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A B S T R A C T

Coronavirus disease 2019 (COVID-19), caused by the virus designated as severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has spread widely throughout the world. Despite the strict global outbreak man-
agement and quarantine measures that have been implemented, the incidence of COVID-19 continues to rise,
resulting in more than 290,000 deaths and representing an extremely serious threat to human life and health.
The clinical symptoms of the affected patients are heterogeneous, ranging from mild upper respiratory symptoms
to severe pneumonitis and even acute respiratory distress syndrome (ARDS) or death. Systemic immune over
activation due to SARS-CoV-2 infection causes the cytokine storm, which is especially noteworthy in severely ill
patients with COVID-19. Pieces of evidence from current studies have shown that the cytokine storm may be an
important factor in disease progression, even leading to multiple organ failure and death. This review provides
an overview of the knowledge on the COVID-19 epidemiological profile, the molecular mechanisms of the SARS-
CoV-2-induced cytokine storm and immune responses, the pathophysiological changes that occur during in-
fection, the main antiviral compounds used in treatment strategies and the potential drugs for targeting cyto-
kines, this information is presented to provide valuable guidance for further studies and for a therapeutic re-
duction of this excessive immune response.

1. Introduction

In December 2019, the emergence of a novel coronavirus-induced
pneumonia in Wuhan, China, posed a serious and urgent threat to
public health throughout the world [1]. On 11 February 2020, the
World Health Organization (WHO) officially renamed 2019‐nCoV as
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and
designated the disease caused by it as coronavirus disease 2019
(COVID-19). On 30 January 2020, the WHO declared COVID-19 as the
sixth public health emergency of international concern, and on March
11, 2020, the WHO classified COVID-19 as a pandemic. Due to the
spread of the SARS-CoV-2 virus worldwide, it is currently reported in
approximately 200 countries and regions. As of 14 May 2020, the cu-
mulative number of confirmed cases of COVID-19 worldwide has ex-
ceeded 4 million, with deaths exceeding 292,046 [2]. The largest
number of patients with COVID-19 was observed in the United States,
followed by Spain, Russia, the United Kingdom, and Italy. In China, the
number of confirmed cases reached 82,933, with fewer new cases being
confirmed recently [3]. It is generally believed that the incubation
period is two weeks, but there is no unified conclusion. It is the third
highly pathogenic coronavirus to rapidly emerge, preceded by severe
acute respiratory syndrome coronavirus (SARS-CoV) in 2003 and

Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012
[4], which have made public health care institutions around the world
face greater challenges.

SARS-CoV-2 has shown a similar pattern of infection and clinical
features but an even faster transmission rate [5] when compared with
the two previous coronaviruses outbreaks [6]. However, it is of parti-
cular attention that acute lung injury (ALI), systemic inflammatory
response syndrome (SIRS), and acute respiratory distress syndrome
(ARDS) occurred in SARS-CoV- and MERS-CoV-infected patients, as
well as in patients with COVID-19 [7]. Cytokines have been found that
play a key role in driving the appearance of these clinical features and
are also at the core of the development of inflammation [8,9]. Con-
sistent with the previous findings, patients with severe COVID-19
showed significant increases in cytokines such as IL-2, IL-7, IL-10,
GSCF, IP10, MCP-1, MIP1A and TNF-α, with the characteristics of a
cytokine storm [10]. When SARS-CoV-2 infects the body, the in-
flammatory response plays an antiviral role, but a strong cytokine storm
due to an unbalanced response can be very damaging to the patients.
Therefore, using strategies to effectively suppress cytokine storm is
essential for preventing disease deterioration in patients with COVID-19
and for saving patients' lives, which is of great significance for the
treatment of critically ill patients and for reducing the mortality rate. In
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this review, SARS-CoV-2 and the mechanisms by which cytokine storm
is induced by the virus will be introduced in detail, including the ways
in which cytokines are activated and released, how they cause cell and
organ damage, and the therapeutic interventions for preventing and
quelling this harmful process.

