the
context of SARS-CoV-2 infection. Nevertheless, careful consider-
ations and investigations are warranted as SOCS antagonists might
also enhance cytokine stimulation via JAK-STAT activation, which
may lead to the detrimental cytokine storm and ARDS at the late

stage of viral infection.
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