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COVID-19, the multifactorial disease caused by the novel coronavirus SARS-CoV-2 is mediated by specific antiviral 

and inflammatory responses. It is now recognized that in most severe cases of COVID-19 an excessive and uncontrolled 

inflammatory response exacerbates lung damage caused by viral infection, and contributes to acute respiratory distress 

syndrome and respiratory failure. This hyperinflammatory syndrome is characterized by multiple cellular and molecular 

events, including aberrant neutrophil and lymphocyte function, amplification of the inflammatory response by release of 

damage associated molecular patterns, cytokine storm, lung damage and edema and a pro-fibrotic condition, ultimately 

leading to respiratory failure. This review discusses these molecular events in correlation with stages of viral infection and 

disease progression, underscoring the key points that characterize the clinical manifestations of the hyperinflammatory 

syndrome in COVID-19. Furthermore, it discusses the available or potential therapeutics that target various important 

mediators of this hyperinflammatory response that are being considered for treatment of COVID-19. 
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Introduction 

In the eight months since the first cases of Severe 

Acute Respiratory Syndrome Coronavirus 2 (SARS-

CoV-2) infection were reported from China in 

December 2019, the virus has caused a worldwide 

pandemic infecting more than 23 million people and 

causing more than 800, 000 deaths (https://coronavirus. 

jhu.edu/map.html). The epidemiology of COVID-19, 

the disease caused by SARS-CoV-2, differs from the 

earlier coronavirus-induced diseases caused by Severe 

Acute Respiratory Syndrome Coronavirus (SARS-

CoV) and Middle East Respiratory Syndrome 

Coronavirus (MERS-CoV) due to its greater 

transmission, resulting in a much larger number of 

people getting infected. Although the proportion of 

patients progressing to severe disease is less for SARS-

CoV-2 than SARS-CoV or MERS-CoV, the vastly 

higher number of infections has caused greater number 

of patients with severe acute respiratory distress 

requiring intensive care and ultimately in much higher 

number of deaths. Understanding the characteristics of 

COVID-19, both in terms of the viral infection as well 

as the host response to the virus is crucial for 

developing effective therapeutic strategies to combat 

the multistage progression of the disease
1
. 

SARS-CoV-2 infects pneumocytes lining the alveoli 

of lungs through interaction of its spike (S) protein 

with angiotensinogen converting enzyme 2 (ACE2) 

expressed on cell surfaces and penetrates host cells on 

activation of the cellular transmembrane protease 

serine 2 (TMPS2)
2,3

. The destruction of the alveolar 

cells leads to atypical pneumonia progressing to acute 

lung injury and acute respiratory distress syndrome 

(ARDS) in many patients
4,5

. While most individuals 

with SARS-CoV-2 pneumonia clears the lung infection 

via host immune responses, resulting in mild or no 

symptoms, in most severe cases an aggressive and 

uncontrolled inflammatory response exacerbates the 

lung damage and can lead to respiratory failure. 

Therefore it is increasingly becoming apparent that 

disease severity in COVID-19 is related not only to 

alveolar cell damage caused by SARS-CoV-2 but also 

to a hyperinflammatory syndrome that leads to lung 

and multiorgan injury and mortality
6
. Understanding 
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the molecular and cellular basis of this hyperin- 

flammatory response is therefore of critical importance 

for deciding the course of treatment for COVID-19 

patients with severe disease. 
 

Hyperinflammatory response and COVID-19 pathology 

Inflammation is the primary protective response of 

the body to any infection or injury. However, 

inflammation is a double-edged sword as 

hyperactivation of the inflammatory response can lead to 

aberrant activation of inflammatory cells and protracted 

release of inflammatory mediators such as cytokines and 

chemokines
7
. The acute and protracted release of 

cytokines, referred to as ―cytokine storm‖ or cytokine 

release syndrome (CRS) and aberrant activation of 

inflammatory cells such as neutrophils and monocytes 

cause host tissue damage, leading to morbidity and 

mortality
8
. Several studies have shown that COVID-19 

is marked by a virus-induced shift from a protective 

antiviral immunity to a hyperinflammatory response 

observed in critically ill COVID-19 patients, as has been 

observed previously in SARS-CoV and MERS-CoV 

infections
9–11

. (Fig. 1) However, the role of infiltrating 

and peripheral immune cells in COVID-19 lung injury, 

 
 

Fig. 1 — Course of viral infection and host immune response in COVID-19 hyperinflammatory syndrome. SARS-CoV-2 enters lung 

epithelial cells via interaction with cell surface proteins ACE2 and TMPS2. After endocytosis, the viral genomic (+ve strand) RNA enters 

the cytoplasm and is replicated to generate double stranded RNA intermediates and translated to generate viral proteins giving rise to new 

virus particles which can infect surrounding cells. As cells are lysed DAMPs are released. Intracellular innate immune receptors such as 

