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Abstract 
To control the SARS-CoV-2 pandemic infection, worldwide vaccination has been implemented.  However, no specific therapeutic 
drugs are available for the treatment of COVID-19 yet.  To find the effective therapeutic targets for COVID-19, efforts should 
be focused on the pathogenesis of COVID-19.  SARS-CoV-2 induced COVID-19 involves the processes of viral entry into the 
host cells, viral replication in host cells, and induction of cytokine storm.  Therefore, the potential targets may include the 
structural proteins of the virus and host cell proteins that play roles in the viral entry, associated enzymes in viral replication, 
and associated signaling proteins for the release of inflammatory cytokines that mediate the induction of cytokine storm.  The 
development of candidates based on these targets may formulate the future treatment of COVID-19 or other associated diseases.     
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1. Introduction
Since December 2019, SARS-CoV-2 infection had once become 
the major worldwide health crisis. SARS-CoV-2 infection not 
only causes severe respiratory impairment but also leads to 
complications in other systems of the body, including the cardiac 
and nervous systems, which contribute to the increased mortality 
in patients with COVID-19 [1-4]. Although the pandemic is 
being controlled with the implementation of vaccination, there 
is still a lack of specific drugs for the treatment of COVID-19 
and its chronic complications. Therefore, developing therapeutic 
drugs for COVID-19 is critically important.  

Although multiple therapeutic targets have been proposed and 
various associated agents have been tested in the clinical setting, 
an effective treatment for COVID-19 remains lacking.  Finding 
specific therapeutic targets and developing effective drugs is an 
essential task for the control of COVID-19 and the reduction of 
mortality.

The induction of COVID-19 by SARS-CoV-2 infection 
involves several steps that include viral entry into the host cells, 
replication of the virus, and induction of pathogenic processes 
such as cytokine storm. To block either one of the steps should 
reduce the severity of infection and lower the mortality of 
COVID-19 patients.  As a result, targeting these processes should 
be an effective strategy to fight against COVID-19. The review 
will focus on the following pathogenic processes and specific 
proteins that are involved in these processes as potential targets 
for developing therapeutic drugs for COVID-19. 

2. Viral Invasion
Viral entry into the host cells, such as epithelial cells in the 
respiratory tract, is the critical step for infection.  Blockade of the 
machinery that mediates cell entry of SARS-CoV-2 can prevent 
the infection or reduce the load of the virus and the severity of 
COVID-19. The following proteins that play important roles in 
the viral entry into the host cells may function as therapeutic 
targets for COVID-19 (Table 1).

2.1. Spike Protein
The coronavirus structural proteins include the spike glycoprotein 
(S-protein), envelope protein (E-protein), membrane protein 
(M-protein), and the nucleocapsid protein (N-protein). The 
S-protein of SARS‐CoV‐2 is similar to the coronavirus strain 
SARS-CoV, with over 72% amino acid sequence similarity 
[5].  SARS‐CoV‐2 can bind to angiotensin-converting enzyme 
2 (ACE2) through the receptor-binding domain (RBD) of 
the S-protein with a higher affinity relative to SARS‐CoV 
[6]. In addition, SARS‐CoV‐2 does not use receptors, such 
as aminopeptidase and dipeptidyl peptidase‐4, which other 
coronaviruses employ [7].

The S-protein of SARS-CoV-2 consists of two subunits: a 
globular S1 domain at the N-terminal region and the membrane-
proximal S2 domain. The RBD within the S1 subunit is essential 
for the virus attachment to the host cell receptor ACE2, while S2 
is critical for virus entry by regulating viral membrane fusion 
to the host cell membrane [8,9].  The subunit S1 is composed 
of four domains named the N-terminal domain (NTD), the 
receptor-binding domain (RBD), and two subdomains, SD1 and 
SD2.  The S2 subunit is divided into an N-terminal hydrophobic 
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fusion peptide (FP), two heptad repeats (HR1 and HR2), a 
transmembrane domain (TM), and a cytoplasmic tail (CT) 
(Figure 1A).

Both S1-RBD and S2 domains represent important potential 
targets for the development of SARS-CoV-2 vaccines and 
therapeutic drugs [10]. In fact,  many of the currently developed 
vaccines target S-protein of SARS-CoV-2 [11,12]. RBD seems to 
be a good target for SARS-CoV-2 vaccine, since a recombinant 
RBD protein of SARS-CoV-2 prepared from insect cells was 
reported to induce serum antibodies that could bind to the 
RBD and neutralize viral infection in nonhuman primates [13].  
However, the emerging SARS-CoV-2 variants have resulted 
in an alteration of RBD binding properties of neutralizing 
antibodies [14].  

The current important variants include B.1.1.7 (UK variant with 
mutations of N501Y, S494P*, E484K*), P.1 (Brazil variant with 
mutations of K417N/T, E484K, N501Y), B.1.351 (South Africa 
with mutations of K417N, E484K, N501Y), B.1.427/B.1.429 
(California variants with mutations of L452R), B. 1.617 (Indian 
variant with critical mutations of L452R and E484Q). The 
different mutations have changed the binding affinity of RBD and 
viral infectivity. To develop a vaccine that produces neutralizing 
antibodies to be effective against all variants is an important 
strategy to control the pandemic. Anyway, the development of 
monoclonal antibodies against or inhibitors of the S-protein of 
the primary strain and variants might hold great promise to find 
therapeutic candidates for COVID-19.

2.2. ACE2
The S-protein of both SARS-CoV and SARS-CoV-2 has been 
known to utilize ACE2 as a receptor for host cell entry [15].  
ACE2 is a metallopeptidase that is expressed on major viral 
target cells, such as type II pneumocytes and enterocytes [16].  
ACE2 is expressed not only in type II alveolar cells, but also in 
myocardial cells, proximal tubule cells of the kidney, ileum and 
esophagus epithelial cells, and bladder urothelial cells, as well as 
in brain cells, establishing the basis for possible extrapulmonary 
invasion of SARS-CoV-2

The catalytic domain of ACE2 binds to S-protein with high affinity 
[17]. Binding of S-protein to ACE2 triggers conformational 
rearrangements in S-protein, which are believed to increase the 
sensitivity of the S-protein to proteolytic enzymes, such as late 
mentioned furin, at the border between the S1 and S2 subunits 
for priming to facilitate the viral entry into the cells. 

ACE2 has been demonstrated to play a role in viral invasion.  
A clinical-grade soluble recombinant human ACE2 protein 
(srhACE2) was shown to inhibit attachment of SARS-CoV-2 
to simian Vero-E6 cells and prevent SARS-CoV-2 infection of 
engineered human capillary organoids and kidney organoids 
(Vero-E 6 cells) [18].  However, whether srhACE2 administration 
in vivo can prevent SARS-CoV-2 infection remains unknown.  
The roles of ACE2 inhibitors, such as nicotinamide  and other 
small molecular inhibitors, in SARS-CoV-2 infection should be 
further investigated [19,20].

An ACE2 decoy has been designed to have combined T27Y and 
H34A mutations that increase the affinity of ACE2 to RBD of 
S-protein and have an H374N mutation that abrogates ACE2 
enzymatic activity. The ACE2 triple decoy has been demonstrated 
to inhibit infection by competing with endogenous ACE2 for 
binding to the S-protein RBD domain of SARS-CoV-2 variants.  
The ACE2 triple decoy also showed an increased affinity for 
the RBD domain expressing N501Y (B.1.1.7 variant) or L452R 
(B.1.427/B.1.429 variants) mutations [21].

Coagulation factor Xa, a protease, cleaves the S-protein of 
SARS-CoV-2 and prevents its binding to ACE2, resulting in 
decreased viral entry. In contrast, rivaroxaban, a direct inhibitor 
of coagulation factor Xa, facilitates the viral entry [22].

Recently, tripartite motif containing 28 (TRIM28) has been 
shown to regulate ACE2 expression. Co-expression of TRIM28 
with ACE2 and TMPRSS2 was found in type II pneumocytes 
[23].  TRIM28 seems to negatively mediate the expression of 
ACE2, since knockdown of TRIM28 induces ACE2 expression 
and increases pseudotyped SARS-CoV-2 cell entry in A549 cells 
and primary pulmonary alveolar epithelial cells [24], suggesting 
that upregulation of TRIM28 might be a possible approach to 
limit the viral entry, not the host cells.