2. Features of SARS-CoV-2

SARS-CoV-2 is a zoonotic human coronavirus (CoV) closely related
to those coronaviruses that cause severe acute respiratory syndrome
(SARS-CoV) and Middle East respiratory syndrome (MERS-CoV) [11].
Coronaviruses are a group of positive-sense, single-stranded RNA
viruses with the largest genome among known human RNA viruses and
a likely ancient origin, named as such because of the envelope spinous
processes that resemble a corona [12]. SARS-CoV-2 belongs to the β-
coronavirus genus. All coronaviruses have nonsegmented genomes.
Two-thirds of the genome consists of two large overlapping open
reading frames (orf1a and orf1b), which are translated into 16 non-
structural proteins (nsp1 to nsp16). The remaining genome encodes
structural proteins, including nucleoprotein (N), the receptor-binding
site spike glycoprotein (S), small envelope glycoprotein (E), and
membrane glycoprotein (M) [13]. Coronavirus entry into target cells is
mediated by the spike protein. The S protein includes two domains,
with the S1 subunit responsible for binding to the receptor and the S2
responsible for fusing the virus and the host cell membrane [14].
Among the coronaviruses that have been identified, the N protein,
which is the only protein present in the nucleocapsid and participates in
viral replication by binding to RNA, is composed of two separate do-
mains, the N-terminal domain (S1-NTD) and the C-terminal domain
(S1-CTD), both of which serve as RNA receptor-binding domains (RBD)
[15]. Coronaviruses have been recognized as the causes of mild and
severe respiratory tracts diseases in humans and some animals. Com-
pared with the other four low-pathogenicity human viruses (HCoV-
NL63, HCoV-229E, HCoV-OC43, and HKU1) that are prone to cause
mild cold-like symptoms, the two highly pathogenic coronaviruses,
SARS-CoV and MERS-CoV, cause severe respiratory infections in hu-
mans that can even progress to fatal multiple organ failure[16]. In light
of the published genomic data, the sequence homology between SARS-
CoV-2 and SARS-CoV is 79.6% [17], with most of the proteins showing
a high homology [18]. In addition, little is known about the origin of
SARS-CoV-2, although it was originally thought that the first case were
associated with the Huanan Seafood Market in Wuhan [10], and thus
these basic but important studies are urgent for rapidly finding the
source of SARS-CoV-2 in order to slow the ongoing outbreak.

3. Clinical characteristics of COVID-19 patients

It has been reported that the early clinical manifestations of patients
with COVID-19 are mainly fever (98%), cough (82%), shortness of
breath and exhaustion, which can rapidly progress to pneumonia [10].
Nausea, vomiting, and diarrhea are uncommon [19]. The respiratory
symptoms of COVID-19 are heterogeneous, from mild to severe symp-
toms with ARDS, accompanied by a generalized weakness and fatigue
[20]. Abnormalities are found in computed tomography (CT) images of
patients’ chests, primarily ground glass-like opacity areas bilaterally in
the lungs of those infected (72%) [20]. Troponin T (TnT) elevation,
cardiac dysfunction and arrhythmias are complications in hospitalized
COVID-19 patients and are associated with a fatal outcome [21].
Common preexisting diseases in patients may be risk factors for a poor
prognosis, including cardiovascular disease (10.5%), hypertension
(6%), diabetes (7.3%), chronic respiratory disease (6.3%) and cancers
(5.6%) [22], especially in older men. Epidemiological studies have re-
ported that elderly patients are more likely to suffer from critical dis-
eases and that the symptoms in children are often milder. Children
under 9 years of age and those aged 10–19 years account for 1% of the
total cases [22]. Research from fatal cases in China showed that the

majority of the non‐survivors died of multiple organ failure, and most of
these cases were in male over 50 years old with noncommunicable
chronic diseases [23]. The median times are 5.0 days from the first
symptoms to dyspnea and 8.0 days for the development of ARDS [24].

A positive SARS-CoV-2 nucleic acid test can diagnose COVID-19,
which can be auxiliary confirmed by CT and specific antibody IgG/IgM
tests [25]. The most common abnormalities in the laboratory results
include normal or reduced white blood cells, the decreased prevalence
of lymphocytes (83.2%) [19], abnormally elevated ALT and AST [26],
increased proinflammatory cytokines such as IL-1β, IL-6, and TNF-α,
and increases in lactate dehydrogenase (LDH), D-dimer, C-reactive
protein (CRP), and procalcitonin (PCT) [10]. In addition, patients'
plasma angiotensin II (Ang II) levels are significantly increased, which
is related to viral load and lung injury [26]. ICU patients show higher
levels of plasma cytokines such as IL-6 [27], D-dimer, fibrinogen, PCT
and a prolonged thrombin time [28], suggesting that inflammatory
responses play a key role in these injuries and may also be related to the
severity of the disease in these patients [29], even being the cause of
death. Disseminated intravascular coagulation (DIC) is apparent in
most of the patients who have died [30]. Owing to the lack of direct
evidence, it is unclear how the process of the inflammatory response
involving cytokines fully progresses, but it is certain that the manifested
clinical features are directly related to the violent occurrence of in-
flammation.

