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ABSTRACT
The coronavirus disease 2019 (COVID-19) triggered by severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) erupted in Hubei Province of China in December 2019 and has become a pandemic. 
Severe COVID-19 patients who suffer from acute respiratory distress syndrome (ARDS) and multi-
organ dysfunction have high mortality. Several studies have shown that this is closely related to the 
cytokine release syndrome (CRS), often loosely referred to as cytokine storm. IL-6 is one of the key 
factors and its level is positively correlated with the severity of the disease. The molecular mechanisms 
for CRS in COVID-19 are related to the effects of the S-protein and N-protein of the virus and its 
ability to trigger NF-κB activation by disabling the inhibitory component IκB. This leads to activation 
of immune cells and the secretion of proinflammatory cytokines such as IL-6 and TNF-α. Other 
mechanisms related to IL-6 include its interaction with GM-CSF and interferon responses. The pivotal 
role of IL-6 makes it a target for therapeutic agents and studies on tocilizumab are already ongoing. 
Other possible targets of treating CRS in COVID-19 include IL-1β and TNF-α. Recently, reports of a 
CRS like illness called multisystem inflammatory syndrome in children (MIS-C) in children have 
surfaced, with a variable presentation which in some cases resembles Kawasaki disease. It is likely 
that the immunological derangement and cytokine release occurring in COVID-19 cases is variable, 
or on a spectrum, that can potentially be governed by genetic factors. Currently, there are no 
approved biological modulators for the treatment of COVID-19, but the urgency of the pandemic 
has led to numerous clinical trials worldwide. Ultimately, there is great promise that an anti-
inflammatory modulator targeting a cytokine storm effect may prove to be very beneficial in 
reducing morbidity and mortality in COVID-19 patients.

Introduction

COVID-19 is a pandemic and as of October 30, 2020, the 
SARS-CoV-2 virus has infected over 45,218,361 people 
and caused over 1184,072 deaths worldwide. SARS-CoV-2 
primarily affects the lung and, in some individuals, can 
progress to acute respiratory distress syndrome (ARDS). 
Once this occurs, the disease can rapidly progress to 
multi-organ dysfunction syndrome (MODS) and death. 

The pathogenesis of lung injury and MODS in COVID-19 
has not been fully elucidated, but it is suspected that a 
hyper-inflammatory state may occur in the form of cyto-
kine release syndrome (CRS).

The term "cytokine release syndrome” generally refers 
to a severely over-reactive immune system that progresses 
in an unregulated manner. We now know that unfettered 
cytokine release can occur in many conditions, including 
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infections, but the first introduction of the term was in a 
paper by Ferrera et al describing the effects of cytokine 
dysregulation in graft-versus-host disease (GVHD) in 
1993 [1]. Since the early 2000s, this term has also been 
used to describe abnormal release of large quantities of 
inflammatory mediators in infectious diseases caused by 
cytomegalovirus, Epstein-Barr virus, SARS-CoV and 
H5N1 influenza virus [2]. CRS may be a feature of infec-
tion related secondary hemophagocytic lymphohistiocy-
tosis (HLH) and is thought to be associated with acute 
lung injury (ALI) and ARDS occurring in SARS and the 
Middle East Respiratory Syndrome (MERS). Although this 
term has gained recognition and acceptance in the medical 
community, the triggers and mechanisms that lead to CRS 
remain elusive.

In this review, we attempt to describe how structural 
proteins of the SARS-CoV-2 induce production of abun-
dant IL-6, the effect of the IL-6 receptor on downstream 
inflammatory pathways, and possible interactions with 
different inflammatory cytokines at the molecular level. 
The involvement of other pro-inflammatory cytokines 
including tumor necrosis factor-alpha (TNFα) and inter-
leukin-1beta (IL-1β) are also discussed. A better under-
standing of the mechanisms will help us to identify future 
targets for the treatment of COVID-19.

Pathogenesis of the CRS in COVID-19

Clinical features of COVID-19

A study of a cohort of COVID-19 patients showed that 
excessive amounts of proinflammatory cytokines were 
detected in the blood of those who died [3]. It was found 
that levels of cytokines IL-1β, IFN-γ, IL-10, and MCP-1 
were higher in COVID-19 patients than healthy controls, 
and levels of IP-10, MCP1, MIP1a, and TNF-α were higher 
in ICU patients than in non-ICU patients, suggesting that 
excessive cytokine production may be associated with 
severity of the disease [1, 4]. In another study, more than 
half of the 99 patients (51%) with COVID-19 exhibited 
elevated IL-6 levels [5]. The effects of CRS may lead to 
pulmonary consolidation and edema, which may proceed 
to ARDS and fatal multi-organ failure [6]. Collectively, 
serum concentrations of cytokines and the resulting CRS 
are positively correlated with the pathogenesis and severity 
of COVID-19.

