
R E V I E W

Comparison of the Characteristics of Cytokine 
Storm and Immune Response Induced by SARS-CoV, 
MERS-CoV, and SARS-CoV-2 Infections

Tong Liu 1,* 
Meng Feng2,* 
Zexin Wen3 

Yijie He1 

Wei Lin 2 

Min Zhang1

1Department of Medicine, Xizang Minzu 
University, Xianyang, Shaanxi, People’s 
Republic of China; 2School of Basic 
Medicine, Shandong First Medical 
University & Shandong Academy of 
Medical Sciences, Jinan, Shandong, 
People’s Republic of China; 3Department 
of Clinical Medicine, Fujian Medical 
University, Fuzhou, Fujian, People’s 
Republic of China  

*These authors contributed equally to 
this work  

Abstract: Cytokine storm (CS) is a significant cause of death in patients with severe 
coronavirus pneumonia. Excessive immune–inflammatory reaction, many inflammatory cell 
infiltration, and extreme increase of proinflammatory cytokines and chemokines lead to acute 
lung injury and acute respiratory distress syndrome (ARDS). This review compares the 
characters of cytokine storms and immune responses caused by three highly pathogenic 
and infectious coronaviruses (HCoVs), including severe acute respiratory syndrome corona-
virus (SARS-CoV), Middle East respiratory syndrome-coronavirus (MERS-CoV), and severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and analyzes the possible mechan-
isms to guide clinical treatment in the future. 
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Introduction
Since December 2019, many new cases of human coronavirus infection have been 
reported globally. Then, the Coronaviridae Study Group (CSG) of the International 
Committee on Taxonomy of Viruses issued a statement naming novel coronavirus 
“severe acute respiratory syndrome coronavirus 2” (SARS-CoV-2).1 The SARS- 
CoV-2 infection causes an excessive immune response, including an increase in 
T helper 17 (Th17) cells and T follicular helper (Tfh) cells, a decrease in Th1 cells 
and high levels of cytokines (IFN, IL, chemokines, CSF, tumor necrosis factor 
(TNF), etc.) to be released into the circulation, with widespread and harmful effects 
on multiple organs; also, it can cause severe respiratory syndrome and even 
death.2,3 Severe inflammatory reactions caused by cytokine storms (CS) begin 
locally and spread throughout the body, leading to collateral damage in tissues.4

As of June 15, 2021, there had been 176,918,775 confirmed cases and 3,822,629 
deaths worldwide. Considering its worldwide reach and severity, WHO declared the 
COVID-19 outbreak a global pandemic – the first pandemic sparked by a coronavirus.5 

On January 24, 2020, the first clinical data report of novel coronavirus infection 
published in the Lancet showed that the severity of coronavirus disease 2019 
(COVID-19) positively correlated with CS,3 resulting in most people dying of multiple 
organ failure. Hence, CS may be an important reason for acute respiratory distress 
syndrome (ARDS) caused by coronaviruses (HCoVs). Other previously reported 
coronaviruses, such as severe acute respiratory syndrome coronavirus (SARS-CoV) 
and Middle East respiratory syndrome coronavirus (MERS-CoV), can cause CSs.
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The difference in the phenomenon and cause of CS 
between SARS-CoV-2 and other coronaviruses is still 
unclear. By collecting previous reports, we compared and 
reviewed the differences in CSs caused by SARS-CoV, 
MERS-CoV and SARS-CoV-2, as well as the different 
structural factors of the virus and the possible mechanism 
of immune activation.

Cytokines and CS
Cytokines are small molecular proteins with a wide range of 
biological activities synthesized and secreted by immune 
cells (monocytes, macrophages, T cells, B cells, and NK 
cells) and some nonimmune cells (endothelial cells, epider-
mal cells, and fibroblasts). Cytokine storm is life-threatening 
systemic inflammatory syndromes involving elevated levels 
of circulating cytokines and immune-cell hyperactivation 
that can be triggered by various therapies, pathogens, can-
cers, autoimmune conditions, and monogenic disorders.6 It 
may also occur after treatment with some types of immu-
notherapy. Symptoms include high fever, inflammation (red-
ness and swelling), severe fatigue and nausea. Sometimes, 
cytokine storms can be serious or life-threatening and lead to 
multiple organ failure.

