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A B S T R A C T   

The outbreak of coronavirus disease 2019 (COVID-19), caused by Severe Acute Respiratory Syndrome Corona
virus 2 (SARS-CoV-2) infection, has emerged in China in December 2019 and rapidly spread to more than 196 
countries worldwide. 

The physiopathology of human SARS-CoV-2 has not been completely understood, but its pathogenesis has 
been linked to a disproportionate response of the immune system. Just as described for SARS and MERS, an 
uncontrolled systemic inflammatory response, known as cytokine release syndrome (CRS) was observed in 
severe COVID-19 patients. It results from the release by immune and non-immune effector cells of substantial 
amounts of pro-inflammatory cytokines and appears to contribute to SARS-CoV-2 pulmonary inflammation and 
extensive lung damage. In addition, hyper-coagulation and thrombosis resulted from the important release of 
pro-inflammatory cytokines contribute to the lethality of subjects severely infected with SARS-CoV-2. It is 
therefore essential to have a deep understanding of the various cytokines involved in this exacerbated immune 
response, and that could be targeted by potential immunological treatments. 

The aim of this review was to gather the current knowledge about the role of pro-inflammatory cytokines, 
namely IL-1β, IL-6, IL-8, IL-17 and TNFα in SARS-CoV-2 CRS, the probable causes and clinical outcomes of this 
phenomenon in severe cases of COVID-19.   

1. Introduction 

In December 2019, a new corona virus appeared, the SARS-CoV-2 
which belongs to the Coronaviridae family, (from the latin corona =
crown, which is due to their morphology as spherical virions with a core 
shell and surface projections resembling a solar corona). These viruses 
are enveloped, with a positive sense single-stranded RNA genome 
(26–32 kb) [1]. The virus has spread so rapidly worldwide, and the 
growing cases were so alarming that the WHO Emergency Committee 
declared it a global health emergency. It was not the first-time countries 
have been affected by this family of viruses, as in the past two decades, 
Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) and 

Middle East Respiratory Syndrome Coronavirus (MERS-CoV), caused 
two large-scale aggressive pandemics known for their silent spreading 
[2]. It is showing symptoms slowly over an incubation period of about 2 
weeks, necessary for the virus to replicate in the upper and lower res
piratory tract and forming lesions [3]. The disease outcome depends on 
several factors, including the host immune status. Indeed, most people 
infected with the SARS-CoV-2 will experience mild to moderate respi
ratory illnesses and recover without requiring special treatment. How
ever, older people, and especially the ones with medical history like 
cardiovascular disease, diabetes, chronic respiratory disease and cancer, 
are more likely to develop serious illness [2]. It was reported that up to 
17% of patients infected with the virus, develop an acute respiratory 
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distress syndrome (ARDS) which was associated with organ injury like 
acute renal injury, acute respiratory injury and septic shock, which can 
eventually lead to organ failure [4]. 

Accumulating evidence suggests that a subgroup of patients with 
severe COVID-19 might have a cytokine release syndrome. Such patients 
have high levels of pro-inflammatory cytokines and chemokines that are 
associated with pulmonary inflammation and extensive lung damage 
[5]. Recently, many studies showed that SARS-CoV-2 promotes coa
gulopathy, through either the pro-inflammatory cytokines or the acti
vation of the immune cells upon alarm signals such as tissue damage, the 
complement activation and/or the formation of autoantibodies and 
immune complexes, which can exacerbate the coagulation process. All 
these mechanisms can lead to thrombosis, pulmonary embolism and 
eventually death. The understanding of CRS mechanism(s) and its pro
file is crucial to developing effective therapeutic approaches in 
COVID-19. 

Here, we review the current understanding of pro-inflammatory 
cytokines associated with COVID-19 outcome and their relationship 
with clinical manifestations involved in the severity of this disease. 

2. The interaction of the virus with host cells receptors 

The virus has four important structural proteins, the envelope pro
tein (E), the membrane protein (M), the spike protein (S), and the 
nucleocapsid protein (N). These proteins are important to regulate the 
virus structure and function. The spike protein (S), present on the outer 
surface of the virion, is a crucial component for its attachment and entry 
to the host cells. The virus entry requires the priming of the S protein by 
cellular proteases, which cleave it into a S1/S2 sites, with the subunit S2 
possessing the S2’ site that allows the fusion of viral and cellular 
membranes. 

The Angiotensin-Converting Enzyme 2 (ACE2), a negative regulator 
of the renin-angiotensin system, is a protein expressed in various organs 
of the human body, but mainly in the lungs, kidney and intestine [6]. 
The study of Zhou et al. ascertained that the SARS-CoV-2 uses the ACE2 
as an entry receptor in the cells expressing this receptor [7]. The priming 
of S protein by the serine TMPRSS2 is indispensable for the infection of 
lung cells [8]. Recently, other receptors appeared to play important roles 
in this process such as GRP78, a chaperon protein belonging to the Heat 
Shock Protein 70 (HSP70) family and an immunoglobulin heavy chain 
binding protein BIP. It is located in Endoplasmic Reticulum (ER) mem
branes of all eukaryotes and its main function is to correct the folding, 
the assembly and prevent the transport of proteins. Recent studies sug
gested that the GRP78 protein is also localized on the cell surface at 
multiple regions of human lung tissues, and can carry out the virus 
entry. Indeed, the binding is more favorable between different regions of 
the model of virus spike protein and GRP78 [9,10]. Otherwise, a recent 
study confirmed the CD147 and SARS-CoV-2 S protein interaction, and 
that such interaction enhances the viral invasion into host cells. CD147 
is a transmembrane glycoprotein that belongs to the immunoglobulin 
superfamily and is involved in virus’ invasion [11]. 

