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ARTICLE INFO ABSTRACT

Keywords: The coronavirus disease (COVID-19) has once again reminded us of the significance of host immune response and
COVID-19 consequential havocs of the immune dysregulation. The severe acute respiratory syndrome coronavirus-2 (SARS-
SARS-CoV-2

CoV-2) inflicts severe complications to the infected host, including cough, dyspnoea, fever, septic shock, acute
respiratory distress syndrome (ARDs), and multiple organ failure. These manifestations are the consequence of
Novel coronavirts the dysregulated immune system, which gives rise to excessive and unattended production of pro-inflammatory
Inflammation mediators. Elevated circulatory cytokine and chemokine levels are accompanied by spontaneous haemorrhage,
Severe acute respiratory syndrome thrombocytopenia and systemic inflammation, which are the cardinal features of life-threatening cytokine storm
syndrome in advanced COVID-19 diseases. Coronavirus hijacked NF-kappa B (NF-kB) is responsible for upre-
gulating the expressions of inflammatory cytokine, chemokine, alarmins and inducible enzymes, which paves the
pathway for cytokine storm. Given the scenario, the systemic approach of simultaneous inhibition of NF-«B offers
an attractive therapeutic intervention. Targeted therapies with proteasome inhibitor (VL-01, bortezomib, car-
filzomib and ixazomib), bruton tyrosine kinase inhibitor (acalabrutinib), nucleotide analogue (remdesivir), TNF-
o monoclonal antibodies (infliximab and adalimumab), N-acetylcysteine and corticosteroids (dexamethasone),
focusing the NF-kB inhibition have demonstrated effectiveness in terms of the significant decrease in morbidity
and mortality in severe COVID-19 patients. Hence, this review highlights the activation, signal transduction and
cross-talk of NF-kB with regard to cytokine storm in COVID-19. Moreover, the development of therapeutic
strategies based on NF-kB inhibition are also discussed herein.

NF-«xB
Cytokine storm

1. Introduction syndrome (ARDs), progressive respiratory epithelial damage and mul-
tiple organ failure [1,2]. A close comparison between the clinical

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) manifestation of severely ill cases to patients with mild symptoms of
infected patients present a wide range of clinical features, including coronavirus disease 2019 (COVID-19) represents hyperactivated and
moderate febrility, cough, septic shock, acute respiratory distress dysregulated systemic inflammation [3,4]. In addition, elevated
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cytokine and chemokine levels are significantly higher in critically ill
patients, suggestive of a life-threatening syndrome known as “cytokine
storm” [5,6].

The recent pandemic of SARS-CoV-2 has once again reminded us of
the significance of host immune response and consequential havocs of
immune dysregulation. The term “cytokine storm” was coined more
than two decades ago to define medical conditions associated with the
use of muromonab-CD3 (OKT3) for allograft rejection [7]. This term was
alternatively used in literature for engraftment syndrome of acute graft-
versus-host disease after allogeneic hematopoietic stem-cell trans-
plantation [8]. The gradual increase in the chimeric antigen receptor
(CAR) T-cell therapy over the years further strengthened the narrative of
cytokines storm [9-12]. Cytokine storm can be broadly classified as a
systemic inflammatory syndrome, responsible for epithelial damage,
capillary leakage and multi-organ tissue damage. It can be induced by
numerous endo- and exogenous factors, such as bacterial and viral
infection, immunotherapies and autoimmune disorders [13-15]. From a
historical perspective, cytokine storm was suspected of contributing to
the lethality of the 1918-1919 influenza pandemic. Lately, scientists
reconstructed the HIN1 virus from the 1918 pandemic and evaluated its
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effect on animal models. The inoculation of strain resulted in pulmonary
inflammation, acute lung injury and loss of alveolar function [16].
Hence, it was hypothesized that the host immune response towards the
pathogen recognition but not the pathogen itself contributes to multi-
organ dysfunction and cytokine storm in severe acute respiratory syn-
drome (SARS) and COVID-19 [17].

The nuclear factor kappa-light-chain enhancer of activated B cells
(NF-xB) was discovered almost three decades ago. Since then, it has been
used as an inducible transcription model due to its numerous patho-
physiological effects and therapeutic applications [18,19]. Nonetheless,
the functional diversity of NF-kB still raises concerns about how a small
group of signalling mediators integrates a wide range of stimulus into
cell type- and stimulus-specific responses. Studies have confirmed that
NF-xB does not work alone; instead, its cross-talk interaction with other
signalling pathways orchestrates diverse NF-kB responses [20,21].
Furthermore, the pathogenesis of critically ill COVID-19 cases has been
associated with the NF-kB signalling pathway [22,23]. These implica-
tions are based on the studies carried out during the severe acute res-
piratory syndrome coronavirus (SARS-CoV) and Middle East respiratory
syndrome coronavirus (MERS-CoV) pandemics. Numerous viral
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Fig. 1. Canonical and non-canonical NF-kB pathways. Under resting states, inhibitory IkB proteins are bound to NF-kB dimers, which restrict the complexes of NF-xB
to the cytoplasm. Stimulus-dependent degradation takes place through phosphorylation of IkB proteins by IkB kinase (IKK) complex, which consists of two cata-
lytically active kinases, IKKa and IKKp, and the regulatory subunit IKKy (NEMO). Once phosphorylated, IkB proteins undergo extensive ubiquitination and pro-
teasomal degradation, which sets the bound NF-kB dimers free for nuclear translocation. NF-kB signalling is divided into canonical and non-canonical pathways. The
induction of the canonical pathway, which is represented as TNFR1 signalling (left), mainly involves physiological NF-kB stimulus, including tumour necrosis factor
(TNF), IL-1 and Toll-like receptor ligands, such as lipopolysaccharide (LPS). Stimulus-induced IkBoa phosphorylation takes place in IKKB- and NEMO-dependent
manner, which allows the p65 and p50-containing heterodimers to translocate into the nucleus. The activation of this pathway significantly upregulates the
expression of genes involved in inflammation, angiogenesis, cell proliferation and metastasis. On the contrary, the non-canonical pathway (right) can be stimulated
by specific TNF family cytokines, including lymphotoxin p (LT-B), B cell-activating factor of the TNF family (BAFF), CD40+ligand (CD40+ L) and receptor activator
of NF-xB ligand (RANKL). IKKa-derived p100 phosphorylation takes place in RelB dependent manner that results in the production of transcriptionally active p52-
RelB complexes and activation of this pathway. The non-canonical pathway is involved in the induction of genes associated with B cell survival and maturation,
tumour microenvironment, differentiation, secondary lymphoid organ development and maintenance.
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proteins, including nucleocapsid, spike, SARS-CoV-2 non-structural
protein (nsp) 1, nsp3a, and nsp7a can hyperactivate the NF-kB, which
propagates cytokines storm and contributes to the multi-organ damage
leading to a high fatality rate [24,25]. Based on the facts and current
COVID-19 scenario, the inhibition of the NF-kB signalling pathway as a
therapeutic intervention seems to be an inevitable hypothesis for future
studies.

