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Abstract: The COVID-19 pandemic cost 7-8 million deaths worldwide, creating an unprecedented health and 
economic crisis. Affecting 700 million people globally, the magnitude of this pandemic is far from anything that 
humanity has encountered in recent times. A detailed investigation revealed that more than the SARS-CoV2 
virus, the hyperactive immune system mediated injury as the real cause of mortality. Cytokine storm following 
viral infection leads to the surge of proinflammatory cytokines resulting in ARDS and lung injury. Anti-
inflammatory intervention with anti-IL6 (anti-IL-6 receptor monoclonal antibodies (mAbs) (e.g., sarilumab, 
tocilizumab) and anti-IL-6 mAbs (i.e., siltuximab) and /or steroid-based approach lead to substantial protection 
and prevent death thereby implying the role of inflammation in COVID-19. In this short review, we summarized 
the dysregulated immune system in COVID-19 infection, investigating in detail the virus–host immune cross 
talks and presenting the possibilities of therapeutic intervention. 
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20. AT1 - Type 1 Angiotensin II Receptor 

Introduction 

Coronavirus infection disease 2019 (COVID-19) is an infectious disease caused by 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and has been 

affecting the world since 2019. As of January 2022, the outbreak of SARS-CoV-2 and 

its varied variants has spread to all the continents, with more than 600 million 

registered cases and over 6 million mortalities worldwide. Despite the observed low 

mortality rate of COVID-19 when compared with other SARS epidemics, its 

broadcasting has led to devastating effects on the healthcare system and the 

harmonization of national economics worldwide.  

It's been just 2.2 years since the first case of COVID-19, but the response by both the 

medical personnel and the scientific community has been humongous, with a varied 

number of scientific research reports, meta-analyses, prospective cohorts, etc. 

However, in order to curb the pandemic, there have been numerous decisions taken 

in a hurry based on some anecdotal or poor evidence (usage of ibuprofen, 

hydroxychloroquine, ACE inhibitors, and lopinavir-ritonavir), inciting 

misperception among medical personnel and the general public 1–3. These challenges 

are potentially aggravated, subjecting to the gap in the knowledge in the 

understanding of COVID-19 pathophysiology and the complexity of treatment 

validation. However, we are still learning the dynamics of SARS-CoV-2 infection as 

a persuasive goal to understand the emergence of the various new variants that 

come with multiple COVID-19 phenotypes. Though all of the new variants (as of 

now) manifest with acute respiratory disorders, several non-respiratory subjects and 

post-COVID complications have also been reported. With the emerging points to 

consider, this clinical picture directs to the fact that SARS-CoV-2 dysregulates the 

host-immune response towards the infection, thereby fueling misleading research 

and biased hypotheses.   

So as to implement optimal management strategies in order to improve the medical 

outcomes regarding COVID-19, similarities in pathophysiology, symptoms, autopsy 

reports, along with in-depth analysis of COVID-19-positive patients are deemed 

necessary. This paper aims to summarize the pathophysiology of COVID-19 and the 

related and unrelated disease mechanisms that underline several respiratory and 

non-respiratory manifestations. We also try to solve the question of whether the 

virus contributes towards the host's death or is it the complex array of cellular and 

humoral immune-inflammatory mechanisms that underlie the misfortune? 

Moreover, several systematic investigations and autopsy studies of SARS-CoV-2-

associated deaths are still considered necessary to provide evidence for the 

epidemiological clusters and the organotropism of the virus and its variants.  

Pathophysiology of COVID-19 
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Cellular mechanisms post SARS-CoV-2 entry into the host 

As a phylogenetic member of the large coronavirus family, SARS-CoV-2 shares 

many similarities with SARS-CoV and Middle East Respiratory Syndrome (MERS), 

which were responsible for the two previous epidemics in the early 21st century. 

Alike SARS-CoV, the primary route of virus entry and transmission is expelled 

respiratory droplets that are absorbed by the mucous membranes. Both viruses 

exhibit similar coding domains (S1 and S2) of the Spike protein (S-protein), which 

facilitates its entry into the human host. The receptor-binding domain (RBD) in S1 

interacts with the human host cell surface's angiotensin-converting enzyme 2 

(ACE2), thus mediating SARS-CoV internalization 4. Several biophysical and 

structural evidence has stated the extensive affinity of ACE2 with SARS-CoV-2, with 

respect to that of its other members, thus hypothesizing the contagious nature of the 

virus 5. Viral entry also has been seen to be associated with TMPRSS2 protease 

activity, and it's the synergy between ACE2 and TMPRSS2 which leads to virus entry 

into the host cell membrane. Expression of both TMPRSS2 and ACE2 has been seen 

to occur largely in alveolar epithelial cells, with the former being extensively 

dispersed compared to ACE2 receptors, signifying that ACE2 receptors might play 

a rate-determining factor in the entry of the virus 6. However, ACE2 expression is 