Overall, the cell entry of the virus SARS-CoV-2 requires not only an 
interacting receptor but different indispensable catalytic proteases as 
well. This variety of processes could explain the complexity and the fast 
expansion of the virus. 

3. Pro-inflammatory cytokines in COVID-19 

Although the physiopathology of human coronaviruses (H-CoVs) 
such as SARS-CoV, MERS and SARS-CoV-2, has not been completely 
understood, they have all been linked to a disrupted and dispropor
tionate response of the immune system particularly cytokine produc
tion. Cytokines are membrane-bound or secreted glycoproteins, 
responsible for the regulation of a large number of biological processes 
including the balance between the innate and adaptive immune re
sponses, which play a key role in the control of infections or chronic 

diseases [12]. Therefore, cytokines are believed to play a major role 
during SARS-CoV-2 infection with the control and resolution of coro
navirus infections. However, uncontrolled and exaggerated cytokines 
production may lead to immunopathogenesis by causing tissue damage 
in the entire human body. Most COVID-19 patients will develop mild to 
moderate symptoms, while some infected people may face a 
hyper-inflammation induced by massive cytokines/chemokines pro
duction, known as cytokine release syndrome (CRS), which may lead 
to fatal pneumonia and acute respiratory distress syndrome [13]. At 
first, the virus invades the respiratory mucosa, and then infects other 
cells, triggering a series of immune responses and the generation of a 
systemic CRS (Fig. 1). CRS is characterized by an exacerbated 
pro-inflammatory cytokines release, usually leading to a systemic 
inflammation with high inflammation parameters and multiple organ 
failure [14]. The CRS can occur directly as a result of viral damage, or 
indirectly by overactivation of the immune system that triggers the 
infiltration of immune cells such as neutrophils and macrophages into 
the tissue. This is, in principle, a protective response to limit virus 
spread, but it ends up being more deleterious than beneficial. 

Clinical studies have shown a significant rise in levels of different 
cytokines and chemokines in COVID-19. Among key cytokines, we 
focused on TNF-α, IL-6, IL-17, IL-8 and IL-1β production and their 
relationship with COVID-19 pathogenesis. Therefore, IL-6 has attracted 
high levels of interest and its high level seems to be significantly related 
to the clinical manifestation of severe type patients. 

Interleukin 6 (IL-6), also called “hepatocyte stimulating factor”, 
“hybridoma growth factor” or “B cell stimulating factor”, is a glyco
protein expressed in many cell types such as T and B lymphocytes, 
monocytes/macrophages, dendritic cells, fibroblasts, and endothelial 
cells. Its plasma concentration rises during septic shock and various 
attacks such as trauma and burns [15]. As a pleiotropic cytokine, IL-6 
stimulates the growth and differentiation of B lymphocytes and in
creases the generation of platelets. It also activates the hepatocytes and 
induces the secretion of inflammation proteins such as reactive protein C 
(CRP) and fibrinogen [16]. Therefore, IL-6 is involved in the regulation 
of the immune system, hematopoiesis, inflammation and is a key player 
in the CRS. The plasma level of IL-6 in COVID-19 patients surpasses the 
superior limit of normal value in both groups for which the oxygen 
saturation (SpO2); SpO2 ≥ 90% and the SpO2 < 90% [17]. In many 
studies, the higher level of IL-6 in serum was positively correlated with 
the COVID-19 severity [18,19]. A study showed that serum level of IL-6 
protein was increased in 2 out of 3 COVID-19 patients. However, the 
transcription levels of IL-6 did not significantly change in peripheral 
blood mononuclear cells specimens (PBMC) of COVID-19 patients, 
suggesting that the secreted IL-6 protein in serum might originate from 
lung epithelial cells [20]. Statistical analysis showed a negative corre
lation between T cells number and the serum concentration of IL-6 [21]. 
Previous studies indicated that in addition to being quantitatively 
decreased, T cells exhibit elevated exhaustion levels and reduced func
tional diversity in COVID-19 patients [4]. Despite that certain studies 
confirmed that SARS-CoV-2 doesn’t infect lymphocytes, the lymphocyte 
cell count was reduced in COVID-19 patients’ blood. Among these pa
tients, an important apoptosis gene, TP53, was highly expressed in 
PBMCs, indicating that apoptosis may be responsible of T lymphocytes 
number reduction [20]. The literature has highlighted that a decrease of 
lymphocyte count as well as IL-6 increase may be used as prognostic 
markers to anticipate severe and fatal COVID-19 patients. In view of this 
IL-6 increase, antibodies that block the IL-6 receptor are currently under 
clinical trials for a potential treatment of COVID-19 [22]. Tocilizumab 
(TCZ) is a recombinant human IL-6 monoclonal antibody, which spe
cifically binds to soluble and membrane-bound IL-6 receptors (IL-6R), 
thus blocking IL-6 signaling and its mediated inflammatory response 
[23]. Several clinical trials proved the efficacy of TCZ in the treatment of 
severe COVID-19. TCZ was associated with an increase of survival, 
improvement of ARDS, and peripheral lymphocytes count as well as a 
decline in inflammatory markers [24–27]. According to the Italian 
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guidelines, TCZ can only be used at the end of the initial high viral load 
phase of COVID-19 (e.g. in patients who have been apyretic for more 
than 72 h or seven days after the onset of symptoms) in patients with 
interstitial pneumonia and severe respiratory insufficiency [28]. 