The relationship between CRS and comorbid factors of 
COVID-19 is also noteworthy. It has been reported that 
hypertension, diabetes and cardiovascular disease are the 
most common comorbidities [7, 8], which may result from 
chronic and systemic metabolic alterations caused by 
inflammation in adipose tissue and increase the infection 
risk of SARS-CoV-2 [9]. Studies have indicated that 

diabetes may activate the differentiation of CD4+ cells by 
Th1 and Th2 cells and lead to dysfunction of Th17 and 
Treg cells, which breaks the balance of proinflammation 
and anti-inflammation and induces inflammatory cyto-
kines [10]. The concentrations of IL-2, IL-6 and TNFα 
were significantly higher in a diabetes group than that of 
a non-diabetes group, also with a higher mortality rate 
[10], which may be due to decreased pulmonary function, 
excessive immune inflammation and aggressive glycosyla-
tion. Aggressive glycosylation resulting from diabetes is 
thought to be associated with immunoglobulin dysfunc-
tion and lead to susceptibility to COVID-19 and impaired 
viral clearance [11]. Angiotensin II (Ang II), closely related 
to hypertension, is increased in patients with COVID-19 
compared to healthy controls [12]. Ang II activates 
p44/42MAPK, p38MAPK, NF-κB and c-Jun pathways by 
up-regulating the expression of LOX-1 (a lectin-like 
ox-LDL receptor), Ang II type 1 and type 2 receptors, 
which further increases the expression of proinflammatory 
genes, such as IL-6, IL-10 and TNF-α [13], and contributes 
to the severity of CRS.

Features of CRS

SARS, MERS and COVID-19 may possess certain com-
mon features that lead to CRS and greater morbidity and 
even mortality. Monocytes/macrophages and dendritic 
cells are part of the first line of defense after initial expo-
sure to antigens, and they accumulate at sites of early infec-
tion. However, immune cells containing viral particles may 
migrate to other organs and tissues, a concept known as 
homing. The widespread infiltration of innate immune 
cells during early viral exposure is followed by increased 
T cell expression of proinflammatory cytokines and 
chemokines. CRS, a result of excessive cytokines and 
chemokines, is characterized by leakage of plasma, 
increased vascular permeability, diffuse intravascular 
coagulation (DIC) and immunodeficiency, facilitating 
spread of the virus and an even further inflammatory 
response in the manner of vicious cycle [14]. Multiple in 
vivo studies have detected an increased level of lymphocyte 
apoptosis in these diseases [2, 3]. The hyperactivity of T 
lymphocytes may also result in T-cell exhaustion, which 
is consistent with the observation of lymphopenia in many 
patients with severe COVID-19.

Possible mechanisms for CRS in COVID-19

NF-κB plays an important role in the mediation of the 
inflammatory process by promoting maintenance, activa-
tion, differentiation and proliferation of naive T cells. In 
mammals, the NF-κB family is composed of five transcrip-
tion factors: p50, p52, p65, c-Rel and RelB. These 
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transcription factors form homo- and heterodimers 
through their shared N-terminal DNA-binding/dimeriza-
tion domains. NF-κB complexes are inactivated after com-
bination with inhibitory IκB proteins in a complex that 
exists mainly in the cytoplasm. When signaling pathways 
are activated, the IκB protein degrades and NF-κB enters 
into the nucleus, activating the expression of target genes 
such as TNF-α, IL-1 and IL-6 [15].

Plasma cytokine analysis showed that levels of IL-6 were 
found to be higher in both mild and severe groups of 
COVID-19 patients and was also positively correlated with 
disease severity. In a study of 123 patients, elevated IL-6 
levels were found in 30.39% of patients with mild and 
76.19% of patients with severe COVID-19 [16]. This sug-
gests that IL-6 generation during infection may be the key 
cytokine triggering severe inflammation and acute injury 
to multiple organ systems [17]. By stimulating vascular 
endothelial cells to produce VEGF and up-regulating the 
expression of C5a receptor on vascular endothelial cells, 
IL-6 decomposes cadherin and stimulates mast cells to 
secrete histamine to increase vascular permeability, result-
ing in hypotension, hypoxia and peripheral edema. In addi-
tion, weakened contraction of the papillary muscle in 
response to IL-6 leads to cardiac dysfunction and aggravates 
diseases [17].

IL-6 also induces the differentiation of megakaryocytes 
into platelets and is considered a platelet augmentation 
factor. Tissue factor III, or platelet tissue factor, encoded 
by the F3 gene and expressed in subendothelial tissue and 
leukocytes, initiates thrombin formation from prothrom-
bin. Excessive thrombin generation not counterbalanced 
by anti-coagulation by anti-thrombin and protein C is a 
critical factor in the pathogenesis of disseminated intra-
vascular coagulation in infected individuals. Indeed, clot-
ting abnormalities are now being increasingly associated 
with COVID-19 infection [18].

Structural proteins of SARS-CoV-2 and the NF-κB 
pathway
Coronaviruses are large single-stranded positive-sense 
RNA viruses that consist morphologically of four major 
structural proteins, including the Spike (S) protein, 
Envelope (E) protein, Matrix Protein (M) and Nucleocapsid 
Protein (N) [19].

The S protein is divided into two functional subunits: 
the S1 subunit that promotes viral infection by binding to 
receptors of the host, and the S2 subunit that contributes 
to membrane fusion [19]. Compared with SARS, the 
higher binding affinity of SARS-CoV-2 S protein to the 
human ACE2 receptor explains why SARS-CoV-2 is more 
infectious than SARS [20].