2.3. Furin and Transmembrane Serine Protease 2
Binding of the S‐protein of SARS‐CoV‐2 with ACE2 is followed 
by host furin and transmembrane serine protease 2 (TMPRSS2)‐
mediated priming of the viral S‐protein.  The priming process 
involves the cleavage of the S‐protein at the S1/S2 border and 
S2’ sites, facilitating the viral fusion with the host cell membrane 
[25].

Furin is a ubiquitously expressed calcium-dependent host 
cell protease that proteolytically activates many proproteins, 
including pathogenic agents and physiological proteins.  Furin 
cleaves S-protein at the S1/S2 site into two segments, the S1 (1-
685) and the S2 (686-1273) domains. Although furin cleavage 
of S-protein is not essential for SARS-CoV-2 infection and 
cell-cell fusion, it has been shown to promote the infection  and 
demonstrated to be involved in transmission in ferrets, since 
SARS-CoV-2 virus lacking the S1/S2 furin cleavage site had 
lower titers in infected ferrets [26,27].

TMPRSS2, a transmembrane serine protease in airway epithelial 
cells and alveolar cells, plays a critical role in viral entry into 
host cells.  Like ACE2, TMPRSS2 is also expressed in the 
heart, digestive tract, liver, kidney, brain, and other organs 
[28].  TMPRSS2 contains a type II transmembrane domain 
(TM), an LDL receptor class A domain (LDLRA) for calcium 
binding, a scavenger receptor cysteine-rich domain (SRCR) for 
binding to other cell surface or extracellular molecules, and a 
serine protease domain (SPD) that cleaves at arginine or lysine 
residues [29].   The cytoplasmic domain at N terminal interacts 
with cytoskeletal components and cell signaling molecules. SPD 
domain is the location for the proteolytic activity of TMPRSS2.  
LDLRA and SRCR domains may function to regulate protein 
binding and protein–protein interaction [25].
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Viral S-protein is one of the targets of TMPRSS2. Both SARS-
CoV and SARS-CoV-2 use the serine protease TMPRSS2 for S 
protein priming [25]. The binding of RBD within the S1 domain 
to ACE2 could trigger the effects of TMPRSS2 on the cleavage 
of S-protein at the S2′ site and facilitate cell membrane fusion 
for viral entry [30].  

TMPRSS2 is essential for activation of SARS-CoV-2 S-protein 
in Calu-3 human airway epithelial cells, since antisense-mediated 
knockdown of TMPRSS2 expression abolished the infection 
[31]. TMPRSS2 inhibitor camostat mesylate significantly 
reduced infection of SARS-CoV-2 in human lung Calu-3 cells 
[25]. Nafamostat mesylate, which has been demonstrated to 
inhibit TMPRSS2-dependent host cell entry of MERS-CoV, can 
also prevent SARS-CoV-2 entry into host cells with roughly 
15-fold-higher efficiency than camostat mesylate [25,32].  
Another TMPRSS2 inhibitor, α-1antitrypsin, also blocks SARS-
CoV-2 from entering host cells.  

2.4. CD147
CD147, which is known as basigin or extracellular matrix 
metalloproteinase inducer, is another host cell receptor that binds 
to S-protein to mediate viral invasion. The S-protein of SARS-
CoV-2 has recently been demonstrated to bind to CD147, the 
direct interaction of which regulates virus infection in host cells 
[33]. In in vitro studies, the loss of CD147 by stable knockdown 
or inhibition of CD147 by meplazumab lowered SARS-
CoV-2 load in Vero E6 and BEAS-2B cell lines; in contrast, 
overexpression of CD147 promotes virus infection in BHK-
21 cells. Human CD147 extracellular fragment that competes 
with CD147 for the binding to S-protein inhibited pseudovirus 
entry into BHK-21-CD147 cells.  In addition, viral loads were 
detected in the lungs infected with SARS-CoV-2 in transgenic 
mice expressing human CD147, but not in wild type mice [33].  
The results of these studies suggest that NRP1 play a role in viral 
entry and that NRP1 may be considered as a potential target for 
the development of specific anti-SARS-CoV-2 drugs. 

2.5. Tyrosine-Protein Kinase Receptor UFO
Tyrosine-protein kinase receptor UFO (AXL) is a cell surface 
receptor tyrosine kinase, part of the TAM family of kinases, 
expressed in normal and cancer cells. AXL is a key factor that 
assists cancer cells in immune escape and drug resistance, 
leading to aggressive and metastatic cancers.  Recently, AXL 
has been identified as a receptor for SARS-CoV-2 that promotes 
infection in pulmonary and bronchial epithelial cells. AXL 
specifically interacts with the N-terminal domain of the S-protein 
of SARS-CoV-2 in HEK293T cells, and AXL overexpression 
promoted viral entry as efficiently as ACE2 overexpression. 
Downregulating AXL, but not ACE2, significantly reduced 
infection of pulmonary cells by SARS-CoV-2.  Soluble human 
recombinant AXL, but not ACE2, blocked SARS-CoV-2 
infection in cells expressing high levels of AXL [34]. 

2.6. Neuropilin 1 (NRP1)
Neuropilin 1 (NRP1) is a host cell protein that is widely 
distributed throughout the body tissues. The higher expression 
of NRP1 was found in the respiratory and olfactory epithelium 
with highest expression in endothelial and epithelial cells [35].

NRP1 acts as a multifunctional co-receptor for a variety of 
ligand proteins and has been demonstrated to play significant 
roles in both physiological roles and pathological conditions.  
Interestingly, the ability NRP1 to facilitate the entry of SARS-
CoV-2 has been recently identified [36]. 

NRP1 is a single-pass transmembrane glycoprotein that 
comprises a large N-terminus extracellular domain (NCD), a 
membrane spanning transmembrane domain (TM), and a short 
cytoplasmic tail (SCT) in the inner side of the cell membrane.  
The NCD domain containing two CUB (complement binding 
factors C1r/C1s, Uegf, bone morphogenetic protein 1) (a1/a2), 
two factor V/VIII coagulation factor homology (b1/b2) domains, 
and one MAM (homologous to meprin protease, A5 antigen, 
receptor tyrosine phosphatase μ and К) (c domain) functions to 
bind different ligands. The transmembrane domain is a single-
pass protein consisting of a conserved GXXXG repeat crossing 
the cell membrane. Intracellular domain at the C-terminal 
contains a PDZ binding motif (SEA) that can act as a docking 
site for interacting partners [37].

NRP1 promotes SARS-CoV-2 infection through interacting 
with a furin-cleaved fragment of the S-protein of the virus.  
NRP1 can potentiate SARS-CoV-2 infection in the presence of 
other host factors, such as ACE2 and TMPRSS2 [35]. The host 
protease furin cleaves the full-length precursor S-protein into 
S1 and S2 peptides [38]. During the separation, the cell surface 
receptor NRP1 predominantly binds to the C-terminal RRAR 
motif (682-685) of the S1 domain and functions to stabilize the 
S1 C-terminal region (640-685) to assist the detachment of S2 
N-terminal region (686-700). The liberated S2 domain mediates 
the fusion of virus and host membranes, suggesting that NRP1 
increase virus infectivity by facilitating the S1/S2 separation 
[39].  Blocking this interaction by monoclonal antibody against 
NRP1 or selective inhibitors reduced SARS-CoV-2 entry and 
infectivity in epithelial cell culture [40].

2.7. Glucose Regulated Protein 78 
Glucose-regulated protein 78 (GRP78), one of the members of 
the heat shock protein 70 (HSP70) family, is a cell stress response 
protein that is normally located in the lumen of the endoplasmic 
reticulum and plays roles in protein synthesis, protein folding, 
and cell death. In the endoplasmic reticulum, GRP78 binds to 
three inactivating enzymes, including activating transcription 
factor 6, inositol-requiring enzyme 1, and protein kinase RNA-
like endoplasmic reticulum kinase [41].

