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Abstract

The whole world is facing a pandemic situation ever since the outbreak of SARS-
CoV-2 in Wuhan, China in December 2019. The coronavirus disease (COVID-
19) presents a wide spectrum of clinical manifestations ranging from asymptom-
atic to severe pneumonia-like situations followed by multisystem failure leading
to the death of the individual. Studies from the past coronavirus outbreaks, the
SARS, and MERS-CoV, have helped us understand the current SARS-CoV2 to a
large extent. Once the host encounters the virus, an innate immune response is
generated which subsequently leads to activation of the adaptive immune
response to eliminate the virus. However, this immune response is misbalanced
in some individuals and is the main factor causing the pathological manifestation
of COVID-19. In this chapter, we have addressed the humoral and cellular
immune changes induced by the virus along with the role of cytokine storm in
disease progression.
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14.1 Introduction

December 2019 saw an outbreak of severe acute respiratory syndrome coronavirus-
2 (SARS-CoV2) in Wuhan city of China, which was declared as a pandemic by the
World Health Organization in late March 2020, due to its rapid transmission to
almost all parts of the world. It is causing concerns globally due to the complications
associated with it, such as acute respiratory distress syndrome (ARDS), pneumonitis,
shock, respiratory failure, and death. In 1996, the first pathogenic coronavirus (CoV)
was discovered that could cause interspecies infection. The CoV strains, E229 and
OC43 came from rodents, and NL63 and HKU1 came from bats and infected the
humans (Cao et al. 2020). These viruses remained limited in their spread causing
mild seasonal common cold-like symptoms. In November 2002, an outbreak of
severe acute respiratory syndrome (SARS) caused by a CoV from bats, also
originated in Foshan city of China and was named SARS (now termed as SARS-
CoV or SARS-CoV-1 to distinguish it from currently pandemic SARS-CoV-2). The
SARS-CoV-1 epidemic lasted for over a year and ended in July 2003 (Wang et al.
2020b). The second CoV outbreak took place in June 2012, first detected in Jeddah,
Saudi Arabia and so termed as Middle East Respiratory Syndrome (MERS), mim-
icked several clinical manifestations of SARS (Grein et al. 2020). The current
spillover is the third one from animal CoVs to humans, first detected in Wuhan
city of China in October 2019 and quickly spread over six continents of the world
including 66 countries by March 1, 2020, when the World Health Organization
(WHO) declared it as a pandemic. The novel coronavirus (initially termed as 2019-
nCov and subsequently as SARS-CoV-2) causes severe coronavirus disease, now
termed as COVID-19. All these coronaviruses (SARS-CoV-1, MERS, and SARS-
CoV-2) have been found to have jumped to humans from bats, but some researchers
believe that there is an intermediary host. In the case of SARS-CoV1, the intermedi-
ary animal is thought to be civet cats which are sold in abundance in the live-animal
markets of China (Chen et al. 2020a). However, the origin of SARS-CoV2 is not
clear but it shares around 96% of its genetic material with CoV found in bats (Lynch
et al. 2016). These three coronaviruses share genetic and structural similarities but
differ significantly at the epidemiological level. SARS-CoV and MERS-CoV have
high lethality and low transmissibility while SARS-CoV2 has high transmissibility
and the level of lethality has not yet been established globally. Thus, its tremendous
spread has brought extreme pressure and disastrous consequences on the public
health and medical setup worldwide.

14.2 General Characteristics of the Virus

Novel SARS-CoV2 has been placed under the family Coronaviridae. The virus
contains single-stranded positive RNA of nearly 30 kbp as its genetic material. The
genetic material is protected by an outer fatty layer of envelope containing spike –S,
membrane –M and envelope –E- proteins. The subfamily Coronaviridaeis further
subdivided into four genera- the alpha, beta, gamma, and delta CoV. Viruses having
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the ability to infect humans are categorized under α-CoV and β-CoV (SARS-CoV
and MERS-CoV) and viruses infecting avians and pigs belong to Υ-CoV and δ-CoV
genera. The novel SARS-CoV2 has been placed under the genus β-CoV.

The entry of enveloped viruses into the host cells is usually mediated through the
attachment of proteins expressed on the surface of host cells. To gain entry into the
host cell, the S-glycoprotein present on the surface of the virus engages with the
receptors on the host cells. Based on sequence similarities between the receptor-
binding domains (RBD) in the S-protein of SARS-CoV-1 and SARS-Cov-2, it is
now established that the angiotensin-converting enzyme 2 (ACE2), serves as the
receptor for both the viruses. The ACE-2 is a type-1 transmembrane
metallocarboxypeptidase molecule, which is highly expressed on vascular endothe-
lial cells, the renal tubular epithelium, and Leydig cells in the testes. The ACE-2 is
homologous to ACE, which is an enzyme and a key player in the Renin-Angiotensin
system (RAS). For entry of the virus into the host cells, the spike protein on the
surface of the virus, which binds to its receptor on the host cell, needs to be cleaved
first.