4. Emergence and progression of the cytokine storm in COVID-19
patients

The cytokine storm refers to the overproduction of inflammatory
cytokines with a wide range of biological activity from a variety of
tissues and cells (mainly immune cells), which is due to different in-
fections and a loss of negative feedback on the immune system. In turn,
these cytokines drive a positive feedback on other immune cells and
continue to recruit them to the sites of inflammation, begetting the
exponential growth of inflammation and organ damage. In short, it is
the unceasing extreme activation and attack of the autoimmune system.
The main cytokines involved are interleukins (IL), interferons (IFN),
tumor necrosis factor (TNF), colony stimulating factors (CSF), the
chemokine family, growth factors (GF), and others. They are divided
into pro-inflammatory factors (such as IL-1β, IL-6, IL-12, TNF, and IFN-
γ) and anti-inflammatory factors (such as IL-4, IL-10, IL-13, and TGF-β)
based on their functions. The cytokine storm is a crucial cause of ARDS,
a systemic inflammatory response, and multiple organ failure [31].
Moreover, the viruses can invade lung epithelial cells and alveolar
macrophages to produce viral nucleic acid, which stimulates the in-
fected cells to release cytokines and chemokines, activating macro-
phages, dendritic cells, and others [15]. Chemokines and cytokines are
increasingly released from these cells to attract more inflammatory cells
to migrate to the site of inflammation from the blood vessels, thereby
cascading the amplification of the inflammatory response.

Acute lung injury (ALI) is a common consequence of cytokine storm
in lung tissue and systemic circulation [32]. Recently, the pulmonary
pathology of SARS-CoV-2 infection showed that the major changes in
the lung tissue is diffuse alveolar damage, alveolar edema and protei-
naceous exudates, thickening of alveolar walls, evident desquamation
of pneumocytes and hyaline membrane formation, indicative of ARDS
[33]. Multinucleated giant cells in the alveolar cavity and inflammatory
infiltration of the lymphocytes in the pulmonary mesenchyme have
been demonstrated [34]. In addition, the pathological results have
confirmed that the number of CD4+T and CD8+T cells in the per-
ipheral blood is reduced but that these cells are overactivated. CCR4+/
CCR6+Th17 cells, found to be increased, can have high proin-
flammatory effects, and CD8+T cells contain high concentrations of
cytotoxic granules, mainly perforin and granulysin, which cause severe
immune damage in patients [34]. The damaged alveolar epithelial cells
and the extensive phlegm secretion and exudation significantly inhibit
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the ventilation function of the lungs, leading to hypoxemia, hypoten-
sion, and even shock [32]. The existence of disseminated intravascular
coagulation is currently reported to be common in deaths from COVID-
19[30]. Endothelial cell damage causes coagulation activation and
hyperfibrinolysis conditions resulting from the inflammatory progres-
sion, which may cause small blood vessel thrombosis, possibly in-
creasing cardiac load and promoting pulmonary embolism [25].

COVID-19 is considered a systemic disease involving a series of
other important organs, such as heart, liver and kidney. On the one
hand, ACE2, the cellular receptor for the virus, is widely expressed in
various organs and tissues, but on the other hand, the damage caused
by the viral infection is caused by cytokine storm [24]. The severity and
lethality of COVID-19 includes viral damage to the heart muscle and to
the blood vessels. Myocardial oxygen demand increases during the state
of infection, and the high metabolic rate leads to an increase in myo-
cardial load, which further causes an imbalance between supply and
demand [21]. In addition to hypoxia, respiratory distress, metabolic
acidosis, fluid or electrolyte disturbances and activated neurohumoral
systems after a severe infection may also lead to cardiac arrest and
damage and may even induce malignant arrhythmias [25]. Acute
kidney injury (AKI) is also an important feature observed in COVID-19
patients. An important autopsy study has reported that patients that
died from COVID-19 had significant acute proximal tubule injury, and
the presence of clusters of coronavirus particles in podocytes and renal
tubular epithelial cells were observed [35]. Activated macrophages and
angiotensin II overactivity play a role in AKI and podocyte damage. In
addition, hypotension, microvascular damage and contraction, de-
creased renal perfusion, and hemostatic factors and the related sepsis
should be taken into account [36]. Liver damage occurrence may be
due to the viral infection or to drug damage during the course of the
disease in severe cases, which is yet to be studied [37].