Tumor necrosis factor (TNF-α), the most studied cytokine in the 
TNF superfamily, is another key factor in the COVID-19 CRS patho
physiology. It is produced by several cell types, including macrophages, 
mast cells, T cells, epithelial cells, and smooth muscle cells in the air
ways. Its synthesis is mainly stimulated by PAMPs and IL-1, via NF-κB 
activation, and also IL-17 [29]. In healthy subjects, inhaling TNF-α 
triggers bronchial hyper-responsiveness and inflammation of the air
ways induced by increased neutrophils recruitment. This cytokine can 
also cause T cells apoptosis [30]. TNF-α promotes the production of 
other cytokines such as the IL-1β and IL-6 [31]. Many studies have found 
that severe COVID-19 cases display increased plasma levels of TNF-α 
[32–34]. Such increase was also associated with disease severity and 
inversely correlated with the reduction of T lymphocytes [21]. It has 
been reported that the prevalence of severe and complicated cases of 
COVID-19 was lower in patients with anti-TNF-α therapy compared to 
patients taking steroids. Only 15% of patients with COVID-19 treated 
with anti-TNF-α had to be hospitalized, and very few of them required an 
intensive care unit/ventilator or died (3%) compared to patients treated 
with oral or parenteral steroids and, who had to be hospitalized in 67% 
of the cases and admitted to the intensive care unit, or died in 25% of the 
cases [35]. Two additional case reports supported this evidence: one 
patient suffering from ileal Crohn’s disease affected by COVID-19 and 
was under steroid therapy, and another patient with Crohn’s ileitis 
treated with Adalimumab, a human monoclonal antibody that blocks 
the interaction between TNF-α and its soluble, membrane-bound re
ceptors [36,37]. To date, a single randomized controlled trial of Adali
mumab has been registered (ChiCTR2000030089). 

Interleukin 1β (IL-1β) is one of the most important inflammatory 
pleiotropic cytokines that plays an important role in inflammatory dis
eases and seems to be involved in COVID-19 CRS. The principal sources 
of this cytokine are macrophages, monocytes, dendritic cells, B lym
phocytes, neutrophils and synovial fibroblasts [38]. The IL-1β effects are 
quite similar to those of TNF-α, and promote the production of several 
hematopoietic factors, in particular IL-6 [39]. In addition to its immune 
functions, IL-1β induces the synthesis of type 2 cyclooxygenase (COX-2), 
phospholipase A (PLA) and inducible nitric oxide synthase (iNOS). 
These enzymes are responsible for the formation of nitric oxide (NO), 
prostaglandin E2 (PGE2) and the platelet activating factor (PAF), 

involved in fever, pain, vasodilation, hypotension and inflammation 
components. Moreover, IL-1β increases the expression of chemokines 
and adhesion molecules, especially in mesenchymal and endothelial 
cells; thus, promoting the infiltration of immunocompetent cells into 
injured tissue [40]. 

IL-1β is secreted during the inflammasome activation in response to 
several pathogens including viruses such as Coronaviruses. Indeed, a 
previous study showed that the SARS-CoV Viroporin 3a was sufficient to 
induce the NLRP3 inflammasome activation and IL-1β production in 
macrophages stimulated by LPS [41]. A recent investigation showed that 
IL-1β is highly produced in plasma from both severe and non-severe 
COVID-19 cases compared with non-infected subjects [33]. Further
more, another study showed that IL-1β transcripts were significantly 
up-regulated in whole blood from COVID-19 patients [42]. The increase 
of IL-1β production is the downstream indicator of cell pyroptosis; this 
latter is a highly inflammatory form of programmed cell death 
commonly seen with cytopathic viruses. Therefore, pyroptosis plays a 
major role in SARS-CoV-2 pathogenesis and is likely a trigger for the 
subsequent uncontrolled inflammatory response. Moreover, we previ
ously demonstrated that early rapid viral replication may cause big scale 
cell death leading to the release of pro-inflammatory cytokines [43]. 
Viral infection and replication in airway epithelial cells could cause high 
levels of virus-linked pyroptosis with associated vascular leakage, as 
previously seen in patients with SARS-CoV. Otherwise, high exhaled NO 
levels are currently used as a marker for eosinophilic airway inflam
mation in asthmatic subjects, and some authors propose that NO may 
contribute to tissue damage during airway inflammation [44]. In addi
tion, it is well established that NO production is regulated by cytokines 
like IL-1β, so this could be one of the mechanisms of the downside effect 
of IL1-β. Studies based on the inhibition of IL-1β to reduce the massive 
cytokine release have attracted most attention. Anakinra, a drug that 
inhibits the biological effect of IL-1β by blocking the IL-1 receptor ap
pears to be a promising treatment. Recent studies showed that the use of 
Anakinra in patients with COVID-19 is associated with clinical 
improvement [45]. Canakinumab, a monoclonal antibody targeting 
IL-1β, is currently the subject of an observational study in a group of 
patients with COVID-19 (NCT04348448). Furthermore, some drug such 
as Chloroquine has multiple modes of action including the reduction of 
IL-1β expression [46]. 