Previous studies suggest that coronavirus is involved 
in metabolic dysregulation and immunoregulatory pro-
cesses by regulating NF-κB signaling [21]. The S protein 
of SARS-CoV-2, which binds to angiotensin-converting 
enzyme 2 (ACE2) in alveolar epithelial cells and can 
induce neutralizing antibodies against SARS-CoV-2, plays 
a significant role in COVID-19 pathogenesis. In a study 
by Wang et al. [22], it was discovered that purified recom-
binant S protein can stimulate IL-6 and TNF-α release, 
with no activation of IL-8, by inducing NF-κB activation 
in RAW264 (a murine macrophage cell line). However, 
Dosch et al. [23] found that the S protein can stimulate 
IL-8 production in a dose dependent manner and this 
increased production of IL-8 can be suppressed by a 
NF-κB inhibitor in human monocyte macrophages in 
vitro. A recent study also revealed after binding to ACE2 
receptors, the S protein downregulates anti-viral media-
tors and upregulates NF-κB pathway and reactive oxygen 
species (ROS), which lead to the production of IFN-β [24, 
25]. The NF-κB pathway is also activated by down-regu-
lation of ACE2 and moderated by ROS in a positive feed-
back [24].

Multiple studies have also demonstrated a role of the 
N protein in the NF-κB pathway. Based on research by 
Zhang [26], the N protein activates the IL-6 promoter 
and up-regulates IL-6 protein production in A549 cells. 
Moreover, the N protein induces IL-6 expression by facil-
itating the translocation of p65 (a subunit of NF-κB). 
Similarly, Lai et al [27] also reported that the N protein 
of the human coronavirus OC43, a strain which is asso-
ciated with the common cold, activates NF-κB.

The subsequent production of IL-6 is thought to be 
key to the development of CRS. In Wei’s study of immu-
nological indices, T cells are rapidly activated to produce 
Granulocyte-Macrophage Colony-Stimulating Factor 
(GM-CSF) and IL-6 soon after SARS-CoV-2 infection 
and the NF-κB pathway is thought to contribute to this 
process [28] (Figure 1). GM-CSF further activates 
CD14+CD16+ monocytes, producing [25] higher levels 
of IL-6 and other inflammatory cytokines, resulting in 
severe immune injury to the lungs and other organs. A 
study by Zhou points out that CD4+ T lymphocytes are 
activated by the SARS-CoV-2 and differentiate into 
pathogenic T helper 1 cells, which generate GM-CSF. 
The monocytes become macrophages in the pulmonary 
circulation, and together with T cells and dendritic cells, 
induce the development of CRS [29]. IL-6 signaling is 
positively correlated with the production of other proin-
flammatory cytokines and chemokines. Moreover, IL-6 
further activates the differentiation of monocytes and 
macrophages, inhibits Treg cells and attracts other 
immune cells, which can potentially amplify CRS.
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Anomalies in the IL-6R receptors
IL-6 receptors are categorized into two types: soluble IL-6 
receptors (sIL-6R) and membrane-bound receptors 
(mIL-6R). The latter can be transformed into the former 
primarily by shedding but also, to a lesser extent, by splicing. 
IL-6 activates a proinflammatory response through sIL-6R, 
but triggers an anti-inflammatory response through 
mIL-6R. IL-6, upon binding to IL-6R, triggers the receptor 
to form a hexametric signal transducing complex with 
gp130, and thereby activates the downstream JAK/STAT3 
signaling pathway [14]. Notably, these downstream effects 
may vary among different cell types or states, which are 
usually pre-determined by distinct chromatin states [30].

The binding of IL-6 to the receptor depends on the 
concentration of the receptor. During the inflammatory 
process, mIL-6R may increase 100,000-fold, while sIL-6R 
only increases by 2-5-fold. Upon stimulation by antigens, 
IL-6 first binds to sIL-6R and triggers a proinflammatory 
response. When the concentration of mIL-6R exceeds that 
of sIL-6R, an anti-inflammatory response predominates. 
Consistently, it has been observed that a selective sIL-6 
pathway blocker is more effective for controlling inflam-
mation in mouse models when compared to the nonspe-
cific IL-6R blockers [31]. Therefore, IL-6R may be 

considered to be an immunoregulatory master receptor 
in the pathogenesis of CRS. Accordingly, further research 
is required to understand the molecular mechanism 
underlying the sustained trans-signaling activation that 
leads to CRS-mediated disease progression.

Delayed IFN response
A delayed type 1 IFN response has been proposed as a 
mechanism for the development of CRS. This is believed 
to be similar to the case of SARS and MERS [32–34] (Figure 
2). RIG-I-like receptors (RLRs) or toll-like receptors (TLRs) 
recognize viral RNA and the caspase activation recruitment 
domains of RLRs combined with adapter mitochondrial 
antiviral signaling protein (MAVS), which recruits TANK-
binding kinase 1 (TBK1) and inducible IκB kinase (IKKi). 
Interferon regulatory factor 3/7(IRF3/7) is phosphorylated 
by TBK1 and IKKi and further activates the expression of 
IFN-α/β, which induces the production of IFN-stimulated 
genes (ISGs) via the JAK-STAT pathway to counter the 
virus [35]. Coronavirus has been reported to antagonize 
IFN production and signaling by evading recognition by 
PRRs, inhibiting RIG-1 or TLRs signaling or blocking IRF3 
activation. A recent study showed that expression of open 
reading frame 6 (ORF6) inhibited RLRs, MAVS and IRF3 

Figure 1. Il-6 and gm-Csf in nf-?B pathways. a. the n and s protein of sars-Cov-2 interact with the nf-?B complex, leading to phos-
phorylation and degradation of I?B, and to the release of nf-?B dimers and translocation from the cytoplasm to the nucleus. the nf-?B 
dimers further bind to Dna binding sites and upregulate the expression of target genes such as Il-6, tnf-? and gm-Csf. B. gm-Csf further 
stimulates CD14 + CD16+ monocytes to produce higher levels of Il-6 and other inflammatory cytokines. C. By promoting the production 
of other cytokines and chemokines, differentiation of monocyte and macrophage, attraction of other immune cells and inhibiting treg 
cells, Il-6 may play an important role in apoptosis of t cells and development of Crs.
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through its C-terminus to limit IFN activation and the sub-
sequent interferon-stimulated response element, ISG56 
and STAT signal to delay IFN response in the early stages 
[35]. Low levels of IFN and high levels of proinflammatory 
cytokines and chemokines are significant characteristics of 
a delayed IFN response. Monocyte-derived macrophages 
and DCs respond to viral infection early and release inflam-
matory cytokines, while the production of IFN-by plasma-
cytoid dendritic cells is delayed [34].