When the virus invades, the infected body initiates 
innate immune responses, and the pattern recognition 
receptors (PRRs) on the surface of the innate immune 
cells recognize the unique molecular structure of the 
invading virus, called pathogen-associated molecular pat-
terns (PAMPs).7 PAMPs and PRRs trigger the body’s 
inflammatory response to the invading virus, which acti-
vates the signaling pathways to stimulate the production of 
IFN and other cytokines.8 The three most important 
inflammatory cytokines of the innate immune response 
are IL-1, IL-6, and TNF-α. They mainly come from 
macrophages, mast cells, epithelial cells, and endothelial 
cells in immune reactions. Like immune molecules, such 
as major histocompatibility complex, cluster of differentia-
tion (CD), complement, adhesion molecules, and antibo-
dies, cytokines are involved in disease occurrence and 
closely related to immune regulation.9 However, under 
specific conditions, many cytokines will increase rapidly 
in a short time to cause “CS,” seriously endangering life 
and safety.10

After coronavirus infection, human alveolar epithelial 
cells (AECs) proliferate and activate immune cells, such as 
CD4+ T cells. The activated CD4+ T cells further differ-
entiate into T helper cell 1 (Th1) and T helper cell 2 (Th2). 
Th1 cells mainly produce IL-2, IFN-γ, TNF-β, and 

granulocyte-macrophage colony-stimulating factor (GM- 
CSF), which releases primary cytokines.11 After entering 
the blood, GM-CSF can recruit and activate more 
CD14+CD16+ inflammatory monocytes, eosinophils, neu-
trophils, and other immune cells. This will further secrete 
more cytokines, resulting in rising cytokine levels, thus 
releasing secondary cytokines. These inflammatory factors 
can activate more immune cells to release several cyto-
kines, forming a positive feedback response.12 It leads to 
increased cytokines in a short time, resulting in ARDS and 
multiple organ dysfunction syndromes, leading to death.

CS Caused by Coronavirus Infection
Overview of Coronavirus
Coronaviruses belong to the family of Coronaviridae, the 
order Nidovirales, and the genus Coronavirus,13 Human 
coronaviruses belong to the subfamily Coronavirinae.14,15 

According to their genomic structure and phylogenetic rela-
tionship, Coronavirinae subfamily can be divided into four 
genera: α-coronavirus, β-coronavirus, γ-coronavirus, and δ- 
coronavirus.16 α-coronavirus and β-coronavirus only infect 
mammals, whereas γ-coronavirus and δ-coronavirus can 
infect birds, and some of them also infect mammals.13 

Presently, there are seven human coronaviruses: HCoV- 
229E, HCoV-OC43, SARS-CoV, HCoV-NL63, HCoV- 
HKU1, MERS-CoV, and SARS-CoV-2.17 SARS-CoV and 
MERS-CoV, two highly pathogenic viruses belonging to the 
β-coronavirus genus, can cause severe acute respiratory dis-
ease. However, the other four HCoVs (HCoV-NL63, HCoV- 
OC43, HCoV-229E, and HKU1) can cause mild upper 
respiratory diseases in immune hosts.18 According to the 
current gene sequence database, all HCoVs originate from 
animals. They include SARS-CoV, MERS-CoV, HCoV- 
NL63, and HCoV-229E, all thought to originate in bats; 
also, HCoV-OC43 and HKU1 may have originated from 
rodents.19 However, the origin of SARS-CoV-2 remains 
inconclusive. As human and animal activities increase, the 
chance of cross-species infection increases and livestock 
may also have a significant impact as an intermediate host. 
This allows the virus to spread from natural hosts to humans, 
so coronaviruses increasingly threaten humans.

SARS-CoV and CS
SARS-CoV is a highly pathogenic respiratory virus with 
single-stranded RNA and is also a primary cause of 
SARS. It can infect tracheal epithelial cells and AECs, 
leading to acute lung injury and ARDS. The results of 
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in vitro experiments show that When SARS-CoV infected 
AEC, many chemokines will be produced, such as C–C 
motif chemokine ligand 2 (CCL2), CCL3, CCL5, and 
C-X-C motif chemokine ligand 10 (CXCL10).11 These che-
mokines can recruit immune cells to infiltrate the inflamma-
tory site, resulting in inflammatory injury. SARS-CoV binds 
with angiotensin-converting enzyme 2 (ACE2), expressed in 
alveolar epithelial type II cells (AT2), to invade cells. Also, 
various high-level viral replication-related genes were 
detected in AT2-expressing ACE2, including viral replica-
tion regulatory genes, viral life cycle regulatory genes, viral 
assembly genes, and viral genome replication genes.20 This 
shows that AT2-expressing ACE2 can promote the replica-
tion of HCoVs in lung tissue. However, when SARS-CoV 
infects dendritic cells (DCs), mononuclear macrophages, 
and other peripheral blood mononuclear cells, it cannot 
replicate in the cell to produce the virus, but it can induce 
infected cells to release a large number of cytokines 
(Figure 1).21,22 When SARS-CoV infects DCs, it induces 