Interleukin 17 (IL-17), the first biological activity of human IL-17, 
was demonstrated in 1996 by showing the production of IL-6 and IL-8 by 
synoviocytes of patients suffering from rheumatoid arthritis in response 

Fig. 1. The cytokine release syndrome and clinical 
outcomes in COVID-19 Pathogenesis. Numerous pro- 
inflammatory cytokines including TNF-α, IL-17, IL-6, 
IL-8 and IL-1β participate to the CRS onset. These 
cytokines are secreted by numerous cells like epithe
lial cells, macrophages, T lymphocytes, neutrophils, 
and Th17 cells, and exacerbate the SARS-CoV-2 
infection. The excessive cytokine release has 
tremendous consequences such as acute lung injuries, 
cellular damage, microbiota alteration, severe lym
phopenia and a decrease in regulatory T cells.   
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to IL-17. This indicated the link between IL-17 and inflammation 
through IL-6 production and the IL-8-induced neutrophils activation 
[47]. This cytokine is produced in the lung by TH17 cells in response to 
viruses and leads to the induction of several chemokines that recruit 
immune cells to the inflammation site [48]. Besides these local effects, 
IL-17 has also systemic effects. Indeed, the combination of IL-17 with 
TNF-α induces the expression of pro-coagulation factors, which pro
motes thrombosis and inhibits endothelial anticoagulatory pathway. 
These effects account for the increase of the cardiovascular risk associ
ated with inflammatory diseases [49]. In addition to CRS mediation, 
IL-17 seems to increase the replication of some viruses and leads to viral 
persistence by inhibiting apoptosis of infected cells in synergy with IL-6 
[50]. The serum level of IL-17 was shown to increase in severe cases of 
COVID-19 patients. Such increase combined to other cytokines pro
duction in some COVID-19 patients, was positively correlated with the 
aggravation of lung lesions [5]. There is recent evidence that TH17 is 
involved in acute respiratory distress syndrome. The biopsies of patient 
who died of severe infection induced by SARS-CoV-2, showed a TH17 
increase and high CD8+ T cells cytotoxicity. This partly explains the 
extensive immune damage occurring in this patient [51]. Similarly, 
another study reported a high density of TH17 cells in the alveolar space 
of one patient diagnosed as severe case of COVID-19 [33]. This IL-17 
association with the COVID-19 severity suggests that this cytokine 
could also be a plausible target. Moreover, an elderly psoriasis patient 
affected with COVID-19 presented a favorable outcome while she was 
treated with Secukinumab, an anti-interleukin-17A monoclonal anti
body, approved for psoriasis treatment [52]. In addition, Fedratinib, a 
JAK2 inhibitor which suppress the TH17 cell induction, could prevent 
deteriorating outcomes of COVID-19 CRS associated with TH17 [53]. 

Chemokines are chemo-attractants cytokines that recruit inflamma
tory cells to migrate from the intravascular space across the endothelium 
and epithelium into the inflammation site [54]. The relationship be
tween COVID-19 and chemokines dysregulation is not well established. 
However, some pro-inflammatory chemokines, including CXCL10, 
CXCL8, CCL2 have been identified at higher levels in the plasma of 
COVID-19 patients compared to healthy controls. Interestingly, the 
circulating levels of CXCL10 and CCL2 were found to be significantly 
higher in patients needing admission to intensive care units compared to 
patients with a less severe clinical course [54]. According to the tran
scriptome sequencing on bronchoalveolar lavage fluid (BALF), the 
excessive release of these two chemokines led to the recruitment of 
neutrophils, monocytes, and T cells in the lungs [55]. The increased 
CXCL10 and CCL2 circulating levels was correlated with pulmonary 
inflammation and pulmonary involvement in SARS patients [54]. 
Furthermore, other studies showed that the CXCL10 levels were posi
tively and significantly associated with the viral load [56]. 

Through undertaking single-cell RNA sequencing on nasopharyngeal 
and bronchial samples from 19 patients with mild or severe COVID-19, 
Chua et al., showed that in critical cases, the expression of chemokines 
and chemokine receptors of different cell populations was markedly 
increased (CCL2, CCL3, CCL20, CXCL1, CXCL3, CXCL10) [57]. Such 
chemokines increase was also detected in COVID-19 dead patients’ 
plasma [33]. 

CXCL8, also called IL-8, has a direct chemotactic and priming effect 
on neutrophils and is an important mediator of inflammation. It stim
ulates the neutrophils pro-inflammatory molecules release and has a 
bactericidal effect by activation of reactive oxygen species (ROS) pro
duction [58]. In addition, the clinical and laboratory characteristics of 
COVID-19 patients showed that IL-8 was strongly produced in severe, 
rather than non-severe cases [33]. IL-8 is also known to induce Netosis 
(Neutrophil extracellular traps/NETs). Interestingly, COVID-19 patients 
showed high levels of cell-free DNA, myeloperoxidase (MPO)-DNA, and 
citrullinated histone H3 (Cit-H3); those two are highly specific markers 
of NETs, that may induce organ damage and explain the mortality in 
COVID-19 patients [59]. 

Several studies showed an exacerbated inflammatory response 

during SARS-CoV-2 infection which is characterized by the production 
of multiple cytokines involved in viral pathology. These cytokines have 
intertwined relationships where each one contributes to the other’s 
regulation, and often leading to the immune cells hyper-activation. 
Overall, this hyper-activation has detrimental consequence in the 
body; and in the absence of appropriate regulation becomes unstop
pable, leading to organ failure and death in some cases. 

4. How does SARS-CoV-2 initiate cytokine release and what are 
the potential signaling pathways involved in this process? 

