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A B S T R A C T   

Setting up treatment strategies is the highest concern today to reduce the fatality of COVID-19. Due to a very new 
kind of virus attack, no specific treatment has been discovered to date. The most crucial way to dominate the 
disease severity is now the repurposing of drugs. In this review, we focused on the current treatment approaches 
targeting the crucial causative factors for the disease burden through cytokine storm or cytokine release syn-
drome. Several vaccines have been developed and have been applied already for prevention purposes, and 
several are on the way to be developed, although the effects and side effects are under observation. Presently, 
regulation of the immune response through intervention treatment methods has been adjusted on the basis of the 
COVID-19 severity stage and generally includes vaccines, immunotherapies including convalescent plasma and 
immunoglobulin treatment, monoclonal antibodies, cytokine therapy, complement inhibition, regenerative 
medicine, and repurposed anti-inflammatory and immune-regulatory drugs. Combination therapy is not 
acceptable in all respects because there is no concrete evidence in clinical trials or in vivo data. Target-specific 
drug therapies, such as inhibition of cytokine-producing signaling pathways, could be an excellent solution 
and thus reduce the severity of inflammation and disease severity. Therefore, gathering information about the 
mechanism of disease progression, possible goals, and drug efficacy of immune-based approaches to combat 
COVID-19 in the context of orderly review analysis is consequential.   

1. Introduction 

In late December 2019, the Severe Acute Respiratory Syndrome 
Corona Virus-2 (SARS-CoV-2) outbreak initially started in the Hubei 
province of Wuhan, China [1]. It created great havoc in March 2020, and 

therefore, the World Health Organization (WHO) declared that, 
following Spanish flu (H1N1) in 1918, Asian flu (H2N2) in 1957, Hong 
Kong flu (H3N2) in 1968, and Pandemic flu (H1N1) in 2009, SARS-coV- 
2 can be characterized as a pandemic of 2020 [2]. As per the Johns 
Hopkins corona virus research center report, there are 191 countries 

Abbreviations: ACE, Angiotensin Converting Enzyme; ADAM-17, Disintegrin and Metallopeptidase Domain; Ag, Angiotensin; APCs, Antigen Presenting Cells; 
ARDS, Acute Respiratory Distress Syndrome; Cathepsin L, Cathepsin of Lysosome; CLR, C-type lectin receptors; COVID, Coronavirus Disease; CSF, Colony Stimulating 
Factor; HCoV, Human Corona Virus; HGF, Hepatocyte Growth Factor; IFN, Interferons; IKK, IKb kinase Complex; IL, Interleukins; IP, Inducible Protein; JAK, Janus 
Kinase; MAPK, Mitogen-activated protein kinase; MAPKK, Mitogen activated Protein Kinase Kinase; MAPKKK/MAP3K, Mitogen activated protein Kinase Kinase 
Kinase; MAPKs, p38 Mitogen Activated Protein Kinases; MCP, Monocyte Chemoattractant Protein; MERS, Middle East Respiratory Syndrome; MIP, Macrophage 
Inflammatory Protein; Mpro, main protease; MyD88, Myeloid Differentiation Primary Response dependent; NF-κB, Nuclear Factor kappa B; NK cells, Natural Killer 
cells; NLR, Nucleotide-binding oligomerization domain-like receptors; nsps, nonstructural proteins; PAMPs, Pathogen Associated Molecular Patterns; PLpro, Papain 
like protease; PORCN, Porcupine O Acetyl transferase.; pp, polyproteins; PRRs, Pattern Recognition Receptors; RBD, Receptor Binding Domain; RdRp, RNA 
dependent- RNA polymerase; RIG-1, Retinoic acid inducible gene-1; SARS-CoV-2, Severe Acute Respiratory Syndrome Corona Virus-2 (novel corona virus); SARS, 
Severe Acute Respiratory Syndrome; SFRP, Secreted Frizzled related proteins; SP, Spike Protein; STAT, Signal Transducer and Activator of Transcription Proteins; 
TLR, Toll like Receptor; TMPRSS2, Type II Transmembrane Serine Protease 2; TNF, Tumor Necrosis Factor; TRIF, TLR domain containing adaptor inducing IFN-β; 
VEGF, Vascular Endothelial Growth Factor; VUI, Variant Under Investigation; WHO, World Health Organization; Wnt, Wingless related Integration site. 

* Corresponding author at: Pharmacology Division, Center for Life Sciences Research, A-2, 444/1 Senpara Parbata, Mirpur-10, Dhaka 1216, Bangladesh. 
E-mail address: gobeshok.d@gmail.com (S.M.R. Dewan).  

Contents lists available at ScienceDirect 

International Immunopharmacology 

journal homepage: www.elsevier.com/locate/intimp 

https://doi.org/10.1016/j.intimp.2021.108049 
Received 3 May 2021; Received in revised form 29 July 2021; Accepted 4 August 2021   

mailto:gobeshok.d@gmail.com
www.sciencedirect.com/science/journal/15675769
https://www.elsevier.com/locate/intimp
https://doi.org/10.1016/j.intimp.2021.108049
https://doi.org/10.1016/j.intimp.2021.108049
https://doi.org/10.1016/j.intimp.2021.108049
http://crossmark.crossref.org/dialog/?doi=10.1016/j.intimp.2021.108049&domain=pdf


International Immunopharmacology 99 (2021) 108049

2

with more than 114,499,553 confirmed cases and at least 2,541,219 
deaths have been reported and the count is dramatically increasing [3]. 

Coronavirus belongs to the order Nidovirales and subfamily Coro-
navirinae. Coronavirinae is further categorized into alpha, beta, gamma, 
and delta Coronavirus based on serology where SARS-CoV-2 belongs to 
the beta coronavirus group [4,5]. Coronaviruses are zoonotic. Based on 
past evidence and available literature, it has been hypothesized that 
coronaviruses are transmitted to humans because of eating bats, and 
they abruptly spread within humans through respiratory droplets and 
secretions where the virus remains viable for at least 3 h and also 
through direct contact [6]. Asymptomatic carriers can also transmit 
viruses depending on factors, including viral load in their upper respi-
ratory tract. Its incubation period ranges from 1 to 14 days, then 
symptoms appear [4,7]. 

SARS-CoV-2 is associated with high rates of mortality and fatality. It 
causes fatality in infected individuals by causing respiratory failure, 
complicated by shock or multiorgan failure. Coronavirus-induced res-
piratory complications are mostly attributed to its unique host cell entry 
mechanisms and pathogenesis associated with flush of cytokine release 
into the body, leading to cytokine storm [8]. 

In this review, we explored the detailed mechanism of viral cell entry 
and particularly cytokine storm intending to focus on the importance of 
repurposing drugs that target viral cell entry mechanisms and drugs that 
inhibit signaling pathways responsible for the release of cytokines as 
well as drugs that block potent cytokines involved in cytokine storm 
with a brief view on clinical trials undergoing on the same. 

2. History 

The actual history of the human coronavirus began around 1960, 
when two unusual types of viruses, B814 and 229E, were discovered by 
Tyrrell and Bynoe, Hamre and Procknow respectively at different time 
frames in samples obtained from the respiratory tracts of people with 
colds. Later, Tyrrell, along with a group of virologists, identified that 
these were similar to those of the bronchitis virus of chickens, mouse 
hepatitis virus, and gastroenteritis virus of swine, and named this new 
group of viruses as the Corona virus (corona denoting the crown-like 
appearance of the surface projections) and later this group of viruses 
was officially accepted as a new genus of viruses [9]. These coronavi-
ruses cause a wide range of diseases in both animals and humans. 
Several coronaviruses that cause infections in humans have been 
discovered, including Human Coronavirus (HCoV) types, i.e., HCoV- 
229E, HCoV-NL63, HCoV-OC43, SARS-HCoV, HCoV-HKU1, SARS-CoV- 
1, MERS-CoV and the recently discovered SARS-CoV-2 [5]. Among all 
these, SARS-CoV-1 and MERS-CoV have been the causative agents of 
large-scale pandemics that have occurred in the past two decades, i.e., 
severe acute respiratory syndrome (SARS) and Middle East respiratory 
syndrome (MERS) respectively. SARS occurred in 2002 and 2003 in 
Guangdong Province, China and, after an unprecedented global public 
health effort, the epidemic was controlled within seven months of its 
occurrence, whereas MERS happened in 2012 in Middle Eastern coun-
tries [1,10]. Now following them, SARS-CoV-2 caused the ongoing 
pandemic which has been causing great havoc for almost a year and is 
acquiring mutations and developing new variants. Recently, a new 
variant of COVID-19 was detected in the UK, which is named as VUI 
202012/01 (VUI-variant under investigation) or B.1.1.7. It is reported 
that the rate of transmission and viral load of this variant is higher than 
the existing variants [11]. 