TLRs and RIG-1 recognize viral RNA and initiate signaling pathways activating transcription factors such as NFB, resulting in the 

production of inflammatory cytokines such as Interferons. DAMPs released from dying cells, PAMPs from virus particles and the 

cytokines released by infected cells activate pro-inflammatory pathways in immune cells such as neutrophils and macrophages in the 

lung. Complement cascade is also activated by virus particles. Activation of the NLRP3 inflammasome complex leads to activation and 

release of IL-1 and IL-18 by the activated cells, which acts in autocrine and paracrine manner to cause high level of cytokine and 

chemokine secretion, leading to ―cytokine storm‖. The cytokine storm initiates positive feedback loops leading to hyperactivation of 

immune cells such as PMN (polymorphonuclear leukocytes), M (macrophages), DC (dendritic cells), T lymphocytes and NK (natural 

killer) cells and a hyperinflammatory syndrome resulting in severe tissue injury 
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cytokine release syndrome, and sepsis are not well 

characterized, and efforts to understand the multi-stage 

immunological process are required
12

. 

The progression of COVID-19 is marked by an 

early asymptomatic or mildly symptomatic stage with 

fever, dry cough, bodyache and fatigue and less 

frequently headache, productive cough and diarrhoea. 

Clinical symptoms include a decrease in the number 

of circulating lymphocytes to typically less than 1.0 × 

10
6
/mL. Transition to the severe stage is marked by 

dyspnea and hypoxia and is associated with abnormal 

lung CT scans showing typical ground glass opacities, 

increasing neutrophil counts and coagulopathies 

marked by increased prothrombin time and D-dimers. 

The severe stage is finally manifested by ARDS, 

caused by severe lung inflammation and damage, and 

is associated with increased levels of C-reactive 

protein (CRP), lactate dehydrogenase (LDH),  

D-dimer, ferritin, troponin, N-terminal pro-brain-type 

natriuretic peptide (NT-proBNP) and interleukin (IL)-6, 

all of which are markers for hyperinflammation and 

tissue damage (Table 1). At this stage patients suffer 

from respiratory failure, in spite of mechanical 

ventilation, with diffuse vasculopathy and multi-organ 

involvement which can ultimately lead to death
4,5,13–16

. 

The hyperinflammatory response in severely ill 

COVID-19 patients is marked by increased plasma 

levels of pro- and anti-inflammtory cytokines such as 

IL-6, IL-1b, IL-7, IL-8, IL-9, IL-10, IFN- and TNF-, 

chemokines such as MCP1, MIP1A and MIP1B which 

cause the migration of neutrophils, monocytes, T 

lymphocytes and NK cells to the lung alveoli and 

growth factors such as G-CSF and GM-CSF
4,6

. 

Elevated levels of IL-6 have been reported to have 

significant association with death in severe COVID-19 

cases, making Tocilizumab, the humanized monoclonal 

antibody against the IL-6 receptor, a possible treatment 

for severely ill COVID-19 patients
17

. These clinical 

parameters suggest that the immunologic profile of 

severe COVID-19 patients is similar to CRS and 

secondary hemophagocytic lymphohistiocytosis 

(sHLH), also referred to as the macrophage activation 

syndrome (MAS)
18–20

.  

A detailed longitudinal study of cytokine profiles in 

COVID-19 patients with moderate and severe disease 

has exhibited a ―core COVID-19 signature‖ shared by 

both moderate and severe disease patients defined by  

IL-1, IL-1, IL-17A, IL-12 p70 and IFN
21

. Patients 

with severe disease are characterized by an additional 

inflammatory cluster consisting of thrombopoietin 

(TPO), IL-33, IL-16, IL-21, IL-23, IFNλ, eotaxin and 

eotaxin 3. Most of the patients with severe disease 

showed increased levels of the cytokines related to CRS, 

namely IL-1α, IL-1β, IL-6, IL-10, IL-18 and TNF. 

Longitudinal studies have shown that in the first ten days 

of symptom onset, both severe and moderate patients 

showed similar cytokine profiles, including the core 

COVID-19 signature. However, after ten days of 

symptom onset, these markers declined in patients with 

moderate disease but continued to remain elevated in 

patients with severe disease, together with emergence of 

additional cytokine markers, with an ultimately poor 

prognosis. 
 

Early stage of infection - Role of neutrophils and 

lymphocytes 

The hyperinflammatory response in COVID-19 is 

most likely primed by the multiple steps of the viral 

life cycle: virus entry, replication and cell lysis. 