During the late phases of infection, overproduction of 
IFN-α/β activates extensive IFN-stimulated genes and 
induces an overproduction of pathogenic inflammatory 
monocyte-macrophages (IMMs) in the lung [32]. The 
accumulation of IMMs produces elevated levels of mono-
cyte chemokines (CCL2, CCL7 and CCL12), leading to 
further assembly of IMMs, which aggravate the disease 
further. Enhanced levels of proinflammatory cytokines 
(TNF-α, IL-6, IL-1β and iNOS) are also produced by 
IMMs. Subsequently, T cells are activated by IFN-α/β or 
proinflammatory cytokines to undergo apoptosis, further 
blocking viral clearance [6, 32].

Recently, IFNλs were found to maintain antiviral 
responses in respiratory tract at a lower viral load before 
type 1 IFN responses. IFNλs are tissue-protective and 
anti-inflammatory, and suppress viral replication to alleviate 
CRS by stimulating Th1 and cytotoxic T cells [36]. Thus, 
impaired IFNλs production and secondary type I IFN 
responses may both contribute to CRS. IFNλs also induce 
the expression of ACE2, which is insufficient to enhance 
SARS-CoV-2 replication [37]. Although there are still con-
cerns regarding the potential for IFNλs to lead to bacterial 

superinfection and whether the resultant anti-inflammatory 
effect is beneficial [38], some studies have proposed the use 
of IFNλs to treat CRS in COVID-19 patients [37, 39].

Antibody dependent enhancement
Excessive cytokine release can also result from a phenom-
enon called antibody dependent enhancement (ADE) [40]. 
This phenomenon was first observed with arboviruses in 
1964 and has been observed in multiple viral illnesses 
including flaviviruses such as Dengue. ADE results from 
the presence of cross-reactive or low levels of non-neu-
tralizing antibodies to the virus, whereby the antibody-vi-
rus interactions facilitate various viral functions including 
viral entry into the cell or viral replication, as well as the 
development of an increased inflammatory response. 
Previous studies have shown that a neutralizing monoclo-
nal antibody against the receptor-binding domain of the 
S protein of the MERS virus facilitated viral entry [41]. In 
patients with COVID-19, an increased IgG response and 
higher levels of total antibodies have also been encoun-
tered, and were associated with worse outcomes [42], espe-
cially liver injury [43]. Antibodies against S protein were 
found to promote the accumulation of IMMs in lung [44].

The mechanism of ADE involves the binding of antibody 
to the virus, and the resultant viral complex leads to enhanced 
viral replication and complement induced exaggerated 
inflammatory reactions. The source of these antibodies can 
be variable; thus, ADE can be a problem in a variety of sce-
narios. They can be derived from non-neutralizing antibod-
ies against SARS-CoV-2 or can be cross reacting antibodies 
that exist in a patient by virtue of a previous infection by 

Figure 2. Imms are induced to accumulate and produce large quantities of cytokines and chemokines after infection, resulting in the 
apoptosis of t cells together with a delayed Ifn-?/? response. the t cell apoptosis further blocks the clearance of viruses and induces 
proinflammatory cytokine release, which may further aggravate a cytokine storm.
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Figure 3. an illustration showing that cytokine release syndrome, cytokine storm, mIs-C, and a Kawasaki disease like syndrome seen in 
CovID-19 patients and hemophagocytic lymphohistiocytosis are all variations of a hyperactive inflammatory disorder associated with 
infection. the manifestation of these syndromes or lack thereof is highly dependent on the immune system responses specific for each 
individual infected host and there may be both genetic (inherent) and environmental (external) factors that lead to the variability in the 
response. Crs = Cytokine release syndrome, mIs-C = multisystem inflammatory syndrome in children, HlH = Hemophagocytic lympho-
histiocytosis, KD (CovID-19) = Kawasaki disease seen in CovID-19 patients. a, B and C show symptoms in CovID-19 patients that may also 
be present in related inflammatory conditions.

another serotype or a totally different coronavirus, such as 
one that causes the common cold. However, cross reacting 
antibodies against different serotypes are short-lived. In 
Dengue virus, patients tend to develop a more severe course 
when reinfected by a different serotype as the protective anti-
body titer attenuates. It has also been shown that patients 
with a prior infection to other viruses, including influenza 
virus and SARS-CoV, are more likely to become infected by 
SARS-CoV-2 and progress to a more severe illness [45].