Upon the stimulation of accumulated unfolded or misfolded 
proteins, GRP78 is released from the binding and translocated 
to the plasma membrane.  GRP78 on the membrane functions to 
recognize and mediate entry of viruses via the substrate-binding 
domain [42]. The results of combined molecular modeling 
docking and structural bioinformatics indicated that four regions, 
including region I (C336-C361), region II (C379-C432), region 
III (C391-C525), and region IV (C480-C488) of the S-protein 
can fit tightly in the substrate binding domain β (SBDβ) of 
GRP78; In particular. the region IV with nine residues is the 
main driving force for GRP78 binding, which might be used to 
develop therapeutics specific inhibitors against COVID-19 [43].
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2.8. High-Density Lipoprotein (HDL) Scavenger Receptor B 
Type 1 (SR-B1)
High-density lipoprotein (HDL) scavenger receptor B type 
1 (SR-B1) is a cell-surface HDL receptor that mediates the 
selective uptake of cholesteryl esters and other lipid components 
of receptor-bound HDL particles [44]. Co-expression of 
SR-B1 and ACE2 has been found in human pulmonary and 
extrapulmonary tissues [45]. 

SR-B1 may promote the attachment of SARS-CoV-2 on ACE2-
expressing cells. HDL can interact with the S1 domain of 
S-protein. Blockade of the cholesterol-binding site on the S1 
domain with either a monoclonal antibody or SR-B1 inhibitors 
prevents HDL-enhanced SARS-CoV-2 infection [45]. Although 
the interaction between HDL and S-protein may not be the major 
mechanism of viral entry, blockade of this interaction should be 
beneficial to reduce the viral load.

3. Viral Replication
3.1. RNA Dependent RNA Polymerase
SARS-CoV-2 is an RNA virus, and its replication is dependent 
on RNA-dependent RNA polymerase (RdRp). Besides its 
4 structural proteins, SARS-CoV-2 has 16 non-structural 
proteins (NSPs). NSP12 is one of the conserved NSPs among 
coronaviruses and is a vital enzyme that functions as an RdRp 
[46]. In addition, NSP8 functions as a primase that is associated 
with RNA synthesis. NSP8 interacts with NSP7 for their primer-
dependent RdRp activity. The presence of NSP7 and NSP8 is 
necessary for the binding activity of NSP12 to the template-
primer RNA [47]. In addition to its activities for viral replication, 
SARS-CoV-2 RdRp has also been shown to attenuates type I 
IFNs production [48].   

RdRp is an attractive target to control SARS-CoV-2 infection. 
Inhibition of RdRp prevents the replication of the RNA of the 
virus without affecting the host cells. since host cells have no 
equivalent enzyme to RdRp. Effective inhibition of RdRp should 
lower the viral load without initiating target-related side effects. 
The RdRp is mainly composed of palm, thumb, and finger 
domains. Seven catalytic motifs (A, B, C, D, E, F, G) are located 
within the finger and palm domains [47]. In addition, NSP12 
of SARS-CoV-2 has a newly identified β-hairpin domain at its 
N terminus. The N-terminal portion of NSP12 also contains a 
nidovirus-specific extension domain (NiRAN). 

Targeting RdRp for inhibition, either using nucleoside analogue 
or nonnucleoside analogue is the choice for the development 
of RdRp inhibitors. Nucleoside analogues can compete with 
nucleosides that are required for RNA synthesis to inhibit RNA 
synthesis, resulting in termination of chain elongation and 
RNA replication. While non-nucleoside analogues can bind to 
allosteric sites on the surface of RdRp to inhibit the activity of 
RdRp and prevent the replication of RNA.

The catalytic site of RdRp is a conserved sequence among 
different organisms. In addition, there exist 96.35%, 98.8% and 
97.5% similarities in NSP12, NSP7 and NSP8 between SARS-
CoV and SARS-CoV-2, respectively [49]. As a result, inhibitors 
of the NSP12–NSP7–NSP8 complex for SARS-CoV may also 

inhibit the complex of SARS-CoV-2 [47]. For example, the 
NSP12–NSP7–NSP8 complex and RdRp activity inhibitor 
remdesivir has also been investigated in SARS-CoV-2 (47).

Remdesivir was originally developed for the treatment for of 
Ebola virus infection. Remdesivir is covalently incorporated 
into the primer strand of the virus at the first replicated base 
pair of RdRp to prevent the chain elongation [47]. It functions 
through its active form, metabolite remdesivir triphosphate to 
compete with the incorporation of nucleotide counterparts and 
inhibits transcription of viral RNA. Although remdesivir has 
not been shown to reduce the mortality in COVID-19 patients, 
it appears to accelerate the recovery when its administration is 
initiated early [50]. Remdesivir has been authorized in the USA 
for patients with severe COVID-19 since an NIH clinical trial 
demonstrated that it can accelerate the recovery and shorten the 
hospital stay of severe COVID-19 patients [50]. A recent report 
indicates that remdesivir given within 9 days from symptom-
onset was associated with a decrease in mortality in moderate-
to-severe COVID-19 patients [51]. 

However, an earlier clinical trial in China did not show significant 
benefit of remdesivir in severe COVID-19 patients [52]. The 
discrepancy of results between China and the USA has been 
ascribed to the difference in genetic backgrounds of patients 
with COVID-19 [53]. More effective inhibitors of SARS-CoV-2 
RdRp are required for better management of COVID-19. 

Through the above discussion, RdRp should be regarded as 
a promising target for the development of the treatment of 
COVID-19. Since the conserved nature of RdRp, RdRp inhibitors 
not only have great prospects in the fight against COVID-19 but 
also benefit other coronaviruses that have an equivalent enzyme 
as RdRp. In addition, the enzymatic function of RdRP also 
plays an important role in virus-associated tumor development, 
suggesting that RdRp inhibitors may hold therapeutic potential 
for cancers [54].  

3.2. Viral Proteases
The 3-chymotrypsin-like protease (3CLPro) and a papain-like 
protease (PLPro) function to process NSPs, including RdRp, and 
therefore, inhibition of these proteases should interfere with the 
activity of RdRp. 3CLPro cleaves the polyprotein at 11 distinct 
sites to generate various NSPs that play an important role in 
viral replication [55]. The antiviral and cell protection efficacy 
of 3CLPro inhibition has been illustrated in simian Vero cells 
infected by SARS-CoV-2 [56]. 

Several candidates have been found to have inhibitory effects 
on 3CLPro. Anti-hepatitis C virus (HCV) drug ravidasvir has 
the ability to bind and inhibit the 3CLPro of SARS-CoV-2 [57]. 
Similarly, HCV protease inhibitors paritaprevir and simeprevir 
were also identified as potential inhibitors of SARS-CoV-2 
3CLPro [58]. Using computational molecular modeling to 
screen FDA approved drugs and subsequent studying for their 
inhibitory effects on SARS-CoV-2 3CLpro enzyme in vitro, 
boceprevir, ombitasvir, paritaprevir, tipranavir, ivermectin, 
and micafungin were found to exhibit inhibitory effect towards 
3CLpro enzymatic activity [59]. 
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The efficacy of 3CLPro inhibitors in COVID-19 need to be 
proved. Lopinavir is a highly potent inhibitor of the human 
immunodeficiency virus (HIV) protease essential for intracellular 
HIV assembly. Concomitant oral administration of lopinavir and 
ritonavir, which blocks the metabolism of lopinavir, increases 
the anti-viral potency of lopinavir. However, COVID-19 patients 
receiving the combined treatment lopinavir and ritonavir yielded 
no significant benefit compared to patients treated with standard-
care [60]. More specific inhibitors of proteases for SARS-CoV-2 
should be evaluated in COVID-19, since a study indicated that 
lopinavir and ritonavir did not significantly inhibit 3ClPro in 
an in vitro enzymatic assay [61]. However, the aforementioned 
3CLPro inhibitors may benefit COVID-19 patients, which needs 
to be proven in future clinical trials.