SARS-CoV-2 entry into alveolar cells is mediated by 

the interaction of the S protein with the ACE2 

receptor protein which is expressed on many cell 

types including lung alveoli, nasal, oral, skin and 

kidney epithelial cells, smooth muscle cells and 

endothelial cells of vessels in the gastrointestinal tract 

as well as in arteries and veins
22

. The interaction of 

the S protein with ACE2 might perturb the renin-

angiotensin system, reducing the level of ACE2 and 

increasing the level of angiotensin II, and thereby 

affecting vascular homeostasis
23

. The role of ACE2 in 

vascular homeostasis is observed in ACE2 knockout 

mice, which when challenged with inflammatory 

insults showed increased vascular permeability, lung 

edema and neutrophil infiltration of lungs
24

. Similarly, 

infiltrating neutrophils and pro-inflammatory 

macrophages have been found in bronchoalveolar 

Table 1 — Threshold levels of some inflammatory markers with 

diagnostic and prognostic values in severe COVID-19 cases 

Inflammatory marker Threshold level in severe cases 

of COVID-19 

Interleukin-6 (IL-6) ≥ 80 pg/mL50 

Lactate dehydrogenase (LDH) ≥ 240 to 253.2 U/L51 

C-reactive protein (CRP) >26.9 mg/L52 

Ferritin >800 μg/L53 

D-dimer > 2.0 mg/L54 

N-terminal pro-brain-type 

natriuretic peptide  

(NT-proBNP) 

>900 pg/mL55 

The threshold values are indicative only, as they are calculated 

from meta-analysis of cumulated data from different reports or 
from large single centre studies 
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lavage of severely ill COVID-19 patients
25

, and 

COVID-19 patients suffering from ARDS have been 

reported to develop neutrophilia (high number of 

neutrophils) and show the presence of toxic granules 

in neutrophils, suggesting the role of infiltrating 

neutrophils in lung inflammation and damage
4,14

. 

A gene network approach which constructed a 

protein-protein interaction network with upto 100 

proteins that directly interact with the seven putative 

SARS-CoV-2 receptors including ACE2 together with 

the peptidases DPP4 and ANPEP and pathogen-

binding proteins CD209, CLEC4G, CLEC4M and 

CEACAM1, followed by network inflation to allow 

mining of possible functional pathways showed 

―neutrophil degranulation‖ as the main Gene 

Ontology (GO) term in the expanded network
26

. There 

were 70 proteins in this category, including eight 

neutrophil-enriched genes, suggesting that SARS-

CoV-2 binding proteins, and the wider network of 

interacting proteins, may be directly involved in 

neutrophil activation and eliciting an inflammatory 

response. Neutrophils are involved in early antiviral 

immunity, but hyperactivation, degranulation and 

lysis can make them cytotoxic during severe 

pneumonia as observed in the case of other viral 

infections
27

. It is now clear that an increased 

peripheral neutrophil:lymphocyte ratio is observed in 

severe COVID-19 cases and is likely associated with 

an unfavourable prognosis
28

. Therefore the role of 

neutrophils in COVID-19 pneumonia and their 

possible importance as markers of disease progression 

and severity and also in therapeutic strategies require 

intense study.  

The role of lymphocytes in COVID-19 is less well 

understood. However, many studies have now shown 

that lymphonenia is significantly associated with 

disease severity in COVID-19 and can be an early and 

useful prognostic marker in determining the clinical 

course of the disease
28

. It has been suggested that the 

hyperinflammatory response is the key factor behind 

the lymphopenia, as serum levels of pro-inflammatory 

cytokines such as TNFa and IL-6 have been closely 

associated with decrease in circulating lymphocytes
28

. 

Massive lymphocyte death in lymphoid organs of 

deceased patients has been attributed to high levels of 

IL-6 and Fas-Fas ligand interactions. Exhaustion of T 

cells have been also seen in COVID-19, with a study 

finding both CD4
+
 and CD8

+
 T cells from COVID-19 

patients showing increased cell surface expression of 

programmed cell death protein 1 (PD1) and T cell 

immunoglobulin and mucin domain 3 (Tim-3), two 

well-known markers of T cell exhaustion
28

. Moreover, 

SARS-CoV-2 infection might also interfere with T 

cell expansion as genes involved in T cell activation and 

function such as MAP2K7 and SOS1 have been found 

to be downregulated in T cells of severe COVID-19 

patients
13

. Therefore, although lymphocytes, especially 

T cells, likely play a crucial role in the early immune 

response to SARS-CoV-2 infection, but subsequently 

undergo exhaustion and depletion most likely due to 

high cytokine levels, leading to lymphopenia and a high 

neutrophil:lymphocyte ratio in severe COVID-19 

patients
29

. 
 

Viral replication and host immune dysregulation 

Post entry, replication of SARS-CoV-2 in host cells 

will lead to both single stranded and double stranded 

RNA intermediates, which will act as pathogen-

associated molecular patterns (PAMPs) and be 

recognized by the host innate immune sensors TLR7 

and TLR8 for ssRNA and TLR3, RIG-I and MDA5 

for dsRNA
30

. The activation of these immune sensors 

usually lead to activation of host antiviral immune 

defences, starting with the type 1 interferon (IFN) 

pathway
31

. Studies have shown that SARS-CoV-2 can 

evade this innate immune response by actively 

blocking the induction of Type 1 interferon pathway 

using ORF6, ORF8 and nucleocapsid proteins
32

. 