2. NF-xB pathways; canonical and non-canonical

Transcription factors of NF-kB consist of RelA (p65), RelB, and c-Rel
in mammals. Two precursor proteins, including NF-kB1(p105) and NF-
kB2 (p100) are also part of Rel homology, which are processed and
converted to p50 and p52, respectively [26,27]. Rel homology domain
coexists in all the NF-xB proteins, which has a significant role in DNA
binding and dimerization. Under the resting condition, negative regu-
latory IkB proteins are bound with NF-xB dimers, which confine the
dimers to the cytoplasm [28,29]. Upon receiving the stimulus, the IxB
kinase (IKK) complex degrades IkB proteins through phosphorylation
[30]. Once phosphorylated, IkB proteins are prone to proteasomal
degradation and ubiquitination, resulting in the release of bound NF-xkB
dimers and translocation to the nucleus (Fig. 1) [20,29]. The tran-
scriptional activity of NF-kB is further regulated by post-translational
modifications (PTMs) [31,32].

Intercellularly, NF-kB activating pathway can be subdivided into
canonical and non-canonical pathways [33,34]. Overall, the majority of
physiological NF-kB stimuli originating from cytokine receptors,
including interleukin 1 (IL-1) receptor (IL-1R) [35,36], antigen- and
pattern-recognition receptors, and toll-like receptor 4 (TLR4), can
induce canonical pathway [37,38]. Canonical pathway relies on IKKp
kinase and NF-xB essential modulator (NEMO) subunit for the IxBa
phosphorylation and p65-heterodimers nuclear translocation [39]
(Fig. 1). In contrast, activation of non-canonical pathway is selective and
responds to discrete stimulus including ligands of tumour necrosis factor
receptor (TNFR) superfamily members such as lymphotoxin-p receptor
(LTBR) [40], B-cell activating factor receptor (BAFFR) [41], cluster of
differentiation 40 (CD40™) and receptor activator of NF-kB (RANK) [42-
44]. The non-canonical pathway relies on p100 associated RelB phos-
phorylation by IKKa, which leads to the p100 proteasomal processing
and production of p52-RelB complexes [26,34] (Fig. 1). Generally, a
canonical pathway is more functional in immune responses related to
infections, physical and chemical injuries [45,46]. Whereas, non-
canonical pathway serves as a supplementary signalling axis and sup-
ports the canonical pathway in modulating actions required by the
adaptive immune system [33,34,47].

3. SARS-CoV-2 activated NF-kB pathway

Pro-inflammatory cytokines, oxidative stress, bacterial and viral in-
fections have the potential to elicit NF-kB activation [48]. These insti-
gating factors are responsible for NF-kB-derived generalized or/and
specific immune responses [26,49]. Activated NF-xB participates in a
wide range of cell signalling pathways involved in cell differentiation,
proliferation, survival, cellular communication, and immunomodula-
tion [18,50,51]. Hence, it is not surprising that dysfunction of NF-kB is
linked with inflammatory and autoimmune disorders, metabolic dis-
eases, and progression of cancers [52-54]. Likewise, high fatality rates in
viral infections are also linked with excessive NF-kB activation. Studies
conducted during SARS-CoV and MERS-CoV outbreaks highlighted viral
proteins (nsp1, nsp3a, nsp7a, spike, and nucleocapsid) with the poten-
tial to overdrive NF-kB transcriptional activity [24,55]. It is noteworthy
that SARS-CoV-2 shares the replication and NF-xB activation pathways
with stranded positive RNA genomes of coronaviridae [56]. The most
crucial step in the replication of a positive-stranded RNA virus is the
production of a negative-stranded copy of the genome [57]. The nega-
tive strand serves as a template for the viral RNA-dependent RNA
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polymerase for genome replication. Multiplication of SARS-CoV-2 be-
gins the production and accumulation of dsRNA (called transcriptive
intermediate) in the host [58,59]. Interferon (INF)-induced dsRNA-
dependent protein kinase (PKR) plays two significant roles at this
point. Initially, the threonine-derived kinases (PKR) prompt an innate
immune response, terminating the translation processes to prevent viral
replication in infected cells. Secondly, dsRNA bound PKR activates IkB
kinase (IKK), which triggers the IxkBa and IKKp degradation with sub-
sequent release of NF-kB and activation of the canonical pathway
[60,61]. Additionally, PKR upregulates the expressions of TNF-a, which
consequently ends up in the activation of the non-canonical pathway
(Fig. 2) [39,62]. Altogether, this produces rapid and short-acting in-
flammatory responses by activating the canonical pathway [63,64]. In
contrast, non-canonical pathway activation leads to dawdling yet long-
lasting production of pro-inflammatory mediators [39,65].