In regard to PLPro, activity profiling and crystal structures 
of inhibitor study indicated that there is a very high level of 
sequence and structural similarity between SARS-CoV and 
SARS-CoV-2 PLPro in the substrate binding pocket, suggesting 
that SARS-CoV PLPro inhibitors can possibly inhibit SARS-
CoV-2 PLPro [62]. Non-covalent small molecules of SARS-CoV 
PLPro inhibitors has been shown to inhibit SARS-CoV-2 PLPro 
and display antiviral activity in a SARS-CoV-2 infection model 
[63]. Biochemical, structural, and functional characterization 
investigation revealed that SARS-CoV and SARS-CoV-2 PLPro 
share 83% sequence identity but exhibit different host substrate 
preferences. SARS-CoV-2 PLPro preferentially binds to the 
ubiquitin-like interferon-stimulated gene 15 protein (ISG15), 
cleaving ISG15 from interferon-responsive factor 3 (IRF3) and 
attenuating type I interferon responses. Whereas SARS-CoV 
PLPro predominantly targets ubiquitin chains. Inhibition of 
SARS-CoV-2 PLPro impairs the virus-induced cytopathogenic 
effect, maintains the antiviral interferon pathway, and reduces 
viral replication in infected cells [64]. 

3.3. N-protein
To prevent the replication of SARS-CoV-2 RNA, the N-protein 
of the virus may also be a potential target. N-proteins comprise 
three domains, including an N-terminal RNA-binding domain 
(NTD), a Ser/Arg-rich central linker region, and a C-terminal 
dimerization domain (CTD). The N-proteins play a major role in 
packing the viral RNA into viral ribonucleoproteins. It also helps 
with viral RNA transcription and replication [65].  

The NTD functions for RNA-binding, and the CTD domain 
plays a role in oligomerization, while the central linker is 
necessary for primary phosphorylation [66]. However, targeting 
N-protein for vaccine should be careful, since the increased titer 
of IgG antibody against N-protein has been associated with poor 
prognosis, increasing ICU admission and longer hospital stay 
[67]. But the higher N-protein antibody titer may indicate the 
higher viral load and more severe disease, which causes the 
poor outcomes, not the N-protein antibody itself, leading to the 
poor prognosis. Further studies could be performed to clarify the 
underlying association.

Recently, the sequences that interact with B and T cells in the 
NTD domain of N-protein have been found by single immuno-
informatics and structure-based drug discovery techniques, 

suggesting that N-protein might be associated with overactive 
immune responses, and the development of the NTD inhibitors 
may hold some promise [68]. The role of N-protein inhibition in 
the treatment of anti-SARS-CoV-2 should be further evaluated.
 
4. Cytokine Associated Signaling Pathways
After infection with SARS-CoV-2, the activation of cytokine 
storm as a result of a hyperactive immune response leads to 
severe inflammation that has been closely associated with the 
severity and mortality in COVID-19 patients. SARS-CoV-2 
induced cytokine storm was characterized by overproduction of 
inflammatory cytokines and inhibition of type I interferons [69]. 
Inflammatory cytokines induce cell death in various cell types, 
followed by associated pathological damages in many systems, 
such as respiratory, cardiovascular, and neurological disorders 
in the case of COVID-19, severe pneumonia and complications 
in other systems.

To fight against cytokine storm, the cytokine antagonists, such 
as cytokine monoclonal antibodies or inhibitors, have been well 
documented [70,71]. This review will focus on the cell signaling 
pathways that are associated with cytokines. The signal proteins 
that are involved in the cascade of cytokine storm may potentially 
function as therapeutic targets for COVID-19. Since these signal 
proteins play different levels of roles, candidates that target 
different signals may result in different efficacy in the treatment 
of COVID-19.

4.1. Interleukin -6 
Interleukin -6 (IL-6) plays multiple biological roles, which 
include enhancing the synthesis of inflammatory response 
proteins, such as C-reactive protein (CRP), regulating both 
T and B immune cells to increase immune responses, and 
promoting the production of vascular endothelium growth factor 
(VEGF), which aggravate the inflammatory damage by inducing 
angiogenesis and impairing the vascular integrity. In addition 
to its immune and inflammatory regulatory activities, IL-6 also 
upregulates the activation of the coagulation pathway, increasing 
the thrombotic events [72]. 

IL-6 has been closely associated with SARS-CoV-2 induced 
cytokine storm. IL-6 is one of the key cytokines that is 
frequently reported to be increased in COVID-19 patients 
with hypercytokinemia [73]. The level of IL-6 is valuable as 
a prognostic parameter for the disease severity in COVID-19 
patients.

The proinflammatory function of IL-6 is mediated through a 
series of cell signaling pathways. IL-6 binds to its receptor (IL-
6R) to initiate intracellular signaling. 

Two forms of IL-6R have been found: membrane IL-6 receptor 
(mIL-6R) and soluble IL-6 receptor (sIL-6R). The binding of 
IL-6 to both receptors results in the dimerization and activation 
of the glycosylated type I membrane protein of 130–150 kDa 
(gp130). IL-6/mIL-6R medicated activation of gp130 induces 
IL-6 classic signaling pathway; while IL-6/sIL-6R induced 
activation of gp130 leads to activation of IL-6 trans-signaling 
pathway [74]. Classic IL-6 signaling is generally regarded as 
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an anti-inflammation and protective pathway, while IL-6 trans-
signaling is mainly a pro-inflammatory pathway. 

Blockade of IL-6 trans-signaling, not the full blockade of IL-6 
signaling, prevents inflammation [75]. A selective sIL-6 pathway 
blocker is more effective for controlling inflammation in mouse 
models when compared to the nonspecific IL-6R blockers. 
Soluble gp130 (sgp130) selectively inhibited trans-signaling 
dose-dependently increased survival in a murine polymicrobial 
sepsis model [75].

The dimerization of signaling receptor gp130 mediates the 
activation of Janus kinases (JAKs) and subsequent activation 
of phosphatase Src homology domains containing tyrosine 
phosphatase-2 (SHP-2), the ras/raf/MAPK pathway, signal 
transducer and activator of transcription factor-3 STAT-3, and 
PI3K/Akt, which subsequently activate target genes (Figure 1A).

The binding of IL-6 to either sIL-6R or mIL-6R has been 
considered to be dependent on the concentration of the receptors. 
During the inflammatory process, mIL-6R may be greatly 
increased up to 100,000-fold, while sIL-6R only increases by 
2-5-fold. However, the change in IL-6Rs during COVID-19 has 
not yet been investigated. 

The efficacy of tocilizumab, a humanized monoclonal antibody, 
is designed to bind both mIL-6R and sIL-6R, in COVID-19, has 
been closely associated with the severity of cases and its efficacy 
is controversial in milder cases of COVID-19, suggesting that 
the regulation of IL-6R during COVID-19 deserved to be 
investigated and that the development of regulators of trans-IL-6 
signaling pathway may hold better promise for the treatment of 
COVID-19 [76,77].

4.2. Tumor Necrosis Factor-α 
Tumor necrosis factor-α (TNF-α) is another important cytokine 
that plays a critical role in SARS-CoV-2-induced cytokine storm. 
The function of TNF-α is mediated through binding to its two 
distinct membrane receptors on target cells: TNFR1 and TNFR2 
(78). TNFR1 is ubiquitously expressed nearly all cells of the 
body, while TNFR2 expression is limited to certain lymphocyte 
populations including T-regulatory cells. 

In the TNF-α induced cell signaling pathway, TNF-α binds to 
and activates TNFR1, promoting the interaction between the 
intracellular domains of TNFR1 with TNFR1-associated death 
domain protein (TRADD), which recruits receptor-interacting 
protein-1 (RIP-1) and TNF receptor-associated factor-2 (TRAF-
2) to form a signal complex [79]. 

The signal complex can trigger the activation of the IκB kinase 
(IKK), which results in activation of NF-κB, and mitogen-
activated protein kinase (MAPKs: JNK and p38), leading to 
the transcription of many different genes, including genes of 
inflammatory cytokines [80]. Binding of TNF-α to TNFR2 
induces inflammation through the direct recruitment of TRAF2, 
which in turn recruits TRAF1, leading to activation of IKK and 
MAPKs (Figure 1B) [81]. 

Abnormal serum levels of soluble TNFR1 and TNFR2 (sTNFR1 
and sTNFR2) have been observed in COVID-19 patients. An 
increased level of these two receptors in COVID-19 patients 
were identified. However, the levels were significantly lowered 
among patients who recovered from critical diseases, suggesting 
that sTNFR1 and sTNFR2 levels may be related to the severity 
of COVID-19 [82]. 

