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Abstract. A cytokine storm is an uncontrolled, excessive
immune response that contributes to the pathogenesis of
coronavirus disease 2019 (COVID-19). Viral infections lead
to the loss of negative feedback in immune regulation and
an abnormal elevation of the levels of multiple cytokines.
In COVID-19, this causes diffuse damage to alveolar func-
tions and may culminate in multiple organ dysfunction.
Immunoregulatory therapies target the cytokine storms
induced by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), the virus that causes COVID-19, and include
monoclonal antibodies, recombinant granulocyte-macrophage
colony stimulating factor, interferon, mesenchymal stem
cell-based therapy, thymosin, immunoglobulins and blood
purification therapies. These approaches may be effective in
the alleviation of COVID-19 symptoms. In this review, cyto-
kine storms caused by SARS-CoV-2 infections are evaluated
and discussed, and advances in immunoregulatory therapy
strategies for patients with COVID-19 are reviewed.
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1. Introduction

At the end of 2019, a coronavirus pneumonia pandemic
emerged in Wuhan, China (1). Subsequent genome sequencing
and phylogenetic analyses revealed that this virus was a novel
coronavirus. The International Committee on Taxonomy of
Viruses designated it as severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), and the associated disease
was named coronavirus disease 2019 (COVID-19) by the
World Health Organization (WHO). As of August 30, 2020,
there have been 24,854,140 confirmed cases of COVID-19
worldwide, including 838,924 deaths, and the disease has been
listed as a public health emergency of international concern by
the WHO (2). In a similar manner to severe acute respiratory
syndrome coronavirus (SARS-CoV) and Middle East respira-
tory syndrome coronavirus (MERS-CoV), COVID-19 presents
with severe respiratory syndrome (3,4). However, researchers
are currently attempting to identify treatments that suppress
the transmission of SARS-CoV-2 or ameliorate the symptoms
of COVID-19 (5). Considerable evidence from preclinical
and clinical studies indicates that cytokine storm syndrome
may be an important mechanism underlying this respiratory
syndrome (6). An imbalance in immune regulation leads to an
overwhelming release of cytokines, which is more harmful to
the body than SARS-CoV-2 itself (7). In the present review, the
progress of preclinical and clinical studies is summarized, and
immunomodulatory therapies for patients with COVID-19 are
reviewed and discussed.

2.SARS-CoV-2 and COVID-19
SARS-CoV-2 is an enveloped coronavirus that contains a

single-stranded RNA genome. The particles are 50-200 nm in
diameter, and comprise three envelope glycoproteins: Spike
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protein (S protein), envelope protein (E protein) and membrane
protein (M protein). The S protein is closely associated with
the ability of SARS-CoV-2 to invade cells, and is an important
antigen in vaccine research and development in terms of the
neutralization of antibody production (8). The M protein is
transmembrane in nature, and plays an important role in enve-
lope formation and virus budding (9). The E protein is mainly
distributed over the capsule. The nucleocapsid phosphoprotein
(N protein) is another important structural protein, which
binds to viral RNA, forming the core.

According to several systematic analyses of COVID-19
cases (10-12), the most common clinical symptoms are fever,
dry cough, myalgia or fatigue, with other symptoms including
sputum production, headaches and hemoptysis. Some patients
exhibit other systemic symptoms, including diarrhea and
other digestive system ailments (10-12). However, other severe
symptoms with the potential to become life-threatening
may become manifest, including dyspnea, which can rapidly
develop into acute respiratory distress syndrome (ARDS),
arrhythmia, shock and multiple organ dysfunction syndrome
(MODS) (4,10-12). The mechanism of SARS-CoV-2 infection
is believed to occur via viral binding to host cell surface recep-
tors, specifically angiotensin-converting enzyme 2 (ACE2)
receptors (13). ACE2 receptors are distributed over arteriove-
nous endothelial cells, arterial smooth muscle cells, intestinal
epithelial cells, alveoli, bronchi and other respiratory organs.
The virus infects these cells by binding to ACE2 recep-
tors, causing pathological changes in corresponding organs,
the respiratory and digestive systems, heart and nervous
system (14,15).