3. SARS-CoV-2: Structure and cell entry 

SARS-CoV-2 is an enveloped spherical virus. Its envelope is formed 
by the interaction of three glycoproteins-Envelope (E) protein, Mem-
brane (M) protein, and Spike protein (SP) [12]. The SP is club-shaped 
and protrudes out of the viral envelope, giving it a crown-like appear-
ance under an electron microscope. SP carries the main antigenic 

epitopes recognized by antibodies and is responsible for host infection 
and membrane fusion [13]. The internal core of the virus contains a 
positive-sense single-stranded RNA (+ssRNA) [4]. 

The virus enters the cell by using SP. It uses angiotensin-converting 
enzyme 2 (ACE-2) receptors on the surface of targeted cell membranes 
as cellular receptors enter the cells and then the life cycle of the virus 
begins [14]. Zhao et al. reported that SP contains two subunits, S1 and 
S2. S1 contains a receptor-binding domain (RBD), which is responsible 
for initial contact of the virus with the host cell’s surface, and S2 for 
membrane fusion and intracellular trafficking inside the host cell [15]. 
The SP will be in metastable prefusion conformation initially. When the 
S1 subunit of SP fuses with the host cell receptor, it undergoes hinge-like 
confirmation and enters the host cell [16]. 

Although, the principal receptor and cofactor for SARS-CoV-2 
cellular entrance have been identified as ACE-2 and transmembrane 
serine protease 2 (TMPRSS2) [17,18], recent evidence suggests that 
basigin (CD147) functions as a receptor and furin functions as a cofactor 
in SARS-CoV-2 pathogenicity [19,20]. In addition, the VEGF-A receptor 
neuropilin 1 (NRP1) has also been shown to be the host factor receptor 
for furin-cleaving SARS-CoV-2 spike peptides recently [21,22]. Infec-
tivity and entrance are reduced when NRP1 is blocked, and NRP1 reli-
ance is lost when the furin location is changed. In a hamster 
pathogenesis disease model, deletion of the furin peptide in spike causes 
decreased replication in Calu3, increased replication and better fitness 
in Vero E6, and mitigated illness [21,22]. 

Viral entry occurs by two mechanisms- the non-endosomal pathway 
and receptor-mediated endocytosis [23]. In the non-endosomal pathway 
(Fig. 1A), SP of virus interacts polarly with ACE-2 unlocking receptor- 
binding domain (RBD) of S1, which is essential for the fusion of the 
virus to the host cell membrane. After fusing the virus releases its 
genome into the target host cell [24,25]. 

In receptor-mediated endocytosis (Fig. 1B), the interaction of SP with 
ACE-2 leads to the formation of virus – ACE-2 endosome and endocytosis 
of virus along with ACE-2 occur, when H+ influx occurs in the endo-
some, then host cell proteases mainly Cysteine protease cathepsin of 
lysosomes (Cathepsin L) gets activate and, cleaves SP and facilitates viral 
fusion into host cell leading to +ssRNA release [25,26]. 

Along with viral SP, ACE-2 of the host should also undergo cleavage 
in order to bind with SP. Many studies reported that the internalization 
of ACE-2 into the host cell gives positive feedback to a host cellular 
protease called disintegrin and metallopeptidase domain (ADAM17). 
TMPRSS2 along with ADAM17 cleaves ACE-2 enzyme ectodomain into 
the extracellular space thus further facilitating viral entry into the host 
cell [23]. Following their entry, the viral genome translates into two 
polyproteins (pp) 1a and ab that further undergo proteolysis by the main 
protease Mpro and Papain-like protease PLpro to yield 16 nonstructural 
proteins (16 NSPs) [27]. These elements constitute the RNA replicate- 
transcriptase protein complex and control viral +ssRNA replication 
and transcription. Out of 16 NSPs, NSP-12 acts as RNA-dependent- RNA 
polymerase (RdRp) [28] through which +ssRNA replicates and trans-
lates into structural and nonstructural proteins. Subsequently, these 
protein elements, RNA genome, and nucleocapsids assemble in the host 
cytoplasm and thereby mature viral particles released from the host cell 
via its internal membrane through exocytosis [5]. 

Milanetti et al. reported that SARS-CoV-2 has dual entry points i.e., 
along with ACE-2 receptor, S protein also uses sialic acid as an entry 
point [29]. As very less literature is published till now on viral utilization 
of sialic acid as an entry point, advanced research is being suggested in 
this aspect. 

4. Cytokine storm and COVID-19 

Cytokines are the protein molecules released by lymphocytes, leu-
kocytes, dendritic cells, T-helper cells (Th) cells, endothelium, epithe-
lium, and leukocytes, play important roles in the inflammatory cascades 
(Table 1). Prolonged and major fatality in COVID-19 has been 
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manifested due to cytokine storm [30,31], which can be described as the 
release of several pro-inflammatory cytokines from hyperactive/dysre-
gulated host immune system at levels that are injurious to host cells 
[32]. Cytokine storm can be broadly defined by three criteria- increased 
levels of circulating cytokines, acute systemic inflammatory symptoms, 
and cytokine-driven organ dysfunction [33]. 

Cytokines that worsen inflammation are called pro-inflammatory 
cytokines (IL-1, IL-6, TNF-α, IL-17, IFN-α, INF-β, IFN-γ), and those 
which serve to reduce inflammation and promotes healing are called 
anti-inflammatory cytokines (IL-12, IL-10) [34]. Under normal condi-
tions, cytokines are essential to fight against infection, but in the case of 
a cytokine storm, excessive release of cytokines and chemokines causes 
infiltration of immune cells and thereby aggravation of inflammation 
leading to multi-organ complications [35]. 

As per the literature, plasma levels of COVID-19 patients showed 
elevated levels of proinflammatory interleukins particularly IL-1, IL-2, 
IL-4, IL-6, IL-7, IL-13, IL-17, colony-stimulating factors (G-CSF, M-CSF, 
GM-CSF), Interferon γ inducible protein 10 (IP-10), interferons (IFN-γ, 
IFN-α), chemokines (CCL2, CCL3, CCl5), tumor necrosis factor (TNF-α), 
vascular endothelial growth factor (VEGF) and hepatocyte growth factor 
(HGF) [36–38]. 

Drugs targeting the cytokines may play a potential therapeutic role 
in the treatment of cytokine storm and complications that may be 
upregulated due to COVID-19. 

4.1. Signaling pathways responsible for cytokine/chemokine production 

After cellular entry of SARS-CoV-2, pattern recognition receptors 
(PRRs) of innate immune cells (macrophages, dendritic cells, neutro-
phils) recognize pathogen-associated molecular patterns (PAMP) pre-
sent in the S1 subunit of COVID-19. PRRs are further classified into four 
families i.e., toll-like receptors (TLR), Nucleotide-binding oligomeriza-
tion domain-like receptors (NLR), C-type lectin receptors (CLR), and 
retinoic acid-inducible gene-1 (RIG-1), which lead to activation of 
downstream inflammatory regulation pathways such as nuclear factor 
kappa B (NF-κB), and mitogen-activated protein kinase (MAPK) path-
ways, thereby producing pro-inflammatory cytokines [45]. Hyper-
activation of these signaling pathways is responsible for cytokine storm 
in COVID-19. 

Along with the pro-inflammatory cytokines released by innate im-
munity, Antigen-presenting cells (APCs) presents antigen to T-cells, 
leading to differentiation of T-cells to T-helper (Th) cells and cytotoxic 
cells. These APCs and Th cells also produce cytokines contributing to 
cytokine storm [46,47]. 