Another study also indicated that both serum TNF-α and 
sTNFRI levels were greatly increased in COVID-19 patients 
when compared with that in the healthy subjects [83]. Targeting 
TNF-α and its associated cell signaling pathways could be an 
important strategy for developing a therapy for COVID-19. In 
addition, since the expression of TNFR2 is limited and that of 
TNFR1 is ubiquitous, TNFR2 and its associated cell signaling 
are more attractive as targets for drug development. 

4.3. Interleukin-1 
Interleukin-1 (IL-1) is a family of cytokines that plays an 
important role in T-helper-1 (Th1) cell response and innate 
immunity. IL-1 has been associated with acute and chronic 
inflammation. In the inflammatory cascade, IL-1 is an upstream 
cytokine that promotes the activation of other cytokines, 
including IL-6 and TNF-α. 

IL-1α and IL-1β are the most investigated IL-1 cytokines. 
IL-1α is released from dying epithelial and endothelial cells, 
while IL-1β comes from activated macrophages, monocytes, 
and neutrophils. IL-1 induces cell signaling pathways through 
binding its receptors (IL-1Rs). There are ten receptors for IL-
1. IL-1α or IL-1β mainly binds to IL-1R1, resulting in the 
recruitment of a co-receptor named as IL-1R3 to IL-1R1. IL-1Rs 
and Toll-like receptors (TLRs) share the cytoplasmic Toll-IL-1-
Receptor (TIR) domain. 

The formation of a trimeric complex of IL-1/ILR1/IL-R3 
promotes the approximation of the TIR domains, leading to 
the binding of myeloid differentiation primary-response 88 
(MyD88) to the TIR domains and activation of NF-κB, followed 
by transcription of pro-inflammatory genes. Infection of SARS-
CoV-2 activates IL-1, increasing the secretion of TNF-α, IL-6, 
and other cytokines, contributing to the induction of cytokine 
storm and inflammatory pulmonary and systemic injury [84]. In 
addition, IL-1 has also been shown to induce thromboxane-A2 
in COVID-19 to enhance inflammation and facilitate the micro-
thrombosis [84]. 

Inhibition of IL-1 can be achieved by direct inhibitors of IL-1 
and antagonists of IL-1Rs, which have been investigated in 
cases of COVID-19 patients with efficacy [85-88]. 

4.4. Toll-Like Receptors 
Toll-like receptors (TLRs) are the major pattern recognition 
receptors (PRRs) that identify pathogen-associated molecular 
patterns (PAMPs) and endogenous damage-associated molecular 
patterns (DAMPs). The function of TLRs is closely related to 
the process of inflammatory cytokine release. Expressed on 
monocytes, macrophages, dendritic cells, neutrophils, B cells, 
T cells, fibroblasts, endothelial cells, epithelial cells, and even 
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on neurons, TLRs are type I transmembrane proteins that 
contain three structural domains: a leucine-rich repeats (LRRs) 
motif as an extracellular domain, a transmembrane domain, 
and a cytoplasmic Toll/IL-1R (TIR) domain. The LRRs motif 
is responsible for identifying PAMPs, while the TIR domain 
interacts with signal transduction adaptors to initiate downstream 
signaling pathways [89]. 

TLRs mediated cell signaling pathway plays a significant role in 
cytokine storm-associated diseases including severe COVID-19. 
Upon the stimulation by microbial-associated molecular 
patterns (MAMPs) of the pathogens or DAMPs of the host cells, 
TLRs are activated. Bacteria, fungi, protozoa, and viruses all 
express MAMPs. After activation, TLRs recruit cytoplasmic 
TIR domain-containing adaptor proteins, such as MyD88 and 
TIR-containing adapter-inducing interferon-β (TRIF), leading 
to the activation of NF-κB, MAPKs, or interferon-regulatory 
factor (IRF). Subsequently, the transcription of genes that are 
responsible for synthesis and the release of proinflammatory 
cytokines is activated, promoting the release of cytokines, such 
as TNF-α, IL-1β, IL-6, IL-18, chemokines, and interferons  
(Figure 1C) [90].

In SARS-CoV-2-induced cytokine storm, TLR4 seems to play 
a role [91]. Recombinant proteins of SARS-CoV-2 have been 
demonstrated to promote the expression of pro-inflammatory 
cytokines/chemokines and NF-κB signaling activation in human 
primary peripheral blood mononuclear cells and monocyte-
derived macrophages [92]. Activation of TLR4 in lung 
macrophages resulted in a concentration- and time-dependent 
increase in the production of chemokines and cytokines [93]. In 
patients with COVID-19, the expression of TLR 4 and NF-κB 
target genes was upregulated [92]. In addition, TLR4 may bind to 
and interact with S-protein to promote the expression of ACE2, 
facilitating the viral entry into the host cells [94]. Antagonists 
of TLR4 may attenuate the cytokine storm and reduce the viral 
entry in severe COVID-19 patients [94].

4.5. Interleukin-1 Receptor–Associated Kinase 4 
Interleukin-1 receptor–associated kinase 4 (IRAK4) plays a 
critical role in TLRs and IL-1R-mediated signaling pathways that 
regulate the induction of hyperinflammation. IRAK4 is one of 
the family members of mammalian IRAKs that include IRAK1-
4. IRAKs share a similar structure containing a conserved death 
domain (DD) and a central kinase domain (KD). The N-terminal 
lobe of IRAK4 consists of a five-stranded antiparallel beta-sheet 
and one alpha helix, while the C-terminal lobe is composed 
mainly of a number of alpha helices. 

IRAK4 has been demonstrated to promote the induction 
of inflammatory cytokines in human monocytes through 
activating transforming growth factor-β-activated kinase 1 
(TAK1) and IKK, which leads to the nuclear translocation of 
interferon regulatory factor 5 (IRF5) [95]. Upon activation of 
TLR7/8, MyD88 gets recruited in, along with IRAK1/4 and 
TNF receptor-associated factor 6 (TRAF6), which leads to the 
autophosphorylation of IRAK4 and ubiquitination of IRF5 
by TRAF6. IRAK4 then phosphorylates and activates TAK1, 
which then phosphorylates IKK. The ubiquitinated IRF5 is then 
phosphorylated by IKK (or other kinases) [96,97]. The activated 

IKK phosphorylates IRF5 at Ser462, resulting in its dimerization 
and nuclear translocation in myeloid cells to induce cytokine 
gene transcription [98]. In addition, IKK and also phosphorylate 
IκB to release NF-κB (Figure 1B); however, the kinase activity 
of IRAK4 is not sole factor for NF-κB activation [95]. As a 
consequence, blocking IRAK4 with a specific kinase inhibitor 
abolishes IRF5 activation but still permits NF-κB activation by 
other pathways [97]. Inhibition of IRAK4 or IRF5 both prevents 
proinflammatory responses [95]. IRF5 inhibition has been 
demonstrated to prevent viruses, such as influenza A, induced 
cytokine storm [99]. 

The IRAK4 could also have a major role in the induction of a 
hyperinflammatory state associated with severe COVID-19, and 
IRAK4 inhibitors might be considered as potential therapeutic 
candidates for the cytokine storm induced by SARS-CoV-2 
[100]. Due to the role of IRAK4 in COVID-19, the efficacy 
of IRAK4 inhibitors in COVID-19 with ARDS is under 
investigation, which has been registered in ClinicalTrials.gov 
(Identifier: NCT04575610).

4.6. Angiotensin 2 
The renin-angiotensin system (RAS) plays an important role 
in regulating vascular and kidney functions. In this system, 
angiotensin I (Ang I) is generated by cleavage of angiotensinogen 
by renin, and then ACE converts Ang I to angiotensin 2 (Ang II). 
ACE2 functions to convert Ang II to Ang 1-7. Ang II activates 
Ang II receptor type 1 (AT1R) and Ang II receptor type 2 
(AT2R). Activation of AT1R induces detrimental effects, such 
as inflammation with release of cytokines, fibrosis, impaired 
redox balance, and vasoconstriction, while activation of AT2R 
leads to anti-inflammatory, anti-fibrotic, and vasodilation [101]. 
In addition, Ang II may regulate the TLR4-mediated pathway 
by upregulating the expression of TLR4 and the downstream 
pathways (Figure 2) [102].