The binding of SARS-Cov2 to ACE2 receptor expressed on epithelial 
cells membrane of the respiratory tract, activates the pro-inflammatory 
cascade. ACE2 is a major regulator of the renin-angiotensin system 
(RAS) that acts by converting angiotensin (Ang) II to Ang 1–7, a key 
regulator of the blood pressure homeostasis and in the prevention of 
lung injury [60]. The Ang II hormone is vasoconstrictor that directly 
activates pro-inflammatory responses and the release of cytokines such 
as IL-6, IL-8 and TNFα by cells through NF-κβ up-regulation, whereas, 
the Ang 1–7 is a vasodilating hormone, responsible for the 
anti-inflammatory responses and thereby acting to prevent lungs dam
age. Interestingly, ACE2 is down-regulated once SARS-CoV-2 enters the 
host cells; a process that is mediated by ADAM Metallopeptidase Domain 
17 (ADAM17), resulting in the release of membrane-bound ACE2 in a 
soluble form (sACE2). Almost all types of tissues express ADAM17 but its 
activity is strictly regulated. By shedding ACE2, ADAM17 inhibits Ang 
1–7 production, and increases the level of Ang II in COVID-19 patients. 
The ACE2 down-regulation is associated with RAS imbalance, increased 
pro-inflammatory response and multi-organ damage from SARS-CoV-2 
infection. The mechanism of ACE2 shedding triggered by ADAM17 
stimulation is not fully elucidated; however, lymphopenia and the 
presence of Ang II type 1 receptor (AT1R) are potent activators of such 
process [60]. In addition, SARS-CoV-2’s association with pattern 
recognition receptors (PRRs) is instrumental in inducing cytokine, che
mokine responses to build innate and adaptive immune responses. 
Nonetheless, the sensors which may recognize the genomics of 
SARS-CoV are still elusive [61]. 

Uncontrolled production of pro-inflammatory cytokines in severe 
COVID-19 patients is a commonly reported feature of the cytokine 
release syndrome. Two distinct IL-6 signaling pathways have been 
identified, the classical and the trans-signaling pathway. IL-6R is pro
duced in two separate forms, IL-6R and its soluble form sIL-6R that is 
cleaved by ADAM17. In the trans-signaling pathway, IL-6 binds to its 
soluble receptor SIL-6R and the complex IL-6/SIL-6R activates gp130. 
Therefore, many intracellular signaling pathways are activated 
including the Janus kinase (JAK)/signal transducer, transcription acti
vation (STAT) and the phosphatidylinositol 3-kinase (PI3K) pathway, 
leading to the pro-inflammatory cytokines release by all human cells 
[62] (Fig. 2). 

TNFα, another CRS member, is synthesized as a membrane-protein, 
and also cleaved to release its soluble form by ADAM17. TNF soluble and 
membrane-bound forms are both active although their affinities with 
TNF family receptors (TNFR) are variable. TNFα signaling is complex, 
involving as many as 29 different family members of the TNFR. Similarly 
to IL-6, the TNFR1 broad-based expression gives rise to pleiotropic 
systemic effects [63]. Recently, the SARS-CoV-2 virus was shown to use 
the NF-κβ pathway for the release of the pro-inflammatory cytokines 
such as TNFα and IL-6 (Fig. 2) [64]. A previous study on SARS-CoV 
reported that S protein significantly increases NF-κβ activity and that 
the NF-κβ inhibition, leads to a strong inhibition of TNFα and IL-6 
release [65]. Moreover, the SARS-CoV N protein directly binds to 
NF-κβ on IL-6 promoter which induces the activation of IL-6 expression 
(Fig. 2) [66]. 

IL-1β is majorly produced by the inflammasome; an innate immune 
complex which requires two activating signals: the first one is mediated 
by the NF-κβ pathway which leads to the transcription of the NLRP3 
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inflammasome and the pro-IL-1β. The second signal leads to the as
sembly and NLRP3 inflammasome activation [67]. Viruses are able to 
induce the NLRP3 inflammasome activation and IL-1β production, but 
the induction of such activation by SARS-CoV-2 remains unclear. 
Otherwise, SARS-CoV encodes three ion-channel (IC) proteins called 
Viroporins, the protein E, open reading frame 3a (ORF3a), and ORF8a. 
SARS-CoV E protein forms a calcium ion (Ca2+) channel in the Endo
plasmic Reticulum Golgi Apparatus Intermediate Compartment 
(ERGIC)/Golgi membranes and leads to the NLRP3 inflammasome 
activation through Ca2+ transport [68]. SARS-CoV E protein also acti
vates the NF-κβ as a first signal of the NLRP3 inflammasome activation 
[69]. The ORF3a protein, a potassium (K+) ion channel Viroporin, ac
tivates the NLRP3 inflammasome by inducing the K+ efflux and pro
moting TRAF3-dependent ubiquitination of ASC (Fig. 2) [41,70]. In 
addition, ORF3a protein induces NF-κβ-mediated up-regulation of the 
pro-IL-1β transcription and pyroptotic cell death [69]. 

IL-1 signaling orchestrates the acute response phase to infections, 
and influences TH17 lymphocyte differentiation which contributes to 
the pro-inflammatory cytokine’s secretion such as IL-17. The IL-17/IL- 
23 axis promotes inflammatory cytokine secretion such as IL-6 which, 
in the presence of TGF-β, skews naïve CD4 T cells towards the Th17 
phenotype [63]. It has been shown that both IL-1β and IL-23 lead to 
Th17 differentiation in the presence of TGF-β and IL-6 (Fig. 2). In mice, 
IL-6 and TGF-β increase Th17 cells differentiation cells through STAT3 
activation which subsequently activates RORγt; the “master regulator” 
of Th17 cell differentiation [71]. An IL-17 signaling modulation was 
suggested via the JAK/STAT inhibitor Fedratinib [56]. Some studies 
suggest that reduced ACE2 levels and the extremely hypoxic environ
ment associated with severe COVID-19 can potentiate the Th17 cell 
differentiation. Indeed, hypoxia-inducible (HIF-1α) may induce the 
transcription of RORγt leading to an imbalance of the Th17/Treg dif
ferentiation, favoring Th17 activity (Fig. 2) [71]. Similar to IL-17, IL-8 is 
also associated with increased number of alveolar neutrophils (Fig. 2). 
The signaling pathway of IL-8 in SARS-CoV-2 infection has not been 

completely understood. SARS-CoV S1 protein activates Extracellular 
signal-Regulated kinases 1/2, the protein P38, or J c-Jun N-terminal 
kinases (JNK), initiating the activation of the Activator protein 1 (AP-1) 
transcription factor on the IL-8 promoter, and then the expression of IL-8 
mRNA and IL8 release (Fig. 2) [72]. In addition, IL-6 trans-signaling 
increases IL-8 production in SARS-COV-2 infection but the precise 
signaling pathway is still unknown [73]. 