the expression of the low levels of antiviral cytokine inter-
leukin-12p40 (IL-12p40), IFN-α, IFN-β, and IFN-γ. This 
can appropriately upregulate the expression of proinflamma-
tory cytokines TNF-α and IL-6 and significantly upregulate 
the expression of inflammatory chemokines CCL2, CCL3, 
CCL5, and CXCL10.21,22 Simultaneously, SARS-CoV 
induces macrophages to produce IFN.22 These proliferative 
cytokines and chemokines are the leading causes of severe 
lung injury in patients with SARS. Serum proinflammatory 
cytokines IFN-γ, IL-1, IL-6, and IL-12, transforming growth 
factor-β (TGF-β), and chemokine CCL2, CXCL10, CXCL9, 
and IL-8 in patients with severe infections were significantly 
higher than those in noncritical patients.23–25 The excessive 
release of these cytokines is the direct cause of CS. In 
summary, when AEC, DCs, and macrophages are infected 
with SARS-CoV, it leads to a surge in cytokines and che-
mokines, which plays a vital role in the pathogenesis of CS 
in patients with SARS (Figure 1). T cells recognize anti-
genic epitopes and are activated. SARS-CoV does not have 

Figure 1 The infection and replication of SARS-CoV in epithelial cells and immune cells. SARS-CoV infect and replicate in epithelial cells. Monocyte-macrophage and DCs 
are infected by SARS-CoV to induced apoptosis of activated T cells. The cells in the dotted frame can secrete a variety of cytokines in the immune response, further forming 
a cytokine storm.
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the ability to attack T cells directly because T cells do not 
express the receptor (ACE2) they need. However, when 
monocyte–macrophages and DCs are infected by SARS- 
CoV, they release a large number of inflammatory cytokines 
to induce T cell apoptosis. The cells in the dotted frame can 
secrete various cytokines in the immune response, further 
forming a CS.

MERS-CoV and CS
MERS is a respiratory disease caused by a single-stranded 
RNA virus, MERS-CoV. MERS-CoV specifically recog-
nizes and binds to dipeptidyl peptidase 4 on the surface of 
AEC through S1 protein on the surface and then infects host 
cells.26 When MERS-CoV infects the body, besides com-
mon symptoms, such as cough and fever, it may also 
develop into acute respiratory failure and acute kidney 
injury (AKI).27,28 In vitro studies have shown that it has 
a similar infection mechanism to SARS-CoV. When MERS- 
CoV was infected with AEC, it could induce a strong 
response to IFN-γ and cytokines IL-1 β, IL-6, and IL-8, 
but the immune response was delayed.29 The only difference 
is that MERS-CoV can replicate in activated human T cells. 
However, whether it can replicate in human monocyte- 
derived macrophages and MDDCs is still controversial and 
needs to be further studied (Figure 2).30–32 When MERS- 
CoV infects monocyte line THP-1 cells, macrophages, and 
DCs derived from human peripheral blood monocytes, it can 
induce the production of proinflammatory cytokines and 

chemokines, such as CCL-2, CCL-3, CCL-5, IL-2, and IL- 
8, and form a positive feedback response, eventually leading 
to a CS.30,31 However, mononuclear macrophages and DCs 
do not induce the production of IFN-αβ; only plasmacytoid 
DCs can produce a large amount of IFN when they are 
infected by MERS-CoV.33 Recent studies have shown that 
the levels of cytokines and chemokines in the serum of 
patients with MERS positively correlate with the number 
of neutrophils and monocytes in their peripheral blood. The 
serum levels of cytokine IL-6, IL-8, and IFN-α, and chemo-
kines CXCL10 and CCL5 in patients with severe infection 
were higher than those in patients with mild MERS.34,35 

This is also the main factor causing CS in patients with 
MERS. Moreover, through the study of high mortality 
caused by CS in patients with MERS, it was shown that 
MERS-CoV could replicate in human macrophages and 
DCs, resulting in abnormal secretion of proinflammatory 
cytokines and chemokines. This induces delayed release of 
inflammatory cytokines, weakening the innate immune 
response and antiviral effect.29 MERS-CoV can infect and 
replicate the cells shown above, causing apoptosis in the 
dotted frame and releasing cytokines that cause CSs 
(Figure 2).