As inflammation and cytokine storm are the major contributors to 
COVID-19 pathophysiology and post-COVID complications, in our re-
view we focused on signaling pathways responsible for cytokine storm. 
As hyper-responsiveness of these pathways is responsible for inducing 
cytokine storm, drug therapies targeting these pathways along with 
antiviral agents may play a key role in the therapy of COVID-19. 

4.1.1. p38 Mitogen Activated Protein Kinase (p38 MAPK) 
p38 MAPK is an intracellular signaling molecule involved in pro- 

inflammatory cytokine production. This pathway activates when 
growth factor receptors (GFR) or Angiotensin-II receptors (AngIIR), 
activate the Grb2-SOS complex which interacts and activates 

membrane-bound Ras molecule [46]. The activated Ras molecule 
stimulates Raf (MAPKKK), which then activates MEK1/2 (MAPKK). 
MEK1/2 thereby activates ERK1/2 (MAPK) which finally activates ter-
minal molecules responsible for the initiation of transcription of cyto-
kines and other inflammatory mediators [47] (Fig. 2). AngII along with 
vasoconstriction is also responsible for pro-inflammatory cytokine pro-
duction through activation of p38 MAPK. AngII is converted to Ang 1–7, 
in the presence of ACE-2. This Ang 1–7 binds to Mas receptors, which 
inhibits p38 MAPK and thereby inhibits cytokine release from AngII 
[48]. In the case of COVID-19, because of downregulation of ACE-2 
receptors, production of Ang 1–7 decreases, and thereby activation of 
p38 MAPK occurs by upregulated levels of AngII and thereby increased 
levels of proinflammatory mediators. Apart from AngII, and growth 
factors some upstream PRRs and the inflammatory cytokines such as IL- 
1β, and TNF-α, also stimulates phosphorylation of p38 MAPK leading to 
activation of transcriptional factors which further mediates inflamma-
tory responses [42]. 

4.1.2. NF-κB signaling pathway 
NF-κB belongs to a class of inducible transcription factors that 

regulate genes involved in the immune and inflammatory response. 
These proteins are normally segregated and inhibited in the cytosol by 
the endogenous inhibitor protein family of IκB. Activation of NF-κB 
completely depends on the degradation of IκB from the NF-κB complex. 
IκB undergoes inducible degradation by a multi-subunit IκB kinase 
complex (IKK) when it receives appropriate stimulus (ORF3a, M, ORF7a, 
and N proteins of SARS-CoV-2) [49]. Many factors such as cytokines, 
viral RNA, and other particles stimulate IKK which thereby leads to 
degradation of IκB by the proteasome and induces the NF-κB tran-
scriptional pathway [49]. NF-κB, after activation, translocates into the 
nucleus and induces transcription of pro-inflammatory cytokines, che-
mokines, adhesion molecules, and co-stimulatory molecules that acti-
vates innate and adaptive immunity [35,50]. 

Several cell types have been reported to be affected/activated by the 
SARS-CoV-2 such as the epithelium of the respiratory tract, endothelium 
linings, macrophages, mast cells, peripheral mononuclear cells such as 
monocytes, dendritic cells, and T-cells [20,51,52]. The NF-κB signaling 
has been identified as the major pathway for the pro-inflammatory 
cytokine/chemokine response caused by SARS-CoV-2 infection in 
several recent studies [20,51,52]. In human bronchial epithelial cells, 
SARS-CoV-2 spike protein subunit 1 (S1) was found to cause significant 
levels of NF-κB activation, production of pro-inflammatory cytokines/ 
chemokines such as IL-1, TNF-α, IL-6, and CCL2/MCP-1, and moderate 
epithelial damage. S1 interaction with the human ACE-2 receptor was 
needed for NF-κB activation. S1 had greater activity in NF-κB activation 
than SARS-CoV-S1, which is likely due to the increased binding affinity 
of S1 to the ACE-2 receptor [53]. In the COVID-19 patients, cytokines/ 
chemokines such as IL-1β, CCL2/MCP-1, CCL3, CCL8, CCL13, CXCL2, 
CXCL10, and downstream signaling molecules such as IL1R1, TRIF, 
MYD88, TRAF6, RelA (p65 NF-κB), RelB, NF-κB1 levels have been found 
significantly higher in the peripheral mononuclear cells while compared 
with the non-COVID-19 patients. In addition, the simultaneous over-
expression of TLR-4, RelA (p65 NF-κB), RelB, NF-κB1, and NF-κB2 genes 
in COVID-19 patients suggests that TLR-4 mediated NF-κB signaling 
activation is involved in the development of pro-inflammatory responses 
in the patients [52,54]. Drugs targeting these pathways may play a 

Fig. 1. Mechanism of SARS-CoV-2 cell entry. (A) Non-endosomal Pathway. SARS- CoV-2 upon contact with host cell surface, spike protein (SP) projecting from the 
viral cell surface, first undergoes proteolytic cleavage by TMPRSS2 and exposes its receptor binding domain (RBD) and attaches to the ACE-2 receptor on host cell 
surface via SP. TMPRSS2 also cleaves ACE-2 along with ADAM17 because of which shedding of ACE-2 ectodomain occurs which can still bind to virus. After its 
attachment, virus fuses with host cell and releases its genome. Viral RNA undergoes transcription, translation and form new viral particles, new viral particles then 
release from host cell. TMPRSS2 inhibitors may inhibit TMPRSS and thereby exposure of RBD to ACE-2. (B) Endosomal Pathway. SARS-CoV-2 upon contact with host 
cell surface, signals the host cell and forms a vesicle enclosing virus–ACE-2 complex. Then endocytosis of virus-ACE-2 complex occurs, into the host cell cytoplasm 
followed by H+ influx into endosome. Decreased pH in endosome activates Cathepsin L, which cleaves SP of virus. Then virus fuses with endosomal membrane and 
releases its genome. Viral genome transcribes and translates into viral particles, viral particles fuse and release out of host cell. Cathepsin L inhibitors may inhibit 
Cathepsin L cleavage of viral SP. 
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potential role in treating SARS-CoV-2-induced cytokine storm. 

4.1.3. Toll Like Receptor (TLR) signaling 
TLRs are expressed in immune cells such as macrophages and den-

dritic cells as well as non-immune cells such as epithelial cells and fi-
broblasts. TLRs are of two types, cell surface TLRs and intracellular 
TLRs. Cell surface TLRs recognize viruses through PAMPs on the S1 
subunit of SP, whereas intracellular TLRs recognize viral RNA and get 
activated [55]. TLR-4, a cell surface pattern recognition receptor (PRR), 
plays an important role in the pathogenesis of COVID-19-induced 
cytokine storm. Upon stimulator binding to the TLR-4, activation of 
two pathways- myeloid differentiation primary response (MYD88) 
dependent- and TLR domain-containing adaptor inducing IFN-β (TRIF)- 
dependent- pathways lead to activation of intracellular signaling 
cascade and release cytokines/chemokines, and interleukins. These 
substances further activate and recruit inflammatory cells such as 
macrophages, neutrophils, mast cells, and NK-cells leading to activation 
of downstream NF-κB, and/or MAPK pathway and thereby release of 
pro-inflammatory cytokines and reactive oxygen species, which is 
responsible for host cell damage [56,57]. Drugs targeting this pathway 
may inhibit the activation of NF-κB signaling pathways, which is well- 
recognized as the major transcriptional factor to produce pro- 
inflammatory cytokines/chemokines (Fig. 3). 

Literature is evidencing that hyperstimulation of TLR-4 plays an 
important role in COVID-19-induced pulmonary injury as stimulation of 
TLR-4 increases ACE-2 expression. As ACE-2 expression is more in type- 
2 alveolar cells of the lung, it is the primary organ susceptible to 
infection and complications [58]. A recent report showed that TLRs are 
responsible for the expression of pro-inflammatory cytokines such as IL- 
1β, and IL-6 in COVID-19 infection [59]. In addition, the interaction of 
TLRs with virus particles causes immunopathological effects that result 
in mortality in COVID-19 patients. TLR-3/TLR-4 adapter, TRIF deficient 
mice are very sensitive to SARS-CoV-2 and have a high risk of death., 
and TLR3-/-, and TLR4-/- mice are highly vulnerable to SARS-CoV-2 as 
well. Moreover, individuals with poor outcomes in SARS-CoV-2 infec-
tion have been found with activation of proinflammatory signaling 
pathways and proinflammatory cytokine production after infection with 
TRIF-/- mice [60]. However, TLR-4 has been found as a key factor in the 
COVID-19 pathophysiology causing increment of inflammation through 
induction of NETosis and inflammasome activation [54,61]. 