It has long been believed that a well-coordinated and rapid innate
immune response is the first line of defense against viral infection. The
cytokines synthesized and secreted by immune cells are involved in the
induction period and in the effect phases in all inflammatory reactions,
but more importantly, activating the initiation of the cytokine tran-
scription mechanism to promote secretion is the key link. When im-
mune cells in the body detect the pathogen-associated molecular pat-
tern (PAMP) from the virus through the pattern recognition receptor
(PRR) on the cell membrane, the innate immune response system is
immediately activated [38]. Among the PRRs, the most typical is the
Toll-like receptor 3(TLR3). TLR3 is a transmembrane receptor, with the
extracellular accessory proteins MD-1, MD-2 and RP105 involved in the
recognition of the PAMP [39]. Macrophages are the key cells for host
defense. TLR3 on macrophages specifically recognizes ds-RNA, the in-
termediate product of virus replication, followed by the recruitment of
signal transfer proteins MyD88, TIRAP, TRAM or TRIF in the cyto-
plasmic TIR domain. Activation of various kinases (IRAKs, TBK1, and
IKKs) and tumor necrosis factor receptor-related factor 6 (TRAF6), ac-
cording to the different adaptors, eventually lead to activation of the
NF-κB, MAPK, or JNK-STAT pathways to promote the transcription of
inflammatory cytokines and to produce IFN, IL-1β, IL-6, and others, for
coordinating the local or systemic inflammatory responses [40] (Fig. 1).
IL-1β and IL-6 are the major pro-inflammatory cytokines released
during viral infections [41]. IL-1β enhances the inflammatory responses
in the bronchi and alveoli in patients with lung injury. At the same
time, acute phase proteins from hepatocytes stimulated by IL-1β and IL-
6 activate the complement system, and the complement cascade further
increases vascular permeability.

IL-6 has always been an important central factor in cytokine storm.
In virus-infected lesions, IL-6 can respond to IL-1, TNF-α, or TLR sig-
nals, trigger cis-regulatory modules, and activate the NF-κB transcrip-
tional signaling pathway and the binding site of the nuclear factor IL-6
(CAAT/EBPβ) [42]. However, the most important function is that IL-6
binds to the transmembrane receptor IL-6R to generate the IL-6/IL-6R
complex. Subsequently, the dimerization of the signal transduction

component gp130 is induced by the complex, which activates Janus
kinase signal transduction and transcription activators [43] (Fig. 1).
High levels of IL-6 can activate the coagulation system and increase
vascular permeability, providing conditions for the rapid spread of in-
flammation [43]. It has been reported that higher levels of IL-6 are
present in patients with severe COVID-19, which proves that high levels
of IL-6 may cause greater damage to lung tissue [10]. It has been ver-
ified in vitro that the SARS-CoV S protein induces upregulation of IL-6
and TNF-α in mouse macrophages through the NF-κB pathway [44].
The cytokine-mediated inflammatory response pathway is a series of
intersecting networks, and each one has a degree of redundancy and
alternate pathways. The combinations of TLR and ligands initiate a
signal cascaded-amplification and lead to the activation of multiple
cytokine pathways, which is the main research focus of the current
inflammatory responses.

Through the regulation of cytokines and chemokines, conventional
lymphocytes (T cells and B cells) differentiate into specific effector cells
and localize at the sites of infection. For instance, CD4+T cells dif-
ferentiate into Th1 cells and produce IFN-γ to activate macrophages and
other types of cells because of the induction of IL-12, thereby triggering
the defense against intracellular pathogens. At the same time, IFN-γ can
induce the transcription of multiple chemokines. In addition, IL-6 in-
duces the differentiation of CD8+T cells into cytotoxic T cells, which
eliminate viruses by lysing the infected cells. The consumption of cy-
totoxic T cells may be the cause of the decrease in lymphocytes in most
patients with COVID-19 [10]. It has been found that T lymphocytes are
a vital source of many chemokines and express multiple molecule re-
ceptors [45]. Similarly, neutrophils and macrophages are drawn to re-
gions of injury by IL-8 and MCP-1 by chemotactic influences, respec-
tively, while secreting chemokines to recruit more cells to participate in
the battle against pathogens. It is now accepted that each cell can re-
spond to multiple chemokines just by expressing a single type of re-
ceptor. It is this complex relationship between chemokines and their
receptors that enables chemokines to rapidly replenish in various mi-
croenvironments, which thus allows the inflammatory storm to con-
tinue to develop [41]. According to a report, in SARS patients, proin-
flammatory cytokines such as TNF and IL-6 and chemokines IL8, CCL3
(MCP-1), CCL5, CCL2 and CXCL10 were found to be significantly up-
regulated, while the anti-inflammatory factors such as IL-10 were found
to be lacking [31], which showed that the lack of anti-inflammatory
factors can cause an imbalance in the inflammatory response and pro-
mote cytokine storm.