3. Cytokine storm

Cytokine storm, also known as inflammatory storm or cyto-
kine release syndrome, refers to an excessive immune response
elicited by viruses, bacteria or other external stimuli (16).
During a cytokine storm, cytokines such as tumor necrosis
factor (TNF)-a, interleukin (IL)-1, IL-6, IL-8, IL-12, inter-
feron (IFN)-a, IFN-y and monocyte chemotactic protein-1
(MCP-1) are rapidly produced in the host. Excessively secreted
cytokines facilitate the chemotaxis of neutrophils, monocytes
and eosinophils to inflammatory sites, where they not only clear
viral particles but also may cause organ failure. Importantly,
these cytokines also activate immune cells, further increasing
the production of cytokines. Under physiological conditions,
feedback loops, precisely controlled by anti-inflammatory
cytokines, are provided by T helper type 2 cells and regula-
tory T cells (Tregs). However, during pathological conditions,
where highly pathogenic viral particles are present, these
feedback loops are imbalanced and cause positive feedback
that results in the amplification of cytokine production. This
suicidal immune response is the cause of ARDS and MODS,
which may eventually culminate in death (17).

Previous studies on SARS-CoV, MERS-CoV, influenza
A HINI virus, avian influenza virus and other viruses have
suggested that cytokine storms are primary mechanisms
leading to fatal pneumonia. Xu ef al (18) detected cytokines
in the blood of patients with SARS, and revealed that inflam-
matory factors, mainly represented by IFN-y-inducible
protein 10 (IP-10), were highly elevated. This cytokine

damages vascular endothelial and respiratory epithelial
cells, culminating in ARDS (18). Another study showed that
large numbers of serum-based pro-inflammatory cytokines,
including IL-1f, IL-6, IFN-y, IP-10 and MCP-1, are involved
in the extensive lung injury mediated by SARS-CoV (19). In
an analysis of the cytokine response to MERS-CoV in patient
plasma, Mahallawi ef al (20) identified prominent pro-inflam-
matory T helper (Th)l and Th17 responses and markedly
increased secretion of the cytokines IFN-y, TNF-a, IL-15
and IL-17. These data suggest a significant pro-inflammatory
cytokine response to the acute phase of MERS-CoV infection,
which may be associated with disease severity. Importantly,
SARS-CoV-2 infections also generate cytokine storm events
similar to those induced by SARS-CoV and MERS-CoV.
Huang ef al (12) analyzed 41 patients with COVID-19
and found that 63% had lymphocytopenia, with markedly
increased concentrations of IL-2, IL-7, IL-10, granulocyte
colony stimulating factor (G-CSF), IP-10, MCP-1, macro-
phage inflammatory protein 1A and TNF-a in intensive care
unit (ICU) patients, when compared with non-ICU patients.
Thus, cytokine storms may be an important contributor to the
pathogenesis of COVID-19. Initially, SARS-CoV-2 infection
leads to a loss of negative feedback in the regulation of the
immune response, which abnormally increases the levels of
certain cytokines. This increase promotes the recruitment and
activation of immune cells, which cause diffuse damage to
pulmonary capillary endothelial and alveolar epithelial cells,
leading to ARDS and possibly also MODS (21).

Although there are as yet no specific treatments for the
cytokine storms induced by SARS-CoV-2, several non-specific
treatments have been investigated since the pandemic outbreak.
The present review discusses these treatment strategies for
cytokine storms in patients with COVID-19.

4. Targeted cytokine storm therapy - the fight against
COVID-19

Monoclonal antibodies. The excessive secretion of IL-6
(>1,000 pg/ml in serum) can lead to vascular leakage, tissue
hypoxia, hypotension and myocardial dysfunction, resulting
in MODS and disseminated intravascular coagulation (22).
Additionally, IL-6 reduces the release of perforin and
granzymes from natural killer (NK) cells and impairs their
antiviral activity (23). During a cytokine storm, the duration of
elevated IL-6 secretion is longer than that of other cytokines,
suggesting that inhibition of IL-6 or its receptor (IL-6R) could
be a viable therapeutic strategy during a SARS-CoV-2 infec-
tion (24,25).