TLR agonists might possibly be utilized as a COVID-19 prevention 
medication. According to Proud et al., TLR2/6 agonist prophylactic 
treatment decreases SARS-CoV-2 transmission and protects against the 
infection [62]. 

4.1.4. JAK/STAT pathway 
JAK/STAT (Janus Kinase- signal transducers and activation of tran-

scription pathway) plays an important role in inflammation by inducing 
the production of growth factors, cytokines, and is essential for many 
cellular processes such as hematopoiesis, and lactation. In general, STAT 
proteins remain inactive in the cytoplasm. JAK/STAT pathway initiates 
when the cytokines produced by SARS-CoV-2 bind to their corre-
sponding receptor [41]. 

JAKs transmit extracellular signals from pro-inflammatory cytokines 
to phosphorylating STATs. These phosphorylated STATs dimerize and 
then the complex translocates into the nucleus and acts as transcription 
factors responsible for inflammation, synthesis, and maturity of in-
flammatory cells (B- and T- cells), and interferon-induced gene expres-
sion. Activation of the JAK/STAT pathway in COVID-19 is one of the 
factors responsible for cytokine storm [63]. 

4.1.5. Wingless related integration site (Wnt)/β-catenin signaling 
Wnt/β-catenin signaling plays an important role in cellular devel-

opment, differentiation, and cell cycle control. This pathway gets acti-
vated by binding of Wnt ligands (Wnt-3a, Wnt-5a, β-catenin) to frizzled 
family of receptors. In normal cells, Wnt is inactive, in the cytoplasm and 

Table 1 
A list of proinflammatory mediators causing cytokine storm in infectious dis-
eases [34,38–44].  

Cytokines/ 
Chemokines 

Source Signaling 
Pathway 

Action After 
Activation 

Interleukin 
(IL)-1 

Macrophages, 
Dendritic cells, B- 
cells 

Nuclear Factor 
Kappa -B (NF- 
κB) pathway, 
Toll Like 
Receptor (TLR) 
signaling 
pathway 

Pro-inflammatory, 
proliferation and 
activation of Natural 
Killer cells (NK cells), 
T-cells and B-cells 

IL-2 T-cells NF-κB pathway, 
TLR signaling 
pathway 

proliferation and 
activation of NK cells, 
B- and T- cells 

IL-4 Th cells NF-κB pathway, 
TLR signaling 
pathway 

Stimulates synthesis 
of IgG and IgE 
antibodies, 
proliferation of B- 
cells and T cells 

IL-6 (plays 
vital role in 
cytokine 
storm) 

Macrophages, 
fibroblasts, Th 
cells. 

NF-κB pathway, 
TLR signaling 
pathway 

Stimulates synthesis 
of IgG antibodies 

IL-7 Epithelial cells, 
Stromal cells. 

NF-κB pathway, 
TLR signaling 
pathway 

T- and B- cell growth 
factor 

IL-8 Macrophages NF-κB pathway, 
TLR signaling 
pathway 

Chemotaxis 

IL-9 T-cell NF-κB pathway, 
TLR signaling 
pathway 

Growth and 
proliferation of T- 
cells 

IL–11 Bone marrow 
Stromal cells 

NF-κB pathway, 
TLR signaling 
pathway 

Differentiation of B- 
cells 

IL − 13 T-cells NF-κB pathway, 
TLR signaling 
pathway 

Activation of NK cells 

(Tumor 
necrosis 
factor) TNF 
– α 

Macrophages p38 MAPK Activation of 
phagocytes 

(Interferons) 
IFN – α 

Leukocytes RIG-I Shows anti-viral 
action 

IFN – γ RIG-I Shows anti-viral 
action and activates 
monocytes, 
Neutrophils 

(Colony 
stimulating 
factors) 
G-CSF 

Endothelium and 
fibroblasts. 

JAK/STAT 
pathway, MAPK 
pathway. 

Synthesis of 
neutrophils, 
eosinophils and 
basophils 
(Granulocytes) 

GM- CSF T-cells, Fibroblasts 
and Macrophages 

JAK/STAT 
pathway, MAPK 
pathway 

Synthesis of 
granulocytes and 
monocytes 

M- CSF Endothelium and 
fibroblasts 

JAK/STAT 
pathway, MAPK 
pathway 

Monocyte production 
and activation 

Chemokines 
CCL2/MCP- 
1 

Osteoblasts, 
Macrophages, 
endothelial cells, 
adipocytes, 
fibroblast 

NF-κB pathway, 
p38 MAPK 
pathway 

Chemotaxis of 
macrophages, 
monocytes, dendritic 
cells, basophils, NK- 
cells, Myeloid cells 
into tissues 

CCL3 (MIP-1α) Monocytes, 
Dendritic cells, 
Lymphocytes, 
mononuclear 
phagocytes 

p38 MAPK 
pathway 

Chemotaxis of 
Monocytes, 
eosinophils, 
basophils, 
lymphocytes 

CCL5 
(RANTES) 

Platelets, T cells, 
Eosinophils and 
Basophils 

MAPK pathway Chemotaxis of 
monocytes and T- 
lymphocytes  
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Fig. 2. Mechanism of p38 MAPK pathway activation by AngII. Cellular entry of the growth factor or AngII activates the MEK1/2 followed by p38 MAP kinase 
(MAPK) pathway through the Grb 2-SOS and Ras-Raf signaling pathway. MEK- and MAPK-inhibitors may inhibit the pathway of activation of ELK1 and thereby the 
activation transcription al factors for the production of pro-inflammatory cytokines can be inhibited in the cell nucleus. 

Fig. 3. Mechanism of activation/translocation of 
NF-κB signaling through toll like receptor (TLR) 
pathway. Upon stimulator binding (either viral 
components, or other stimuli) to the TLR-4, activa-
tion of two pathways- MYD88 dependent- and TRIF- 
dependent- pathways lead to activation of NF-κB 
signaling cascade and produce cytokines/chemo-
kines. Inhibition of the IKK kinase can be a possible 
pathway to inhibit the NF-κB activation, and 
thereby inhibit the pro-inflammatory mediator- 
production.   
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β-catenin exists in a destruction complex along with APC, CK1α, GSK3-β. 
β-catenin undergoes ubiquitination and then gets degraded by protea-
some thereby maintaining low levels of β-catenin. Wnt after binding to 
frizzled receptors stimulates dissociation of this destruction complex 
leading to increased availability of β-catenin in the cytoplasm. β-catenin 
then undergoes phosphorylation and translocates to the nucleus and 
interacts with transcription factors (T - cell factor) and then regulates the 
cell cycle. More et al., by their study, reported that activation of Wnt/ 
β-catenin signaling increases influenza virus mRNA production in mouse 
lung epithelial cells, whereas inhibition of Wnt/β-catenin signaling re-
duces virus expression and production [64]. Although the role of this 
pathway is less studied, literature is indicating that it plays an important 
role in viral infections. 

It is also evident in the literature that Wnt ligands are secreted from 
immune cells. Choi and the group reported that Wnt-5a is a promising 
diagnostic marker in SARS-CoV-2 induced acute respiratory distress 
syndrome (ARDS), indicating its important role in the disease. It is hy-
pothesized that Wnt-5a gets activate in ARDS leading to further 
inflammation and fibrosis. So, drug therapy targeting this pathway may 
help in the disease prognosis of COVID-19 [65]. 

4.1.6. TGF – β/Smad signaling 
Even though there are very few studies on the role of TGF-β/Smad 

signaling in COVID-19, literature is evidencing that TGF-β plays a very 
important role in lung fibrosis by stimulating fibroblast proliferation and 
development [66]. TGF-β gets generated in response to tissue injury and 
then TGF-β/Smad signaling gets initiate when TGF-β1 binds to a re-
ceptor and after activation, it propagates signal through Smad protein 
cascade phosphorylation. The activated Smad complexes translocate 
into the nucleus and regulate the transcription of genes responsible for 
the progression of ARDS and pulmonary fibrosis. Therapeutically tar-
geting the TGF-β/Smad pathway in COVID-19 may prevent and regulate 
the progression of ARDS to fibrosis and damage [67,68]. 