found to be higher in adults when compared with children; thus infection rate is 

seen higher in adults 7,8. Other proteases like cathepsin B/L also play a vital role in 

contributing to viral entry in the absence of TMPRSS2 9. Extensive bioinformatics 

analyses have also deduced that furin, a type-I membrane-bound protease, also has 

been seen associated with several viral entries, including coronavirus 10. Furin’s 
action on the S-protein of SARS-CoV-2 influences its cellular entry by revealing the 

fusion domains and increasing the chances of pathogenesis, thus idealizing as an 

additional pathway for SARS-CoV-2 to enter 10–12. Furin has also been reported in 

several circulating cells like T cells, which work in a forward-feedback loop, further 

facilitating in contributing towards the replication of the virus and inducing 

cytokine storm in several patients 12. 

Physiology of SARS-CoV-2 in the Human Host 

Although SARS-CoV-2 is well known for targeting the lung epithelial cells, it has 

been seen in several extra pulmonary manifestations, including myocardial 

dysfunctions, thrombotic complications, hepatocellular injuries, neurologic 

illnesses, ocular and dermatological complications etc. 13. Considering the 

importance of the cellular surfaces proteins, like ACE2, TMPRSS2, cathepsins, and 

furin, in aiding SARS-CoV-2 entry into the human host, several transcriptomic gene 

analyses have been reported. In a Genotype-Tissue Expression Project data, ACE2 

has been found to be expressed highly in the ileum and testis (>10 transcripts per 

million) and low in other organs like the heart, kidney, thyroid, and adipose tissues 

(> 5 transcripts per million) 14. Single-cell RNA-Seq data analysis by Zou et al. 

revealed that ACE2 expression was also highly expressed in cell types like alveolar 

type 2 epithelial cells, respiratory epithelial cells, myocardial cells, esophageal 
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epithelial cells, etc., thereby forming physiological barriers against viral entry 15. 

However, ACE2, albeit serving as an entry point for SARS-CoV-2, increases the 

susceptibility of the human host to COVID-19 infection (as explained in Fig 1). 

Findings by Xu et al. also supplemented that ACE2 expressions in oral mucosal 

epithelial cells are highly notable, and SARS-CoV-2 infection is also susceptible in 

the oral cavity 16. 

Neurological symptoms associated with COVID-19 patients also speculated the 

tendency of SARS-CoV-2 to invade the brain barriers and trigger neurological 

damage 17,18. In a prospective study conducted in New York, neurologic disorders 

conferred a high risk of in-hospital mortality 18. Further genome sequencing has 

verified the virus's existence in patients' cerebrospinal fluid. Possible explanations 

could be that the SARS-CoV-2 virus could have breached the olfactory mucosa lining 

the cribriform plate and must have transverse along the perineuronal space to access 

the cerebrospinal fluid in the subarachnoid space 19. Drainage of the virus-loaded 

CSF also might have triggered an immune response, thereby triggering COVID-19-

affiliated encephalitis 20,21.  

Gastroscopy examinations have shown that though viruses usually cannot endure 

the stomach’s acidic environment, there have been several shreds of evidence stating 

that the GI tract might be a potential transmission route of the SARS-CoV-2 virus 22. 

Several case studies have also proved the point by showing that COVID-19 patients 

present GI symptoms like nausea and diarrhea prior to the development of fever 23. 

As mentioned above, the expression of ACE2 and TMPRSS2 are high in absorptive 

enterocytes and the epithelial cells of the ileum; the GI symptoms perceived in 

COVID-19 patients may result from the virus’s invasion across the gut-epithelial 

barrier. Elevated levels of fecal calprotectin and IL-6, along with the clinical 

symptoms of diarrhea in COVID-19 patients, also suggest the acute inflammatory 

response in the GI tract 24,25.  

Though lung tissues were one of the first and most critical organs affected by 

COVID-19, they expressed modest levels of ACE2. However, the presence of 

alveolar type 2 epithelial cells and their affiliated higher expression of ACE2 

provided the platform for SARS-CoV-2 to replicate and upregulate cytokines like 

TGF-β1 and CTGF, ECM proteins and infection, further resulting in pulmonary 
fibrosis 26,27.  
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Fig 1: Schematic Representation of Pathogenesis of SARS-CoV-2 infection 

Clinical Manifestations of COVID-19 

COVID-19 Pneumonia 

The most common clinical manifestations constitute cough, fever, fatigue, muscle 

pain, anorexia, and loss of smell and taste 28. However, apart from these, other 

symptoms like sore throat, rhinorrhea, headache, GI symptoms also have been seen 

to precede the respiratory symptoms. Some patients who show severe symptoms 

like dyspnea (around day 5), often require hospitalization by day 7-8 and manifest 

hypoxemia and bilateral pneumonia. Out of the hospitalized patients, some 

deteriorate abruptly after the inception of dyspnea and succumb to respiratory 

failure 29,30. COVID pneumonia, with clinical symptoms like fever, cough, 

tachypnoea, higher tidal volume, and respiratory distress, in adults, has also been 

described as a potentiating reason for patients registering in hospitals with hypoxia 
23,31. Though clinical management for hypoxia remains a contentious issue, several 

hypotheses have been proposed to explicate hypoxia, reduced diffusion capacity, 

oxygen receptor chemo sensitivity, and loss of hypoxic vasoconstrictive mechanism 
32–35. In fact, an unusual phenomenon that was observed in the earlier months of 