SARS-CoV-2 and CS
The newly emerged SARS-CoV-2, which can infect 
humans, is a single-stranded RNA virus of the coronavirus 
family. The most common symptoms of COVID-19 are 

Figure 2 MERS-CoV can infect and replicate in the cells shown above, causing apoptosis in the dotted frame and releasing cytokines that cause cytokine storms. It is worth 
noting that whether it can replicate in human monocyte-derived macrophages and DCs is still not clear.
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fever, fatigue, and respiratory symptoms; only a few peo-
ple develop ARDS, acute cardiac injury, or secondary 
infection.3 Although SARS-CoV-2 can replicate in AT2, 
it has not been proven to replicate in alveolar macrophages 
and DCs.36 Most evidence suggests that some critical 
patients with COVID-19 had similar CSs in patients with 
SARS and MERS. Huang et al3 reported cytokine levels in 
41 inpatients (including 13 patients in intensive care unit 
and 28 patients in nonintensive care unit). It was found 
that the levels of IL-7, IL-1RA, IL-1β, IL-10, IL-9, IL-8, 
fibroblast growth factor, GM-CSF, IFNγ, granulocyte col-
ony-stimulating factor (G-CSF), interferon-γ inducible 
protein-10 (IP-10), platelet-derived growth factor, vascular 
endothelial growth factor, macrophage inflammatory pro-
tein-1α, monocyte chemotactic protein 1 (MCP1), and 
TNF-α were higher than those in healthy adults. Among 
them, IL-2, IL-7, IL-10, G-CSF, IP10, MCP1, MIP1α, and 
TNF-α were significantly increased in critical patients. 

This study points out that CS is related to the severity of 
disease caused by SARS-CoV-2 infection (Figure 3). It 
had been reported that IL-6 levels were also elevated in 
critical patients with COVID-19.37 Hence, it can be seen 
that IL-6 is an essential molecule in the occurrence of CS. 
However, SARS-CoV-2 infection, which is different from 
SARS-CoV infection, also leads to Th2 cytokine produc-
tion that inhibits inflammation, such as increased secretion 
of IL-4 and IL-10; however, its mechanism is unclear. 
During SARS-CoV-2 infection, the production and 
mechanism of Th1 and Th2 cytokines must be further 
studied. SARS-CoV-2 infection of T cells can cause them 
to secrete several cytokines, which can cause CSs and 
damage to the heart, kidney, and lungs. However, it is 
unclear what other cells SARS can infect and replicate in 
them.

There are differences in cytokines produced by the 
three coronaviruses after infecting humans (Table 1). For 

Figure 3 SARS-CoV-2 infect and replicate in epithelial cells and T cells and cause them to secrete a large number of cytokines, which can cause cytokine storms to cause the 
damage of heart, kidney and lungs. But it is not clear which other cells that SARS-CoV-2 can infect and replicate in them.
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example, SARS-CoV can cause a decrease in antiinflam-
matory cytokines IL-10. In contrast, the antiinflammatory 
factors IL-4 and IL-10 of SARS-CoV-2 are increased. 
However, its mechanism is unclear, and other cytokines 
secreted can lead to immune cell proliferation and differ-
entiation and promote inflammatory responses. Infection 
with SARS-CoV or MERS-CoV can stimulate mononuc-
lear macrophages, DCs, and activated T cells to produce 
many cytokines. However, after SARS-CoV-2 infection, it 
can promote the secretion of related cytokines by epithelial 
and T cells.

Comparing Clinical Immune 
Characteristics of CS Produced by 
Coronaviruses
The clinical symptoms and immune characteristics caused 
by different viruses are different. The main manifestations 
of patients with SARS are fever, dyspnea, and lymphocy-
topenia; some cases develop to respiratory failure, and the 
fatality rate is approximately 10%. The susceptible popu-
lation was immunocompromised for older adults, and the 
fatality rate of elderly patients (>60 years old) increased 
significantly (from 6.8% to 43%).38 Although the infec-
tious power of MERS-CoV in the population is not as high 

as that of SARS-CoV, the incidence of ARDS and AKI in 
patients with MERS is higher, and the fatality rate is as 
high as 34.4%.39 The lungs of patients with COVID-19 are 
mainly involved; also, there are more critically ill patients; 
approximately 20% and 25.2% of the patients have at least 
one underlying disease (such as hypertension and chronic 
obstructive pulmonary disease). The fatality rate was 
approved at 2%.3,40 In addition, most patients suffer from 
pneumonia, and the chest CT shows typical ground glass 
opacity of the lungs with reduced lymphatic vessels.3,41,42

Also, studies on the immune status of patients with 
COVID-19 showed that although lymphocytes in the per-
ipheral blood of patients with severe COVID-19 
decreased, they were still in the activation state. A study 
analyzed the changes in lymphocyte subsets and cytokines 
in the peripheral blood of 123 patients and found that all 
patients had reduced lymphocytes.43 The reduction rates of 
CD8+ T cells in the mild and severe groups were 28.43% 
and 61.9%, respectively. The reduction rates of NK cells 
were 34.31% and 47.62%. The level of serum NK cells in 
the severe group was significantly higher than that in the 
nonsevere group.43 Additionally, the expression of human 
leukocyte antigen-DR in CD4+ T and CD8+ T cells 
increased, and CD4+CCR4+CCR6+ T helper cell 17 also 