Several factors including, rapid viral replication, cell damage, ACE2 
down-regulation, and finally antibody dependent enhancement (ADE) 
have been linked to the aggressive inflammation caused by SARS-CoV-2 
(Fig. 3) [74]. The alteration of a protective immune response leads to 
virus spread and massive destruction of affected tissues. Regarding the 
innate antiviral immune response, interferons (IFNs) such as IFN type I 
and type III play a central role in protection against viral infections; they 
lead to the clearance of the virus and induce tissue repair [75]. 
Blanco-Melo et al. showed that SARS-CoV-2 infection drives lower 
antiviral transcriptional response that is marked with an inappropriate 
inflammation defined by delayed and low levels of type I and III IFN, and 
loss of viral control in the early phases [76]. The innate immune 
response may be a critical factor for disease outcome. Indeed, a delayed 
interferon response and early viral replication within the lungs in 
conjunction with an increased influx of innate immune cells, mediates 
tissue damage and may fuel an auto-amplification inflammatory loop, 
potentially driven by NFκB-induced uncontrolled inflammatory cyto
kine burst associated with COVID-19 (Fig. 3). Interestingly, some in
vestigations reported that 3.5% of patients (23 of 659) with 
life-threatening COVID-19 pneumonia had mutations in 8 genes 
involved in the induction and amplification of type I IFNs, and belong to 
the TLR3 and IFN-I signaling pathways. These results were confirmed by 
in vitro studies showing an undetectable IFN-α levels in the blood plasma 
of people carrying these mutations [77]. Hadjaj et al. found that the 
immune analysis of a cohort of 50 severe and critical patients, showed a 
highly impaired interferon (IFN) type I response with no production of 
IFN-β and low IFN-α. This IFN pathway impairment was associated with 

Fig. 2. Potential signaling pathways involved in COVID-19 cytokine release syndrome. SARS-Cov-2 binds to ACE2 receptor and activates many signaling pathways 
promoting inflammatory cytokine production. The IL-6 release is initiated by viral proteins, which leads to the transcription factor NF-κβ activation (green arrows). 
The interaction of IL-6/sIL-6R complex with gp130 protein induces many intracellular signaling pathways, including the Janus kinase (JAK)/(STAT) and (PI3K) 
leading to pro-inflammatory cytokines release (purple arrows). The phosphorylation of NF-κβ inhibitor proteins (IκB) results in the P65 and P50 proteins release and 
translocation to the nucleus, inducing NF-κβ transcription and TNFα production (orange arrows). The E protein and ORF3a viral protein activates the NLRP3 
inflammasome, which generates IL-1β release (red arrows). The association of the IL-1β, IL-23, IL-6 and TGB-β induce the transcription of RORγt, leading to the 
differentiation of TCD4+ cells into TH-17 and IL-17 release. The hypoxia can also favor this differentiation. The activation of JNK, P38 or ERK proteins induces the 
activation and translocation of AP-1 on IL-8 promoter, leading to IL-8 production (blue arrows). Both cytokines IL-8 and IL-17 act by attracting neutrophils to the 
infectious site. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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a persistent blood viral load as well as an amplified NF-κB-driven in
flammatory response, leading to increased cytokines production such as 
TNF-α and IL-6 [42]. These studies provide proofs that IFN-I pathways 
impairment may contribute to the COVID-19 severity. 

Adaptive immune cells play a central role in defense against viral 
infections. CD4 T cells stimulate B cells to produce specific antibodies 
against the virus, and CD8 T cells directly kill virus-infected cells [78]. 
SARS-CoV-2 may escape these defense mechanisms either by the in
duction of T lymphocytes apoptosis or the exhaustion of these cells due 
to the expression of pro-inflammatory cytokines [79]. Severe lympho
penia, decreased regulatory T cells and increased of pro-inflammatory 
TH17 cells were frequently reported in critically ill COVID-19 pa
tients, suggesting a deregulated adaptive immune response. Increased 
levels of neutrophils also correlate with disease severity and death; IL-17 
and IL-8 are known as cytokines that strongly participate in neutrophils 
recruitment [33,34]. Pulmonary inflammation is considered to be the 
main cause of life-threatening respiratory diseases in the severe stage of 
COVID-19 [51]. 

Thrombosis is acknowledged as a pathological disruption of ho
meostasis involving coagulation, platelet activation, and characterized 
by clot formation and vessel occlusion. The activation of both inflam
mation and coagulation and the excessive activation of immune cells 
along with intravascular thrombus formation during systemic infections, 
have deleterious consequences for host tissues [80]. Previous immuno
logical studies have shown that cytokines like IL-6, TNF-α and, IL-1β are 
critically involved in the hyper-activation of platelets which may lead to 
abnormal clot formation and can also play an important role in the 
down-regulation of important physiological coagulant pathways [81]. 
These hyperactive platelets are present in both severe and non-severe 
COVID-19 patients and form aggregates with leucocytes. It has been 
observed that Extra Vesicules (EV) released by platelets are significantly 
increased in the circulation. These EV can participate in both inflam
mation and coagulation processes. A recent study demonstrated that 
platelets are hyper-responsive, sensitized to release inflammatory cy
tokines and they aggregate and adhere to a collagen surface more effi
ciently when originating from COVID-19 patients [82]. This cytokine 
production shows the dual role of platelets in worsening both inflam
mation and coagulation. 