5. Effects of the cytokine storm resulting from pathogenic SARS-
CoV-2 infection

Angiotensin-converting enzyme 2 (ACE2) has been shown to be a
cellular receptor for SARS-CoV-2 [46]. Twenty-one mutations have
been found in the SARS-CoV-2 spike glycoprotein binding region, sug-
gesting that this coronavirus evolved gradually in adapting to human
hosts [47,48]. Though ACE2 exists in various tissues such as coronary
arteries, vascular endothelium, and renal tubular epithelium [49], the
macrophages and pulmonary alveolar epithelial cells are the primary
targets attacked by the virus [29]. Currently, it is generally believed
that all populations are considered susceptible to SARS-CoV-2. In an-
imal models, it has been demonstrated that older rhesus monkeys are
more susceptible to SARS-CoV than younger monkeys [50], and the
increased expression of ACE2 in the lower respiratory tract induced by
smoking may increase sensitivity to SARS-CoV-2. Genetic analysis of
ACE2 has shown that expression of a mutant form of ACE2 was higher
in East Asian populations, which may indicate that there are differences
in SARS-CoV-2 infectivity among different populations [51]. In addi-
tion, rapid virus replication causes cell pyroptosis, immune evasion,
and cell lysis triggered by anti-Fc antibodies, all of which trigger the
mass release of pro-inflammatory cytokines and chemokines. Therefore,
exacerbation of COVID-19 patient’s clinical symptoms may be the result
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of a combination of cytopathic effects caused directly by the virus in-
fection and immunopathology injury caused by a violent cytokine
storm.

5.1. ACE2 receptor-mediated inflammatory response

From the molecular modeling structural analysis results of the 2019-
nCoV receptor, the receptor-binding domain (RBD) of SARS-CoV-2
shows a more effective interaction with ACE2 compared to that of
SARS-CoV [52]. The binding of S protein to ACE2 is the first step for the
virus to enter the target cells, which is accomplished by proteolytic
cleavage and fusion of the viral and cellular membranes [15]. It is
speculated that SARS-CoV-2 might also cause lung tissue injury through
the same pathogenic mechanism [53]. On the one hand, when SARS-
CoV-2 infects alveolar cells, the S1 and ACE2 transmembrane domains
bind to reduce the level of ACE2, resulting in the renin angiotensin
system (RAS) tilting towards the ACE-Ang II axis [54]. Meanwhile, the
production of Ang II is absolutely or relatively elevated, which causes
macrophage infiltration, inducing an increase in cytokines and adhe-
sion molecules, including IL-6, monocyte chemotactic protein 1 (MCP-
1), vascular cell adhesion molecule 1 (VCAM-1), selectin E, and others,
which cause endothelial dysfunction [55,56]. In addition, the down-
regulation of ACE2 reduces the protective effects against acute lung
injury [54], leading to increased pulmonary capillary permeability and
pulmonary edema, and patients with severe disease may die of re-
spiratory failure. On the other hand, experimental cellular studies in
vitro have shown that SARS-CoV S induces shedding of the ACE2 ex-
tracellular ectodomain and promotes virus entry into cells through

dependence on TNF-α converting enzyme (TACE). However, the func-
tion of free sACE2, currently unknown, may also mediate inflammation
and tissue injury [57]. In addition, the binding of virus to ACE2 might
also be involved in intracellular pathway recognition.

5.2. Cell pyroptosis

Pyroptosis is a newly identified inflammatory form of programmed
cell death, and inflammatory storms caused by SARS-CoV-2 infection
may be related to cell pyroptosis. Research evidence from Chen et al.
showed that the SARS-CoV viroporin 3a protein activates the NLRP3
(NOD-like receptors protein 3) inflammasome, causing IL-1β produc-
tion [58]. Reduced cell counts and increased IL-1β in the serum of
COVID-19 patients may indicate the activation of cell pyroptosis. When
a variety of extracellular PAMPs are recognized by TLRs [59], this
triggers the activation of the NF-κB signaling pathway and upregulation
of inflammasome-related components, including inactivated NLRP3,
proIL-1β, and proIL-18. Subsequently, NLRP3 oligomerizes and it is
connected to pro-caspase-1 through the adaptor protein ASC to form a
multiprotein complex, thereby activating caspase-1 [60]. Activated
caspase-1 recruits and cleaves members of the Gasdermin family such
as GSDMD for polymerization in the pathway downstream [61] and
simultaneously cleaves the precursors of IL-1β and IL-18 to form active
IL-1β and IL-18, which are released into the extracellular environment
to recruit more inflammatory cells to aggregate and expand the in-
flammatory response [62]. In addition, the active cleavage fragment of
GSDMD causes extensive cell perforation by inserting into the lipid
bilayer, resulting in cell swelling and lysis, which is followed by the

