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The "cytokine storm" (CS) consists of a spectrum of different immune dysregulation disorders characterized by

constitutional symptoms, systemic inflammation and multiorgan dysfunction triggered by an uncontrolled immune

response.
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1. Cytokine Storm

The term “cytokine storm” (CS) refers to a spectrum of different immune dysregulation disorders characterized by

constitutional symptoms, systemic inflammation and multiorgan dysfunction . The trigger for the CS is an

uncontrolled immune response with the continuous activation and expansion of immune cells, lymphocytes and

macrophages, which produce immense amounts of proinflammatory cytokines . In viral infections, the release of

proinflammatory factors leads to apoptosis of lung epithelial cells, and pulmonary alveolar and microvascular

endothelial cells, leading to complications such as alveolar edema and hypoxia. The uncontrolled production of

proinflammatory factors, containing IL-6, IL-8, IL-1β and GM-CSF, and chemokines such as CCL2, CCL-5, IP-10

and CCL3, along with reactive oxygen species, results in pulmonary fibrosis . CXCL8 chemokine is also involved

in the inflammation and trafficking of immune cells in the context of viral infections, as it has a chemotactic action

for neutrophils and monocytes in the respiratory tract . The clinical picture of the cytokine storm, although

variable, generally manifests itself as laboratory “overlap syndrome” with a decreased cell count, a decreased

ESR, an increased ferritin level, NK dysfunction and hemophagocytosis . This clinically results in the increased

perivascular infiltration of activated macrophages, neutrophils and fibroblasts, accompanied by extensive fibrin

deposition and alveolar collapse, leading to acute respiratory distress syndrome (ARDS) .

2. COVID-19

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2, previously 2019-nCoV) was registered in the

Wuhan city of China for the first time, and since then 445,188 deaths related to the disease have been reported. It

is an enveloped, positive-sense single-stranded genomic RNA virus (+ssRNA) , and entry of viral RNA into host

cells occurs due to the affinity of the SARS-CoV protein S for the ACE-2 receptor . The common symptoms

observed in patients with COVID-19 are fever, cough, severe headache, myalgia and fatigue . In most cases,

SARS-CoV-2 infections occur asymptomatically or cause only mild and less fatal symptoms than MERS-CoV and

SARS-CoV infections. However, in 10–20% of cases they can progress to interstitial pneumonia and acute

respiratory distress syndrome (ARDS), especially in those with advanced age and associated comorbidities .
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Since the COVID-19 pandemic first began in December 2019, SARS-CoV-2 has continuously evolved, with many

variants emerging around the world . These mutations, especially when they occur on the S gene encoding the

spike protein (S), can affect both the viral entry into the target cells and the effectiveness of the antibodies . The

result is a greater visual transmissibility and a greater ability to escape the previous immunity . The variants that

attract the most attention as potentially dangerous to public health include B.1.1.7 (UK), P.1 (Brazilian) and B.1.351

(South African). Added to these are also variants of interest that are emerging and expanding in some countries,

but are found sporadically in others, such as B.1.427 and B.1.429 (Californians) or B.1.617 (Indian) .

The cytokine storm caused by COVID-19 has been suggested to be associated with COVID-19 severity . The

cytokine storm is considered to be the main cause of the disease severity and death in COVID-19 patients, and is

related to the high levels of circulating cytokines, severe lymphopenia, thrombosis and massive mononuclear cell

infiltration in multiple organs . The excessive local release of cytokines is considered to be the determinant of

pathological alterations and the clinical manifestation of acute respiratory distress syndrome (ARDS).

SARS-CoV-2 infection triggers an immune response producing inflammatory cytokines along with a weak response

to interferon (IFN). Thereafter, membrane-bound immune receptors and downstream signaling pathways mediate

the proinflammatory immune responses of pathogenic Th1 cells and intermediate CD14 + CD16 + monocytes. This

process therefore favors the infiltration of macrophages and neutrophils into the lung tissue, which leads to the

cytokine storm .

In particular, SARS-CoV-2 can rapidly activate pathogenic Th1 cells resulting in the secretion of proinflammatory

cytokines, including granulocyte-macrophage colony stimulating factor (GM-CSF) and interleukin-6 (IL-6). GM-CSF

then activates inflammatory CD14 + CD16 + monocytes to produce IL-6, tumor necrosis factor-α (TNF-α) and other

cytokines. Membrane-bound immune receptors, including Fc and Toll-like receptors, might contribute to an

imbalanced inflammatory response, whereas weak IFN-γ induction might amplify cytokine production .

Neutrophil extracellular traps (NETs) might also contribute to cytokine release. Overall, the cytokine storm in

COVID-19 is characterized by the high expression of IL-6 and TNF-α .

3. SARS

In 2002/2003, there was an epidemic of severe respiratory disease known as severe acute respiratory syndrome

(SARS) which infected 8096 people worldwide and killed 774 (9.5%) of them. This pandemic was first reported in

Guangdong Province, China, in November 2002, and spread to 29 countries around the world . SARS-CoV is

a positive, single-stranded, enveloped RNA virus. Its RNA encodes a nonstructural polyprotein replicase and

structural proteins, including spike (S), envelope (E), membrane (M) and nucleocapsid (N) proteins, which causes

infection first from the upper respiratory tract to affect the lower one, characterized by functionally critical lung

damage through the binding of the spike protein with ACE2 and the subsequent downregulation of this receptor 

. Lymphopenia and thrombocytopenia are commonly present. The decrease of both CD4+ and CD8+ T-

lymphocytes occurs early and adversely affects the prognosis . The animal reservoir of SARS-CoV in nature

remains to be identified.
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During SARS-CoV infection, the levels of IL-1β, IL-6, IL-8, IL-12, inducible protein 10 (IP-10), MCP-1 and IFN-γ

increase significantly . This is countered by low levels of the cytokine Th2 IL-4 .