COVID-19, which played a significant role in major mortalities, was silent 

hypoxemia, also known as happy hypoxia, characterized by the low partial pressure 

of arterial oxygen, yet low or mild respiratory discomfort 36,37. Moreover, altered 
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mechanisms of the lungs, associated with alveolar collapse, pulmonary 

inflammation, fibrosis, and atelectasis, further impair lung functions causing lung 

tissue hypoxia.  

ARDS and Lung Fibrosis 

Acute respiratory distress syndrome (ARDS), an impairment of oxygenation, is one 

of the most severe complications of COVID-19. Though respiratory support is 

crucial and high-flow oxygen is often provided via invasive or non-invasive 

ventilation, ARDS is concomitant with sustained hospitalization and high mortality 
28. Associated with high D-dimer concentrations and low compliance, intermittent 

prone positions help in improving gaseous exchange, reducing the ventilation/ lung-

perfusion mismatch. However, this technique hasn't been proven clinically.  

One of the initial mechanisms for ARDS is the cytokine storm, which uncontrollably 

stimulates an inflammatory response resulting from the enormous amounts of 

proinflammatory cytokines (IL-1β, IL-6, IL-12, IL-18, IL-33, IFN-α, IFN-γ, TNF-α and 
TGF-β etc) and chemokines (CCL2, CCL3, CCL5, CXCL8, CXCL9, CXCL10 etc) by 
the immune-effector cells in the viral infection 29,38–40. Characterized by the 

deterioration of the function of the lungs and respiratory failure, lung fibrosis is 

correlated with ARDS but with a poor prognosis. Driven by pro-fibrotic factors like 

TGF-β, secretion of the same promotes repair and perseverance of infection-

mediated damage in COVID-19 injured lungs. However, severe damage causes 

excessive TGF- β signaling causing EMT and endothelial-to-mesenchymal 

transitions, thereby causing pulmonary fibrosis 41–45. Pulmonary fibrosis is a common 

complication of SARS and MERS. Several postmortems have revealed a high section 

of COVID-19 cases with fibrosis 46,47. The progression of ground-glass opacities in CT 

scans due to thick reticular pattern, irregular interface, and interstitial thickening are 

suggested to be early signs of COVID-19 pulmonary fibrosis 48. 

Coagulopathy and endothelial damage 

A stage of coagulopathy and endothelial damage also arises in severe COVID-19 

cases, with frequent reports of microvascular thrombosis or disseminated 

intravascular coagulation. Several pieces of evidence also state the association of 

pulmonary failure with deranged coagulation. Hypercoagulability symptoms like 

high circulating D-dimer concentrations, elevated prothrombin time, increased 

fibrinogen, and thrombocytopenia are some of the common ones found in patients 

with severe COVID-19 29,49. Though the pathobiology of hypercoagulability in 

COVID-19 cases remains unclear, numerous autopsy reports have identified 

diffused alveolar damage, severe endothelial damage, and coagulopathic symptoms 

in the pulmonary microvasculature in patients with severe COVID-19, hence 

establishing the relation 50,51. Evidence of alveolar damage accompanied by 

thrombotic microangiopathy also supports the fact that endothelial injury stimulates 

pulmonary circulation thrombosis 52,53.  

Endotheliitis, as referred by Varga et al. 54, can also be associated with refractory 

COVID-19-related ARDS with loss of hypoxic vasoconstriction, intra-alveolar fibrin, 
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alveolar damage, edema, hemorrhage, and hypoperfused intrapulmonary blood 

flow 55. However, not just being restricted to the lungs, other vascular disorders, 

including stasis, disturbed endothelial barrier, endothelium localized 

inflammations, disturbed permeability control, and prothrombotic endothelial cell 

state, also act as proactive factors localized to the brain, heart, gut, liver, and kidney, 

thus revealing several other extrapulmonary manifestations 13,51,54,56,57. 

The Immune System Response 

Though the pathophysiology of SARS-CoV-2 isn't fully comprehensive, relative 

literature about SARS-CoV and MERS and recent literature have shown that SARS-

CoV-2 has many defense mechanisms, making it challenging to eradicate. Similar to 

SARS-CoV, SARS-CoV-2 contains 4 structural proteins, envelope (E), membrane 

(M), nucleocapsid (N), and spike (S), and 14 open reading frames (ORFs) 58. 