Some cytokines such as TNF-α, IL-1β, and IL-6 can induce the gen
eration of thrombin in humans. Moreover, TNF-α and IL-1β can also 
trigger the subsequent release of Plasminogen Activator Inhibitor-1 
(PAI-1), and may diminish the release of tissue Plasminogen Activator 
(tPA), which inhibits the physiological process that degrades blood clots 
[83]. IL-6, a cytokine that is significantly elevated in severe COVID-19 
infection, is a key activator of coagulopathy by inducing tissue factor 
expression and increasing fibrinogen production. Similarly, IL-6 can 
mainly enhance the proliferation, differentiation, and activation of 
megakaryocytes through increasing the production of thrombopoietin 
[84]. Megakaryocytes along with platelet-derived fibrin characterize 
multi-organ thrombosis in COVID-19 patients [85]. IL-1β 
down-regulates thrombomodulin and consequently causes defects in 
anticoagulant proteins. In a study by J. Bester et al. it was shown that 
IL-8 was the cytokine that caused the most significant changes at all 
levels of coagulation, including fibrinogen, thrombin, and cellular in
teractions [86]. Recent studies have highlighted the link between 
abnormal coagulation parameters like D-dimers and fibrin degradation 
products and COVID-19 mortality. The pro-inflammatory cytokines 
overproduction in COVID-19, mainly IL-6, stimulates mononuclear cells 
to express TF, which promotes the transformation of prothrombin into 
thrombin, which then converts circulating fibrinogen into fibrin [87]. In 
all severe SARS-CoV-2 cases, high values of D-dimers, fibrin/fibrinogen 
degradation products (FDP), and fibrinogen (FIB) were reported 
compared to patients with milder forms of COVID-19 or healthy controls 
[88]. 

The release of cytokines and chemokines like TNFα, IL-1, IL-6, and 
IL-8 induces macrophage activation syndrome which triggers the 
endothelial cells, macrophages, and neutrophils to express TF within the 
lungs which in turn initiates and further augments pulmonary coagul
opathy and microvascular thrombosis [84,89]. These small fibrin 
thrombi were observed in small pulmonary arterioles, in 8 COVID-19 
cases out of 10, in areas of both damaged and preserved lung paren
chyma [90]. Thrombin can increase inflammation via 
Proteinase-Activated Receptors (PARs) and these two pathways regulate 
each other, as a vicious circle takes place, leading to disastrous conse
quences like multiorgan injuries and failure [91] (Fig. 3). 

Besides the inflammatory/thrombotic damages, gastrointestinal 
symptoms have also been associated with this disease and were reported 
to be higher in severe COVID-19 patients compared with non-severe 
patients [92]. Few studies highlighted the effect of COVID-19 on gut 
microbiota and showed microbiome alterations in COVID-19 patients 
[93,94]. There is an enrichment of opportunistic pathogens and the 
exhaustion of beneficial commensals that were associated with 
COVID-19 severity. In addition, in elders in whom COVID-19 infection 
appears to be more deadly, the variety of the intestinal microbiota was 
decreased. Another study using a machine learning model reported that 
the disruption of gut microbiota significantly correlated with 
pro-inflammatory cytokines and may predispose normal individuals to 
severe COVID-19 [95] (Fig. 3). Indeed, one study found that in host 
myeloid progenitors, commensal microbiota regulates the systemic 
TLR-driven immune response by priming JAK signaling which un
derlines its role in CRS pathogenesis [96]. In addition, COVID-19 
microbiota dysbiosis interferes with mitochondrial homeostasis 
through the production of metabolites. Mitochondrial oxidative stress 
may affect the coagulation pathways and fuel the inflammatory/ox
idative response [97]. 

Moreover, the pro-inflammatory cytokine release, observed in 
COVID-19 patients recalls ones induced by superantigens. Indeed, 
Staphylococcal and Streptococcal Superantigens (SAgs) are responsible 
of toxic shock syndrome, which is caused by a rapid hyper-inflammatory 
response characterized by a massive cytokine release [98]. Therefore, 
SAgs can lead to cytokine and chemokine inflammatory responses, 
which could be associated with SARS-Cov2 pathology (Fig. 3). 

Fig. 3. Potential causes of COVID-19 cytokine release syndrome. Several fac
tors or pathways may lead to the induction of CRS. For example, the direct 
rapid replication of the virus inside the organism, the down-regulation of INF 
type I and III, the down-regulation and loss of the receptor ACE2, non- 
neutralizing antibodies which are produced by B cells can exacerbate 
COVID19 through antibody-dependent enhancement (ADE), the alteration or 
decrease in microbiota, and also the activation of coagulation pathways. 
Moreover, there are some hypotheses surrounding other mechanisms that may 
also lead to CRS, like the action of pyroptosis due to the activation of the 
inflammasome or the Super Antigens (SAgs). 
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5. How does SARS-CoV-2 relate to SARS-CoV and MERS-CoV in 
terms of cytokine release syndrome? 