Table 1 Comparing Host Cells Infected with Different Types of Coronavirus and Changes in Immune Cells and Cytokines

Immune 
Response

SARS-CoV MERS-CoV SARS-CoV-2

Infected 

host cell

Alveolar epithelial cells20 Alveolar epithelial cells29 Respiratory epithelial cells36

Monocyte–macrophage Monocyte–macrophage T lymphocytes46

Dendritic cells21,22 Dendritic cells

Activated T cells Activated T cells30–32

Changes 

of immune 

cells

The accumulation of a large number of 

mononuclear macrophages and 

neutrophils in the body led to an increase 
in Th1 cells25 and a significant decrease in 

NK cells.47

CD4+ T cells, Th1 cells, and Th2 cells 

were all downregulated.48

CD4+ T cells and T regulatory cells (Treg) 

decreased. Th17 and Tfh cells increased, 

while Th1 cells decreased significantly.2 

DCs, macrophages, CD4+ T cells, and 

TGF-β+CD28− naïve CD8+ T cells were 

higher in the mild group than in the 
critical patients.49,50

Cytokine 
changes

SARS-CoV stimulates the body to 
produce IL-6, IL-1, IFN-γ, TGF-β, IL-12, 

IL-8, CXCL9, CXCL10, and CCL2,23–25 It 

induced the production of TNF-α, IFN-β, 
and IP-10, which was significantly higher 

than that of MERS-CoV,29 but the 

expression of cytokine IL-10 was low.23

MERS-CoV induces the body to produce 
IFN, IL-6, IL-2, IL-1β, CCL-3, CCL-2, IL-8, 

CCL-5.29–31 IL-1, IL-6, and IL-8 in patients 

are higher than those in patients with 
SARS.29

COVID-19 induces the body IL-10, IL-7, 
IL-2, MCP1, IP10, G-CSF, MIP1α, and 

TNF-α.3 Unlike SARS-CoV infection, 

SARS-CoV-2 infection also triggered an 
increase in the secretion of Th2 cytokines 

that inhibit inflammation, such as IL-4 and 

IL-10.
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increased, and CD8+ T cells highly expressed cytotoxic 
particles, such as perforin and granzyme.44 Like other 
patients with COVID-19, most of the severe COVID-19 
patients showed high C-reactive protein, erythrocyte sedi-
mentation rate, and high levels of IL-6, tumor necrosis 
factor, IL-1, IL-2R, and IL-8, accompanied by ARDS, 
diffuse intravascular coagulation, and mainly thrombocy-
topenia, characterized by thrombosis and intractable gang-
rene. Th1 and Th2 decreased when the body was infected 
with MERS-CoV, whereas Th1 increased when the body 
was infected with SARS-CoV,25 and a significant decrease 
in NK cells was also observed (Table 1).

SARS-CoV stimulates the body to produce higher level 
of TNF-α, IFN-β, and IP-10 than MERS-CoV does.29 

MERS-CoV also induces the body to produce IFN, IL-6, 
IL-2, IL-1β, CCL-3, CCL-2, IL-8, CCL-5, but it induces 
higher level of IL-1, IL-6, and IL-8 in patients than 
SARS.29–31 SARS-CoV-2 infection also triggered an 
increase in the secretion of Th2 cytokines that inhibit 
inflammation, such as IL-4 and IL-10.3

In COVID-19, IL-10 levels began to rise as early as the 
first week of the disease and decreased during the duration 
of the disease.45 However, the level of IL-10 only 
increased in convalescent patients with SARS. Thus, the 
early induction of IL-10 by COVID-19 may change the 
early infection process of the disease and play a certain 
role in the treatment of IL-10 in critically ill patients. 
Since this phenomenon may be unique to COVID-19, 
understanding how SARS-CoV-2 does this will benefit 
patient management, and there may be new treatments 
for COVID-19.

Analysis showed significant differences in immune cell 
distribution and cytokine expression induced by different 
coronaviruses, and the clinical symptoms and severity of 
patients with different coronavirus infections were also 
different (Table 1). This may be related to the infection 
mechanism of different coronaviruses and immune status 
change. The expression of different cytokines caused by 
different coronavirus infections provides an idea for accu-
rate, personalized treatment of coronavirus.

Comparing Coronavirus-Encoded 
Proteins
Releasing different cytokines may be related to different 
viral structures. Coronavirus particles contain four main 
structural proteins: spike protein (S), membrane protein 
(M), envelope protein (E), and nucleocapsid protein (N). 