There have been several mechanisms to explain ADE 
in Dengue viruses. Studies have found that [46] spleen 
tyrosine kinase (Syk) can mediate IL-1β induction by pri-
mary human monocytes during antibody-enhanced 
Dengue virus infection. Dengue virus immune complexes 
activate Syk soon after inoculation, which activates 
ERK1/2, leading to the elevated IL-1β secretion. Caspase-1 
and NLRP3 are required in the maturation of pro-IL-1β 
and caspase-1 can be enhanced by ADE and ATP, a com-
mon inflammasome agonist. IL-6 and TNF are also 
induced by Syk, though the precise signaling pathway 
needs further investigation. Antibody dependent enhance-
ment clearly also plays a significant role in the develop-
ment of a safe vaccine, as the development of the wrong 
type of antibody may actually lead to worsening illness.

Other hypotheses
There are also other thought-provoking hypotheses. 
Ferritin is an inflammatory marker that is thought to be 
relevant in CRS-related diseases and in autoimmune 

diseases. Hyperferritinemia is a common feature of SLE 
and RA. Macrophages activated by proinflammatory cyto-
kines are the main producers of ferritin. Ferritin, as a 
proinflammatory molecule, induces the production of 
cytokines and chemokines, which aggravates the positive 
feedback loop [33]. There is also a theory that heme 
metabolism and iron release becomes disorganized when 
the virus combines with the beta chain of porphyrins in 
erythrocytes [44].

Covid-19, Kawasaki Disease, Multisystem Inflammatory 
Syndrome of Children (MIS-C) and HLH. A multisystem 
inflammatory syndrome has been increasingly recognized 
as a manifestation of COVID-19 in children (Figure 3). 
In some ways, it is similar to Kawasaki disease. Patients 
present with fever, rash, shock, conjunctivitis, generalized 
edema and gastrointestinal symptoms. Molecular and/or 
serological testing for SARS-CoV-2 are positive [47]. This 
name of this condition has undergone several iterations in 
a short time. Referred to early on as pediatric multisystem 
inflammatory syndrome (PMIS) or pediatric inflammatory 
multisystem syndrome (PIMS), it was eventually re-named 
multisystem inflammatory syndrome in children (MIS-C) 
[48]. Increased interferon signaling, as well as elevated IL-6 
and IL-10 in plasma were observed many of the patients 
with MIS-C [49].

MIS-C and Kawasaki disease share many features, but 
MIS-C can be distinguished from Kawasaki disease by 
significant cardiac dysfunction, severe enteropathy and 
relative thrombocytopenia rather than thrombocytosis 
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[48]. The reason why some children develop MIS-C while 
others do not is unknown, but genetic and environmental 
factors may play variable roles in the pathogenesis [50].

HLH is a hyperinflammatory condition induced by T 
cells leading to persistent and uncontrolled activation of 
IFN-γ-dependent TLRs, antigen-presenting cells and T 
cells, resulting in a form of CRS [51]. It has been suggested 
that features of secondary hemophagocytic lymphohistio-
cytosis (sHLH) may be present in COVID-19 patients. 
Some of the criteria for sHLH in COVID-19 patients include 
hyperferritinemia, cytopenias, splenomegaly and high fever.

Although COVID-19 patients may develop different 
immunological syndromes, the common feature involves 
a hyperinflammatory microenvironment as the basic 
pathological process leading to a cytokine release syn-
drome that causes significant mortality and morbidity 
[51]. This finding suggests that the use of immunomodu-
lating agents may be of benefit in the treatment of COVID-
19 patients who develop these syndromes.

Potential therapies

Highly pathogenic viral infections and subsequent CRS 
are positively correlated with high mortality. From studies 
on SARS and MERS, therapeutic strategies aimed at con-
trolling viral load and attenuating the inflammatory 
response have been generally successful, though the 
response to specific therapies has been variable or uncer-
tain. Therapies targeting IL-6 and other forms of immu-
nosuppression have been attempted in the treatment of 
COVID-19. (Table 1)

Targeted therapies

Tocilizumab
Tocilizumab is a humanized monoclonal antibody 
directed against the IL-6 receptor. It was first used in the 
treatment of hematologic tumors with Chimeric Antigen 
Receptor T-cell (CAR-T) immunotherapy to suppress 
CRS generated during the treatment process without 

affecting the anti-tumor therapeutic efficacy [52]. It has 
since been recommended as the first-line treatment for 
severe CRS associated with CAR-T therapy.

The beneficial effects of using tocilizumab to counter-
act the CRS arising from infection by SARS-CoV-2 were 
unknown at the beginning of the pandemic. Normally, 
active infection is a contraindication to tocilizumab, 
which would preclude its use in COVID-19. However, a 
small sample clinical trial including 21 patients showed 
that tocilizumab may be an effective treatment in patients 
with severe COVID-19 infections [53]. Because most 
studies on tocilizumab are done on patients who are 
already critical ill or have severe disease, it is not known 
whether there would be greater benefit if used earlier in 
the course, before the patients reach a severe or critical 
state. In the newly released seventh edition of the Chinese 
CDC guidelines, tocilizumab has been included as trial 
therapy. Luckily, a recent original research in Italy 
reported that the application of tocilizumab could 
decrease the serum levels of CRP, ferritin and fibrinogen 
to normal levels and thus was highly associated with clin-
ical improvement [54].