Before the COVID-19 pandemic, SARS-CoV and MERS-CoV, two 
pathogenic zoonotic coronaviruses were also responsible of major out
breaks. In 2003, SARS-CoV caused 8096 confirmed cases with 774 
deaths in 29 countries. As for MERS-CoV, the number of confirmed cases 
that has been reported by January 2020 is 2519, with 866 confirmed 
deaths. The case fatality rate of MERS-CoV is much higher than that of 
SARS-CoV. Bats were identified as the reservoir of SARS-CoV, and 
dromedary camels are MERS-CoV reservoir. However, inter-human 
transmission of SARS-CoV and MERS-CoV occurs predominantly via 
nosocomial transmission, and this might be explained by the fact that 
shedding of the virus happens after symptoms apparition, and patients 
are at that time already in healthcare settings [99]. 

SARS-CoV and MERS-CoV are both β-coronaviruses, and have large 
positive-sense RNA genomes. Genomic analysis comparing SARS-CoV-2 
and SARS-CoV by zpicture showed that there is a homology between 
proteins of both viruses, namely the envelope protein E and the nucle
ocapsid phosphoprotein N, showing 94.74% and 90.52% of identity, 
respectively [100]. To infect cells, envelope spike proteins of SARS-CoV 
and MERS-CoV bind to two different types of receptors, respectively 
ACE2 (found in cells of the heart, kidneys, testes and also broadly 
expressed in the lungs, liver, intestine, and brain) [101] and DPP4 
(widely expressed on epithelial cells, in the kidney, alveoli, small in
testine, liver, prostate, and on activated leukocytes) [102]. Symptoms of 
SARS-CoV and MERS-CoV infections are diverse including fever, cough, 
myalgia, shortness of breath, sore throat, and in few cases diarrhea, and 
vomiting. Thus, clinical manifestations range from symptoms resem
bling flu to severe acute respiratory distress syndrome (ARDS) [103]. 

Even though the pathophysiology of SARS-CoV and MERS-CoV vi
ruses is not yet fully understood, they both have been linked to an 
abnormal and disproportionate cytokine production. During the SARS- 
CoV outbreak, a CRS was observed and patients had high levels of 
IFN-γ IL-1, IL-6, IL-12, IL-8, MCP-1 and IP-10. MERS-CoV also slowly 
induces the secretion of high levels of pro-inflammatory cytokines, such 
as IFN-γ, TNF-α, IL-15 and IL-17. A contrast exists between the cytokine 
profiles of these two human coronaviruses. SARS-CoV induces the 
activation of TH1 cell-mediated immunity by the stimulation of NK, 
cytotoxic T lymphocytes and a hyper-innate inflammatory response, 
whereas MERS-CoV infection leads to an important pro-inflammatory 
Th1 and Th17 response [104,105]. Regarding IFNs secreted very early 
in viral infection, it was shown that there is an unusual lack of expres
sion of type I IFNs in SARS-CoV, whereas MERS-CoV induced a signifi
cant increase in the levels of IFN-α2 and IFN-γ. It was also found that 
delayed release of IFNs in the early stages of SARS-CoV and MERS-CoV 
infections hampers the antiviral immune response [54,106]. 

Similarly to SARS-CoV and MERS-CoV, SARS-CoV-2 symptoms range 
from mild to severe ones, although it usually induces less severe 
symptoms, allowing it to spread easily among the population. The af
finity of SARS-CoV-2 for ACE2 is higher than that of SARS-CoV [54]. In 
terms of cytokines production by the three human coronaviruses, it has 
been shown that, like for SARS-CoV, high levels of IL-6 were found in 
patients with COVID-19. Regarding IFN production, SARS-CoV-2 
exhibited more efficient replication but induced significantly less host 
interferon response than SARS-CoV. Moreover, as opposed to SARS-CoV, 
SARS-CoV-2 induces the secretion of Th2 anti-inflammatory cytokines 
IL-4 and IL-10, and TH1 pro-inflammatory cytokines [33]. Additionally, 
patients with severe COVID-19 had high number of CCR6+ TH17 cells in 
their PBMC, indicating that like for MERS-CoV, a TH17 type response is 
also induced during SARS-COV-2 infection [79]. 

6. Conclusion and perspectives 

COVID-19 is a viral-induced illness with a clinical outcome deter
mined by the extent of the host immune system imbalance. The primary 

immune response is a positive response that leads to viral clearance in 
the majority of cases. However, for reasons that are still unclear, the 
secondary immune response may be exaggerated and challenge tissue 
integrity, eventually leading to multiple organ failure, ARDS and death. 
This exaggerated response is demonstrated through a cytokine release 
syndrome for which there is still no specific or effective treatment. 
Earlier SARS-CoV and MERS-CoV therapeutic strategies have shown that 
it was possible to improve prognosis, through the reduction of viral load 
by conducting early-stage interventions and controlling the exacerbated 
inflammatory responses using immunomodulators. Although there is no 
specific antiviral therapy for COVID-19, a deep understanding of CRS 
mechanisms in this disease can help design possible therapeutic 
strategies. 

It would also be relevant to elucidate the kinetics of cytokine acti
vation and expression during SARS-CoV-2 infection. It would be useful 
to explore whether direct virus-induced tissue damage, systemic in
flammatory cytokine release or the synergistic effects of both, 
contribute to the multiple organ dysfunction associated with severe 
COVID-19. Moreover, in the clinical context, approaches should be 
developed in order to prevent transition from mild to severe cases, and 
more effective anti-virus agents should be unveiled. There is an urgent 
need to better understand the host–pathogen biology of COVID-19 as 
this will provide important insights into treatment and management of 
the disease, including identification of new therapies. 
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