Following the entry of SARS-CoV-2 into the cell by binding to the ACE2 on the 

epithelial cell surfaces, the viral genome is transferred into the cytoplasm and is 

translated into two polyproteins and structural proteins, after which they replicate. 

Post replication, the viral particles germinate into the endoplasmic reticulum-Golgi 

apparatus complex and fuse with the plasma membrane to release the virus 59. 

Subsequent antigen production stimulates the human body's immune response 

(both cellular and humoral). Inflammatory responses are also triggered by 

Pathogen-Associated molecular patterns (PAMPs) in correlation with the cytosolic 

and endosomal pattern recognition receptors (PRRs) to limit infection and promote 

viral clearance 60. Armed with an array of PRRs that recognize PAMPs or DAMPs 

(Damage Associated Molecular Patterns), to stimulate inflammatory pathways and 

immune responses, the immune system, in accordance with the PRR-affiliated 

inflammasomes, Toll-like receptors (TLRs), Nucleotide-binding oligomerization 

domain-like receptors (NLRs) and retinoic acid-inducible gene I like receptors 

(RLRs), have been seen to stimulate signaling pathways against COVID-19 60. The 

infected lung and the alveolar epithelial cells trigger the innate immune response by 

secreting IL-8, which acts as a chemoattractant for T-lymphocytes and neutrophils. 

TLRs, in coordination with MyD88 and TRIF, possess a heterogeneous expression of 

the immune cell population 61. Several analyses have suggested that TLR2 recognizes 

the E protein of the virus and induces innate immune cell activation 62–64. Other TLRs 

like TLR1, TLR4, and TLR6 have been seen to show affinity towards the S protein of 

SARS-CoV-2, thereby contributing towards the release of proinflammatory 

cytokines 65. Moreover, X chromosomal TLR7 genetic anomalies have been observed 

in several young patients suffering from COVID-19, suggesting the pro-active role 

of TLR7 in the infection 66,67. The single-stranded RNA in the virus aggravates the 

immune response post-recognition by TLR7, which is expressed on dendritic cells 

and macrophages. TLR7, further stimulates several transcriptional factors, 

proinflammatory cytokines like IL-1, IL-6, MCP-1, TNF-α, and IFN-1, and putative 

signaling pathways like NF-ĸB, JAK/ STAT, sphingosine-1-phosphate (S1P), AP-1, 

interferon response factor 3 (IRF3) and IRF7 68; thus establishing the correlation of 
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type I IFN with cytokine secretion in CD4+ T cells polarization 69. Activation of these 

pathways further endures other pathways like ERK/Ras, PI3/Akt/eNOS, and 

PLC/Ca2+ downstream pathways, which regulate the migration and trafficking of 

numerous immune cells, including NK cells, B and T lymphocytes, and dendritic 

cells 70. JAK1 TYK2 kinases phosphorylate STAT 1/2 and form a complex with IRF9 

to commence transcription of IFN-stimulated genes (ISGs) 71. Following this, 

neutrophils get rapidly recruited to the infection sites and respond by their 

neutrophil extracellular traps and defensin secretion to kill the viruses 72. Early 

expressions of IFN-α, IFN-γ, CXCL10, CCL12, and ISG-encoded proteins were also 

noted in patients who recovered from SARS 71.  

RNAs derived from the genomic intermediates of the virus can be detected by RLRs, 

namely LGP2, RIG-1, and MDA5. RIG-1 and MDA5 are key regulators and are 

associated with pathways like IFN and mitochondrial antiviral signaling (MAVS) 

signalosome, which further activate TNF-receptor associated factor (TRAF)-3, IĸB 
kinase (IKK) and TANK-binding kinase (TBK)-1 to mediate transcription of type I 

and III IFNs. Subsequent production and stimulation of IFNs activate downstream 

signaling via IFN receptors in an autocrine and paracrine manner to secrete vivid 

ISGs of different antiviral functions 73–76. However, silencing of the genes encoding 

MDA5 or LGP2 in human lung epithelial (Calu-3) cells cause a reduced type I IFN 

expression during COVID-19 infection 77. On the contrary, siRNA silencing for gene 

encoding for RIG-1 did not show any difference in Calu-3 cells, though this study 

remains quite contentious 78,79. Type I IFNs and other cytokines are also stimulated 

by NLRs in SARS-CoV-2 infections, with NLRP3 being one of the most characterized 

inflammasome sensors. Triggered in response to DAMPs and PAMPs, caspase-1 

gets activated, thereby stimulating the release of IL-1β, IL-18, and cleavage of 

gasdermin D, thus leading to membrane ruptures 80,81. Increased levels of IL-1β and 
IL-18 have also been correlated with disease severity and mortality in patients 

suffering from SARS-CoV-2. PAMPs derived from ORF3a (viroporin), ORF8b, the 

viral RNA, and the E protein of SARS-CoV-2 have been demonstrated to stimulate 

NLRP3 inflammasome 82. The IFN pathways are also hindered by innate-signaling 

proteins like NSP13, NSP15, and ORF-9b. NSP13 interacts with TLE1, TLE3, and 

TLE5, and on the other hand, ORF-9c interferes with NLRX1, NDFIP2, and F2RL1, 

which are also involved in the NF-ĸB pathways 83. Further, NLRC1 has also been 

noted to contribute to COVID-19 response and cytokine release, and silencing the 

gene encoding for NLRC1 has been seen to reduce IFN-1β expression 77. 