4.2. Complement system 

As the complement system acts as the interplay between innate im-
munity and adaptive immunity, it also activates several immune cells 
and pro-inflammatory cytokines. The anaphylatoxins, C3a and C5a act 
by binding to C3aR, and C5aR respectively, and activates neutrophils, 
macrophages, mast cells, Lymphocytes, and basophils; thereby leading 
to the release of pro-inflammatory cytokines/chemokines [69]. C3a and 
C5a are formed by cleaving C3 and C5 by convertases or serine pro-
teases. They seem to be responsible for COVID-19 related lung injury 
and blood levels of patients with ARDS are detected with C3a and C5a 
[70]. 

5. Drugs targeting cytokine storm 

Currently, COVID-19 therapy mostly relied on US Food and Drug 
Administration (FDA) approved drugs. Repurposing of drugs that inhibit 
cytokine signaling pathways and viral entry increases therapeutic op-
tions for COVID-19. 

5.1. Immunotherapy checkpoint inhibitors 

5.1.1. NF-κB inhibitors 
To date, naturally available products Nobiletin, Curcumin, Resver-

atrol, are found to inhibit the NF-κB pathway [71–74], and clinical trials 
are ongoing, although the role of these drugs at molecular levels of the 
NF-κB pathway is still unknown [75–79]. The previous report indicates 
that emetine, fluorosalan, sunitinib, bithionol, tribromsalan, and les-
taurtinib inhibit IκBα phosphorylation either reversibly or irreversibly 
and prevent activation of the NF-κB pathway [80]. 

However, concrete studies with double-blind clinical trials are sug-
gested to be carried out before administration to the COVID-19 patients. 

Although many clinical trials are undergoing on the role of NF-κB in-
hibitors and IKK inhibitors in cancer therapy, very few studies are 
conducting on the potential role of these drugs in COVID-19 [81]. 

5.1.2. p38 MAPK inhibitors 
MAPK inhibitors- Losmapimod, Pamapimod, and Semapimod blocks 

p38 MAPK and downregulates ACE-2 inhibitors thereby decrease the 
release of pro-inflammatory cytokines, platelet aggregation, and vaso-
dilation [82]. Other drugs that inhibit the MAPK pathway are MEK in-
hibitors, and they include, Refametinib, Selumetinib, and Trametinib, 
which can act as potential therapeutic add-ons for treating COVID-19 
[63]. Many clinical trials are undergoing on these drugs for the treat-
ment of cancer and other inflammatory drugs, which can be repurposed 
on COVID-19 (Table 2). 

5.1.3. TLR antagonists 
Natural surfactant proteins present in the lungs act as innate im-

munity and removes viruses from the lungs. Literature is saying that lack 
of surfactants may be one of the responsible factors for viral infection 
and using these surfactants as therapy may help in removing the virus 
from bronchi and in inhibiting TLR-4 from activation by viral particles 
[84,85]. Therefore, investigating the use of pulmonary surfactants in the 
therapy of COVID-19 is highly warranted, and therapeutic developments 
based on this concept may develop drugs against TLR-4 receptors 
(Table 3). 

5.1.4. JAK/STAT inhibitors 
JAK/STAT inhibitors may be administered in treating cytokine storm 

that may make the disease condition less severe. They may act as a 
potential therapeutic agent for COVID-19 treatment. Many clinical trials 
are currently undergoing on Roxolitinib for its utilization in COVID-19 
therapy [88]. Besides, there are some other drugs currently are in the 
trial as JAK/STAT inhibitors (Table 4). 

5.1.5. Wnt/β-catenin signaling inhibitors 
Drugs that inhibit Wnt/β-catenin pathway are under investigation to 

Table 2 
Clinical trial data on MAPK and MEK inhibitors in COVID-19.  

Drugs Under 
Investigation 

Aim of The 
Trial 

Status of 
Clinical 
Trial 

Location Results 
from 
The 
Trial 

References 

Losmapimod To assess 
whether the 
early 
initiation of 
p38 inhibitor 
therapy in 
patients with 
moderate 
COVID-19 
will prevent 
further 
clinical 
deterioration 
and reduce 
the need for 
both 
increased 
respiratory 
support as 
well as 
mortality as it 
showed 
increased 
survival rate 
in mice 
infected with 
COVID-19. 

Recruiting Brazil, 
Mexico, 
United 
States 

No 
results 
posted 

[83]  
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treat cancers and other autoimmune diseases as it plays a vital role in 
immune cell infiltration and regulates the expression of a number of 
genes essential for immune cell proliferation and differentiation 
[96,97]. It is essential to Investigate drugs that may inhibit this pathway 
in the view of COVID-19. Porcupine-O-Acetyl transferase (PORCN) in-
hibitors, Secreted Frizzled related proteins (SFRP), FZD antagonist or 
monoclonal antibodies, β-catenin transcriptional activity inhibitors are 
under investigation for their role in cancer [98]. Conducting trials on 
these drugs is essential to develop potential therapeutic targets for 
COVID-19. 

5.1.6. TGF/Smad inhibitors 
TGF/Smad signaling blockade is finding its significance in lung 

fibrosis and heart diseases. AS Activation of TGF is the main factor 
responsible for ARDS, drugs blocking this pathway such as Fresolimu-
mab, Galunisertib [99], may occupy their role in preventing and treating 
COVID-19 induced pulmonary ARDS and fibrosis as well as cardiac 
complications. 

5.1.7. Complement system inhibitors 
Drugs inhibiting the complement system have their scope in treating 

several immune-related disorders such as Rheumatoid Arthritis, In-
flammatory bowel disease, and asthma [100]. Anti-C5-monoclonal an-
tibodies such as Eculizumab, C5a receptor blocker Avacopan [101,102], 

and drugs that target C3a and C3a receptors should be widely investi-
gated in terms of COVID-19. Currently, Eculizumab is under trial to sees 
its effect in the treatment of COVID-19 patients in the US and France 

Table 3 
Clinical trial data on pulmonary surfactants in COVID-19.  

Drug Under Investigation Aim of The Study Status of 
Clinical Trial 

Location Results from 
The Trial 

References 

Pulmonary surfactant delivered 
through COVsurf Drug delivery 
system. 

To assess whether the exogenous surfactant administration to lungs is 
potential treatment option in COVID-19 patients in terms of both severity 
and improvement of oxygenation. 

Recruiting United 
Kingdom 

No results 
posted 

[86] 

Surfactant To prove the efficacy and safety Surfactant-BL, administered by inhalation in 
adult hospitalized patients with ARDS due to COVID-19. 

Recruiting Russia No results 
posted 

[87]  

Table 4 
Clinical trial data on JAK/STAT inhibitors in COVID-19.  

Drug Under 
Investigation 

Aim of The Trial. Status of 
Clinical Trial 

Location Results from The Trial References 

Baricitinib To assess the efficacy of baricitinib in 
hospitalized COVID-19 patients. 

Recruiting Argentina, Brazil, India, 
Germany, Japan, Italy, Korea, 
Mexico, Russian Federation, 
Puerto Rico, Spain, United States, 
United Kingdom. 

No results posted [89] 

Baricitinib and 
Remdesivir 

To evaluate the combination of Baricitinib and 
Remdesivir compared to remdesivir alone in 
COVID-19 patients. 

Completed Denmark, Korea, Japan, Republic 
of, Spain, Mexico, Singapore, 
United States, United Kingdom. 

Baricitinib plus Remdesivir was 
superior to Remdesivir alone in 
reducing recovery time and 
increased improvement in clinical 
status 

[90] 

Tofacitinib To assess the safety and efficacy of tofacitinib 
plus standard pharmacologic and supportive 
measures in treating hospitalized participants 
with COVID-19 pneumonia. 