Hydroxychloroquine and chloroquine
Chloroquine and Hydroxychloroquine are widely used to 
prevent and treat malaria and are also an important aspect 
of the management of autoimmune diseases. These two 
medications have well-recognized anti-inflammatory and 
immunomodulatory actions. Hydroxychloroquine and 
chloroquine can inhibit virus invasion by regulating pH 
values, affecting the activity of glycosyltransferase or gly-
cosyl modifying enzyme in host cells, interfering with the 
correct glycosylation of ACE2 and blocking the binding 
of virus to ACE2, by which SARS-CoV-2 enters cells [55]. 
Other research has proposed that hydroxychloroquine 
may additionally prevent SARS-CoV-2 from binding with 
gangliosides, which in turn may inhibit virion contact with 
the ACE-2 receptor [56]. Previous studies have shown that 
effect of chloroquine on pH also interferes with 

Table 1. summary of potential therapies for CovID-19.
therapies mode of action trial/Phase (as of 09/20/2020)

Tocilizumab Il-6 receptor inhibitor nCt04445272, Phase 2
Hydroxychloroquine and Chloroquine regulation of pH values and immunity, interference of glycosylation nCt04261517, Phase 3
Baricitinib JaK-stat pathway inhibitor nCt04358614, Phase 2/3
Anakinra Il-1 receptor antagonist nCt04443881, Phase 2/3
glucocorticoids Immunoregulator nCt04244591, Phase 2/3
Intravenous immunoglobulin Pooled Igg to block inflammatory nCt04354831, Phase 2
Zinc Inhibition of rna polymerase and regulation of inflammation nCt04370782, Phase 4
ACEI/ARB raas inhibitor nCt04353596, Phase 4
Vitamin D Immunoregulator and raas regulator nCt04482673, Phase 4
IFNβ anti-viral medicine and immunoregulator nCt04343768, Phase 2
IFNλ anti-viral medicine and immunoregulator nCt04343976, Phase 2
Atorvastatin lipid-lowering medicine nCt04486508, Phase 3
Ulinastatin Protease inhibitor nCt04393311, Phase 1/2
Mesenchymal stem cells Immunoregulator nCt04288102, Phase 2
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intracellular acidic organelle functions such as endocyto-
sis, golgi apparatus and endoplasmic reticulum, and affects 
intracellular transport of viruses [57, 58]. Overall, hydroxy-
chloroquine/chloroquine are capable of affecting several 
cellular pathways and therefore may have several mecha-
nisms of action against SARS-CoV-2.

Unfortunately, the effectiveness of these drugs in treat-
ing COVID-19 has never been very conclusive, and the 
potential risk of heart disease induced by these drugs led 
the Food and Drug Administration of the United States to 
withdraw their emergency use authorization (EUA) for 
the treatment of COVID-19 on June 15, 2020. On July 4th, 
2020, the WHO also discontinued its trials of hydroxy-
chloroquine and in combination with lopinavir/ritonavir 
because of the failure of these pharmacologic treatments 
to reduce mortality.

Baricitinib
Clathrin-mediated endocytosis (CME) is crucial for viral 
invasion of pneumocytes, and numb-associated kinase 
(NAK) participates in this process [49]. Baricitinib is a tyro-
sine protein kinase inhibitor, which can inhibit NAK, thus 
limiting the systemic inflammatory response and cytokine 
production through the inhibition of the canonical JAK–
STAT pathway. It can also prevent intracellular viral particle 
assembly by inhibiting protein kinases [59, 60]. Since inter-
feron transcription is mediated by the JAK-STAT pathway, 
baricitinib has been suggested as a possibly treatment for 
patients with moderate COVID-19 who suffer from CRS 
and require hospital care [61]. There is preliminary clinical 
evidence that oral administration of baricitinib may be 
potentially beneficial in the treatment of COVID-19 [62, 
63], especially on respiratory function when utilized at a 
dose of 4 mg in combination with high-dose corticosteroids 
[64]. The long-term effects of baricitinib in COVID-19 will 
need to be confirmed by future studies.

Anakinra
Anakinra is an interleukin-1 receptor antagonist that inter-
dicts activity of IL-1α and IL-1β and is used for autoin-
flammatory disorders. Recent studies have shown that 
coronavirus regulates the activation of the NLRP3 inflam-
masome by inducing the maturation and secretion of 
IL-1β [65]. As is reported, anakinra has been shown to be 
effective in patients with cytokine storm syndromes [66], 
and further studies have suggested that high dose IV anak-
inra is a safe alternative for the treatment of cytokine 
release syndrome in patients with COVID-19 [67]. 
Another study suggested that ventilation function 
improved and D-dimers, ferritin, CRP and PCT reduced 
after anakinra treatment, but there were no controlled tri-
als to confirm this [68]. It is also worth noting that 

previous studies have shown that IL-1 inhibition may also 
induce endothelial dysfunction and affect blood coagula-
tion. A case report recently described reduction in serum 
inflammatory markers and clinical improvement in a 
patient with COVID-19 myocarditis after treatment with 
anakinra [69]. Further clinical studies are undergoing to 
confirm the efficacy and safety of anakinra and other 
interleukin-1 inhibitors in the treatment of COVID-19.