Active viral replication, however, opens the window for immune intervention, but 

prolonged replication later results in hyperproduction of type I IFN with an influx 

of macrophages and neutrophils. This heavy dependence upon type I IFN responses 

further culminates in controlling the replication and induces an effective adaptive 

immune response. In general, both the B and T cells play a vital role in viral 

clearance, wherein most patients try to develop a humoral response within the first 

10-14 days of the infection. Poor humoral responses (developed by B cells) have been 
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associated with ineffective COVID-19 virus clearance in some patients, suggesting 

its importance in SARS-CoV-2 neutralization 84. Since the polarization of B cell 

follows a linear process through pro B cell, pre B cell, immature B cell, and finally, a 

matured B cell, studies have shown the partial reliance of VDJ gene segments during 

the making of these virus-specific antibodies. Concerning SARS-CoV-2, antibody 

development towards IgG heavy chain IGHV3-23 and IGHV3-7 was identified, 

thereby helping us with antibody and vaccine development 85. Nevertheless, certain 

types of mature B cells, known as double-negative (DN) B cells, which are known to 

lack expressions of memory markers (CD27) and IgD, have also been shown to 

promote cytokine release and autoantibody progression, thus enhancing COVID-19 

pathogenesis 86,87. Studies have reported that CD8+ T cell responses demonstrated 

better and more frequently with respect to CD4+ cells, thereby correlating with 

disease severity 88. Additionally, the virus-specific T cells from severe patients were 

associated with a higher frequency of polyfunctional CD4+ T cells (IL-2, IFN-γ, and 
TNF-α) and CD8+ T cells (IFN-γ and TNF-α) in comparison to moderate patients, 
thus postulating that strong T cell responses correlate with higher neutralizing 

antibodies 88. Furthermore, Th17 cells, neutrophils, and other granulocytes mediate 

the production of interleukins (IL-1, IL-6, IL-8, IL-17), MCP-1, C-CSF, CM-CSF, TNF-

α, and PGE2, which further stimulate the production of monocytes, neutrophils, and 

other immune cells, thus trying to eradicate SARS-CoV-2 89–91.  

Antibiotics also play a multifactorial role in viral clearance by binding to viral 

proteins expressed on the infected cell surface and recruiting NK cells to kill the 

infected cell by antibody-dependent cell cytotoxicity mechanism 92. Antibodies bind 

to the receptor-binding domain (RBD) of the S protein of SARS-CoV-2 and 

effectively block virus-ACE2 interaction, thereby neutralizing the virus 93–95. 

However, the neutralizing antibody responses have poor durability, putting 

patients at a high susceptibility to re-infection after a few years of infection 96,97. 

Typical production of IgM and IgG constitute the antibody profile against the virus. 

However, it has been reported that IgM disappears by the end of week 12, but IgG 

persists longer 98. Numerous studies have also suggested that SARS-CoV-2-based 

humoral immunity also does not last long. A steep decline of anti-SARS-CoV-2 

antibodies has also been observed in asymptomatic COVID-19 patients, postulating 

their minimal protection against the viral infection 99–101.  

Is that all?  

As mentioned above, the magnitude and durability of COVID-19 infection correlate 

with the immune response. Several pieces of evidence have stated the defense 

mechanism of SARS-CoV-2, wherein it inhibits IFN1 by regulating IFN-β synthesis, 
which further results in managing or aggravating viral replication or induction of 

an adaptive immune response 68,102. In several circumstances, it has also been 

observed that the virus dampens the attack by virtue of immune dysregulation 

caused by the same infection, thus derailing into a cytokine storm and T-cell 
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exhaustion, further weakening the overall body's immune response. This also partly 

clarifies the more extended incubation period (2-11 days) compared to influenza, 

which usually has an incubation period of 2-4 days 103. Indeed, the virus has also 

been seen to reduce antigen presentation on MHC I and II 104–106.  

T cell death and exhaustion 

Several autopsies and hospital reports have reported that patients with pneumonia 

abruptly succumb to respiratory failure and require mechanical ventilation 107. 

Lethal sepsis arising from bacterial community-acquired pneumonia and sudden 

deterioration after 7-8 days of the first symptom derived from the immune 

dysfunction hypothesis 108. Further analysis also stated that there was a depletion in 

CD4+ and CD8+ frequency cells, γδ-T cells, and features of lymphopenia with 

increased D-dimers and hepatic dysfunction were noted 109. There have been several 

hypotheses behind the cause of lymphopenia, with one being the inhibition of T cell 

circulation and apoptosis of memory CD8+CD44high T cells by cytokines like the 

class I IFN and TNF-α, thereby promoting retention in lymphoid organs 109–111. 