Active, not 
recruiting 

Brazil No results posted [91]  

To study the efficacy of tofacitinib in reducing the 
risk of mechanical ventilation and/or death in 
patients with moderately severe COVID-19 
pneumonia who received standard of care 
treatment 

Recruitment 
Completed 

Russian Federation No results posted [92]  

To assess the efficacy and safety of tofacitinib in 
hospitalized adult patients with SARS-CoV-2 and 
pneumonia who require supplemental oxygen 
and have serologic markers of inflammation but 
do not need mechanical ventilation. 

Recruiting United States No results posted [93] 

Ruxolitinib To evaluate the efficacy and safety of Ruxolitinib 
in the treatment of patients with COVID-19 
severe pneumonia. 

Active, Not 
recruiting 
(Phase II) 

Germany No results posted [94]  

To study the reversal of hyperinflammation to 
improve pulmonary function, reduce respiratory 
dependency and reduce mortality. 

Recruiting Germany No results posted [95]  

Table 5 
Clinical trial data on complement system inhibitors in COVID-19.  

Drug Under 
Investigation 

Aim of The 
Trial. 

Status of 
Clinical 
Trial 

Location Results 
from 
The 
Trial 

References 

Eculizumab To assess 
whether by 
modulating 
the activity of 
immune 
response with 
Eculizumab, 
can mortality 
be halted 
while the 
patient has 
time to 
recover from 
the virus with 
supportive 
medical care. 

Recruiting United 
States, 
France 

No 
results 
posted 

[103]  
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(Table 5). 

5.2. Immunomodulators against cytokine storm 

During SARS-CoV-2 induced cytokine storm, specific cytokines are 
being observed in patient blood samples. So, therapeutically it is bene-
ficial to target those specific cytokines in treating and preventing cyto-
kine storm-induced complications, thus several drugs are now in the 
clinical trials (Table 6). 

6. Cell entry inhibitors 

6.1. TMPRSS2 inhibitors (Camostat, Nafamostat, Aprotinin, 
Bromhexine, Bicalutamide) 

As TMPRSS2 protease plays a pivotal role in the novel coronavirus 
cell entry by lysing SP and ACE-2 along with ADAM-17. Drugs that 
inhibit TMPRSS2 can act as a potential treatment in COVID-19 therapy. 
TMPRSS2 inhibitors can partially block SARS-CoV-2-SP driven cell entry 
(Fig. 1A). Nafamostat is already an established drug in treating COVID- 
19 unrelated conditions such as chronic pancreatitis, and prostate can-
cer, in many parts of the world [111]. Hoffmann et al. is the first to 
provide evidence from their study that blocking of TMPRSS2 by 
Camostat significantly reduced SARS-CoV-2 infection into lungs [17]. 
Later Yamamoto et al., by their quantitative fusion assay reported that 
Nafamostat is more potentially blocking viral entry when compared to 
Camostat [112]. Many clinical trials are currently ongoing, to evaluate 
the more suitability of these agents in treating COVID-19 (Table 7). 

6.2. ADAM-17 inhibitors (INCB7839, ZLDI 8) 

ADAM-17 inhibitors have a well-established role in their usage in 
oncology, and other immune disorders. Along with ACE-2, ADAM-17 
enzyme also cleaves TNF precursors and ectodomains of many 
membrane-bound cytokines and other inflammatory mediators; thus, 

inhibiting ADAM-17 may exert protective inhibition against COVID-19, 
both in terms of cell entry (Fig. 1A) and cytokine storm, however, studies 
and trials are lacking on them [118,119]. 

6.3. Cathepsin L inhibitors (Teicoplanin) and trypsin inhibitors 
(Ulinastatin, Aprotinin, α-1 antitrypsin 

Many studies are evidencing that Cathepsin L (Cat L) and Trypsin is 
essential to cleave spike protein, in the endosomal pathway, and aids the 
virus to bind with the ACE-2 receptor, whereas the role of other pro-
teases such as elastase is still under investigation. The use of Cathepsin 
(Fig. 1B) and trypsin inhibitors may add therapeutic benefits to the 
COVID-19 therapy. Liu et al. proved that combined use of TMPRSS2 and 
Cat L inhibitors can block coronavirus host cell entry and intracellular 
replication, without affecting the host immune system [120]. Bojkova et 
al. analyzed and proved that Aprotinin significantly inhibits viral entry 
in culture cells, thus providing evidence that they may play an important 
role in COVID-19 therapy [71]. Currently, Teicoplanin is under clinical 
trial to assess its effect against COVID-19 (Table 8). 

7. Discussion and future directions 

Cytokine storm is a hazardous systemic inflammatory syndrome that 
involves overexpression of circulating cytokines resulting in immune 
cell activation, adhesion and transmigration that sets off by monogenic 
abnormalities, certain drug therapies, pathogen invasion, cancers, and 
autoimmune states. COVID-19 infection triggers an inflammatory 
response that includes the release of a huge number of pro-inflammatory 
cytokines. A number of research examining cytokine profiles from 
COVID-19 patients found that the cytokine storm was linked to lung 
damage, multi-organ failure, and a hostile prognosis in serious COVID- 
19 patients [38,122,123]. 

Among the proinflammatory mediators IL-1, IL-6, TNF-α, and CCL2/ 
MCP-1 are considered as the important cytokines of the innate immune 
feedback [30,124]. Principal sources of these cytokines are the 

Table 6 
Clinical trial data on immunomodulators in COVID-19.  

Drug Under 
Investigation 

Aim of The Trial Status of 
Clinical Trial 

Location Results from The Trial References 

Anakinra (IL-1 
antagonist) 

To determine the therapeutic efficacy and tolerance 
of Anakinra in patients with moderate, severe 
pneumonia or critical pneumonia associated with 
COVID-19. 

Recruitment 
completed 

France No results posted [104]  

To assess the efficacy of Anakinra in the 
Management of COVID-19 patients. 

Recruiting Qatar No results posted [105] 

Tocilizumab (IL-6 
antagonist) 

To study the efficacy and tolerability of 
Tocilizumab in the treatment of patients with 
COVID-19 pneumonia. 

Active, not 
recruiting 

Italy No results posted. [106]  

To evaluate the efficacy, safety, 
pharmacodynamics, and pharmacokinetics of 
Tocilizumab compared with a matching placebo in 
combination with standard of care (SOC) in 
hospitalized patients with severe COVID-19 
pneumonia. 

Recruitment 
Completed 

Canada, France, 
Denmark, Spain, 
UK, United states 

In this randomized trial which involved 
hospitalized severe Covid-19 pneumonia 
patients, the use of tocilizumab didn’t result in 
significantly better clinical status or lower 
mortality than placebo at 28 days. 

[107] 

Pegylated 
interferon-α2b 
(Interferon 
antagonist) 

To evaluate the efficacy and safety of Pegylated 
Interferon -α2b in the treatment of adult patients 
diagnosed with SARS-CoV2. 

Recruiting Mexico No results posted. [108]  

To evaluate the efficacy of a single dose of 
subcutaneous injections of 180 ug of Peginterferon 
Lambda-1a, compared with placebo in reducing the 
duration of viral shedding of SARS-CoV-2 virus in 
uncomplicated patients. 

Active, not 
recruiting 

United States No results posted. [109]  

To investigate the efficacy of a single 180 µg 
subcutaneous injection of peginterferon lambda or 
placebo in outpatients with COVID-19. 

Recruiting Canada Peginterferon lambda increased viral decline 
in COVID 19 outpatients. Increased the 
proportion of patients with viral clearance by 
day 7, particularly in those with high baseline 
viral load. It prevents clinical deterioration 
and shorten duration of viral shedding. 

[110]  
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macrophages, mast cells, neutrophils, endothelial cells, and epithelial 
cells [30,124,125]. Overexpression of the complement protein C5a also 
has been found crucial in the ARDS development in COVID-19 patients 
[124]. Upregulation of these mediators in the body causes cellular 
recruitment of the leukocytes especially neutrophils, monocytes/mac-
rophages, and T-cells to the site of infection/injury, and consequently 
damage the vascular endothelium, alveolar cell linings, multiple organs, 
and finally take towards death. Lung abnormality, especially ARDS is 
one of the severe health conditions found in the COVID-19 patients 
[124]. Certain mechanism of development of ARDS in the COVID-19 
patients is still under investigation, even then cytokine storm is 
considered as the principal factors in this disease severity. To use drugs 
to reduce the disease severity, several approaches should be considered. 