Thus, evasion of the host RNA-specific innate 

immune response at the beginning of the infection 

will lead to enhanced virus replication and increase in 

the number of infected cells
33

. Lung epithelial cells 

with actively replicating virus will eventually die, 

releasing damage-associated molecular patterns 

(DAMPs) such as ferritin and high-mobility group 

box 1 (HMGB1) or high levels of IL-1 and IL-6 

through NALRP3 inflammosome activation
34,35

, 

which will be recognized by resident immune cells 

such as alveolar macrophages and infiltrating 

neutrophils. This will further amplify the inflammatory 

response and lead to cytokine release through autocrine 

loops of activation. Therefore modulation of the initial 

innate immune response activated by PAMPs and a 

secondary, amplified response mediated by DAMPs 

leads to a hyperinflammatory response to SARS-CoV-2 

infection in lungs. This is further induced by the 

dysregulation of the complement system, as excessive 

activation of complement system components such as 

C3, C3a, C5, C5a and MASP2 has been associated 

with increased inflammation in SARS-CoV-2 

infections
36,37

. This can activate alveolar macrophages 
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leading to release of IL-6 and other pro-inflammatory 

cytokines, further exacerbating the inflammation and 

lung damage. 
 

Severe stage of disease - Hyperinflammation and 

acute respiratory distress syndrome 

The progression to the severe stage of the disease 

could therefore be marked by this hyperinflammatory 

response induced by increased levels of IL-1 and  

IL-6 and DAMPS which will activate innate immune 

cells expressing IL-1R such as macrophages and NK 

cells. These will amplify the inflammation with 

release of pro-inflammatory cytokines IL-6, IL-18, 

TNF and IL-1 by macrophages and IFN- by NK 

cells, which will act in a positive feedback manner to 

further enhance the inflammatory response, ultimately 

leading to a ―cytokine storm‖. High levels of IL-6 and 

IFN-, found in the plasma of severely ill COVID-19 

patients, are hallmarks of cytokine storm
20

. Increased 

level of IFN-is a hallmark of sHLH, as it activates 

monocytes and macrophages as also seen in severe 

COVID-19 cases
38

. IL-6 contributes to severe CRS by 

enhancing vascular permeability and further 

infiltration of inflammatory cells
17

. IL-1b and TNF 

has been shown to increase the levels of hyaluronan 

synthase 2 and consequently the level of hyaluronic 

acid (HA). HA, which can absorb high quantities of 

water, may contribute to the accumulation of fluids in 

the alveoli of COVID-19 patients, further affecting 

respiratory function
39,40

. These events will create a 

cytokine and chemokine-mediated hyperinflammatory 

environment in the lung epithelium which can recruit 

and hyperactive T cells, that can further exacerbate 

inflammatory damage of the tissue. The exhaustion of 

T cells and NK cells, observed in severe COVID-19 

cases, might be subsequent to this hyperactivation
29

. 

Hypractivation and subsequent exhaustion of T cells 

in progressive COVID-19 disease may also be 

associated by the decrease in CD4+ TReg cells, which 

play a key role in controlling hyperinflammation and 

protection from tissue damage
41

. Together, these 

immunological and physiological events lead to 

extensive diffuse alveolar damage, including 

desquamation of alveolar cells, hyaline membrane 

formation and pulmonary oedema, most likely 

independent of and secondary to the viral infection, 

leading to ARDS in severe COVID-19 patients
6
. 

The hyperinflammatory response in ARDS may 

also give rise to a pro-fibrotic condition in the lungs 

of severely ill COVID-19 patients, with major 

implications for treatment both during ARDS and in 

the long term for survivors of COVID-19
42

. Indeed, 

autopsy of 159 patients with ARDS has shown a high 

correlation of lung fibrosis with the duration of 

ARDS, suggesting that to be effective, potential 

antifibrotic therapy should be considered early in 

ARDS onset
43

. Dysregulation of multiple pathways 

during the hyperinflammatory response can lead to 

the pro-fibrotic condition, including the release of 

fibrotic mediators such as matrix metalloproteases 

which causes epithelial and endothelial injury and 

proliferation of fibroblasts. Inflammation leads to the 

activation of profibrotic pathways regulated by TGF 

and vascular dysfunction
44

, mediated by VEGF and 

cytokines such as IL-1 and IL-6, can lead to fibrosis 

from ARDS
45,46

, marked by the accumulation of 

fibroblasts and myofibroblasts and the excessive 

deposition of collagen and other components of the 

extracellular matrix. Recognition of this pro-fibrotic 

condition might help in deciding therapeutic strategies 

for treating severe COVID-19 and preventing the 

long-term fibrotic consequences in survivors
47

. 
 