4. Cross-talk interactions between NF-xB and non-NF-xB
pathways

Janus Kinase (JAK) and signal transduction activator of transcription
factor 3 (STAT3) are required for the complete activation of NF-kB
[66,67]. Pro-inflammatory IL-6 serves as a major stimulator of the JAK-
STAT pathway [68,69]. The binding of IL-6 allows phosphorylated
STATS to translocate into the nucleus and promote the reduction of IFN-
y [22,70]. Studies have indicated that NF-kB and JAK-STAT activation
has the potential to induce IL-6 amplifier response (IL-6 Amp) in COVID-
19. IL-6 Amp reciprocally promotes multi-inflammatory responses by
reactivating the NF-xB via STAT3 [71-73] (Fig. 2). It is worth
mentioning that IL-6 also serves as a significant cellular senescence
marker that tends to increase progressively with aging [74,75]. As part
of the viral replication process, DNA damage is almost inevitable in the
elderly age group and advanced COVID-19 cases. At this point, damaged
host DNA losses control of the stimulator of interferon genes (STING),
which generally serves as a key player in host defence against pathogens
[76-78]. Dysregulated STING induces INF regulatory factor 3 (IRF 3),
bolsters IFN-p production, and activates NF-kB canonical pathway
[79,80]. IFN-B production produces delayed yet long-lasting detrimental
effects via aggravating multiple innate immune responses in infected
hosts [79,80].

Similarly, coronavirus hijacked mitogen-activated protein kinases
(MAPKs) is another major cell signalling pathway involved in the
hyperactivation of NF-kB [81,82]. MAPK pathway consists of serine-
threonine kinases; these functional proteins relay, amplify and inte-
grate signals from a diverse range of stimuli that allows the human body
to withstand oxidative stress and inflammation [83,84]. Jun amino-
terminal kinases (JNK), P38, and extracellular signal-regulated kinases
(ERK1/2) are involved in acute respiratory viral infections induced
pathogenesis [85,86]. A late study by Park, et al. [87] suggested that
P38-MAPK and their cross-talk interaction with NF-xB activate the
renin-angiotensin system, which results in the excessive production of
angiotensin IT (ANG II). Moreover, the activation of NF-kB by P38-MAPK
upregulates the expression of TNF-a and IL-1p [88]. Consequently, this
cross-talk interaction increases systemic levels of Ang II, TNF-a, and IL-
1B, which collectively promote thromboembolism by creating an
imbalance between prothrombic and fibrinolytic cascades [34,89].
Additionally, activation of angiotensin-1-receptor (AT1R) imparts pro-
inflammatory cytokine activity to Ang II, which is capable of inducing
NF-kB, disintegrin and metalloprotease 17 (ADAM17) [90]. Altogether,
activation of NF-kB, disintegrin, and ADAM17 promotes the production
of TNF-a and epidermal growth factor receptor (EGFR) ligands which
propagates the NF-kB self-activating cycle [22,91] (Fig. 2).

5. NF-kB cascade and cytokine storm

Exacerbation of inflammatory immune responses is common and
life-threatening clinical manifestations observed in critical care patients
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Fig. 2. Activation of NF-kB pathway and its cross-talk with cell signalling pathways in cytokine storm. Angiotensin-converting enzyme 2 (ACE2) receptor serves as a
binding and entry site for SARS-CoV-2. Upon binding, SARS-CoV-2 activates the serine protease TMPRSS2, allowing viral access into the host cell through endo-
cytosis. While inside the endosomes, single-stranded viral RNA activates the two toll-like receptors (TLR), including TLR7 and TLR8. As the double-stranded RNA
starts to accumulate due to the viral replication, it gets quickly identified by TLR3, resulting in the activation of TLR7/8 and TLR3. Activation of these receptors,
followed by the recruitment of signal transfer proteins MyD88, IRAK, IKKe and TRAF6, upregulate the transcription of the interferon-regulator factor (IRF) family.
Activation of TLR7/8- and TLR3-derived IKK (IkB kinases) pave the pathway for the phosphorylation of inhibitory IkBa, followed by ubiquitination and proteasomal
degradation, which results in the translocation of NF-kB heterodimer complexes to the nucleus. The final activation sequence involves the NF-xB cross-talk with
numerous cytokine and TLR-mediated cell signalling pathways that depend upon the binding of TNFa and IL-1 to TLR4. Subsequently, the spike proteins of SARS-
CoV-2 have been shown to induce TLR4-mediated and endoplasmic reticulum (ER) stress-induced NF-kB activation. Moreover, IFN-a/f binding with IFNR dimer
receptors activates the JAK-STAT pathway, which renders the production and subsequent nuclear translocation of STAT1, STAT2 and IRF9 complex. The complex
potentiates the transcriptional activity of NF-kB and IFN-stimulated genes (ISG). Additionally, activation of angiotensin-1-receptor (AT1R) imparts pro-inflammatory
cytokine activity to angiotensin II, which is capable of inducing NF-kB, disintegrin and metalloprotease 17 (ADAM17). Altogether, activation of NF-kB, disintegrin
and ADAM17 promotes the production of TNF- a and epidermal growth factor receptor (EGFR) ligands, which promote the self-activating of NF-kB cycle. Hyper-
activation of NF-kB upregulates the expression of multiple genes involved in the production of inflammatory cytokine, chemokines, adhesion molecules, and acute-

phase proteins.