Primarily, it was reported that children specially under teenage or 
teenagers are less affected by the SARS-CoV-2, whereas a recent study on 
children with inflammatory syndrome with COVID-19, showed elevated 
levels of expression of IL-1β, IL-6, IL-8, IL-17, and IFN-γ on myeloid cells 
[126]. In case of management of the inflammatory syndrome in chil-
dren, resisting the cytokines by administrating anti-inflammatory cyto-
kines (such as IL-37 and IL-38) have been suggested, rather than using 
other anti-viral drugs as a crucial treatment aspect [127]. 

Various immunoregulatory management strategies have been taken 
in action to resist cytokines mostly found in the COVID-19 patients are 
IL-6- [112–114] or IL-1 –receptor antagonists [128]. Since, several other 
cytokines have been found prominent in the COVID-19 patients, treat-
ment targeting only a single pro-inflammatory factor has arisen question 
on the management strategy of the uncontrollable cytokine storm. 

In a recent report, crosstalk between IL-6 with the STAT and NF-κB 
has been manifested in the COVID-19 disease burden [129]. Several 
recent literatures revealed that the cytokines involved in the COVID-19 
mostly are IL-6, IL-18, IFN-γ, IL-15, TNF-α, IL-1α, IL-1β, and IL-2, where 
none of them singly high concentration gradient to exert the pro- 
inflammatory effects as well as cellular death. At the same time, when 
TNF-α along with IFN-γ was administered, that suggested synergistic 
effects between several other cytokines on the targeted cell levels [130]. 

Although, several signaling pathways can be involved in the 

production of inflammatory cytokines, i.e. JAK/STAT, p38 MAPK, along 
with other MAPKs [131], NF-κB signaling pathway has been reported as 
the central player to produce most of the pro-inflammatory cytokines 
associated with SARS-CoV-2 infection. Particularly, inflammatory me-
diators such as IL-1, IL-6, TNF-α, CCL2/MCP-1, CCL3/MIP-1α, and − 1β/ 
CCL4 are expressed through this pathway during acute stage of COVID- 
19 patients [52]. 

However, JAK signaling pathway inhibition has been considered as 
an important treatment strategy against cytokine storm in COVID-19 
patients [132], whereas NF-κB signaling inhibition has been found 
inhibiting dominant inflammatory cytokines/chemokines such as IL-1, 
IL-6, CCL2/MCP-1, and TNF-α, which are mainly related with the dis-
ease exacerbation at cellular level [133] associated with the SARS-CoV-2 
infection, rather than cytokines which responds initially to the antiviral 
treatments e.g., IFN-γ [52,134,135] which is primarily JAK/STAT 
signaling pathway dependent. 

Despite the fact that the cytokine storm is not the primary focus of 
any of the medications commonly used to treat COVID-19, there is 
increasing evidence that it may have a substantial impact on the disease 
progression especially in patients with severe condition [136,137]. In 
the treatment of COVID-19 patients, several approaches are being fol-
lowed now a day. The treatment options include anti-viral, anti-in-
flammatory, anti-cytokine, antibiotic/anti-parasitic, and ACE 
inhibitors/angiotensin receptor blockers. Most medicines recommended 
for the treatment of COVID-19 have an anti-inflammatory profile, and 
the bulk of them would reduce the levels of IL-6 and TNF-α, cytokines 
that are important targets for COVID-19 drugs [137]. Favipiravir acts to 
reduce the level of TNF-α [138]; immunomodulatory antiviral drug IFN- 
α2b inhibits the replication of SARS-CoV, and increase the level of IL-10 
[139], and reduce the level of TNF-α [140], Remdesivir lowers the levels 
of IL-1β, IL-6, and TNF-α [137,141,142]; antineoplastic drug Ruxolitinib 
reduces the IL-6 and TNF-α level by inhibiting the JAK signaling 
pathway [88,143]. 

In addition, Azithromycine, Ivermectin, Corticosteroids, Hydroxy-
chloroquines are being used broadly in different countries, based on the 
previously discovered basic mechanism of action as immunosuppressor 
or anti-inflammatory effects, and act on reducing levels of IL-1β, IL-6, 
and TNF-α [137]; however, concrete data on the effects against the 
COVID-19 such as multiple in vivo data or clinical trial data have not 
been revealed to date may be due to lack of time or medical facilities. 

However, several reports claimed combination therapy as the 
effective ways of treating critical COVID-19 patients. An in vitro study by 
Wang et al. showed the use of Remdesivir and Chloroquine as a com-
bination therapy may control the SARS-CoV-2 infection [141]. Whereas 
Cantini et al. proposed in their systematic review that Remdesivir, 
Dexamethasone, and Baricitinib are the best combination therapy 
applicable in multiple steps of the disease progression. On the other 
hand, Sarilumab, Ruxolitinib, and Baricitinib have been withdrawn 
based on their primary data as having extra immunosuppressive prop-
erties [144,145]. 

Taken together, in this article we tried to shed a light on the recent 

Table 7 
Clinical trial data on TMPRSS2 inhibitors in COVID-19.  

Drug Under Investigation Aim of The Trial. Status of 
Clinical Trial 

Location Results from 
The Trial 

References 

Camostat To determine the therapeutic effect and tolerance of Camostat mesylate, compared 
to placebo in adult patients with ambulatory COVID-19 disease 

Recruiting France No results 
posted 

[113]  

To assess the impact of Camostat in COVID-19 disease. Active, not 
recruiting 

Denmark, 
Sweden 

No results 
posted 

[114]  

The assess the potential of Oral Camostat in Early COVID-19 Disease in an 
Ambulatory Setting to Reduce Viral Load and Disease Burden 

Recruiting Belgium No results 
posted 

[115]  

To determine if camostat can reduce the clinical progression of COVID-19 and 
therefore the need for hospital admission and supplemental oxygen. 

Recruiting United 
Kingdom 

No results 
posted. 

[116] 

Convalescent plasma and 
Camostat mesylate. 

To evaluate the safety and efficacy of convalescent serum (CP) or Camostat 
mesylate with control or placebo in adult patients diagnosed with SARS-CoV-2 and 
high risk for moderate/severe COVID-19. 

Recruiting Germany No results 
posted 

[117]  

Table 8 
Clinical trial data on Cathepsin inhibitors in COVID-19.  

Drug Under 
Investigation 

Aim of The 
Trial. 

Status of 
Clinical Trial 

Location Results 
from 
The 
Trial 

References 

Teicoplanin To 
Evaluate 
the effect 
of 
Ticoplanin 
in patients 
with 
COVID-19 

Recruitment 
complete 

Iran No 
results 
posted 

[121]  
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management strategies of COVID-19 in the context of cytokine storm 
induced disease burden. Although, it is considered that vaccines are the 
best way to prevent the pandemic situation, due to insufficient pro-
duction and distribution facilities compared with the world demand, 
prevention are not being gained successfully within a short. At the same 
time, several reports claiming the side effects about the vaccines in 
various countries, although concrete proof has not been found, people 
became confused to take the vaccine for their protection against COVID- 
19. Therefore, repurposing of drugs has become the major concern to 
lessen disease severity and mortality, although during convalescent 
plasma treatment, there was evidence of negative viral loading, proper 
source/donor is difficult sometimes when needed. Similarly, selecting 
treatment strategies based on concrete research is recommended. In fine, 
when treating the SARS-CoV-2 infected patients, proper knowledge on 
the drug safety and use, drug-drug interaction, side effects, and patient 
tolerance must be considered as the priority to reduce the post-treatment 
drug-caused health hazard. 
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TMPRSS2 interplay may be the main risk factor for COVID-19, Front. Immunol. 
11 (2020), https://doi.org/10.3389/fimmu.2020.576745. 

[27] S. Ullrich, C. Nitsche, The SARS-CoV-2 main protease as drug target, Bioorg. Med. 
Chem. Lett. 30 (2020), https://doi.org/10.1016/j.bmcl.2020.127377. 

[28] Y. Jiang, W. Yin, H.E. Xu, RNA-dependent RNA polymerase: structure, 
mechanism, and drug discovery for COVID-19, Biochem. Biophys. Res. Commun. 
538 (2021) 47–53, https://doi.org/10.1016/j.bbrc.2020.08.116. 