The S protein of coronavirus is a trimer located on the 
surface of virions, which makes virions have a coronal 
appearance. The primary function is to establish 
a connection between the viral particles and the host 
cell membrane by interacting with various host cell 
receptors, thus mediating the entry of infectious viral 
particles into the cells.51 Additionally, it is an important 
factor in inducing host immune response.52 The 
M protein is the most abundant structural protein in 
coronavirus particles. Studies have shown that the 
M protein exists in the form of a dimer in coronaviruses 
and may use two conformations, promoting the bending 
of the host cell membrane and binding to the 
nucleocapsid.53 The E protein is the smallest structural 
protein in virions, which plays a multifunctional role in 
the pathogenesis, assembly, and release of viruses. The 
virulence of coronavirus is also related to the 
E protein.54 Furthermore, deleting the gene encoding 
E protein will slow down viral amplification, but the 
protein does not seem necessary for SARS-CoV replica-
tion (Table 2).55

By comparing the structure of the three viruses with 
previous reports, it was found that the biggest difference 
among the structural proteins of the virus is the S protein. 
SARS-CoV, SARS-CoV-2, and MERS-CoV have different 
receptors that bind to the host cell because of the differ-
ence in S protein.56,57 This suggests that the ability of 
different viruses to recognize and invade cells and the 
types of host cells infected will be different. ORF3 and 
ORF8 are related to inflammation and escape after virus 
infection, and the differences in ORF3 and ORF8 genes in 
the three coronaviruses may be related to different inflam-
matory mechanisms. The difference in the E protein may 
be related to the mechanism of viral pathogenesis, assem-
bly, and release. The E protein is less expressed in viruses 
and has ion channel activity.58 It is believed that the 
M protein is the most abundant protein and defines the 
shape of the viral envelope and the N protein is 
a multifunctional protein that can enhance viral transcrip-
tion and assembly.59

Coronavirus Infection and Immune 
Response Mechanism
The excessive immune response caused by coronavirus 
invading the host is the primary pathogenic mechanism 
of its high clinical lethality. The viral genome and related 
viral proteins released by the coronavirus after infecting 
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the host are recognized by PRRs in the host cells. Also, the 
CS caused by coronavirus infection is related to the acti-
vated cytokine signaling pathway.

During SARS-CoV-2 infection, Th1 inflammatory 
cytokines and Th2 inflammatory cytokines were activated, 
indicating that adaptive immunity was widely up-regulated 
in the process of anti-viral infection.3 It had been reported 
that there was an increased Th17 in the blood of severe 
COVID-19 patients, and Th17 type responses were specu-
lated to be partially responsible for the local severe lung 
injuries and COVID-19 exacerbation.44 Strong Th17- 
mediated cytokine storms and activation of related 

pathways were also found in SARS and MERS infections, 
which play an important role in lung inflammatory injury. 
On this basis, the specific inhibitors of Th17 pathway 
signal may have certain therapeutic value.67,68

Apoptosis can be induced by multiple mechanisms in 
HCoV-infected cells. SARS-CoV was shown to induce 
caspase-dependent apoptosis, which is dependent on but 
not essential for viral replication, as treatment of pan- 
caspase inhibitor z-VAD-FMK or overexpression of Bcl2 
did not significantly affect SARS-CoV replication.69 In 
contrast, although MERS-CoV infection of human primary 
T lymphocytes was abortive, apoptosis was induced via 

Table 2 Comparing Protein Differences in Coronavirus

Types of 
Protein

SARS-CoV MERS-CoV SARS-CoV-2

Spike protein 

(S)

S protein can bind to ACE2 directly, and 

the binding sequence site is highly 

consistent with SARS-CoV-2.60

The core structure of the S2 gene of 

SARS-CoV is very similar, but the 

structure of the receptor-binding motif is 
quite different, so its receptor is 

dipeptidyl peptidase.57

Compared with SARS-CoV, the 

receptor-binding domain sequence 

homology of S protein is 76%.60 Its 
S protein also participates in the process 

of virus invasion by binding to the ACE2 

receptor.61

Envelope 

protein (E)

E protein acts as an ion channel in the 

form of a pentamer.58

Control virion assembly, deletion 

mutants lose pathogenicity.58,62

Compared with SARS-CoV, the 

sequence homology of E protein is as 
high as 95%.60 It is suggested that the 

functional diversity of E protein in the 

process of coronavirus replication and 
pathogenesis.

Membrane 

protein (M)

M protein is only expressed in the 

endoplasmic reticulum and Golgi matrix. 

Its conserved domain participates in the 
process of virus assembly and budding 

through protein-protein interaction.53

Control virion assembly.63 Compared with SARS-CoV, the 

homology is as high as 91%.60 The 

specific function is not clear.