A number of studies have confirmed the safety and effi-
cacy of the anti-IL-6 antibody siltuximab, and the anti-IL-6R
antibodies tocilizumab and sarilumab (25-27). To date,
more than 40 clinical trials using anti-IL-6 or anti-IL-6R
treatments have commenced for patients with COVID-19,
including more than 30 trials using tocilizumab (Table I).
This humanized monoclonal antibody inhibits IL-6R by
blocking the binding of IL-6 to its receptor and inhibiting its
signaling (28). In the past, tocilizumab was primarily used in
the treatment of cytokine storms caused by chimeric antigen
receptor T cell (CAR-T) therapy (29). In one study, the levels of
IL-6, IL-8 and IL-10 were observed to be elevated to varying
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degrees in four cases of CAR-T-induced cytokine storm.
However, after treatment with tocilizumab, the symptoms of
systemic toxicity were significantly ameliorated, the cytokine
levels decreased, and the requirements for adjuvant and other
therapies, including vasoactive drugs, glucocorticoids and
respiratory support, were reduced (30). Tocilizumab has also
been observed to attenuate the excessive production of other
cytokines, namely IFN-y, IL-10 and IL-2, and the expansion
of cytotoxic T and NK cells in refractory hemophagocytic
Iymphohistiocytosis (31). Retrospective Chinese studies have
also confirmed the positive effects of tocilizumab in severe
or critical cases of COVID-19 (32,33). However, as patient
numbers were low in these studies, the clinical efficacy of
tocilizumab requires further testing.

Recombinant granulocyte-macrophage colony stimulating
factor. Alveolar type II epithelial cells accurately regu-
late the production of granulocyte-macrophage colony
stimulating factor (GM-CSF), which activates innate and
adaptive immune responses, and improves the ability of
the body to fight against viruses (34). GM-CSF also stimu-
lates the proliferation of alveolar epithelial cells in order
to repair broken lung barriers, and protect the lungs from
secondary bacterial infection following viral infection (35).
SARS-CoV-2 infects type II alveolar epithelial cells via the
ACE?2 receptor, thereby destroying pulmonary physiological
barriers and leading to imbalanced GM-CSF regulation (36).
A recent study showed that G-CSF levels in the peripheral
blood of patients with COVID-19 were elevated, particularly
those critically ill in intensive care (12). It is speculated that
blocking GM-CSF or using anti-GM-CSF drugs could be a
viable treatment strategy for COVID-19. Notably, in recent
months, more than 10 clinical trials have been initiated using
this strategy (Table IT).

IFN. As a major effector cytokine of the host immune response
to viral infection, IFN serves as an immunomodulator by
promoting macrophage-mediated antigen phagocytosis, and
mediating the clearance of infected cells by NK cells, thus
limiting viral transmission. IFNs are also often used to treat
viral diseases such as hepatitis B and C (37). Evidence from
preclinical and clinical studies indicates that the earlier IFN
production occurs after coronavirus infection, the less viral
replication occurs and the lower the mortality rate (38,39).
Chu et al (40) compared immune activation between the lung
tissues of patients with SARS-CoV-2 and SARS-CoV infec-
tions, and found that the lungs infected with SARS-CoV-2
did not produce elevated quantities of IFNs. Therefore, it is
suggested that exogenous IFN should be administered to
stimulate host antiviral immunity in patients infected with
SARS-CoV-2. In addition, IFN-A has been demonstrated to
reduce the risk of SARS-CoV-2 transmission and the severity
of COVID-19 (41).

Mesenchymal stem cell (MSC)-based therapy. MSCs are atype
of non-hematopoietic stem cell, derived from several tissues,
including Wharton's jelly, umbilical cord blood, placenta, bone
marrow, adipose tissue, dental pulp and menstrual blood (42).
Evidence from preclinical and clinical studies has confirmed
that MSCs function by promoting tissue regeneration and

protecting against injury through self-renewal, multiple differ-
entiation and paracrine functions (43,44). Importantly, MSCs
also exert strong immunomodulatory functions (45). Studies
have shown that these cells regulate the activation, prolif-
eration and differentiation of NK cells, dendritic cells, B and
T lymphocytes, and other immune cells, and also increase
the proportion of Tregs, thus maintaining immune system
stability (42,46,47). MSCs interact with immune cells, and
potentially inhibit localized immune responses via the secretion
of regulatory factors, including transforming growth factor f3,
hepatocyte growth factor and IL-10 (48). The immunomodu-
latory properties of MSCs have been shown to be effective
in acute graft-versus-host disease (49), type 1 diabetes (50),
rheumatoid arthritis (51), systemic lupus erythematosus (52),
inflammatory bowel disease (53) and other immune and
inflammation-associated diseases (54). The cells attenuate
acute lung injury by inhibiting the infiltration of immune cells
and reducing the secretion of inflammatory factors. Therefore,
the immunomodulatory functions of MSCs may be effective
in reducing the occurrence of cytokine storms in severe cases
of COVID-19 (55). Indeed, at least 20 COVID-19 clinical
trials using MSCs are ongoing (Table IIT). Although most
preclinical studies on the immune effects of MSCs have shown
benefits, further studies are required to evaluate the safety of
MSC transplantation, particularly with regard to potential
tumorigenic effects (56).