Targeting hyperinflammation for therapy in 

COVID-19 

The recognition of a hyperinflammatory syndrome as 

the cause of morbidity and mortality in a large number of 

severely ill COVID-19 patients has led to the 

consideration of a number of anti-inflammatory and 

immunosuppressive agents as potential therapeutics for 

COVID-19. Clinical trials are ongoing for multiple 

agents including complement inhibitors (eculizumab), 

recombinant human anti human IL-1β mAb 

(canakinumab), human IL-1R antagonist (anakinra), anti 

human IL-6 receptor mAb (tocilizumab and sarilumab), 

anti human IFN mAb (emapalumab), inhibitor of 

JAK1/2 pathway (ruxolitinib), human anti IL-17A mAb 

(secukinumab and ixekizumab) and others
1
. Treatment 

with the IL-6 inhibitor tocilizumab appears to show 

reduction in mortality in some retrospective studies, and 

has been approved for emergency usage by various 

countries, although results from randomized, controlled 

trials are still awaited. Anti-inflammatory glucocorticoids 

such as methylprednisolone may reduce the risk of death 

among severe COVID-19 patients with ARDS but are 

not recommended during early stage of viral infection as 

they may inhibit the antiviral immunity and affect virus 

clearance
19,48

. Hyaluronidase, the enzyme that catalyzes 

the degradation of hyaluronic acid and hymecromone, an 

inhibitor of hyaluronic acid synthetase are being 

considered as agents to decrease elevated hyaluronic acid 

and thereby relieve respiratory distress and lung damage 
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by decreasing fluid accumulation and reduce pulmonary 

edema
39

. Finally, anti-fibrotic agents with anti-

inflammatory functions such as pirfenidone and the 

receptor tyrosine kinase inhibitor nintedanib are being 

considered to retard or reduce the pulmonary fibrosis 

associated with hyperinflammation
42

. Although these 

anti-inflammatory and immunoregulatory agents 

constitute important options in the therapeutic strategies 

against COVID-19, their usage translates into a tight-

rope walk for clinicians treating COVID-19 patients as 

possible immunosuppression by these agents can 

negatively affect effective antiviral response, and may 

also fail to combat secondary bacterial infections with 

multidrug resistant bacterial strains which are a common 

feature, especially of intensive care setups
49

. A closer 

synergy between clinicians, intensivists and scientists, 

especially virologists and inflammation biologists, is 

therefore required for understanding the molecular and 

cellular basis of disease progression, and developing and 

implementing effective therapies against COVID-19. 
 

Conclusion 

Severe cases of COVID-19 are marked by an excessive 

and uncontrolled inflammatory response that 

exacerbates lung damage caused by viral infection, and 

contributes to acute respiratory distress syndrome and 

respiratory failure. This hyperinflammatory syndrome is 

characterized by multiple cellular and molecular events 

which results in lung damage ultimately leading to 

respiratory failure.The molecular and cellular mediators 

and markers for this hyperinflammatory syndrome are 

therefore important diagnostic, prognostic and 

therapeutic targets in COVID-19. 
 

Acknowledgement 

Research in the laboratory of PSR is supported by 

SERB grant EMR/2016/003525. BG is supported by  

a DST-INSPIRE senior research fellowship. PSR  

is grateful for helpful discussions with many 

colleagues, basic scientists and clinicians, and 

especially Dr. Parthasarathi Bhattacharyya, Institute 

of Pulmocare and Research, Kolkata. 
 

Conflict of interest 

All authors declare no conflict of interest.  
 

References 
1 Cardone M, Yano M, Rosenberg AS & Puig M, Lessons 

learned to date on COVID-19 hyperinflammatory syndrome: 

considerations for interventions to mitigate SARS-CoV-2 

viral infection and detrimental hyperinflammation. Front 

Immunol, 11 (2020) 1131.  

2 Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, 

Herrler T, Erichsen S, Schiergens TS, Herrler G, Wu NH, 

Nitsche A, Müller MA, Drosten C & Pöhlmann S,  

SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 

and is blocked by a clinically proven protease inhibitor. Cell, 

181 (2020) 271. 

3 Yan R, Zhang Y, Li Y, Xia L, Guo Y & Zhou Q, Structural 

basis for the recognition of SARS-CoV-2 by full-length 

human ACE2. Science, 367 (2020) 1444. 

4 Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, Zhang L, Fan G, 

Xu J, Gu X, Cheng Z, Yu T, Xia J, Wei Y, Wu W, Xie X, 

Yin W, Li H, Liu M, Xiao Y, Gao H, Guo L, Xie J, Wang G, 

Jiang R, Gao Z, Jin Q, Wang J & Cao B, Clinical features of 

patients infected with 2019 novel coronavirus in Wuhan, 

China. Lancet, 395 (2020) 497. 

5 Xu Z, Shi L, Wang Y, Zhang J, Huang L, Zhang C, Liu S, 

Zhao P, Liu H, Zhu L, Tai Y, Bai C, Gao T, Song J, Xia P, 

Dong J, Zhao J & Wang FS, Pathological findings of 

COVID-19 associated with acute respiratory distress 

syndrome. Lancet Respir Med, 8 (2020) 420. 

6 Lin SH, Zhao YS, Zhou DX, Zhou FC & Xu F, Coronavirus 

disease 2019 (COVID-19): cytokine storms, hyper-

inflammatory phenotypes, and acute respiratory distress 

syndrome. Genes Dis, 2020 Jun 29. doi: 10.1016/j.gendis. 

2020.06.009.  