Glucocorticoids

Glucocorticoids, widely used in the treatment of SARS and 
MERS, inhibit excessive immune cell activation and cyto-
kine production. However, glucocorticoids also suppress 
the immune response and the immune system’s ability to 
clear viruses. An early study [70] evaluated corticosteroid 
use in COVID-19 and other infectious diseases, and found 
no evidence showing corticosteroids were beneficial. It is 
noteworthy that glucocorticoids were widely used in large 
quantities for emergency treatment during the SARS epi-
demic in 2003, leading to the development of femoral head 
necrosis and pulmonary dysfunction [71]. There are at least 
two ongoing clinical trials on the use of dexamethasone in 
the United States, and it has been widely reported that a 
large scale trial of 6,500 patients in the United Kingdom 
associated dexamethasone with a 30% decrease in mortality

Intravenous immunoglobulin

Intravenous immunoglobulin (IVIG) uses pooled IgG to 
perform its immunomodulatory function. IVIG modulates 
immunoreactivity through several mechanisms, including 
blocking the production of proinflammatory cytokines and 
inhibiting the differentiation of pathogenic Th1 and Th17 
subsets. IVIG also acts by overwhelming the Fc receptors, 
thereby inhibiting complement activation, and by neutral-
izing pathogenic autoantibodies [72, 73]. IVIG has been 
widely used to treat autoimmune and chronic inflammatory 
diseases, and has been used as an immune modulator in 
cases of infection induced hyper-inflammatory states. 
Interestingly, although most currently available preparations 
of IVIG were collected from patients long before the 
COVID-19 pandemic ensued, it has been found that these 
preparations may contain antibodies against SARS-CoV-2 
antigens, possibly because of cross-reactivity with other 
coronaviruses [73]. A study by Yun Xie showed that IVIG 
at 20 g/day as adjuvant therapy within 48 h of admission to 
the ICU to treat COVID-19 patients may reduce the use of 
mechanical ventilation and improve 28-day survival [74]. 
Other studies also reported that high-dose IVIG (2 gr/kg or 
0.3-0.5g/kg) may play an important role in the recovery [75, 
76]. However, Aljaberi reported that a group of COVID-19 
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patients treated with high-dose IVIG and hydroxychloro-
quine experienced a higher mortality rate, though the rea-
sons for this are unclear [77]. Other studies have not shown 
a benefit of IVIG in mortality resulting from COVID-19, 
and it is not clear if it is because IVIG was only used in the 
more severe cases. Thrombosis is thought to be a potential 
complication of IVIG, which is common in critically ill 
COVID-19 patients [72]. Further investigations are still 
needed. In the case of Kawasaki disease associated with 
COVID-19, IVIG is a part of the standard regimen for treat-
ment of Kawasaki disease and is therefore clinically indi-
cated. This usage appears to have been commonly extended 
to the treatment of MIS-C after weighing potential benefits 
against the risk of administering IVIG [78].

Other medicines

Zinc
As an important component of numerous enzymes, zinc 
is essential to the development and function of the immune 
system. Low zinc status was found to be a risk factor for 
pneumonia and correlated with increased serum levels of 
TNFα, IL-6 and IL-8 through a Th17 response in aged 
people [79, 80]. Increased concentration of intracellular 
zinc has been shown to inhibit the activity of virus RNA 
polymerase and viral replication [81]. Zinc also helps to 
downregulate proinflammatory signaling pathways, such 
as activation of STAT3 mediated by IL-6, and enhance the 
antiviral effect of interferon [82]. There is also evidence 
that zinc supplementation enhances the clinical effect of 
chloroquine and hydroxychloroquine, with the advantage 
of broad availability and affordability [83]. While zinc has 
not been directly shown to be beneficial in COVID-19, 
zinc supplement has generally been considered to be safe.

Renin-Angiotensin-Aldosterone system inhibitors and 
vitamin D
ACE2, one of the receptors that SARS-CoV-2 utilizes for 
cellular entry, is a part of renin-angiotensin-aldosterone 
system (RAAS), which cleaves the Ang II into angiotensin 
1-7 [Ang-(1-7)], which has vasodilatory activity. SARS-
CoV-2 binds ACE2 with S protein and reduces ACE2 
expression, leading to the generation of Ang II. Ang II 
mediates the production of reactive oxygen species and 
inflammatory cytokines and induced apoptosis of alveolar 
epithelial cells. Induced type 1a Ang II receptors increased 
pulmonary vascular permeability, which may deteriorate 
lung inflammation and lead to pneumonia and ALI [84].

Vitamin D, as a natural immunoregulator, has been 
hypothesized to enhance antimicrobial activity to prevent 
acute respiratory infections by upregulating antimicrobial 
peptides and inducing antiviral cytokines, which interfere 

with the cycle of viral replication. Vitamin D also strength-
ens cellular immunity and alleviates cytokine storm by 
reducing the production of inflammatory Th1 cytokines, 
especially TNFα and IFN-γ [85]. According to recent 
reviews, vitamin D is a negative RAAS modulator and 
inhibits expression and generation of renin, ACE and Ang 
II, while increasing ACE2 concentration [84, 86]. Vitamin 
D deficiency was considered to be a risk factor for COVID-
19 and highly associated with lung inflammation and 
ARDS. However, opposing views argue that there is no 
significant difference in Vitamin D levels between COVID-
19 positive and negative groups [87]. Although there are 
no randomized clinical trials on the efficacy of Vitamin D 
in COVID-19, intake of 40 μg D3/day has been recom-
mended to prevent aggressive inflammation and avoid 
hypercalcemia [80].

RAAS inhibitors have also been shown to increase ACE2 
expression in heart and kidney (though unclear in lung), 
and there was a concern that increased ACE2 can enhance 
the infection risk of SARS-CoV-2 [88]. There has been some 
evidence that ACEI decreases viral load by reducing Th1/
Th2 ratios and inflammatory cytokine production, but stud-
ies have had very small sample size [12]. It seems prudent 
for patients to continue taking these medications, given 
their beneficial effects on cardiovascular diseases [89].