[1,92,93]. Cytokines storm is a commonly used term to describe virus-
induced elevated systemic levels of cytokines and chemokines
including IL-1a, IL-7, IL-8, IL-9, IL-10, G-CSF, GM-CSF, IFN- y, IP-10,
MCP-1, MIP-1B, PDGF, TNF-a, and VEGF [94,95]. Elevated levels of
these pro-inflammatory cytokines play a significant role in the morbidity
and mortality of SARS-CoV-2 infections [1,93]. Cytokines storm can be
characterized into three distinct immunotypes based on its CD" cell
activation and relative severity. Activation of CD4" T and effector CD8™"
T cells of immunotype I takes place in severe disease. Moreover, sub-
mucosal macrophages, mast cells, monocytes, and dendritic cells are
also hyperactivated in immunotype-I [96,97]. Due to the lesser extent of
CD4" T activation and memory B cells, only intermediate clinical
manifestations are observed in immunotype-II [98]. Whereas, due to
mere lymphocyte activation and mild clinical symptoms, immunotype-
III has the least clinical significance.

Nucleocapsid and spike protein-induced NF-kB activation signifi-
cantly increase the turnover of pro-inflammatory cytokines [25,99].
More robust immune responses to viral infection were observed in aged
macaques than the younger group. Comprehensive genomic analyses
confirmed that hyper-immune response in the aged group was due to the
upregulated differential expression of NF-kB [100]. Activated NF-kB is
pivotal for the full-blown cytokine storm as it upregulates the expression
and production of inflammatory cytokines and chemokines (TNF-a, IL-
1B, IL-6, IL-8, and MCP-1) involved acute inflammatory response

[25,99]. Inflammatory phenotypes with NF-xB down signalling mole-
cules not only damage the alveolar epithelium but prolong activation
can lead to complete loss of alveolar function [101]. Pulmonary
epithelium transcriptome analysis of deceased COVID-19 patients
exhibited upregulated NF-kB expression, accompanied with oedema,
pulmonary inflammation with destructed epithelial lining [102].

Spike protein subunit 1 (CoV2-S1) of SARS-CoV-2 has been identified
as a potent cytokine storm inducer in COVID-19. This subunit has a high
binding affinity towards the ACE2 receptor, which empowers CoV2-S1
to activate NF-kB more aggressively than CoV-S1 [103,104]. Owing to
its ability to induce the NF-kB, CoV2-S1 exponentially increases the
production of IL-1f, TNF-a, IL-6, and CCL2 [105]. Thus, an outburst of
pro-inflammatory cytokines and chemokines starts with the interaction
of CoV2-S1 with human ACE2 receptors. This cross-interaction is only
possible with subsequent activation of endoplasmic reticulum (ER)
stress, unfolded protein response (UPR), and MAP kinase signalling
pathways (Fig. 2)[104,106]. Once CoV2-S1-induced NF-kB activation is
achieved, inflammatory signalling pathways go haywire and peripheral
blood mononuclear cells (PBMC) starts producing chemokine ligand
subfamilies including chemokine ligand (CCL) 2, CCL7, CCL8, CCL24,
CCL20, CCL13, CCL3, along with C-X-C motifs (CXC) chemokine ligand
such as (CXCL) 2 and CXCL10 [105]. As the production of IL-1§ in-
creases, it gives rise to a spontaneous upsurge of IL1R1, MYD88, IRAK1,
TRAF6, NF-kBIA, NF-kBl, and RELA. Additionally, NF-xB derived
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transcriptional gene expressions reciprocate with the downstream sig-
nalling molecules of TLR4; CD14, MYD88, IRAK1, TRAF6, TIRAP, and
TICAM, which initiates and promote the vicious self-activating cycle of
the NF-kB pathway (Fig. 2) [105,107].

6. Clinical and laboratory findings

Cytokine storm is a compendium of several immune dysregulations
categorized by generalized systemic inflammation, multi-organ failures,
pulmonary and extrapulmonary clinical manifestations (Fig. 3) [108].
Though the initial symptoms of cytokine storm may differ depending
upon the triggering factor, however later stages of the syndrome present
overlapping clinical manifestations [109,110]. The presence of fever is
predominant in almost all the patients, while a degree of fever from mild
to high grade depends upon the severity of cytokine storm [111].
Furthermore, a patient may also present rash, headache, fatigue,
anorexia, arthralgia, myalgia, and neuropsychiatric findings (Fig. 3).
The cellular damage caused by the high cytokine plasma concentrations
and immune cell-mediated responses paves the pathway for these clin-
ical features [112,113]. As the patient reaches the advanced stage of
syndrome, systemic intravascular coagulation is often presented with
imbalanced haemostatics, peripheral venous block, haemorrhagic
stroke, and hypotensive vasodilatory shock [113]. These are often
accompanied by pulmonary symptoms, including dyspnoea, cough,
tachypnoea, and ARDs, which may require mechanical ventilation due
to the low oxygen saturation [114]. Spontaneous haemorrhages are very
common due to thrombocytopenia, hyper inflammation, and coagul-
opathy. The patients at the advanced stage start presenting organ-
specific manifestations, including takotsubo-like cardiomyopathy,
acute renal and hepatic failure [115,116]. Surprisingly, patients may
also mimic the symptoms of high-dose IL-2 treated cancer patients, such
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as capillary leak syndrome, anasarca with renal inefficiency, and
endothelial-cell death [117]. Effector T cells-induced neurotoxicity
syndrome is the driving force of neurological symptoms. Although
neurological manifestations take several weeks to present but once
presented, they persist for an extended period [109].