7 Greten FR & Grivennikov SI, Inflammation and cancer: 

triggers, mechanisms, and consequences. Immunity, 51 

(2019) 27. 

8 Tay MZ, Poh CM, Rénia L, MacAry PA & Ng LFP, The 

trinity of COVID-19: immunity, inflammation and 

intervention. Nat Rev Immunol, 20 (2020) 363. 

9 Mahallawi WH, Khabour OF, Zhang Q, Makhdoum HM & 

Suliman BA, MERS-CoV infection in humans is associated 

with a pro-inflammatory Th1 and Th17 cytokine profile. 

Cytokine, 104 (2018) 8. 

10 Wong CK, Lam CWK, Wu AKL, Ip WK, Lee NLS,  

Chan IHS, Lit LCW, Hui DSC, Chan MHM, Chung SSC  

& Sung JJY, Plasma inflammatory cytokines and chemokines 

in severe acute respiratory syndrome. Clin Exp Immunol,  

136 (2004) 95. 

11 Wu C, Chen X, Cai Y, Xia J, Zhou X, Xu S, Huang H, 

Zhang L, Zhou X, Du C, Zhang Y, Song J, Wang S, Chao Y, 

Yang Z, Xu J, Zhou X, Chen D, Xiong W, Xu L, Zhou F, 

Jiang J, Bai C, Zheng J & Song Y, Risk factors associated 

with acute respiratory distress syndrome and death in patients 

with coronavirus disease 2019 pneumonia in Wuhan, China. 

JAMA Intern Med, 180 (2020) 1. 

12 Salomé B & Magen A, Dysregulation of lung myeloid cells 

in COVID-19. Nat Rev Immunol, 20 (202) 277. 

13 Ruan Q, Yang K, Wang W, Jiang L & Song J, Clinical 

predictors of mortality due to COVID-19 based on an 

analysis of data of 150 patients from Wuhan, China. 

Intensive Care Medicine, 46 (2020) 846. 

14 Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, Wang B, 

Xiang H, Cheng Z, Xiong Y, Zhao Y, Li Y, Wang X &  

Peng Z, Clinical characteristics of 138 hospitalized patients 

with 2019 novel coronavirus-infected pneumonia in Wuhan, 

China. JAMA, 323 (2020) 1061. 

15 Chen N, Zhou C, Dong X, Qu J, Gong F, Han Y, Qiu Y, 

Wang J, Liu Y, Wei Y, Xia J, Yu T, Zhang X & Zhang L, 

Epidemiological and clinical characteristics of 99 cases of 



INDIAN J. BIOCHEM. BIOPHYS., VOL. 57, DECEMBER 2020 

 

 

668 

2019 novel coronavirus pneumonia in Wuhan, China: a 
descriptive study. Lancet, 395 (2020) 507. 

16 Guan WJ, Ni ZY, Hu Y, Liang WH, Ou CQ, He JX, Liu L, 

Shan H, Lei CL, Hui DSC, Du B, Li LJ, Zeng G, Yuen KY, 

Chen RC, Tang CL, Wang T, Chen PY, Xiang J, Li SY, 

Wang JL, Liang ZJ, Peng YX, Wei L, Liu Y, Hu YH,  

Peng P, Wang JM, Liu JY, Chen Z, Li G, Zheng ZJ, Qiu SQ, 

Luo J, Ye CJ, Zhu SY, Zhong NS & China Medical 

Treatment Expert Group for COVID-19, Clinical 

characteristics of coronavirus disease 2019 in China. N Engl 

J Med, 382 (2020) 1708. 

17 Zhang C, Wu Z, Li JW, Zhao H & Wang GQ, Cytokine 

release syndrome in severe COVID-19: interleukin-6 

receptor antagonist tocilizumab may be the key to reduce 
mortality. Int J Antimicrob Agents, 55 (2020) 105954. 

18 Crayne CB, Albeituni S, Nichols KE & Cron RQ, The 

immunology of macrophage activation syndrome. Front 
Immunol, 10 (2019) 119. 

19 Mehta P, McAuley DF, Brown M, Sanchez E, Tattersall RS, 

Manson JJ & HLH Across Speciality Collaboration, UK, 

COVID-19: consider cytokine storm syndromes and 
immunosuppression. Lancet, 395 (2020) 1033.  

20 Shimabukuro-Vornhagen A, Gödel P, Subklewe M, 

Stemmler HJ, Schlößer HA, Schlaak M, Kochanek M, Böll B 

& von Bergwelt-Baildon MS, Cytokine release syndrome. J 
Immunother Cancer, 6 (2018) 56.  

21 Lucas C, Wong P, Klein J, Castro TBR, Silva J, Sundaram M, 

Ellingson MK, Mao T, Oh JE, Israelow B, Takahashi T, 

Tokuyama M, Lu P, Venkataraman A, Park A, Mohanty S, 

Wang H, Wyllie AL, Vogels CBF, Earnest R, Lapidus S,  

Ott IM, Moore AJ, Muenker MC, Fournier JB, Campbell M, 

Odio CD, Casanovas-Massana A, Yale IMPACT Team; 

Herbst R, Shaw AC, Medzhitov R, Schulz WL, Grubaugh ND, 

Cruz CD, Farhadian S, Ko AI, Omer SB & Iwasaki A, 

Longitudinal analyses reveal immunological misfiring in 
severe COVID-19. Nature, 584 (2020) 463. 