Necroptosis has also been associated with T cell death in which NSP12 of the SARS-

CoV-2 interactome interacts with receptor-interacting serine/ threonine-protein 

kinase 1 (RIPK1) 112. Though studies have suggested retention of T cells as a primary 

component in the deterioration of immune response, other investigations also have 

demonstrated that surviving T cells get functionally exhausted and express high-

level T-cell immunoglobulin mucin-3 (TIM3) and programmed cell death protein 1 

(PD-1) in SARS-CoV-2 patients 113. Decreased productions of IFN-γ and IL-21 also 

support the exhaustion of CD8+ and CD4+ T cells 114,115. Other immune cells like 

cytotoxic lymphocytes and NK cells possess an upregulation of NKG2A (NK group 

2 member A), an inhibitor of CD8+ T cells, and a downregulation of CD107a+, 

granzyme B+, IFN-γ+, and IL-2, consistent with the functional exhaustion of the 

immune cells 114,116.  

Cytokine Storm 

Release of proinflammatory cytokines, including IL-2, IL-6, IL-7, G-CSF, CXCL10, 

MCP-1, CCL2, macrophage inflammatory protein 1α (MIP-1 α), and TNF-α in severe 
COVID-19 patients, dictates the severity of the infection. Circulating cytokines like 

IL-6 and IL-1β were also found in large quantities in the patient's immune profile, 

thereby mediating Th17 cell differentiation, and promoting further IL-6 and IL-17 

production, thus worsening the clinical status of the patient 29,117. IL-17, produced by 

Th17 cells, also plays a significant role in recruiting monocytes and neutrophils and 

activating other downstream cytokines and cascades like IL-1, IL-6, IL-8, IL-21, TNF-

α, and MCP-1, thereby exacerbating the inflammation 16,118. IL-22 also has been seen 

to enhance the expression of mucins, fibrinogens, and anti-apoptotic proteins, 

thereby increasing the chances of life-threatening edema and ARDS 119. These 

cytokines further drive inflammation in the lungs and promote virus persistence by 

expressing Bcl-2 and Bcl-xL 120,121. This also results in an elevated D-dimer, CRP, 

procalcitonin, Cr, coagulopathy, and hyperferritinemia profile, which further turns 
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into a typical macrophage activation syndrome 122–124. Consistent with the cytokine 

profile of the other coronaviruses, this cytokine storm leads to severe clinical 

phenotypes, namely ARDS, tissue hypoxia, and death 125. Ironically, the very 

immune system which usually acts to fight the infection potentially harms the host 

in doing so.  

With the dysregulated secretion of inflammatory cytokines like TNF and IFN-γ, the 
combination of the same further characterizes a life-threatening condition mediated 

by inflammatory cell death (PANoptosis) 126. Dependent on PANoptosomes, 

caspases, inflammasome components, and the synergism of TNF and IFN-γ, 
PANoptosis also depends upon several signaling pathways and transcriptional 

factors like STAT1 and IRF1, which further activates caspase-8, Z DNA binding 

protein 1 (ZBP1), TGFβ activated kinase-1 (TAK1) and RIPK1 affiliated cell death 127–

135. As a whole, PANoptosis works on a positive feedback loop wherein cytokine 

secretion causes PANoptosis (Fig 2), which further results in more cytokine 

secretion, thus culminating into a cytokine storm, thereby promoting inflammation 

and disease progression 82.  

The cytokine release syndrome plays a vital and decisive role in COVID-19 patients. 

Cytokine production occurs via two pathways, either recognizes the virus by 

pattern-recognition receptors like TLR3, TLR7, TLR8, and TLR9 or through 

induction of DAMPS released from SARS-CoV-2 damaged cells 136,137. Upon lung or 

alveolar injury, the epithelial or endothelial or parenchymal cells release 

inflammatory mediators which mutually elicit multiple inflammatory cytokines and 

chemokines. Other than the inflammatory cytokines mentioned above, the type I 

and type III interferon responses and the IL 1-IL 6 axis further constitute pertinent 

biological signaling pathways 85,138–142. However, other controversies exist regarding 

IL-6, IL-8, and TNF signatures across varied acute conditions. Apart from the 

supporting evidence cited above, few studies have reported varying mRNA 

expressions of IL-1β and IL-6 in the autopsy reports of 4 individuals who succumbed 

to COVID-19 143. The same was, in fact, reproduced in a SARS-CoV-2-infected lung 

organoid using human iPSCs 144. 

Cytokine responses have also been observed in other organs, given that ACE2 is 

robustly found in other organs and epithelial cells. Cytokine storms in COVID-19 

infections have been seen to trigger violent assaults on the body, causing massive 

excitation of the immune system, triggering an uncontrolled systemic inflammation 

(Fig 2), leading to ARDS and multi-organ failure, and finally causing death 145. 