Nucleocapsid 

protein (N)

Serum cross-reaction can occur through 

N protein.64

It can fold the coronavirus genome into 

a spiral ribonucleoprotein (RNP). At the 

same time, it can also enhance the 
efficiency of virus transcription and 

assembly.65

Compared with SARS-CoV, the 

homology is as high as 94%.60 It is 

possible to recognize the N protein of 
SARS-CoV in the COVID-19 patient’s 

serum and this can be used for clinical 

detection of asymptomatic patients.

Open reading 

frames 
(ORFs) 

ORF3b

ORF3b protein is meaningless in the 

process of SARS-CoV replication.51 It 
can inhibit the IFN-β signal pathway and 

does not depend on protein nuclear 

localization.60

Nonstructural protein, no difference. A specific protein with four helical 

structures was found in the fragment of 
ORF3b protein, and there was no 

homologous sequence with SARS-CoV.60

ORF8 ORF8 protein can activate intracellular 

stress signals and cause an NOD-like 
receptor protein 3 (NLRP3) 

inflammatory response.66

Nonstructural protein, no difference. Compared with SARS-CoV, ORF8 has 

a 20% homology, which is the lowest 
homologous protein but can mediate the 

downregulation of host cell MHC-II.67
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activation of both intrinsic and extrinsic pathways.32 

Apoptosis in neuronal cells infected with HCoV-OC43 
involved mitochondrial translocation of BAX but was 
independent of caspase activation.70

Toll-Like Receptors and Signal Pathways
Toll-like receptors (TLRs) play an essential role in the 
coronavirus, activating the immune system, and they are 
PRRs that participate in the innate immune response of 
extracellular pathogens. There are 13 members of the TLR 
family, among which TLR3, TLR7, TLR8, and TLR9 are 
located in intracellular vesicles and are transmembrane 
receptors that recognize viral nucleic acids.71 In the TLR3- 
mediated signaling pathway, TLR3, through the transpor-
ter TIR-containing adaptor molecule (TICAM-1/TRIF), 
mediates inflammation.72 TLR3 recruits and activates 
tumor necrosis factor receptor-associated factor 3 
(TRAF3) through the TRIF pathway. The activated 
TRAF3 transmits signals to downstream TANK-binding 
kinase 1 (TBK1) and I-κ B kinase ε (IKK ε) to activate 
interferon regulatory factor 7 (IRF7) and IRF7 in the 
nucleus to induce IFN expression.73 The signal-binding 
proteins of TLR7, TLR8, and TLR9 are myeloid differ-
entiation factor 88 (MyD88), in which TLR7 and TLR8 
recognize single-stranded ribonucleic acid, whereas TLR9 
preferentially recognizes DNA in viruses.72 After TLR7 or 
TLR8 binds to its specific ligand, MyD88 is recruited to 
the TIR domain and interacts with TIR; then, the TLR- 
MyD88 complex recruits IL-1R-associated kinase (IRAK) 
to phosphorylate it and is activated. Activated IRAK binds 
to TRAF6 and activates downstream effector molecules, 
resulting in the expression of several cytokines (interferon- 
stimulated genes).74 In summary, TLRs play a crucial role 
in restricting coronavirus replication and initiating immune 
responses.

Although coronavirus activates the TLR signaling 
pathway, the degree of activation is different. For example, 
the capability of coronaviruses to activate the TLR7/8 
signaling pathway is SARS-CoV-2 > MERS-CoV > 
SARS-CoV. The low composition of human TLR7/8-sti-
mulating RNA motifs in the MERS-CoV, SARS-CoV, and 
SARS-CoV-2 genomes suggests that they have a relatively 
low human TLR7/8-stimulating potential and a relatively 
high ability to evade human TLR7/8-mediated innate 
immune responses.75,76 TLR4 could also be involved in 
the pathogenesis of COVID-19.77,78 An in silico study 
revealed a close relationship between bat SARS-CoV and 
SARS-CoV-2 (based on the spike protein and ACE2) and 

found that SARS-CoV-2 spike protein binds with TLR1, 
TLR4, and TLR6, with a higher affinity for TLR4.79 TLR3 
via the TIRF pathway leads to a protective response in 
SARS-CoV and MERS-CoV infections.80

Mechanism of Coronavirus Participating 
in Immune Escape
Host cells perceiving the invasion of pathogenic microor-
ganisms can inhibit viral replication by regulating the 
immune signal pathway in vivo to induce IFN expression, 
proinflammatory factors, and various antiviral genes. To 
deal with the innate antiviral immune response of the host, 
most coronaviruses gradually form a complex immune 
escape mechanism during the long-term evolution of the 
infected host. Because of this, the following summarizes 
the pathogenic mechanism of coronavirus evading host 
innate immunity to provide theoretical reference for the 
research and development of human coronavirus preven-
tion and treatment and novel coronavirus drugs.