22 Hamming I, Timens W, Bulthuis MLC, Lely AT, Navis GJ, 

van Goor H, Tissue distribution of ACE2 protein, the 

functional receptor for SARS coronavirus. A first step in 

understanding SARS pathogenesis. J Pathol, 203 (2004) 631. 

23 Cheng H, Wang Y & Wang GQ, Organ-protective effect of 

angiotensin-converting enzyme 2 and its effect on the 
prognosis of COVID-19. J Med Virol, 92 (2020) 726. 

24 Imai Y, Kuba K, Rao S, Huan Y, Guo F, Guan B, Yang P, 

Sarao R, Wada T, Leong-Poi H, Crackower MA, Fukamizu A, 

Hui CC, Hein L, Uhlig S, Slutsky AS, Jiang C & Penninger JM, 

Angiotensin-converting enzyme 2 protects from severe acute 

lung failure. Nature, 436 (2005) 112. 

25 Nicholls JM, Poon LLM, Lee KC, Ng WF, Lai ST,  

Leung CY, Chu CM, Hui PK, Mak KL, Lim W, Yan KW, 

Chan KH, Tsang NC, Guan Y, Yuen KY & Peiris JSM, Lung 

pathology of fatal severe acute respiratory syndrome. Lancet, 
361 (2003) 1773. 

26 Didangelos A, COVID-19 Hyperinflammation: What about 
Neutrophils? mSphere, 5 (2020) e00367. 

27 Drescher B & Bai F, Neutrophil in viral infections, Friend or 
foe? Virus Res, 171 (2013) 1. 

28 Zheng M, Gao Y, Wang G, Song G, Liu S, Sun D, Xu Y & 

Tian Z, Functional exhaustion of antiviral lymphocytes in 

COVID-19 patients. Cell Mol Immunol, 17 (2020) 533. 

29 Diao B, Wang C, Tan Y, Chen X, Liu Y, Ning L, Chen L,  

Li M, Liu Y, Wang G, Yuan Z, Feng Z, Zhang Y, Wu Y & 

Chen Y, Reduction and functional exhaustion of T Cells in 

patients with coronavirus disease 2019 (COVID-19). Front 

Immunol, 11 (2020) 827. 

30 Chow KT, Gale Jr M & Loo YM, RIG-I and other RNA sensors 

in antiviral immunity. Annu Rev Immunol, 36 (2018) 667. 

31 Koyama S, Ishii KJ, Coban C & Akira S, Innate immune 

response to viral infection. Cytokine, 43 (2008) 336. 

32 Li JY, Liao CH, Wang Q, Tan YJ, Luo R, Qiu Y & XY, The 

ORF6, ORF8 and nucleocapsid proteins of SARS-CoV-2 

inhibit type I interferon signaling pathway. Virus Res, 286 

(2020) 198074.  

33 Blanco-Melo D, Nilsson-Payant BE, Liu WC, Uhl S, 

Hoagland D, Møller R, Jordan TX, Oishi K, Panis M, Sachs D, 

Wang TT, Schwartz RE, Lim JK, Albrecht RA & tenOever BR, 

Imbalanced host response to SARS-CoV-2 drives 

development of COVID-19. Cell, 181 (2020) 1036. 

34 Cicco S, Cicco G, Racanelli V & Vacca A, Neutrophil 

extracellular traps (NETs) and damage-associated molecular 

patterns (DAMPs): two potential targets for COVID-19 

treatment. Mediators Inflamm, 2020 (2020) 7527953. 

35 Freeman TL & Swartz TH, Targeting the NLRP3 

inflammasome in severe COVID-19. Front Immunolo, 11 

(2020) 1518. 

36 Risitano AM, Mastellos DC, Huber-Lang M, Yancopoulou D, 

Garlanda C, Ciceri F & Lambris JD, Complement as a target 

in COVID-19? Nat Rev Immunol, 20 (2020) 343. 

37 Gralinski LE, Sheahan TP, Morrison TE, Menachery VD, 

Jensen K, Leist SR, Whitmore A, Heise MT & Baric RS, 

Complement activation contributes to severe acute 

respiratory syndrome coronavirus pathogenesis. mBio, 9 

(2018) e01753.  

38 Karakike E & Giamarellos-Bourboulis EJ, Macrophage 

activation-like syndrome: a distinct entity leading to early 

death in sepsis. Front Immunol, 10 (2019) 55. 

39 Shi Y, Wang Y, Shao C, Huang J, Gan J, Huang X, Bucci E, 

Piacentini M, Ippolito G & Melino G, COVID-19 infection: 

the perspectives on immune responses. Cell Death Differ, 27 

(2020) 1451. 