Ang II-induced cell signaling pathway is a potential mechanism 
underlying the cytokine storm caused by SARS‐CoV‐2. The 
binding of the S-protein of SARS‐CoV‐2 to ACE2 on the cell 
surface caused downregulation of ACE2 expression. In the 
plasma of prolonged viral shedders of SARS-CoV-2, higher 
concentrations of Ang II and Ang I have been found when 
compared with normal subjects [103]. The reduced expression 
and activity of ACE2 resulted in an increase in Ang II, leading 
to elevated inflammatory responses (Figure 4). Consequently, 
the application of Ang II inhibitors might benefit COVID-19. 
It should be noted that Ang II receptor blocker (ARBs) may not 
be applicable for this purpose, since ABRs have been shown 
to upregulate the expression of ACE2 and increase the SARS-
CoV-2 infection and replication in infected Vero E6 cells [104]. 
Although clinical trials demonstrated that discontinuation of 
ARBs in COVID-19 patients had no significant effect on the 
severity of COVID-19, stopping use of ARBs indeed accelerated 
the recovery [105]. The use of ARBs in hypertensive patients 
with SARS-CoV-2 infection should be further evaluated for the 
risk and benefit in COVID-19. 

4.7. Janus-Associated Kinases 
The Janus-associated kinase (JAK) family is one of ten recognized 
families of non-receptor tyrosine kinases. Mammalian members 
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of JAK family are Jak1, Jak2, Jak3 and Tyrosine kinase 2 
(Tyk2). JAK-STAT-pathway mediates the downstream signals of 
multiple cytokines and inhibitors of JAK/STAT have been used 
in the treatment of inflammatory diseases [106].  JAK associates 
with cytokine receptors to mediate cytokine-induced signaling 
pathways. JAK1 and JAK2 regulate cell signaling pathways of 
cytokines, such as IL-2, IL-4, IL-7, IL-9, and IL-15, that share 
a common γ chain (γc) as receptor subunit [107]. JAK1 also 
regulates cell signaling downstream of IL-6, which activates its 
receptor to initiate the dimerization of receptor subunit gp130. 
JAK2 activation is essential for the signaling transduction of 
erythropoietin and other growth factors [108]. 

Since multiple cytokines are involved in SARS-CoV-2-induced 
cytokine storm, JAK inhibitors have been therapeutically used in 
COVID-19 patients [109]. Ruxolitinib is a potent and selective 
inhibitor of JAK1/2 with some levels of inhibitory effects on 
TYK2 and JAK3. COVID-19 patients who received ruxolitinib 
plus standard-of-care showed a faster clinical improvement on 
CT images with decreased levels of cytokines, including IL-6, 
nerve growth factor β, IL-12, migration inhibitory factor, MIP-
1α, MIP-1β, and VEGF, although it was not associated with 
significantly accelerated clinical improvement in severe cases 
[110]. 

Treatment with ruxolitinib in COVID-19 patients with severe 
systemic hyperinflammation, who suffered from progression 
to ARDS and multiorgan failure, significantly reduced the 
inflammatory score with sustained clinical improvement [111]. 
For example, ruxolitinib, given to a 65-year-old Asian woman 
with COVID-19-induced ARDS, not only potently reduced 
ARDS-associated inflammatory blood cytokine levels such as 
IL-6 and the acute phase protein ferritin, but also associated 
with a rapid respiratory and cardiac improvement and clinical 
stabilization baricitinib is an oral JAK inhibitor [112]. Clinical 
studies have demonstrated the ability of baricitinib to reduce the 
viral titers and decrease IL-6 levels with the resolution of fever 
and cough symptoms in COVID-19 patients [113,114]. 

In COVID-19 pneumonia, baricitinib treatment reduced the 
serum levels of IL-6, IL-1β, and TNF-α, promoted the recovery 
of circulating T and B cell frequencies, increased antibody 
production against the SARS-CoV-2 S-protein, and reduced 
patients’ need for oxygen therapy [115]. In moderate to severe 
SARS-CoV-2 pneumonia, baricitinib has an add-on effect when 
combined with corticosteroids in improving pulmonary function 
[116]. Baricitinib exerts both anti-inflammatory and anti-viral 
effects, and one additional advantage is its ability to cross the 
BBB into the CNS [113]. 

4.8. NOD-like Receptor Pyrin Domain Containing 3
As a well characterized member of the NOD-like receptor 
family of the innate immune system, NOD-like receptor pyrin 
domain containing 3 (NLRP3) has been implicated in chronic 
inflammation associated with obesity, diabetes, cancer, etc. 
NLRP3 contains a pyrin domain, a nucleotide-binding site 
(NBS) domain, and a leucine-rich repeat (LRR) motif. The 
NLRP3 inflammasome is a multi-protein complex that recruits 
pro-caspase-1 via the adaptor, apoptosis-associated speck-like 

protein containing caspase activation and recruitment domains 
(ASC) and then cleaves the cytokine precursor pro-IL-1β into 
mature IL-1β and then pro-IL-18 into IL-18 [117]. The following 
release of other inflammatory cytokines, such as IL-6, TNF-α, 
prostaglandins, and leukotrienes contributes to the induction of 
cytokine storm [118]. Inhibition of NLRP3 has been shown to 
attenuate the severity of inflammatory diseases [119].

SARS-CoV-2, similar to SARS-CoV, encodes viroporins that 
have been shown to activate NLRP3. Ang II, which can be 
reduced by ACE2, has been shown to induce the activation 
of NLRP3 in renal tubular epithelial cells [120]. The binding 
of S-protein to ACE2 to reduce the availability of ACE2 may 
increase Ang II, which is a possible mechanism that SARS-
CoV-2 induces the activation of NLRP3. The different scenarios 
of NLRP3 activation in COVID-19 may reflect different levels 
of immune responses [121]. However, the role of NLRP3 in 
inflammatory response and the effectiveness of NLRP3 inhibitors 
in COVID-19 patients with hyperinflammation remains to be 
elucidated.

Colchicine, a currently used anti-gout drug, has an anti-
inflammatory effect by inhibiting neutrophil chemotaxis and the 
inflammasome. The anti-inflammasome function of colchicine is 
mediated through its inhibiting activity of NLRP3 inflammasome 
[122]. 

Treatment with colchicine reduced cytokines and lowered the 
rate of clinical deterioration in COVID-19 patients [123]. In 
hospitalized COVID-19 patients with pneumonia, treatment 
with colchicine was associated with reduced mortality and 
accelerated recovery [124]. A recent randomized trial indicated 
that colchicine is effective as a proactive anti-inflammatory 
therapy in hospitalized COVID-19 patients and viral pneumonia 
[125]. The systematic review of a total of eight studies with 
5778 COVID-19 patients demonstrated that the administration 
of colchicine was associated with improved outcomes of 
COVID-19 [126].

4.9. The Nuclear Factor Erythroid 2-Related Factor 2
The nuclear factor erythroid 2-related factor 2 (NRF2), a 
transcription factor, upregulates the genes that are associated with 
antioxidative stress and mitochondrial biogenesis. Cellular stress 
activates NRF2 leading to its translocation to the nucleus, where 
it binds to the antioxidant response element (ARE) to initiate 
the transcription of antioxidant genes to protect cells against 
inflammatory responses [127]. NFR2 also has a gene-repressing 
activity that inhibits the transcription of cytokine genes, 
resulting in a decrease in the expression of the inflammatory 
cytokines IL-1β, IL-6, and TNF-α in human macrophages [128]. 
In contrast, NRF2 knockout mice showed increased levels of 
proinflammatory cytokines in response to lipopolysaccharide 
stimulation [129]. In addition, NRF2 induces the expression of 
heme oxygenase-1 (HO-1) and increases the activity of HO-1 
[130]. HO-1 functions to catalyze the degradation of heme 
into carbon monoxide (CO), free iron, and biliverdin, which is 
then converted to bilirubin by biliverdin reductase. Free heme 
is pro-inflammatory, while CO, bilirubin, and HO-1 itself have 
significant anti-inflammatory [131]. 
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CO can inhibit the production of proinflammatory cytokines, 
such as TNF-α and IL-1β, through mediating the p38MPAK 
pathway [132]. Increased NRF2-dependent HO-1 expression has 
been associated with anti-inflammatory activity [133]. Moreover, 
NRF2 has been shown to induce the quinone oxidoreductase 
(NQO1) expression and thereby inhibit NLRP3 inflammasome 
activation [134]. NRF2 also inhibits NF-ĸB transcriptional 
activity, since NRF2 knockdown significantly increases NF-ĸB-
dependent gene transcription [135]. The downstream target of 
NRF2, HO-1 can also inhibit NF-ĸB activity [136]. 