The C-reactive protein, which serves as a classical non-specific in-
flammatory marker, is generally elevated and corresponds to the
severity of the syndrome [118,119]. Abnormalities in the blood count,
including leukopenia, thrombocytopenia, leucocytosis, and anaemia are
present in nearly all patients with cytokine storm [120,121]. Moreover,
hypertriglyceridemia, along with elevated ferritin and d-dimer levels,
have been frequently observed in laboratory findings. The aberration in
the blood composition is often linked with cytokine-stimulated changes
in the production and release of the cells from bone marrow [120]. In
addition, immune-mediated destruction and chemokine-induced
migration are also responsible for the changes in circulating cell
counts. The complete list of elevated cytokines is given in Table 1, but
elevated levels of chemokines induced by INF-y, IL-6, IL-10, and IL-2
receptors are almost present in the majority of the patients [111].

Detailed laboratory workup and improved clinical outcomes of im-
munosuppressants in severely ill cases highlight the role of cytokine
storm in COVID-19 [122-124]. An abnormal elevation of immunological
markers is observed almost in all the COVID-19 patients. However, it is
difficult to predict whether these markers are elevated due to the hy-
perimmune response, inability to hamper viral replication, or pre-
existing underlining comorbidities [125]. In most cases, cytokine
levels (e.g., INF-a, INF-y, and TNF-a) are directly proportional to the
nasopharyngeal viral load. The viral loads in the severe cases are higher
than moderate ones, suggesting that the viral burden is positively related
to the hyperactive immune response [125]. In addition, the presence of
autoantibodies for type I INF and erroneous type 1 INF immunity in
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Fig. 3. Clinical features and laboratory findings are essential for the accurate diagnosis of cytokine storm in COVID-19. Although, an extensive list of clinical
manifestations and laboratory abnormalities are observed in a cytokine storm. Nonetheless, all cases exhibit increased cytokine levels and acute systemic inflam-
matory symptoms are often accompanied by secondary organ damage, including renal failure, hepatic dysfunction and acute respiratory distress syndrome (ARDS).
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Table 1

Common inflammatory mediators and immune cells involved in cytokine storm.

Mediato

Origin

Action, function and mechanism

Cytokines and growth factors

1L-1 Macrophages, epithelial Pro-inflammatory alarmin cytokine;
cells; pyroptotic cells pyrogenic activity, activates
macrophage and Th17 cell [190]
1L-2 T cells Effector T-cell and regulatory T-cell
growth factor [191]
IL-6 Macrophages, T cells, Pyrogenic cytokine with pro-
endothelial cells inflammatory activity, stimulate
acute-phase reactions and antibody
production[192]
1L-9 Th9 cells Defence against helminth infections,
activates mast cells, association with
type I interferon in COVID-19
[125,193]
1L-10 Regulatory T cells, Th9 Anti-inflammatory cytokine; inhibit
cells Th1 and cytokine release[194]
IL-12 Dendritic cells, Th1 pathway activation; induce Th1
macrophages cells for INF-y release; activate CTLs
and NK cells; show synergism with IL-
18 [195]
1L-17 Th17 cells, NK cells, Activate and propagate neutrophilic
group 3 innate lymphoid inflammation; protect against
cells infections[196]
IL-18 Monocytes, macrophages, Alarmin cytokine with pro-
dendritic cells inflammatory function; activation of
Th1 pathway, exhibit synergism with
IL-12 [197]
1L-33 Macrophages, dendritic Pro-inflammatory cytokine with
cells, mast cells, epithelial alarmin function; potentiates Th1 and
cells Th2 cells, NK cells, CTLs, and mast
cells [198]
INF-y Th1, CTLs, group 1 innate  Pro-inflammatory cytokine;
lymphoid and NK cells macrophages stimulation [125,168]
TNF Macrophages, T cells, NK Pro-inflammatory cytokine with
cells, mast cells pyrogenic function, increase vascular
permeability[168]
GM-CSF Th17 cells Pro-inflammatory cytokine [199]
VEGF Macrophages Promotes angiogenesis [200,201]
Chemokines

IL-8 (CXCL8)

MIG (CXCL9)

Macrophages, epithelial
cells

Monocytes, endothelial
cells, keratinocytes

Chemotactic agent of neutrophils
[202,203]

INF-stimulated chemokine;
employment of Thl cells, NK cells,
plasmacytoid dendritic cells [24,105]

1P-10 Monocytes, endothelial Recruitment of macrophages, Th1l
(CXCL10) cells, keratinocytes cells, NK cells; INF-induced
chemokine [204,205]
MCP-1 Macrophages, dendritic Chemotactic agent of Th2 cells,
(CCL2) cells, cardiac myocytes monocytes, dendritic cells, basophils
[206,207]
MIP-1a Monocytes, neutrophils, Chemotactic agent of macrophages,
(CCL3) dendritic cells, NK cells, Th1 cells, NK cells, eosinophils,
mast cells dendritic cells; pyrogenic function
[207]

MIP-1p Macrophages, Recruitment of macrophages, Th1l
(CCL4) neutrophils, endothelium cells, NK cells, dendritic cells [208]
BLC B cells, follicular dendritic ~ Recruitment of B cells, CD4" T cells,

(CXCL13) cells dendritic cells [209]

Plasma proteins

CRP

Complement

Ferritin

Hepatocytes

Hepatocytes, other cells

Ubiquitous

Monomeric CRP increases IL-8 and
MCP-1 production; IL-6 induced
upregulated expression of CRP
[186,210]