Fig. 1. (a) IL-6 binds to the transmembrane receptor IL-6R to generate the IL-6/IL-6R complex, which induces homodimerization of gp130, leading to activation of
the downstream signaling molecules, including TYK2,JAK1,JAK2 and STAT3, promoting IL-6 transcription; (b) the binding of IFN-α/β to the dimer receptor IFNAR
activates the JAK-STAT signal transduction pathway, in which STAT1, STAT2 and IRF9 form a complex and then enter the nucleus to initiate the transcription of IFN-
stimulated genes (ISG). However, NSP1 can inhibit the IFNs response by blocking STAT1 phosphorylation; (c) TLR3 specifically recognizes the viral ds-RNA followed
by the recruitment of signal transfer proteins MyD88, IRAK, IKKε and TRAF6, and eventually the NF-κB complex is activated to promote the transcription of
inflammatory cytokines; (d) IL-1 and TNF-α can also activate the NF-κB single pathway to initiate the transcription of inflammatory cytokines. PRR activates the
transcription of multiple cytokines and delays IFN-α and -β responses.
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release of contents such as the cellular matrix and cytokines [63]. Many
endogenous immune molecules are released from the intracellular en-
vironment, such as oxidized phospholipids and the cellular matrix,
which are known as damage-associated molecular patterns (DAMP).
Similar to PAMP, which are known as alarm signals, DAMP can also be
recognized by NLRP3, thereby progressively magnifying the in-
flammatory effects and causing cell pyroptosis [64] (Fig. 2). COVID-19
patients often have lymphopenia, but further research is still needed to
prove whether it is also related to this mechanism.

5.3. Delayed IFN-α and -β response

IFN is a core family in innate antiviral immunity, with type I in-
terferons (IFN-α and -β) being essential, especially for the innate im-
mune response against viruses and other microbial infections. The
binding of type I interferon and its dimer receptor (IFNAR) activates the
JAK-STAT signal transduction pathway, in which the JAK1 and TYK2
kinases phosphorylate STAT1 and STAT2, which form a complex with
IRF9. These complexes enter the nucleus and initiate the transcription
of IFN-stimulated genes (ISG) [65]. In vitro studies have found that the
rapid replication of SARS-CoV in mice induces a significant but delayed
IFN-α/β response, accompanied by a large influx of pathogenic in-
flammatory mononuclear macrophages (IMM) [66], leading to an in-
crease in lung cytokines and chemokines, vascular leakage and virus-
specific T cell apoptosis, further hindering viral clearance. In addition,
studies have demonstrated that coronaviruses can rapidly replicate in
host cells and encode proteins (NSP1) that antagonize the IFNs response
by blocking STAT1 phosphorylation [15,67]. Meanwhile, structural
proteins M and N inhibit the signaling of IFNs by deactivating TRAF3,
TBK1/IKKs, and some other mechanisms, respectively [68]. The cor-
onavirus structural and nonstructural proteins cause a delayed response
of the IFNs, further amplifying the inflammatory response by promoting
viral replication, followed by the increase in the viral PAMPs. In turn,
the PAMPs inhibit the delayed IFN signaling and stimulate PRR-induced
abnormal inflammatory responses [69]. Above all, it should be clear
that these putative antiviral mechanisms have been confirmed in step-
by-step studies. Whether they are truly important in infectious viruses
and in systemic antagonist pathways needs to be further studied.