SARS and COVID-19 infections can cause MAS and cytokine storms. Massive release of proinflammatory

mediators, including IL-6 and IL-1, contributes to vascular permeability, plasma loss and DIC processes, thus

causing lung damage and ARDS, as well as multi-organ failure . In SARS-Cov and MERS-Cov, increased

IFN-γ levels have been associated with inflammation and extensive lung damage . The elevated levels of IL-6

in the pathogenesis of SARS-Cov-1 lays the foundation for the hypothesis that the two members of the

Coronaviridae family may indeed share common pathophysiological mechanisms . High viral concentrations and

dysregulated cytokine / chemokine responses cause a "cytokine storm" with lung immunopathological changes

following SARS-CoV infection .

An interferon-related cytokine storm was induced by post-SARS coronavirus infection, thus contributing to the

genesis of immunopathological damage in SARS patients .

4. MERS

Coronavirus Middle East respiratory syndrome (MERS-CoV), a positive-sense single-stranded RNA (ssRNA)

genome about 30 kb in size , develops in Saudi Arabia in June 2012, and as of 16 October 2018, over 2260

cases of confirmed MERS-CoV infection and 803 related deaths have been reported . MERS-CoV uses the N-

terminal part of its peak, the so-called S1 protein, to bind to two host cell surface molecules, dipeptidyl peptidase-4

(DPP4) and α2,3-sialic acids . The major clinical manifestations are fever, chills, cough, shortness of breath,

generalized myalgia, malaise, drowsiness, diarrhea, confusion, dyspnea and pneumonia . Although in most

subjects the disease progresses asymptomatically or paucisymptomatically, in patients with comorbidities such as

diabetes, renal insufficiency and underlying immunosuppression, the clinical manifestations are markedly more

serious and potentially fatal .

Middle East respiratory syndrome coronavirus (MERS-CoV) became one of the most serious pandemics of last 30

years. As with the other pandemic, it was also clinically characterized by ARDS, and in turn associated to a

significant cytokine storm occurrence .

More specifically, MERS-CoV infection was reported to induce increased concentrations of IL-15, IL-17, IFN-γ and

TNF-α .

In the past, significantly higher serum levels of proinflammatory cytokines (IL-6, IFN-α), and chemokines (IL-8,

CCL5, CXCL8 and CXCL-10) were also detected in patients with severe SARS-CoV or MERS-CoV infections

compared to those with milder infections . Upregulation of proinflammatory cytokines, notably the IL-6,

together with downregulation of antiviral cytokine, was observed in MERS-CoV infections .

5. H1N1 Influenza A
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On 21 April 2009, the Centers for Disease Control and Prevention (CDC) have confirmed two cases of febrile

respiratory disease caused by an infection with a new influenza A (H1N1) virus in pediatric age in Southern

California . The pandemic (H1N1) influenza A virus is a novel reassortant virus comprising two swine strains,

one human strain and one avian strain of influenza . Clinically, the infection occurs frequently with the onset of

symptoms such as fever, cough, sore throat, runny nose, body ache, headache, chills and fatigue. A significant

number also have gastrointestinal symptoms, such as diarrhea and vomiting. In the most severe forms, the chest

X-ray shows an image of pneumonia and mild interstitial fibrosis .

Influenza A viruses proliferate in human epithelial cells, which produce inflammatory cytokines/chemokines as a

“cytokine storm”, eventually attenuated with the viral nonstructural protein 1 (NS1) . Notably, the uncontrolled

viral replication and the associated “cytokine storm” of IL-6, IL-8, IP-10, MIG and MCP-1 are responsible for this

infection’s serious clinical manifestations and poor outcomes .

In the presence of the H O -MPO system, viral NS1 protein produced in the cells is associated with the enhanced

production of large amounts of the chemokines IL-8 by neutrophils and MCP-1 by macrophages, suggesting that

NS1 of the H1N1 (PR-8) influenza virus may play a key role in the “cytokine storm” when the H O -MPO system is

active .

In animal models, the studies exclude a role for lymphocytes as key regulators of the influenza virus-induced

cytokine storm . S1P  receptor signaling in lung endothelial cells suppresses the cytokine storm. The infiltration

of macrophages and NK cells alone does not appear to be associated with cytokine storms.

Chemokines such as CCL2, CCL3, CXCL2 and CXCL10 induce the recruitment of innate immune cells into the

lungs, exacerbating the cytokine storm and further damaging the lungs. Overall, patients suffering from H1N1-

induced pneumonia and consequent ARDS have excessively elevated levels of serum interferons, cytokines and

chemokines, which is characteristic of a cytokine storm . Although the immune dysregulation observed in

these individuals varies with the severity of the disease; it has been observed that some mediators, more than

others, are more commonly reported, as in the case of IFN-γ, IL-6, IL-1α, IL-1β, TNF-α, IL-15, IL-12p70, IL -17, IL-

10, MCP-1, MIP-1β, IL-8, MIG, IP-10, MIP-1α, GM-CSF and RANTES .

In addition, a positive association was found between IL-6 levels and disease severity .
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