Encompassing a broad range of severity, several neurological disorders have been 

associated with cytokine storm, eg: immune effector cell-associated neurotoxicity 

syndrome, traumatic brain injury, encephalopathy, hemophagocytic 

lymphohistiocytosis, cytokine storm-associated encephalopathy (as proposed by 

Pensato et al.), etc. 146,147. Conditions from mild proteinuria to advanced acute kidney 

injury have been noted in the renal system due to cytokine storms and COVID-19 
148. Altered liver chemistry with progressive cases like cirrhosis has also been 
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reported with respect to cytokine storms 149,150. Several meta-analyses have also 

deduced that heart failure is a common complication in COVID-19 cases, with 

cytokine storm being the primary inducer. Other conditions like myocarditis, 

cardiac fibrosis, calcium dyshomeostasis, and cardiomyocyte pyroptosis, amongst a 

few, are some of the manifestations observed as a result of cytokine storm 151.  

 

Fig 2: Clinical Manifestations of COVID-19 

Endocrinal factors 

Lifestyle comorbidities like hypertension, obesity and Diabetes have also been 

associated with COVID-19 complications 152. ACE2 is expressed in metabolic tissues, 

and organs like the thyroid, pancreas, adrenal, pituitary, ovaries, etc. infection in any 

of the organs leads to disruption in the endocrinal system. Evidence confirms the 

dysregulation of glycemic homeostasis as an outcome in COVID-19 patients 

suffering from diabetes 153. A retrospective study stated that patients with controlled 

glycemia showed less mortality in comparison to patients with high glycemic 

variability 153. Associated with hyperinflammation and enhanced oxidative stress, 

Diabetes, in addition to infection, further exacerbates endothelial or organ damage 

via TLR4 and RAGE (Receptor for advanced glycation end-products) 154,155. In 

addition to it, COVID-19 infection is also known to dysregulate the potassium axis, 

leading to hypokalemia, further affecting glucose homeostasis in diabetic patients 
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156. TMPRSS2 has also been correlated with androgenic hormones, which further 

describes the disparity in COVID-19 infection based on gender 9. Though more or 

less, SARS-CoV-2 infects both men and women equally, women's mortality was 

found to be twice as high as that of men 157. The renin-angiotensin-aldosterone 

system (RAAS) has also been reported to be highly active in COVID-19 patients 158. 

Angiotensin II promotes hyperinflammation by stimulating IL-6 in vascular and 

endothelial muscle cells via the type 1 angiotensin II receptor (AT1) 159.  

Other Immune Cells 

Mild peripheral neutrophilia has been documented in patients with COVID-19, 

wherein highly stimulated CD11β+, CD38+, HLA-DR+ (an MHC class II cell surface 

molecule), and myeloid-derived suppressor cells 160,161. Increased MDSCs have also 

been correlated with inflammation, hematopoiesis, and increased activation of 

peripheral immature neutrophil granulocytes, CD10- and CD16low 162,163. 

Neutrophilic infiltrations were also associated with SARS-CoV-2, where chemokine 

production and an activated Th17 response were reported, which likely contribute 

to the pathogenesis of the virus 164. Circulating monocytes and other leukocyte 

subsets were also seen to undergo fluctuations and trajectories. Dysregulation of 

monocytes also led to a decrease in CD16+ and a shift towards CD14+ monocytes, 

though this transfer resolves in later stages of the infection 85,105. An enhanced CD169 

expression with elevated productions of IL-1 and IL-6 also was shown in both 

COVID-19 patients' lungs and mouse models of SARS-CoV-2 infection 55. Though 

monocytes haven't been reported to alter in COVID-19 substantially, the feedback 

loop between T cells and macrophages drives the limited alveolitis towards the 

development of persistent alveolar inflammation and further lung damage 165.  

OMICRON: What new does it bring in?  

With the recent breakthrough of the new SARS-CoV-2, Omicron, formerly 

designated as B.1.1.529, a variant of concern is known to have 32 mutations within 

the S- protein 166. Consisting of all the key mutations of the previous variants, 

including K417N, E48A, N501Y, and others, this variant can also change the 

sensitivity of the virus to neutralizing antibodies 167,168. Zhang et al. further showed 

that the newly made mutations did cause significant changes, concerning 

neutralization sensitivity, against numerous human sera samples pre-infected with 

the previous variants of COVID-19 169. The mutations also enhance the S-protein's 

affinity to ACE2 receptors, further contributing to its risk of transmissibility (3 

mutations at cleavage site) and evasion in the immune system 170. However, a 

hypothesis by Dejnirattisai et al. states that changes found in RBD-62, which also 

happens to serve as an anchorage for ACE2, are more prone to mutational changes, 

including those to reduce ACE2 affinity, so as to evade antibody neutralization 171. 