5.4. Anti-S IgG-mediated inflammatory response

It is generally considered that antiviral antibodies play a very

important role in viral clearance. According to reports, in patients who
died from SARS, anti-S neutralizing antibodies (NAb) developed sig-
nificantly faster (14.7 vs 20 days) and to higher levels than in patients
who had recovered [70]. In a SARS-CoV macaque experimental model,
after inoculation with an antibody to the S protein, it was found that the
anti-S IgG facilitated severe lung injury in the early stages of infection
by eliminating the wound-healing macrophage response and TGF-β
production, as well as by promoting inflammatory macrophages and the
production of factors MCP-1 and IL-8 [71]. This evidence has suggested
that anti-S IgG may also play an important role in lung injury caused by
acute SARS-CoV-2 infection during the acute infection period [71].
Since the FcR was blockaded, reducing the production of inflammatory
cytokines, it is considered that the virus complexed with anti-S IgG may
promote cytokine release by binding to Fc receptors on the surface of
macrophages or additionally through antibody-dependent cell-medi-
ated cytotoxicity (ADCC) directly lysing the target cells [72]. Whether
this complex is associated with antibody-dependent enhancement
(ADE) [73] or complement system activation in patients with COVID-19
during viral replication [55] remains to be proven by further studies.

6. Potential antiviral compounds

Corticosteroids are usually used to suppress inflammatory re-
sponses, which were the main means of immunomodulatory therapy
during the SARS epidemic. However, the early patients were found to
have an increased plasma viral load and secondary infections [74]. In
some studies, early administration of IFN was beneficial in reducing the
viral load and moderately improved clinical performance, and a com-
bination with ribavirin also had a certain therapeutic effect [75]. IFN-λ
inhibited the recruitment of inflammatory cells and the production of
IL-1β without excessive stimulation of the immune system, which might
become a potential therapeutic direction [76].

Remdesivir (RDV) is a nucleotide analog inhibitor of RNA-depen-
dent RNA polymerases with a broad-spectrum antiviral activity, ori-
ginally designed to target Ebola. RDW was used to treat the first COVID-
19 patient in the United States and to reverse lung injury [77]. It has
been reported that remdesivir and chloroquine can inhibit SARS-CoV-2
replication in vivo and in vitro [78], and the antiviral protective effect
of RDV combined with IFN-β was observed in vivo and in vitro, which is
better than that of lopinavir/ritonavir-IFN-β against MERS-CoV [79].
However, its effectiveness and safety still need to be verified in clinical
trials. Chloroquine has been shown effective to inhibit SARS-CoV-2

Fig. 2. TLR recognizes extracellular PAMPs and
initiates the transcription of NLRP3, proIL-1β,
and proIL-18 through the NF-κB signaling
pathway, and oligomerized NLRP3, ASC and pro-
caspase-1 form a multiprotein complex that ac-
tivates caspase-1. Activated caspase-1 cleaves
the pro-IL-1β and pro-IL-18, forming active IL-1β
and IL18, which are released, and simulta-
neously, the active cleavage fragment of GSDMD
causes cell perforation by inserting into the lipid
bilayer, resulting in cell swelling and lysis, fol-
lowed by the release of contents such as the
cellular matrix and cytokines. Intracellular sig-
naling mechanism of cell pyroptosis induced by
PAMPs.
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replication in vitro by interfering with ACE2 [78] and can also inhibit
the production and release of TNF and IL-6, which suggests that
chloroquine can suppress cytokine storm in patients infected with
COVID-19 [80]. Hydroxychloroquine shares the same mechanism as
chloroquine and was found to be more potent than chloroquine in in-
hibiting SARS-CoV-2 in vitro [81]. A clinical trial of hydroxy-
chloroquine treatment significantly showed that it was associated with
a reduction in viral load in COVID-19 patients and that azithromycin
could enhance its effect [82].

The combination of lopinavir and ritonavir increased plasma half-
life through the inhibition of cytochrome P450, which has been widely
used as an aspartate protease inhibitor to treat HIV infection. Although
the effectiveness of these drugs needs to be verified in further trials in
COVID-19 patients, the safety of the treatment was confirmed [83]. The
results of one study have indicated that arbidol monotherapy may be
superior to lopinavir/ritonavir in treating COVID-19 [84]. A new type
of RNA-dependent RNA polymerase (RdRp) inhibitor is favipiravir,
which was approved for flu treatment. The reason that favipiravir might
have a potential antiviral effect on SARS-CoV-2 is that it is converted
into an active phosphorylated form (Favipiravir-RTP) in cells and is
recognized as a substrate by the viral RNA polymerase, thereby in-
hibiting RNA polymerase activity [85]. The clinical trial on favipiravir
for the treatment of COVID-19 has achieved good results, compared
with the lopinavir/ritonavir treatment group, with no significant ad-
verse reactions noted in the favipiravir treatment group [86]. Tocili-
zumab is an antagonist of IL-6 and has a therapeutic effect on cytokine
storm caused by infection. Tocilizumab has been approved for the
treatment of severe complications related to SARS-CoV-2 to reduce
inflammation in China [87].