In response to oxidative stress, activated IĸB kinase (IKK) 
promotes the phosphorylation and degradation of IĸB. In normal 
conditions, NF-ĸB is trapped in the cytoplasm by IĸB binding. 
The loss of IĸB frees NF-ĸB, which is translocated to the 
nucleus to promote the gene transcription of pro-inflammatory 
cytokines, such as IL-6, TNF-α, and IL-1 (Figure 5) [137].

As a result, the proposed use of NRF2 inducers to prevent 
the development of an excessive inflammatory response in 
COVID-19 patients is rational [138]. Recently, NRF2 agonist 
4-octyl-itaconate and dimethyl fumarate have been demonstrated 
to attenuate inflammatory responses to SARS-CoV2 infection 
[139]. NRF2 agonists may hold potential value as candidates in 
the treatment of SARS-CoV-2 infection.

4.10. Sterol Regulatory Element Binding Protein 2 
Sterol regulatory element binding protein 2 (SREBP2), one of 
the basic-helix-loop-helix-leucine zipper transcription factors, 
functions to regulate the gene expression involved in lipid 
cholesterol biosynthesis [140]. SPEBP2 is composed of three 
segments. The N-terminal segment with approximately 480 
amino acids projecting into the cytosol consists of an acidic 
transcription-activating domain and a basic-helix-loop-helix–
leucine zipper for binding DNA. The middle membrane binding 
segment of approximately 80 amino acids consists of two 
hydrophobic transmembrane helices separated by a short loop 
that projects into the lumen of the endoplasmic reticulum and 
nuclear envelope. The C-terminal segment of about 590 amino 
acids in length projects into the cytosol, which functions to 
regulate SREBP2 translocation and regulatory activity [141]. 

In normal conditions, the C-terminal domain of SREBP2 binds 
to the WD-repeat domain of SREBP cleavage-activation protein 
(SCAP). SCAP binds to insulin-induced gene proteins (INSIGs), 
which are the residents of the endoplasmic reticulum (ER), by its 
NH2-terminal domain to keep SREBP2 in the ER.

In response to low sterol levels, SCAP dissociates with INSIGs 
and relocates SREBP2 from the ER to the Golgi apparatus, 
where SREBP2 is cleaved by two membrane-bound proteases, 
site-1 protease (S1P) and site-2 protease (S2P), to release its 
N-terminal domain. The N-terminal domain of SREBP2 is then 
translocated to the nucleus to regulate the transcription of its 
target genes [142].

SREBP2 has been associated with inflammatory responses. 
Tumor necrosis factor can stimulate macrophages, followed 
by activation of SREBP2. SREBP2 binds to inflammatory and 

interferon response target genes and promotes inflammation 
[143]. Upon the stimulation with endogenous damage- and 
pathogen-associated molecules such as cholesterol crystals 
and LPS, SREBP2 activated NLRP3 inflammasome through 
NADPH oxidase, leading to functionally disturbed endothelium 
with increased inflammation [142].

Recently, SREBP2 have been associated with viral infection. 
In COVID-19 patients, the C-terminal fragment of SREBP2 
was progressively upregulated with increasing severity of the 
disease. SREBP-2-induced inflammatory responses was also 
upregulated in severe COVID-19 cases [144]. Further study 
indicated that direct pharmacological inhibition of SREBP2 with 
fatostatin A decreased the inflammatory cytokines, such as IL-1β 
and TNF-α, production and attenuated pulmonary damages in 
mice infected with the virus [144].

4.11. The Viral Proteins
S-protein has been shown to activate the mitogen-activated 
protein kinase (MEK)/ extracellular signal-regulated kinase 
(ERK) pathway and increase the downstream chemokine 
expression through ACE2 [145]. 

E-protein PDZ-binding motif activates p38 MAPK which is 
involved in over expression of inflammatory cytokines [146]. 
2-E proteins were found to form a type of pH-sensitive cation 
channels in bilayer lipid membranes. As observed in SARS-
CoV-2-infected cells, heterologous expression of 2-E channels 
induced rapid cell death in various susceptible cell types and 
robust secretion of cytokines and chemokines in macrophages. 
Intravenous administration of purified 2-E protein into mice 
caused ARDS-like pathological damage in the lung and spleen. 
A dominant negative mutation lowering 2-E channel activity 
attenuated cell death and SARS-CoV-2 production. Newly 
identified channel inhibitors exhibited potent anti-SARS-
CoV-2 activity and excellent cell protective activity in vitro, 
and these activities were positively correlated with inhibition 
of the 2-E channel. Importantly, prophylactic and therapeutic 
administration of the channel inhibitor effectively reduced both 
the viral load and secretion of inflammatory cytokines in the 
lungs of SARS-CoV-2-infected transgenic mice [147].

SARS-CoV-2 M-protein has been associated with inhibition 
of the production of type I and III interferons (IFNs), which 
are the first lines of innate immune response to infection 
[148,149].M-protein interacted with the central adaptor 
protein mitochondrial antiviral signaling (MAVS), leading to 
the impairment of MAVS aggregation and its recruitment of 
downstream TRAF3, TANK-binding kinase 1 (TBK1), and 
retinoic acid-inducible gene-I (RIG-I) [150]. 

Further study indicated that SARS-CoV-2 M-protein could 
interact with melanoma differentiation-associated gene 5 
(MDA5), TRAF3, IKKϵ, and TANK-binding kinase 1 (TBK1), 
and induce TBK1 degradation via K48-linked ubiquitination. 
The reduced TBK1 further impaired the formation of TRAF3–
TANK–TBK1-IKKε complex that activates the transcription 
factors IFN-regulatory factor 3 (IRF3) and NF-κB leading to 
inhibition of IFN-I production [151].
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The expression of the membrane-anchored PLpro domain (PLpro-
TM) from SARS-CoV inhibits STING/TBK1/IKKε-mediated 
activation of type I IFNs and disrupts the phosphorylation and 
dimerization of IRF3, which are activated by STING and TBK1. 
Meanwhile, we showed that PLpro-TM physically interacts with 
TRAF3, TBK1, IKKε, STING, and IRF3, the key components 
that assemble the STING-TRAF3-TBK1 complex for activation 
of IFN expression. Suggesting that PLpro negatively regulates 
IRF3 activation by interaction with the STING-TRAF3-TBK1 
complex [152].

5. Conclusive Remarks
Multiple pathogenic processes are involved in COVID-19 after 
SARS-CoV-2 infection. The associated proteins or signals ruling 
in the viral entry into the host cells, viral replication in host cells, 
and induction of cytokine storm might function as therapeutic 
targets for COVID-19. As shown in Table 1, both viral and host 
cell proteins have been associated with viral invasion. These 
proteins may also contribute to the viral RNA replication via 
promoting cell entry and assisting the RdRp and proteases. 
Multiple cell-signaling proteins have been involved in the 
induction of proinflammatory cytokines and in the regulation of 
cytokines-induced cell injury. Further elucidation of mechanisms 
underlying the viral invasion, replication and cytokine storm 
may prompt to find novel therapeutic targets, which is a critical 
strategy for developing treatments of COVID-19. Establishing 
an effective platform to develop therapeutic drugs for COVID-19 
is beneficial for coping with not only COVID-19, but also for 
future possible virus-associated pandemics. 
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Name Source Function
Spike protein 
(S-protein)

Virus S1 domain regulates the attachment of the virus to host cells. 
While S2 domain mediates membrane fusion between virus 
and host cells

Angiotensin 
converting enzyme 2 
(ACE2)

Host cells Binds to S-protein and triggers conformational 
rearrangements in S-protein, facilitating priming of 
S-protein by proteolytic enzymes

Furin Host cells Cleaves S-protein at the S1/S2 site into two segments, the 
S1 (1-685) and the S2 (686-1273) domains.