Thymosin. Thymosin induces T-cell differentiation, prolifera-
tion and maturation (57). In addition, it promotes the production
of IL-2, thereby inducing anti-inflammatory effects (58). As
an immune enhancer, thymosin is widely used in the adjuvant
treatment of hepatitis (59), autoimmune diseases (60) and several
types of tumors (61). The pathology report of a COVID-19
patient revealed that the numbers of CD4* and CD8* T cells in
the peripheral blood were significantly decreased, and it was
suggested that lymphopenia may be associated with severity
disease and mortality (62). Therefore, thymosin may be useful in
contributing to the reconstruction of effective T-cell immunity in
patients with COVID-19, thereby potentially inhibiting cytokine
storms. However, the safety and validity of thymosin in the treat-
ment of COVID-19 requires investigation in clinical trials.

Immunoglobulin. Intravenous immunoglobulin (IVIG) prepa-
rations can neutralize antigens, and also regulate cytokine
responses and immune cell functions. A retrospective study
of 15 patients with severe sepsis reported that treatment with
IgM-enriched immunoglobulins decreased endotoxin activity
and ameliorated platelet loss and fibrinogen depletion (63).
Another retrospective observational study evaluated the
effects of IVIG in patients with bacterial or septic shocks,
including 17 trials in adults and 8 in newborn infants (64).
IVIG significantly reduced the mortality rates in adult sepsis,
but not in neonatal sepsis. Notably, Cao et al (65) reported
on three patients with severe COVID-19 who were treated
with high-dose IVIG during an ARDS attack; following the
treatment, their clinical conditions and associated laboratory
and imaging examinations were improved, suggesting that a
high-dose of IVIG in the early stages of clinical deterioration
is able to prevent disease progression and improve the prog-
nosis of COVID-19.
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Table III. Continued.

Expected

completion
(August 30, 2020)

Interventions

Phase

Title

Trial identifier

Jun 30, 2020
Feb 15,2022

UC-MSCs, placebo
N/A UC-MSCs, placebo

1,2

Clinical research of human mesenchymal stem cells in the treatment of COVID-19 pneumonia
Study of human umbilical cord mesenchymal stem cells in the treatment of severe COVID-19

NCT04339660

NCT04273646

Jan 30, 2021

EXO 1 inhalation,

1,2

Evaluation of safety and efficiency of method of exosome inhalation in SARS-CoV-2 associated pneumonia

(COVID-19EXO0)

NCT04491240

EXO 2 inhalation,
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placebo inhalation

Dec 1,2021

Mesenchymal stromal
cells, placebo

Multiple dosing of mesenchymal stromal cells in patients with ARDS (COVID-19)

NCT04466098

COVID-19, coronavirus disease 2019; MSC, mesenchymal stem cell; UC-MSC, umbilical cord MSC; hCT-MSC, human cord tissue MSC; BM-Allo.MSC, bone marrow-derived allogenic MSC;

XCEL-UMC-BETA, expanded MSC from Wharton's jelly; WJ-MSC, Wharton's jelly MSCs; ARDS, acute respiratory distress syndrome; N/A, not applicable.

Blood purification therapy. A newly developed, non-specific,
broad-spectrum blood purification therapy may also have
applications in the targeting of cytokine storms during
COVID-19 infections. Hemodialysis, hemofiltration, plasma
exchange and hemoperfusion are four classical blood purifica-
tion techniques used to combat drug poisoning, renal failure,
multiple organ failure and septicemia (66). A retrospective
Chinese study evaluated three patients who were diagnosed
with severe or critical COVID-19 and treated with plasma
exchange (67). The rate of plasma separation and infusion was
25-30 ml/min, and the volume of each plasma exchange was
2,600-3,000 ml (67). The authors reported that this therapy
significantly decreased C-reactive protein and IL-6 levels, and
improved lymphocyte and prothrombin times, suggesting that
it is a viable treatment for patients with severe COVID-19.
However, a prospective observational study evaluated the
efficacy of blood purification in 9 patients with sepsis/septic
shock (68). After blood purification treatment, except for the
plasma levels of IL-8 decrease, the level of other cytokines
did not vary significantly, such as TNF-a, IL-1p, IL-6 and
IL10 (68). Therefore, further investigations are required to
explore the clinical benefits of blood purification for cytokine
storms induced by SARS-CoV-2 infection. Similarly, other
factors for this therapy, such as the appropriate model, timing,
course and frequency of treatment require investigation.