Statins
Toll-like receptors (TLR) recognize pathogens and trigger 
innate immunity by activating NF-κB pathway. Myeloid 
differentiation primary response 88(MyD88) is an adapter 
protein for most TLRs, while statins, known as antagonists 
to TLR-MyD88 pathway, can stabilize MyD88 levels and 
attenuate NF-κB activation [90]. NF-κB, cytokines and 
chemokines are down-regulated correspondingly. Statins 
inhibit HMG-CoA reductase and thus lower the concen-
tration of LDL cholesterol, which is a strong inflammation 
promotor. Statins also protect vascular endothelium from 
reactive oxygen species and may relieve lung injury [90]. 
In addition, membrane/lipid rafts (MLR), cholesterol-rich 
areas, are essential for membrane fusion and endocytosis 
after S protein attaches with ACE2. MLR may be disrupted 
with lower cholesterol in plasma membrane induced by 
statins, which interrupts the internalization of viruses [91]. 
Although lower serum cholesterol levels were associated 
with lower ability of microbe inactivation [92], Zhang’s 
study suggested that the use of statins contributed to lower 
mortality and favorable prognosis [93].

Ulinastatin
Ulinastatin is a naturally occurring protease inhibitor. By 
inhibiting the generation and release of inflammatory medi-
ators, ulinastatin protects vascular endothelium, improves 
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capillary permeability and effectively reduces 28-day mor-
tality in patients with acute infection. Ulinastatin also 
reduces the generations of proinflammatory factors such as 
TNF-α, IL-6, IFN-γ and enhances the level of the anti-in-
flammatory factor IL-10 to restore the balance between 
proinflammatory and anti-inflammatory responses [94]. 
Ulinastatin therefore may play a role in attenuating CRS 
and blocking the progression of SIRS to MODS. However, 
ulinastatin will not suppress immune function and may 
cause femoral head necrosis and other sequelae. A tolerance 
and dosing study of ulinastatin in healthy adult subjects in 
China showed good safety and tolerance [95]. A prospec-
tive, observational clinical study of ulinastatin injection in 
the treatment of severe COVID-19 cases has been launched 
in Guangdong Province in China.

Traditional Chinese medicine
Different clinical symptoms can be divided into many 
types, such as deficiency of lung and spleen, or Qi and Yin 
deficiency syndromes. Research on the mechanisms of 
Chinese herbal medicine suggests that traditional Chinese 
medicine may have preventive or protective effects on sep-
sis caused by viruses or bacteria. A study by Chen on 
Chinese herbal medicine and sepsis revealed that serum 
concentrations of inflammatory cytokines (TNF-α and 
IL-6) was remarkably reduced in septic mice after being 
treated with Xuebijing injection (XBJ), a Chinese herbal 
medicine. XBJ improves survival rate in septic shock mod-
els partially by suppressing immune inflammation and 
regulating the balance of Treg and Th17 cells [96]. A study 
by Zhu on Qiangzhi Decotion (QZD) indicates that the 
survival rate of mice with influenza A pneumonia in the 
QZD groups is significantly higher than that in the virus 
control group. The production of inflammatory cytokines 
including IFN-γ, IL-6, TNF-α, and ICAM-1 were sup-
pressed (P < 0.05) in the QZD group [97].

Supportive treatment
Continuous renal replacement therapy (CRRT) is recom-
mended for the treatment of severe and critically ill 
patients. The proposed rationale is based on the elimina-
tion of inflammatory cytokines which may be responsible 
for inflammatory tissue injury. CRRT has other benefits, 
including maintenance of fluid, acid-base and electrolyte 
balance.

Extracorporeal membrane oxygenation (ECMO) has 
been used in patients when 1. oxygenation index is less 
than 80 mmHg for more than 3 to 4 hours and when the 
FiO2 is greater than 90%; and 2. airway platform pressure 
is greater than 35cmH2O. However, a study of the ECMO 
in ARDS showed that there was no significant difference 
in mortality between the ECMO and non-ECMO groups 

[98]. Therefore, the beneficial effects of ECMO in COVID-
19 require further investigation.

Mesenchymal stem cells
Mesenchymal stem cells (MSC) have a dual role in the 
regulation of immune function in patients with viral pneu-
monias. Stem cells may inhibit an excessive immune 
response and CRS by secreting anti-inflammatory factors. 
Stem cells may also home to damaged tissues by chemo-
taxis and activate the function of regulatory immune cells 
to improve the specificity of immune response [99]. 
Notably, stem cells themselves are highly resistant to the 
virus [100], and have been used in patients with severe 
COVID-19 disease in China and been shown to be effec-
tive. In addition, the Italian College of Anesthesia, 
Analgesia, Resuscitation and Intensive Care have also 
issued guidelines to treat COVID-19 patients with stem 
cells [101]. Further studies are needed to confirm this 
potential treatment modality.

Summary and outlook

Inflammation is an integral part of effective immune 
responses to clear infections. However, certain highly 
pathogenic viruses cause an excessive and prolonged 
inflammatory response of cytokines/chemokines, 
referred to as CRS, leading to high morbidity and mor-
tality. In COVID-19, it has been observed that there are 
high levels of proinflammatory cytokines, particularly 
IL-6, in the blood of patients, especially patients with 
severe disease. Several reports of the use of tocilizumab, 
a monoclonal antibody directed against IL-6R, have 
appeared in the literature. Other anti-inflammatory 
modulators that decrease the levels of pro-inflammatory 
cytokines may prove to be beneficial in the treatment of 
COVID-19 induced CRS.
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