Transmembrane 
serine protease 2 
(TMPRSS2)

Host cells Cleaves S-protein at the S2′ site to facilitate cell membrane 
fusion between virus and host cells

CD147 Host cells Functions as a viral receptor that binds to S-protein to 
mediate viral invasion

Tyrosine-protein 
kinase receptor UFO 
(AXL)

Host cells Interacts with N-terminal domain of S-protein of SARS-
CoV-2

Neuropilin 1 (NRP1) Host cells NRP1 binds to the C-terminal RRAR motif of the S1 
domain and functions to assist the detachment of S2 domain 
and subsequent vial fusion with host cells

Glucose regulated 
protein 78 (GRP78)

Host cells Binds S-protein via its substrate binding domain β (SBDβ) 
to recognize and mediate entry of viruses

High-density 
lipoprotein (HDL) 
scavenger receptor B 
type 1 (SR-B1)

Host cells Promotes the attachment of SARS-CoV-2 on ACE2-
expressing cells

RNA dependent 
RNA polymerase 
(RdRp)

Virus A major enzyme for viral replication

The 3-chymotrypsin-
like protease 
(3CLPro)

Virus Processes (cleaves the polyprotein at 11 sites) the generation 
of non-structural proteins of the virus and assists the 
replication of the virus

Papain-like protease 
(PLPro)

Virus Processes (cleaves the polyprotein at 3 sites) the generation 
of non-structural proteins of the virus and assists the 
replication of the virus

Table 1. Important Target Proteins that Function in Viral Entry
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Figure 1: Some Cell Signaling Pathways for Cytokine Release. (A) IL-6 Binds to the Membrane IL-6 Receptor (mIL-6R) and Soluble 
IL-6 Receptor (sIL-6R). The Binding of IL-6 to both Receptors Results In the Dimerization and Activation of the Glycosylated Type 
I Membrane Protein of 130–150 kDa (gp130). The Dimerization of Signaling Receptor gp130 Mediates the Activation of Janus 
Kinases (JAKs) and Subsequent Activation of Phosphatase Src Homology Domains Containing Tyrosine Phosphatase-2 (SHP-
2), the Ras/Raf/Mitogen-Activated Protein Kinase (MAPK) Pathway, Signal Transducer and Activator of Transcription Factor-3 
(STAT-3), and PI3K/Akt, which are Translocated into the Nucleus to Activate Target Genes. IL-6/mIL-6R Medicated Activation 
of gp130 Induces IL-6 Classic Signaling Pathway, Leading to Anti-Inflammatory Biological Activities; while IL-6/sIL-6R Induced 
the Activation of gp130 Leads to Activation of IL-6 Trans-Signaling Pathway that Results in Pro-Inflammatory Responses. (B) 
Tumor Necrosis Factor -α (TNF-α) Induces Cell Signaling Pathways Through its Receptors (TNFRs). TNF-α Binds to and Activates 
TNFR1, Promoting the Interaction Between the Intracellular Domains of TNFR1 with TNFR1-Associated Death Domain Protein 
(TRADD), which Recruits Receptor Interacting Protein-1 (RIP-1) and TNF Receptor-Associated Factor-2 (TRAF-2) to Activate the 
IκB Kinase (IKK) Followed by Activation of NF-κB, and Mitogen-Activated Protein Kinase (MAPKs), Leading to the Transcriptions 
of Many Different Genes Including Genes of Inflammatory Cytokines. Binding of TNF-α to TNFR2 Induces Inflammation Through 
the Direct Recruitment of TRAF2, which in turn Recruits TRAF1, Leading to Activation of IKK and MAPKs. (C) In Response to 
the Activation of Toll-Like Receptors (TLRs), Myeloid Differentiation Primary-Response 88 (MyD88) is Recruited Along with 
Interleukin-1 Receptor–Associated Kinase 1/4 (IRAK1/4) and TNF Receptor Associated Factor 6 (TRAF6), which Leads to the 
Autophosphorylation of IRAK4 and Ubiquitination of Nuclear Translocation of Interferon Regulatory Factor 5 (IRF5). IRAK4 then 
Phosphorylates and Activates Transforming Growth Factor-β-Activated Kinase 1 (TAK1), which then Phosphorylates IκB Kinase 
(IKK). The Activated IKK Phosphorylates IRF5 and IκB, Resulting in Nuclear Translocation of IRF5 and Nuclear Factor-Kappa B 
(NF-κB) Respectively, Leading to Transcription of Inflammatory Cytokine Genes.  
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Figure 2: Angiotensin II (Ang II) is Involved in Cytokine Storm During SARS-CoV-2 Infection. In the Renin-Angiotensin System, 
Renin Cleaves Angiotensinogen into Angiotensin I (Ang I), which is Converted into Ang II by the Angiotensin-Converting Enzyme 
(ACE). While ACE2 Functions to Converse Ang II to Angiotensin 1-7 (Ang 1-7). The Binding of S-Protein of SARS‐CoV‐2 to ACE2 
Causes the Downregulation of ACE2 Expression, Resulting in an Increase in Ang II Expression. Ang II Binds to and Activates Ang 
II Receptor Type 1 (AT1R) and Ang II Receptor Type 2 (AT2R). Activation of At1r Induces the Release of Cytokines and Induction 
of Inflammation, Promotes Fibrosis, Impairs Redox Balance, and Induces Vasoconstriction. In Contrast, Activation of AT2R leads 
to Anti-Inflammatory, Anti-Fibrotic, Redox Balance, and Vasodilation. In Addition, Ang II Upregulates the Expression of TLR4 
and the Downstream Pathways. After Activation, TLRs Recruit Cytoplasmic TIR Domain-Containing Adaptor Proteins such as 
Myeloid Differentiation Primary-Response 88 (MyD88) and TIR-Containing Adapter-Inducing Interferon-β (TRIF), Leading to 
the Activation of Nuclear Factor (NF)-κB, Mitogen-Activated Protein Kinases (MAPKs), or Interferon-Regulatory Factor (IRF). 
Subsequently, the Transcription of Genes that are Responsible for the Synthesis and the Release of Proinflammatory Cytokines are 
Activated, Promoting the Release of Cytokines and type I Interferons (IFNs).



    Volume 10 | Issue 2 |19J Clin Exp Immunol, 2025

Figure 3: The Crosstalk Between Oxidative Stress and Inflammatory Response. In Response to Oxidative Stress, Activated Nuclear 
Factor Erythroid 2-Related Factor 2 (NRF2) Represses The Genes that are Associated with the Transcription of Cytokine Genes, 
Resulting in a Decrease in the Expression of the Inflammatory Cytokines IL-1β, IL-6, and TNF-α. In Addition, NRF2 Induces the 
Expression of Heme Oxygenase-1 (HO-1) and Increases the Activity of HO-1. HO-1 Functions to Catalyze the Degradation of 
Heme into Carbon Monoxide (CO), Free Iron, and Biliverdin, which then is Converted to Bilirubin by Biliverdin Reductase. Free 
Heme is Pro-Inflammatory, while CO, Bilirubin, and HO-1 itself have Significant Anti-Inflammatory Effects. CO can Inhibit the 
Production of Proinflammatory Cytokines, such as TNF-α and IL-1β, through Mediating p38MPAK Pathway. Moreover, NRF2 can 
Induce the Expression of Quinone Oxidoreductase (NQO1) that inhibits NLRP3 Inflammasome Ativation. In Response to Oxidative 
Stress, Activated IĸB kinase (IKK) Promotes the Phosphorylation of IĸB, Resulting in the Release and Nuclear Translocation of NF-
ĸB, which then Promote the Gene Transcription of Pro-Inflammatory Cytokines, such as IL-6, TNF-α, and IL-1. NRF2 can Inhibit 
NF-ĸB Transcriptional Activity Directly or through Activating HO-1.
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