Amplify tissue damage in cytokine
storm; suppression of complement
system abrogates pathophysiological
effects of cytokine storm [211,212]
Primary intracellular storage site of
iron [210,213]

Note: BLC B-lymphocyte chemoattractant; COVID-19 coronavirus disease 2019;
CRP C-reactive protein; CTLs cytotoxic T lymphocytes; CXCL C-X-C motif che-
mokine ligand; GM-CSF granulocyte-macrophage colony-stimulating factor; IP-
10 interferon-inducible protein 10; MCP-1 monocyte chemoattractant protein 1;
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MIG monokine induced by interferon-y; MIP-la and MIP-1p macrophage in-
flammatory protein la and 1p, respectively; NK natural killer; Th helper T cells
and VEGF vascular endothelial growth factor.

COVID-19 patients refer to the incompetent antiviral response
[126,127]. Surprisingly, there is a vast difference between the signs and
symptoms of asymptomatic patients; who are effectively capable of
handling the virus compared to the severe COVID-19 cases that are
powerless in controlling the virus categorically. From this, we can infer
that host immune dysregulation plays a significant role in the patho-
genesis in a majority of the cases. A multi-organ inflammatory syndrome
is a prominent feature of COVID-19, which coincides with cytokines
storm completely by definition [123,128]. Numerous commodities,
including chronic hypertension, diabetes, and obesity, worsen the dis-
ease prognosis since these diseases are capable of harbouring an
underlining chronic inflammatory state, which lowers the damage
threshold and hastens the organ dysfunction from hyper-exaggerated
immune response [129,130].

Numerous immune effector cells participate in the production of
soluble inflammatory mediators (Table 1) [1,131]. Nevertheless, clas-
sical markers of systemic inflammation CD4" and CD8™ T cells mainly
contribute to the immune-activation and pathophysiology of cytokine
storm [98,132,133]. Lymphopenia is another distinctive feature of
cytokine storm in COVID-19, which is surprisingly not observed in any
other cytokine storm disorder. It is currently unclear whether the lym-
phopenia observed in COVID-19 is due to tissue infiltration or destruc-
tion of lymphocytes [134,135]. In addition, thromboembolic events are
observed more commonly in COVID-19-associated cytokine storm as
compared to other cytokine storm disorders [136-138]. It is noteworthy
to mention that compete for workup for bacterial or viral infection,
hepatic and renal laboratory findings are required for the complete
assessment and evaluation of the severity of cytokine storm. Neverthe-
less, the assessment of the severity of cytokine storm can be based on
elevated serum inflammatory biomarkers levels, including glycoprotein
130 (gp130) and INF-y [139]. Additionally, IL-1receptor antagonists
(IL1RA) and a separate grading scale used in CAR T-cell therapy can be
employed to accurately evaluate cytokine storm severity in COVID-19
patients [109,140,141].

7. Cellular proptosis

Lymphopenia is a common attribute of severe COVID-19 disease and
based on new findings, NF-kB-induced cellular proptosis is mainly
accountable for this life-threatening clinical manifestation [142]. In
general, cellular proptosis promotes pro-apoptotic and cytokine-
releasing adaptive mechanisms [143,144]. According to Chen, et al.
[145], the viroporin 3a protein of SARS-CoV has the potential to indu-
ce NLRP3 inflammasome, which increases the production of IL-1f.
Similarly, in COVID-19 patients, the increased level of IL-1f along with
low blood count indicates the activation of systemic cell pyroptosis.
Once a sufficient amount of extracellular pathogen-associated molecular
patterns (PAMPs) are recognized by TLRs, activation of the NF-«xB
pathway takes place, which results in the upregulation of numerous
inflammasome including NLRP3, proIL-1p, and prolL-18 [146]. Suc-
cessively, activation of caspase-1 occurs as NLRP3 oligomerizes and
interacts with the pro-caspase-1 via adaptor protein ASC to form a
multiprotein complex [147]. The activation of caspase-1 subsequently
employees and breaks down the members of the Gasdermin family
(GSDMD). In the next step, GSDMD undergoes polymerization, which
results in the further breakdown of IL-1f and IL-18 into their respective
active states [148]. Once activated, IL-1f and IL-18 are secreted into the
extracellular spaces, which employees pro-inflammatory mediators
capable of potentiating and aggravating existing inflammatory response
[149]. Furthermore, GSDMD activated fragments pierce through the
phospholipid bilayer membrane, resulting in cellular matrix and cyto-
kines  release. Through  these  mechanisms, numerous
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immunomodulatory molecules such as oxidized phospholipids and
cellular matrix are released from the intracellular environment, which
serves as damage-associated molecular patterns (DAMP) [150]. As the
name suggests, DAMP consists of specific molecular patterns that act as
alarming signals similar to PAMPs [150]. Once recognized by
nucleotide-binding oligomerization domain-leucine-rich repeats (NOD-
LRR) and pyrin domain-containing protein 3 (NLRP3), DAMP amplifies
the inflammatory response, which promotes sudden and progressive
pyroptosis [151].