Others. During coronavirus-mediated pneumonia, the massive
release of cytokines is animbalanced antiviral immune response
that can lead to life-threatening ARDS. Glucocorticoids exert
anti-inflammatory, anti-toxic, anti-allergic and anti-shock
effects (69,70). A morbidly obese COVID-19 patient with
urticaria and angioedema was successfully treated with
glucocorticoids (70). However, long-term and high-dose use of
glucocorticoid can cause secondary infection, osteonecrosis,
diabetes and hypertension (71). Therefore, the timing of
administration, dosage and treatment course require extensive
clinical exploration.

The glycoproteins of coronavirus facilitate viral entry
into target cells by binding to receptors and by driving fusion
of viral and host cell membranes. However, the host cell
protease activity determines the efficiency of glycoprotein
synthesis (72). A recent study used a panel of cell lines to verify
that ACE2 and transmembrane protease serine 2 (TMPRSS2)
proteins are required for the infection of cells by SARS-CoV-2,
similarly to SARS-CoV infection (73). TMPRSS2 inhibitors
blocked the entry of SARS-CoV-2 into the cells, and thus
displayed potential as antiviral inhibitors. Indeed, camostat
mesylate, a serine protease inhibitor that inhibits TMPRSS2
protease activity, is widely used in Japan to alleviate acute
inflammation during chronic pancreatitis (74). Therefore, this
protease inhibitor may have therapeutic potential for the treat-
ment of patients with COVID-19.

5. Conclusion and perspectives

The pathogenesis of COVID-19 resembles a prolonged
battle between the virus and the immune system. When
confronted by viral infection, the immune system must
recognize and clear the virus in a timely manner. However,
imbalanced and excessive immune responses may result
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in the excessive expression of inflammatory cytokines.
Furthermore, these locally maladjusted immune responses
may damage the oxygenation functions of the lungs, poten-
tially resulting in MODS. Therefore, it is surmised that the
excessive release of inflammatory cytokines may lead to
severe COVID-19.

Antiviral, anti-inflammatory and organ-supporting thera-
pies are considered to be the primary treatment strategies for
patients with COVID-19. Antiviral therapies require antiviral
drugs and vaccines; however, drug and vaccine development
and preparation are challenging to achieve in the short term.
Organ support therapy is an effective therapy in the treat-
ment of severe COVID-19 patients with respiratory failure
or ARDS (75,76). However, in the context of the COVID-19
pandemic, organ support therapy may not be a widely used
treatment due to the resource constraints and availability
problems (77). Currently, a plethora of experimental and
conventional drugs are actively undergoing clinical trials
for the treatment and prevention of COVID-19. Some of
these drugs exert therapeutic efficacies that are associated
with regulation of the immune system. In addition, since
MSCs have an immunosuppressive effect, and associated
clinical trial data have shown significant therapeutic efficacy
in severe cases of COVID-19 (78-80), MSC-based therapy
could be a promising strategy for the reduction of inflam-
matory cytokine release in these patients. Therefore, we
hypothesize that immunoregulatory therapy is currently the
most promising treatment for severe COVID-19, especially
for the elderly patients or those with underlying diseases.
However, the stage during the development of COVID-19
at which cytokine storms occur, and the incidence and
mortality rates of patients who experience cytokine storms
are not yet known. Therefore, evidence from immunoregula-
tory preclinical and clinical studies is required for further
verification.

It must be noted that the key to solving the SARS-COV-2
pandemic is the emergence of a vaccine. The research commu-
nity must continue to comprehensively explore immune response
mechanisms in the pathogenesis of COVID-19, in order to
clarify relevant targets and signaling pathways. In adopting
this approach, the promotion and advancement of novel thera-
peutic drugs and vaccines is likely to occur, providing a solid
scientific foundation for the clinical diagnosis and treatment of
COVID-19.
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