40 Bell TJ, Brand OJ, Morgan DJ, Salek-Ardakani S, Jagger C, 

Fujimori T, Cholewa L, Tilakaratna V, Östling J, Thomas M, 

Day AJ, Snelgrove RJ & Hussell T, Defective lung function 

following influenza virus is due to prolonged, reversible 

hyaluronan synthesis. Matrix Biol, 80 (2019) 14.  

41 Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, Wang T, 

Zhang X, Chen H, Yu H, Zhang X, Zhang M, Wu S, Song J, 

Chen T, Han M, Li S, Luo X, Zhao J & Ning Q, Clinical and 

immunological features of severe and moderate coronavirus 

disease 2019. J Clin Invest, 130 (2020) 2620. 

42 George PM, Wells AU & Jenkins RG, Pulmonary fibrosis 

and COVID-19: the potential role for antifibrotic therapy. 

Lancet Respir Med, 8 (2020) 807.  

43 Thille AW, Esteban A, Fernández-Segoviano P, Rodriguez JM, 

Aramburu JA, Vargas-Errázuriz P, Martín-Pellicer A, 

Lorente JA & Frutos-Vivar F, Chronology of histological 

lesions in acute respiratory distress syndrome with diffuse 

alveolar damage: a prospective cohort study of clinical 

autopsies. Lancet Respir Med, 1 (2013) 395.  

44 Pittet JF, Griffiths MJ, Geiser T, Kaminski N, Dalton SL, 

Huang X, Brown LA, Gotwals PJ, Koteliansky VE,  



RAY & GOSWAMI: COVID-19 AND HYPERINFLAMMATORY SYNDROME 

 

 

669 

Matthay MA & Sheppard D, TGF- is a critical mediator  

of acute lung injury. J Clin Invest, 107 (2001) 1537. 

45 Hamada N, Kuwano K, Yamada M, Hagimoto N, Hiasa K, 

Egashira K, Nakashima N, Maeyama T, Yoshimi M & 

Nakanishi Y, Anti-vascular endothelial growth factor gene 

therapy attenuates lung injury and fibrosis in mice.  

J Immunol, 175 (2005) 1224. 

46 Meduri GU, Headley S, Kohler G, Stentz F, Tolley E, 

Umberger R & Leeper K, Persistent elevation of 

inflammatory cytokines predicts a poor outcome in  

ARDS. Plasma IL-1 and IL-6 levels are consistent and 

efficient predictors of outcome over time. Chest, 107 

(1995) 1062. 

47 Mo X, Jian W, Su Z, Chen M, Peng H, Peng P, Lei C, Chen R, 

Zhong N & Li S, Abnormal pulmonary function in  

COVID-19 patients at time of hospital discharge. Eur 

Respir J, 55 (2020) 2001217.  

48 Ritchie AI & Singanayagam A, Immunosuppression for 

hyperinflammation in COVID-19: a double-edged sword? 

Lancet, 395 (2020) 1111. 

49 Grgurich PE, Hudcova J, Lei Y, Sarwar A & Craven DE, 

Management and prevention of ventilator-associated 

pneumonia caused by multidrug-resistant pathogens. Expert 

Rev Respir Med, 6 (2012) 533.  

50 Herold T, Jurinovic V, Arnreich C, Hellmuth JC,  

Bergwelt-Baildon MV, Klein M & Weinberger T, Level of 

IL-6 predicts respiratory failure in hospitalized symptomatic 

COVID-19 patients. J Allergy Clin Immunol, 146 (2020) 128. 

51 Henry BM, Aggarwal G, Wong J, Benoit S, Vikse J, Plebani M 

& Lippi G, Lactate dehydrogenase levels predict coronavirus 

disease 2019 (COVID-19) severity and mortality: A pooled 

analysis. Am J Emerg Med, 38 (2020) 1722. 

52 Ali N, Elevated level of C-reactive protein may be an early 

marker to predict risk for severity of COVID-19. J Med Virol, 
(2020). doi:10.1002/jmv.26097. 

53 Gómez-Pastora J, Weigand M, Kim J, Wu X, Strayer J, 

Palmer AF, Zborowski M, Yazer M & Chalmers JJ, 

Hyperferritinemia in critically ill COVID-19 patients - Is 

ferritin the product of inflammation or a pathogenic 

mediator? Clin Chim Acta, 509 (2020) 249. . 

54 Yao Y, Cao J, Wang Q, Shi Q, Liu K, Luo Z, Chen X, Chen S, 

Yu K, Huang Z & Hu B, D-dimer as a biomarker for disease 

severity and mortality in COVID-19 patients: a case control 
study. J Intensive Care, 8 (2020) 49.  

55 Han H, Xie L, Liu R, Yang J, Liu F, Wu K, Chen L, Hou W, 

Feng Y & Zhu C, Analysis of heart injury laboratory 

parameters in 273 COVID-19 patients in one hospital in 

Wuhan, China. J Med Virol, 92 (2020) 819.  

 