Recent research has stated the mutation of NSP6 in the Omicron variant. NSP6 has 

been known to interfere with type I IFN pathways, by occluding the stimulation of 

tank-binding kinase, thus presenting a huge number of autophagosomes. In 
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addition, NSP13, NSP15, and ORF-9b also hinder IFN pathways. Though not much 

research has been done in this field, we can speculate that mutations in NSP6 can 

lead to an appreciable amount of modifications, establishing a critical host-virus 

relationship, signifying immune escape, and SARS-CoV-2 pathogenicity.  

Several investigations have been made in order to analyze the immune response 

toward this new variant. When compared with its older lineages, Omicron's 

neutralization has been found to be significantly low (explained via an antigenic 

map in Fig 3). However, Omicron's higher transmission rate and infectivity pose a 

major concern 172,173. Lung pathology reports of Omicron-infected hamsters 

suggested that neutralizing antibodies produced after Omicron infection 

demonstrated substantial reduction or negligible neutralization against its other 

variants 174. However, despite the broad neutralization escape against Omicron, 70-

80% of the T cell responses were found to be cross-reactive 175. Peptide pool 

simulation results detected no differences in typical cytokine production in virtue of 

both the wildtype and Omicron variants of COVID-19, suggesting that T cell 

epitopes remain minimally affected, irrespective of the variant. In fact, booster 

vaccinations also led to the maintenance of variant-specific CD4+ and CD8+ T cell 

responses 176. Apart from T cell production, a decreased IL-2 and IL-2 plus other 

cytokine release was also noted 177. 

 

Fig 3: Antigenic Map of SARS-CoV-2 variants 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 July 2023                   doi:10.20944/preprints202307.1880.v1

https://doi.org/10.20944/preprints202307.1880.v1


 15 

 

Taking the world by storm, this new Omicron variant has a very high transmission 

and infection rate compared to the rest of the COVID-19 variants. It has also been 

seen to evade natural and vaccine-induced immunity 178; however, booster 

vaccinations (mechanism explained in Fig 4) have been seen to improve protection 

against Omicron. Compared to the last Delta variant, a thumping 91% decrease in 

mortality was noticed in a study associated with Omicron infections 179. 

Nevertheless, despite its mild severity, the sheer increase in Omicron cases has put 

the world on a high alert with the global economy at stake. In fact, the newer variants 

of Omicron, BA.1 and BA.2 have also replaced the previous Delta variants in their 

ability of immune escape and more transmissibility. A real-world study in Denmark 

showed that BA.2 is more infectious than BA.1, as it possessed more immune escape 

properties 180,181. The numerous mutations in the N-terminal and RBD region of the 

Omicron variants attribute to the immune escape properties 182. However, the latest 

lineages of Omicron, BA.4 and BA.5's neutralization capacities have reduced by 7 

folds and 3 folds in unvaccinated and vaccinated individuals, respectively 183. NAb 

titers against these sub-variants have been observed to be lower than that of their 

initial ancestors, BA.1 and BA.2, suggesting their increased neutralization escape 
184,185. In context to immune evasion, BA.4 and BA.5 have demonstrated escape from 

BA.1 and BA.2 induced immunity, about the reason for re-infections in several cases 
184,186.  
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Fig 4: Scheme of the mechanism of action of mRNA vaccines 

However, several analyses have shown that people subjected to Omicron variants 

had significantly low odds in terms of hospitalization or mortality when compared 

with the other variants 179,180,187–189. A high rate of asymptomatic cases also was 

observed, suggesting the milder symptoms of the variant, thereby confirming the 

lower pathogenicity of the same. In vitro studies have demonstrated that Omicron 

stimulated multinuclear syncytia in several cell lines when compared to other 

variants 190–192. Activation of signaling pathways like NF-ĸB seemed less efficient in 
the new variant, implying a slighter inflammatory response and extremely low 

mortality 193–195. Though some countries have initiated booster doses to control the 

spread of this variant, more research is required on its influence on cytokines, 

vaccine-based immune responses, post-COVID-19 complications, and mortality 

rates associated with Omicron. In fact, as per data of 18th December 2022, about 649 

million cases have been reported globally, signifying the revival of new variants of 

SARS-CoV-2 in the world 196. Thus, further research is on demand whether Omicron 

stays as the last variant of its kind or is it going to script yet another deadly chapter 

in the history of a pandemic. 

CONCLUSION 

Mostly involving respiratory manifestations, the COVID-19 was also known to be 

involved with effecting other organs, followed by complications and dysregulation 

of host responses. Though the immune system plays the most vital role in fighting 

COVID-19, ironically it also turns out to be harmful, and eventually becomes the 

primary cause of COVID-19 affiliated death. Thus amidst the notion of 

acknowledging the reason behind the innumerable deaths due to COVID-19, it can 

be stated that the derangement of the immune system, post infection, is the culprit. 

Armed with this knowledge, therapeutic guidelines could be potentially updated, 

thereby allowing medical professionals to provide optimum care for patients with 

COVID-19.  
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