In addition, the results from the management of patients with
COVID-19 by Xu et al. showed that an artificial liver blood purification
system can quickly clear inflammation mediators to suppress cytokine
storm, but the repair system may be delayed for excessive clarity [88].
Convalescent plasma transfusion may offer a short-term therapy
strategy for susceptible individuals [89]. Although it has shown a good
therapeutic effect, its overall safety and the appropriate timing of ad-
ministration need further study for a rigorous scientific approach in the
interest of avoiding harm like ADE [90]. Monoclonal antibody therapy
as a potential therapeutic intervention represents the main biological
treatment of passive immunotherapy against viral infections. Five cri-
tically ill patients with COVID-19 were treated with convalescent
plasma, after which their viral loads declined and their clinical condi-
tions improved [91]. The use of these antibodies may be another viable
immediate option for emergency prophylaxis and SARS-CoV-2 therapy.
Meanwhile, this means that vaccination may be the best choice to
control COVID-19, but current vaccine production faces many ob-
stacles. This requires researchers to explore international cooperation.
Evidence has revealed that the serine protease TMPRSS2 plays an im-
portant role in SARS-CoV-2 entry into cell but that TMPRSS2 inhibitors
can prevent entry [46], which may become a treatment option.

Currently, it is unclear which drugs can successfully treat COVID-
19. There is not yet complete data from large randomized clinical trials
(RCTs) that can provide clinical guidance on the use and dosage of the
drugs. Therefore, effective and safe anti-SARS-CoV-2 treatment requires
further clinical trials, large-scale randomized controlled studies and
comprehensive activities.

7. Conclusion and prospect

In sum, the rapid spread of SARS-CoV-2 has forced all medical in-
stitutions worldwide to carry out research, prevention and control. All
efforts are being made to slow the spread of COVID-19 to provide better
public health recommendations and to develop timely diagnostics,
therapeutics and vaccines. The above potential mechanisms are based
on two previous outbreaks of coronaviruses and on current partial re-
search [92], with many new mechanisms still unknown. New

treatments are being developed based on existing experience in com-
bating viral infections. However, at present, treatment strategies for
SARS-CoV-2 infection are only supportive, and more importantly, there
are no specific antiviral drugs for COVID-19. Therapeutic interventions
targeting these pro-inflammatory cytokines and chemokines may help
to alleviate adverse inflammatory responses, such as JAK-STAT
pathway inhibition [93].

Studies have found that there may be individual differences in
susceptibility to cytokine storm. The innate immune response of
healthy people is highly variable, which can be genetically confirmed
with the TLR receptor. For example, sepsis patients with single nu-
cleotide polymorphisms (SNPs) of TLR1 hypermorphic variants have
been shown to have an association with an increased susceptibility to
organ dysfunction, death, and gram-positive bacteremia infection [94].
TLR4 is the major receptor for lipopolysaccharide (LPS); variants of this
receptor can make individuals susceptible to sepsis, and genome-wide
association studies (GWAS) have linked TLR4 polymorphisms to pa-
thogen susceptibility and disease severity [41]. Future studies will
likely reveal potential genetic variations that affect host cytokine storm
during infection. In addition, the body’s immune pathological damage
is closely related to the viral load, and the degree of the cytokine storm
is an essential connection point. If plasma cytokines are monitored
dynamically to assess the degree of cytokine storm in a timely and ef-
fective way, this may be of great benefit to the care of critically ill
patients.

The inflammatory response is an essential part of the immune
system for its function; otherwise, pathogens would be difficult to
eliminate. SARS-CoV-2 might induce excessive and prolonged cytokine
responses, resulting in lung damage and multiple organ failure. To date,
most studies have focused on the direct measurement of those cytokines
and chemokines in the peripheral blood, but in the context of the ra-
pidly changing cytokine environment after virus infection, we do not
have well-rounded understanding of the cause of the vigorous in-
flammatory response. Although existing studies have shown that during
the occurrence of pathogenic hCOV infection, a violent cytokine storm
causing immune pathological damage may be a real “killer” in critically
ill patients. At the same time, human autopsy and animal models stu-
dies have provided some evidence for the pathogenic mechanism of
inflammatory cytokines, derived from IMM and neutrophils. However,
current studies are limited, and detailed molecular biology principles
and broader epidemiology are lacking. Therefore, future studies should
not only focus on the identification of specific inflammatory response
signaling pathways, in patients and animals infected with hCoV but also
include the scientific and effective application for controlling the spread
of the virus worldwide.
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