8. Putative role of sex hormones and X-chromosome

The immune responses of the elderly patients to SARS-CoV-2 infec-
tion are usually sluggish due to the immunosenescence [152]. This al-
lows the virus to replicate in the host freely and aggressively. Moreover,
aging-related dysregulation of the RAS system increase ACE2 shedding
and Ang II/ADAM17 activity [153,154]. The Ang II constitutively binds
to the AT1R causing the NF-kB derived vasoconstriction and systemic
inflammation [75,152]. Innate immunity propagates NF-kB-derived
inflammaging, while due to the immunosenescence, the adaptive im-
mune response constantly decreases in the elderly age group [155,156].
A decline in the steroidal hormones oestradiol and testosterone in
postmenopausal women and aged men prolong NF-kB activation
resulting in higher levels of TNF-a and IL-6 with increased incidences of
pulmonary damage. Subsequently, a decrease in the glutathione levels
and increase in the oxidative stress affords the NF-kB activation through
TLR, which adds up to the severity of COVID-19 in the higher age group
[75,157]. Apart from these age-related risks, the young and middle-aged
population is also vulnerable to cytokine storm in COVID-19 depending
upon their lifestyle, genetic predisposition, smoking habits, epigenetic
dysregulation, and autoimmune disease family history [158,159].

The epidemiological studies construed that the severity and duration
of cytokine storm in COVID-19 varies among different genders
[160,161]. According to the data, the mortality rate among the male
patients was noted higher than female patients. A plausible explanation
of this erraticism among both genders lies in X-chromosomes [162,163].
It is noteworthy that X-chromosomes encode the majority of the immune
regulatory gene and henceforth, it is not surprising it confers more active
immune cells to the female gender [157,160]. Consequently, their
innate immunity allows them to quickly recognize the invader, clear the
viral load and avoid sustained activation of inflammatory signalling
pathways [152]. Besides that, the principal sex hormone estrogen at-
tenuates the NF-kB pathway and suppresses the production of cytokines
in female patients. The periovulatory dosages of estrogen have been
shown to effectively inhibit the production of IL-6, IL-8, and TNF-« in
menopausal COVID-19 patients [164,165].

9. Therapeutics

Considering the pleiotropic nature of cytokine storm syndrome and
involvement of numerous cytokines/chemokine, the question arises of
which cytokine/chemokine should be targeted as a therapeutic inter-
vention [166]. In this respect, special consideration should be given to
the triggering factors responsible for the upregulation of signalling
molecules with positive autocrine and paracrine feedback mechanisms
[167]. Few studies have suggested that cytokine and chemokine cock-
tails significantly induce cell necrosis and cytopathic effects in SARS-
CoV-2 induced peripheral blood mononuclear cells (PBMCs). Howev-
er, when tested individually, IL-6, IL-18, IFN-y, IL-15, TNF-a, IL-1, IL-1p,
and IL-2 did not exhibit cytopathic effect at giving concentrations [168].
Due to these synergistic and feedback-loop effects, it is impossible to
select, identify and inhibit one cytokine or chemokine from these
intricate cascades. In this scenario, a systemic approach of simultaneous
inhibition of multiple cytokines can offer an attractive therapeutic
intervention [169]. As NF-kB serves as an immune relay switch for the
cytokine storm, it is hypothesized that NF-kB pathway inactivation will
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simultaneously inhibit the release of multiple pro-inflammatory cyto-
kines, chemokines, and adhesion molecules [66,105].

Thus far, numerous studies have been discussed in this review with
mounting shreds of evidence that NF-kB plays a pivotal role in cytokine
storm propagation. Hence, the identification of therapeutic strategies
corresponding to NF-kB will be instrumental in managing the morbidity
and mortality of COVID-19 [169,170]. Similar approaches were pro-
posed in a study carried out by DeDiego, et al. [24] to demonstrate the
role of the NF-kB-mediated inflammation in SARS-CoV infection. The
animal model (mice) used in the study exhibited lower plasma levels of
inflammatory cytokines (TNF-a and IL-6) and chemokines (CCL2, CCL5,
CXCL10) when NF-kB activation was purposely inhibited by experi-
mental drugs including CAPE, resveratrol, Bay11-7082, and partheno-
lide. These drugs were highly variant in their NF-«kB inhibitory
mechanisms; nevertheless, all compounds suppressed the production of
pro-inflammatory mediators involved in cytokine storm at non-cytotoxic
concentrations. The notion of inhibiting NF-xB was further supported by
Roschewski, et al. [171] study, in which acalabrutinib, bruton tyrosine
kinase inhibitor and TLR7/8-induced TNF-«a transcription inhibitor were
employed as empirical therapies in advanced staged COVID-19 patients.
Administered drug categorically inhibited the NF-kB at the p65 phos-
phorylation stage, which resulted in the overall reduction of C-reactive
protein, IL-6 plasma level, lymphopenia alleviation, and improved ox-
ygen saturation.

Administration of proteasome inhibitor VL-01 can be a possible
therapeutic intervention in severe COVID-19 cases. Results from H5N1
and lipopolysaccharide- (LPS) induced cytokine storm animal models
support this recommendation [74,172,173]. In these studies, Balb/c
mice have been exposed to highly pathogenic avian H5N1 influenza A
virus through the intranasal route. Within 72 h of inoculation, an
outburst of RANTES, KC (neutrophil-activating protein-3), IL-1p, IL-6,
TNF-a, and Macrophage inflammatory protein-1 beta (MIP-1p) were
reported. Interestingly, the VL-01 treatment not only decreased the
production of cytokines and chemokines but in addition, it also
increased the survival rate of the animal model significantly as
compared to the control group. Similar results were observed when VL-
01 was tested in the LPS-induced acute liver injury mice model. Inter-
estingly, all model with elevated circulatory cytokine and chemokines
resembles the laboratory findings of critical stage COVID-19 patients.
The results from two independent models demonstrated the inhibitory
potential of proteasome inhibitors (Bortezomib, Carfilzomib, or Ixazo-
mib) against NF-xB nuclear translocation. Moreover, these studies
validated the potency and effectiveness of proteasome inhibitors in the
management of cytokine storm in COVID-19 [172].