For example, the SARS-CoV-induced p38MAPK path-
way is involved in regulating host cell IL-8 secretion and 
its downstream STAT3 dephosphorylation to promote 
apoptosis. It can activate the PI3K pathway and phosphor-
ylate intracellular Akt to resist apoptosis.81 Also, SARS- 
CoV can inhibit the innate immune response by inhibiting 
the I-κB of host cells and preventing NF-κB signal path-
way activation through the deubiquitin enzyme activity of 
its nsp3 protein.82 The M protein of SARS-CoV can inhi-
bit TRAF3-TANK-TBK1/IKKε formation, IRF-3 activa-
tion, and downregulate IFN expression.83 However, Nsp3 
of MERES-CoV can inhibit IFN expression mediated by 
RIG-I and melanoma differentiation factors 5 of RIG- 
I-like receptors on the host cell membrane and inhibit 
NF-κB activation.84 The antagonistic effect of M protein 
encoded by MERS-CoV on IFN is similar to that of SARS- 
CoV; it can interact with TRAF3, inhibit the coupling of 
TRAF3-TBK1, reduce the activation and dimerization of 
IRF3, and decrease IFN expression.85 Nonstructural pro-
teins Nsp1, Nsp6, Nsp13, ORF3a, ORF7a, and ORF7b 
encoded by SARS-CoV-2 can inhibit the phosphorylation 
of STAT1 and STAT2.86 Furthermore, Nsp13, Nsp14, and 
Nsp15 can effectively inhibit the entry of IRF3 into the 
nucleus. The expression of Nsp6 and Nsp13 can inhibit the 
phosphorylation of TBK1 and IRF3.87,88 Also, the 
N protein of SARS-CoV-2 can inhibit its phosphorylation 
and entry into the nucleus by binding STAT1 and STAT2, 
thus antagonizing the IFN-I signal pathway.89 The 
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M protein of SARS-CoV-2 can interact with key proteins, 
such as RIG-I, MAVS, and TBK1, and inhibit the IFN-I 
pathway.90 Although immunity is suppressed by inhibiting 
IFN expression, the mechanism in several coronaviruses is 
different. Existing studies have shown that coronavirus- 
encoded proteins can antagonize the immune system in 
several ways, regulate virus replication, and play an essen-
tial role in viral pathogenicity and host pathological pro-
cesses. However, a detailed mechanism for antagonizing 
the immune system needs to further study the interaction 
between coronavirus and the host to provide an effective 
scheme for antiviral treatment and disease control.

Conclusion and Prospects
Different coronaviruses produce different cytokines, and 
the clinical symptoms and immune responses of patients 
slightly vary. This may be related to the different struc-
tures of coronaviruses and different mechanisms of signal 
pathways acting on the body. This difference will provide 
new ideas for treating and diagnosing different 
coronaviruses.

Herein, we reviewed characteristics of cytokine storms 
caused by SARS-CoV, MERS-CoV and SARS-CoV-2 
infection in humans. We then compared the clinical 
immune characteristics caused by three coronaviruses 
and clarified their immune response mechanism. In short, 
the three coronavirus infections have similar immune char-
acteristics, which can be divided into three aspects: (1) 
virus infection in innate immune cells, (2) immune 
response disorder, (3) cytokine storm. Although SARS- 
CoV can infect DC, mononuclear macrophages and other 
peripheral blood mononuclear cells, it cannot replicate and 
produce virus in these cells. But, it can make the infected 
cells produce a large number of cytokines. SARS-CoV-2 
infection also triggered an increase in the secretion of Th2 
cytokines that inhibit inflammation, such as IL-4 and IL- 
10, as well as it can inhibit IFN-I signal pathway.

The purpose of this review is to compare the differ-
ences of cytokine storms caused by three coronaviruses 
and to provide research insights and supporting evidence 
for the treatment of cytokine storms. For example, the 
application of IL-10 therapy, blocking Th17 signal path-
way and so on. Most of the immune mechanisms of 
coronavirus infection mentioned are preliminary. There 
are still many problems to be solved. For example, 
whether the MERS-CoV can replicate in human mono-
cyte-derived macrophages and MDDCs is still controver-
sial. The relationship between the replication of different 

coronaviruses and the apoptosis and cytokine release from 
host cells remains to be further studied. Comparing the 
immune response and cell signaling pathway caused by 
these three viruses will provide a strong molecular basis 
for animal research and can guide future experimental 
research. Some of these mechanisms have been proved to 
be closely related to clinical prognosis and disease out-
come, thus highlighting their potential role in pathogenesis 
and clinical manifestations. In a review of most existing 
studies, great progress has been made in more and more 
research on coronavirus and other viral infections, which 
may be helpful for future clinical studies and large trials to 
verify laboratory-confirmed hypotheses.
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