[29] E. Milanetti, M. Miotto, L. Di Rienzo, M. Monti, G. Gosti, G. Ruocco, In-Silico 
evidence for two receptors based strategy of SARS-CoV-2, Phys. Q-Bio. (2020). 
ArXiv200311107 (accessed February 24, 2021), http://arxiv.org/abs/2 
003.11107. 

[30] D. Ragab, H. Salah Eldin, M. Taeimah, R. Khattab, R. Salem, The COVID-19 
cytokine storm; What we know so far, Front. Immunol. 11 (2020) 1446, https:// 
doi.org/10.3389/fimmu.2020.01446. 

[31] Y. Tang, J. Liu, D. Zhang, Z. Xu, J. Ji, C. Wen, Cytokine storm in COVID-19: the 
current evidence and treatment strategies, Front. Immunol. 11 (2020) 1708, 
https://doi.org/10.3389/fimmu.2020.01708. 

[32] P. Sinha, M.A. Matthay, C.S. Calfee, Is a “Cytokine Storm” relevant to COVID-19? 
JAMA Intern. Med. 180 (2020) 1152, https://doi.org/10.1001/ 
jamainternmed.2020.3313. 

H. Sunkara and S.M.R. Dewan                                                                                                                                                                                                              

https://doi.org/10.1016/j.bj.2020.04.007
https://doi.org/10.1016/j.bj.2020.04.007
https://doi.org/10.1016/j.vetmic.2020.108693
https://doi.org/10.1016/j.vetmic.2020.108693
https://coronavirus.jhu.edu/map.html
https://coronavirus.jhu.edu/map.html
http://refhub.elsevier.com/S1567-5769(21)00685-8/h0020
http://refhub.elsevier.com/S1567-5769(21)00685-8/h0020
http://refhub.elsevier.com/S1567-5769(21)00685-8/h0020
https://doi.org/10.1093/database/bau021
https://doi.org/10.1093/database/bau021
https://doi.org/10.1007/s42399-020-00498-4
https://doi.org/10.1007/s42399-020-00498-4
https://doi.org/10.1016/S2213-2600(20)30165-X
https://doi.org/10.1016/S2213-2600(20)30165-X
https://doi.org/10.1097/01.inf.0000188166.17324.60
https://doi.org/10.1097/01.inf.0000188166.17324.60
https://doi.org/10.1590/s1677-5538.ibju.2020.s101
https://doi.org/10.1136/bmj.m4857
https://doi.org/10.1016/j.bios.2020.112455
https://doi.org/10.1016/j.bios.2020.112455
https://doi.org/10.1371/journal.ppat.1008762
https://doi.org/10.1371/journal.ppat.1008762
https://doi.org/10.1016/j.ijid.2020.04.090
https://doi.org/10.1101/2020.06.25.172403
https://doi.org/10.1101/2020.06.25.172403
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1183/13993003.00688-2020
https://doi.org/10.1101/2020.03.14.988345
https://doi.org/10.1101/2020.03.14.988345
https://doi.org/10.1016/j.stem.2020.09.013
https://doi.org/10.1126/science.abd3072
https://doi.org/10.1126/science.abd3072
https://doi.org/10.1101/2020.07.17.209288
https://doi.org/10.1101/2020.07.17.209288
https://doi.org/10.1186/s12931-020-01445-6
https://doi.org/10.1186/s12931-020-01445-6
https://doi.org/10.1101/2020.03.21.20040261
https://doi.org/10.1101/2020.03.21.20040261
https://doi.org/10.1016/j.biochi.2020.05.012
https://doi.org/10.3389/fimmu.2020.576745
https://doi.org/10.1016/j.bmcl.2020.127377
https://doi.org/10.1016/j.bbrc.2020.08.116
http://arxiv.org/abs/2003.11107
http://arxiv.org/abs/2003.11107
https://doi.org/10.3389/fimmu.2020.01446
https://doi.org/10.3389/fimmu.2020.01446
https://doi.org/10.3389/fimmu.2020.01708
https://doi.org/10.1001/jamainternmed.2020.3313
https://doi.org/10.1001/jamainternmed.2020.3313


International Immunopharmacology 99 (2021) 108049

12

[33] D.C. Fajgenbaum, C.H. June, Cytokine storm, N. Engl. J. Med. 383 (2020) 
2255–2273, https://doi.org/10.1056/NEJMra2026131. 

[34] T. Liu, L. Zhang, D. Joo, S.-C. Sun, NF-κB signaling in inflammation, Signal 
Transduct. Target. Ther. 2 (2017), https://doi.org/10.1038/sigtrans.2017.23. 

[35] S. Satarker, A.A. Tom, R.A. Shaji, A. Alosious, M. Luvis, M. Nampoothiri, JAK- 
STAT pathway inhibition and their implications in COVID-19 therapy, Postgrad. 
Med. (2020) 1–19, https://doi.org/10.1080/00325481.2020.1855921. 

[36] P. Pahan, K. Pahan, Smooth or risky revisit of an old malaria drug for COVID-19? 
J. Neuroimmune Pharmacol. Off. J. Soc. NeuroImmune Pharmacol. 15 (2020) 
174–180, https://doi.org/10.1007/s11481-020-09923-w. 

[37] A. Hariharan, A.R. Hakeem, S. Radhakrishnan, M.S. Reddy, M. Rela, The role and 
therapeutic potential of NF-kappa-B pathway in severe COVID-19 patients, 
Inflammopharmacology 29 (2021) 91–100, https://doi.org/10.1007/s10787- 
020-00773-9. 

[38] C. Huang, Y. Wang, X. Li, L. Ren, J. Zhao, Y. Hu, L. Zhang, G. Fan, J. Xu, X. Gu, 
Z. Cheng, T. Yu, J. Xia, Y. Wei, W. Wu, X. Xie, W. Yin, H. Li, M. Liu, Y. Xiao, 
H. Gao, L. Guo, J. Xie, G. Wang, R. Jiang, Z. Gao, Q. Jin, J. Wang, B. Cao, Clinical 
features of patients infected with 20*19 novel coronavirus in Wuhan, China, The 
Lancet. 395 (2020) 497–506, https://doi.org/10.1016/S0140-6736(20)30183-5. 

[39] M.D. Turner, B. Nedjai, T. Hurst, D.J. Pennington, Cytokines and chemokines: at 
the crossroads of cell signalling and inflammatory disease, Biochim. Biophys. 
Acta. 2014 (1843) 2563–2582, https://doi.org/10.1016/j.bbamcr.2014.05.014. 

[40] M.J. Cameron, D.J. Kelvin, Cytokines, Chemokines and Their Receptors, Landes 
Bioscience, 2013. https://www.ncbi.nlm.nih.gov/books/NBK6294/ (accessed 
February 24, 2021). 

[41] W. Wenjun, L. Xiaoqing, W. Sipei, L. Puyi, H. Liyan, L. Yimin, C. Linling, C. Sibei, 
N. Lingbo, L. Yongping, H. Jianxing, The definition and risks of Cytokine Release 
Syndrome-Like in 11 COVID-19-Infected Pneumonia critically ill patients: disease 
characteristics and retrospective analysis, Intens. Care Critical Care Med. (2020), 
https://doi.org/10.1101/2020.02.26.20026989. 

[42] Y. Liu, A.T. Holdbrooks, P. De Sarno, A.L. Rowse, L.L. Yanagisawa, B. 
C. McFarland, L.E. Harrington, C. Raman, S. Sabbaj, E.N. Benveniste, H. Qin, 
Therapeutic efficacy of suppressing the Jak/STAT pathway in multiple models of 
experimental autoimmune encephalomyelitis, J. Immunol. Baltim. Md 1950 
(192) (2014) 59–72, https://doi.org/10.4049/jimmunol.1301513. 

[43] J. Lorenzo, The effects of immune cell products (Cytokines and Hematopoietic 
Cell Growth Factors) on bone cells, in: Osteoimmunology, Elsevier, 2016, 
pp. 143–167, https://doi.org/10.1016/B978-0-12-800571-2.00009-8. 

[44] F. van Roy, V. Nimmrich, A. Bespalov, A. Möller, H. Hara, J.P. Turowec, N.A. St. 
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