A recent adaptive clinical trial (ACTT-1) supported the use of
nucleotide analogue remdesivir in COVID-19 management. The nucle-
otide analogue inhibits RNA-dependent RNA polymerase, deceases
dsRNA-induced NF-kB activation, prevents the replication of the virus,
and significantly mitigates the cytokine storm in severe COVID-19 cases.
Due to these activities, remdesivir treated patients showed a quicker
recovery time than the control group [174].

Although N-acetylcysteine belongs to an entirely different class of
drugs, nevertheless it shares its cytokine storm alleviation mechanism
with remdesivir. N-acetylcysteine comprehensively inhibits the NF-xB
activation by downregulating IkB phosphorylation and completely
blocks the TNF-a-mediated NF-kB activation [175]. In addition, due to
its potential to act as a prodrug to L-cysteine, it serves as a precursor to
the biological antioxidant glutathione. Hence careful use of N-ace-
tylcysteine can also replenish the depleted glutathione stores and reduce
the spontaneous outburst of reactive oxygen species (ROS). Redox-
sensitive transcription factors, including NF-kB and activator protein-
1, get activated from ROS and oxidative stress, which results in the
upregulated expression of IL-1p, IL-6, IL-8, and TNF-a. Hence N-ace-
tylcysteine has the tenacity to reduce the direct and indirect activation
of the NF-xB pathway [176,177]. Previously, the addition of N-ace-
tylcysteine with standard therapy has been shown to reduce pulmonary



A. Attiq et al.

inflammation and improve oxidative stress at the dose of 1200 mg/day
[178]. Furthermore, the same dose of N-acetylcysteine was effective in
reducing the expression of IL-8, IL-6, and TNF-« in influenza (A and B)
and respiratory syncytial virus-induced alveolar type II cells [179].
Based on these results, the addition of 1200 mg/day oral N-acetylcys-
teine to the regimen of COVID-19 patients seems like a plausible ther-
apeutic intervention to potentially prevent the development of the
cytokine storm syndrome and ARDS in severe cases [180]. In an ongoing
phase IV clinical trial, N-acetylcysteine is reported to significantly
improve the clinical features of critically ill COVID-19 patients [181].

An alternative strategy to block the NF-kB non-canonical pathway
with TNF-a monoclonal antibodies (infliximab and adalimumab) has
shown effectiveness in COVID-19 management [182,183]. The ongoing
clinical trials have given interesting revelations about the anti-TNF-o
treatment regimen. COVID-19 patients (n = 536) treated with anti-TNF-
o drugs for pre-existing inflammatory bowel disease (IBD) exhibited
mild symptoms and were treated as outdoor patients. Only 15% (n = 84)
required hospitalisation, while only 2% (n = 10) needed intensive care
or ventilator or had death as outcome [184]. Similarly, empirical use of
exogenous estrogen and testosterone hormone improved clinical out-
comes of menopausal women and aged men with COVID-19. Hormone
therapy decreases lung injury and improves the alveolar function by
blocking NF-kB canonical and non-canonical pathways [75,157].

Conclusively, the RECOVERY trial served as a gold standard study
that wholeheartedly supported the use of NF-kB pathway inhibitors in
critical stage COVID-19 patients. In this study, dexamethasone was
given to the patients on mechanical ventilator support with severe res-
piratory complications. Astoundingly, the death rate plunged sharply;
additionally, the number of days of ventilator support was remarkably
reduced, while the recovery rate among the treated group improved
significantly [124]. Meta-analysis of seven randomized trials concluded
that patients treated with corticosteroids (dexamethasone, hydrocorti-
sone, or methylprednisolone) showed lower mortality as compared to
those who received usual care or placebo [185]. These results are
coherent with the observational study, which suggested that COVID-19
patients with elevated CRP respond significantly to corticosteroid ther-
apy [186]. Dexamethasone is a widely practiced drug in clinical settings
due to its potent anti-inflammatory activity. Over the years, numerous
anti-inflammatory mechanisms of action have been proposed and little
is known that down-regulation of NF-kB transcriptional activity and
increased IkB expression in the cytoplasm potentially contribute to its
anti-inflammatory activities [187-189].

10. Conclusion and future directions

Inflammation is a coping strategy of the immune system to protect
the body from microbial infections and mechanical injuries. However,
prolong and uncontrolled inflammation results in loss of cellular func-
tion and secondary organ dysfunction. Nevertheless, inflammation is an
evolutionarily acceptable process since it allows overcoming the insti-
gating factor and increases the survival rate of the host. The activation of
NF-kB by SARS-CoV-2 propagates acute systemic inflammation by
increasing circulatory cytokine and chemokine levels in advanced
COVID-19 patients. Elevated cytokine levels are accompanied by pul-
monary effusion, alveoli destruction, capillary leakage and secondary
organ dysfunction, which are differential signs and symptoms of life-
threatening cytokine storm syndrome. In this scenario, the systemic
approach of simultaneous inhibition of NF-kB with proteasome inhibi-
tor, bruton tyrosine kinase inhibitors, nucleotide analogues, TNF-a
monoclonal antibodies, N-acetylcysteine and corticosteroids offers an
attractive therapeutic intervention. Cytokine storm associated with
idiopathic multicentric Castleman’s disease or CAR T-cell therapy were
considered deadly conditions in the past, but targeted therapeutics ap-
proaches have turned these life-threatening events into manageable
states. Recent advances in multi-omic profiling and tailored immuno-
modulatory therapies are expected to bring continued improvements in
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COVID-19 treatment prognosis.
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