The S protein is cleaved into subunits S1 and S2 during the infection stage, where
the receptor-binding domain (RBD) present in the S1 subunit binds directly to the
peptidase domain of the ACE2 molecule and the S2 subunit facilitates membrane
fusion between host cell and virion (Kucharski et al. 2020). RBD-ACE2 binding
induces conformational change on S-protein which exposes a cleavage site on the S2
subunit, which is cleaved by host serine proteases TMPRSS2. This step is a critical
process mediating the fusion of the virus envelope with the cell membrane and thus
allowing the viral RNA to enter into the target cell’s cytoplasm (Hoffmann et al.
2020). Subsequently, viral RNA serves as a template for the translation of the
polyproteins pp1a and pp1b that are cleaved into smaller proteins which join to
form a replicase-transcriptase complex (RTC). In this complex, several copies of
negative-strand RNA are made and used as the template to form complete positive-
strand RNA. The structural proteins (S, E, M & N) are translated and are transported
to the lumen of the intermediate compartment of the endoplasmic reticulum golgi
intermediate complex (ERGIC). Along with the genomic RNA, virion formation
occurs and mature virions are released from the cell by exocytosis, which then infect
the neighboring healthy cells as well as released into the surrounding environment
via respiratory droplets. The droplets carrying the infectious virus are highly conta-
gious and cause the potential spread of the disease in healthy individuals (Fung and
Liu 2019). Thus, ACE2 bearing cells are most vulnerable against SARS-CoV2. The
majority of the ACE-2 bearing cells are alveolar epithelial type II cells, thus making
the lung as primary target tissue and the most common entry route. Other
extrapulmonary tissues expressing ACE-2 are kidneys, heart, endothelium, intestine,
and tongue.
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14.3 Clinical Manifestation of COVID-19

Depending on the individual immune response, the clinical manifestation ranges
from asymptomatic (positive for SARS-CoV-2 virus but no symptoms), mild symp-
tomatic (positive for virus with mild clinical manifestation), and severe (positive for
the virus and a high degree of symptoms). In SARS-CoV-2, the mild symptomatic
individuals present with dry cough, fever, and fatigue, difficulty in breathing, some
have diarrhea, sore throat, congestion, and runny nose. The severe symptomatic
patients have difficulty in breathing (greater than 30 times/minute), oxygen satura-
tion less than 93%, the ratio between partial pressure of arterial oxygen and oxygen
concentration in arterial blood is less than 300 mmHg) (Kimball et al. 2020). Critical
individuals have a respiratory failure with the need for mechanical ventilation, organ
failure, or need for treatment in the Intensive care unit (ICU) of a hospital. The wide
range of clinical manifestations found in COVID-19 are associated with risk factors
such as age and gender. Diabetes, cardiovascular diseases, high BP, lung diseases,
treatments affecting the immune system are considered comorbidities that may result
in the highest risk of severe disease and death in COVID-19 (Chen et al. 2020b)
(Fig. 14.1).

Fig. 14.1 (a) Schematic structure of Virion of SARS-CoV2 and its major structural proteins, (b)
Symptoms of COVID-19
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14.4 Immune Responses in COVID-19

14.4.1 Innate Immune Response

The innate immune system is made up of barriers that can prevent or limit the entry
and spread of various foreign particles. Innate immune cells include DCs,
neutrophils, macrophages, parenchymal cells like epithelial and fibroblast cells.
Antigens related to viruses are recognized by receptors of innate immune cells
known as pattern recognition receptors (PRR). The toll-like receptors (TLRs)
recognizing pathogen-associated molecular patterns (PAMPs), RIG-I-like receptors
(RLRs) recognizing nucleic acids, C type lectin-like receptors (CLRs), and
NOD-like receptors (NLRs) are few other pattern recognition receptors that are
responsible for identifying the viral antigens (Li et al. 2020). The RLRs and NLRs
are usually expressed by epithelial cells and some local cells of the innate immune
response like alveolar macrophages. Once the recognition of the pathogen is
executed, the PRR’s recruit adaptor proteins which lead to downstream activation
of transcription factors like IFN, AP-1, NF-κB, which lead to the secretion of
critically important type I and type III antiviral interferon (IFN). After activation
of IFN signaling, an entire cascade of events occur that leads to the production of
pro-inflammatory cytokines which further activate the endothelial cells, and produce
chemokines. These chemokines attract other immune cells like monocytes, NK cells,
dendritic cells, and polymorphonuclear leukocytes (PMN) including Neutrophils.
These cells further release reactive oxygen species and directly kill the infected cells
and produce more chemokines like monokine induced gamma interferon (MIG),
Interferon-gamma inducible protein-10 (IP-10), monocyte chemotactic protein-1
(MCP-1), which recruit lymphocytes that can recognize the viral antigen presented
by the DCs, thereby activating a pathogen-specific adaptive immune response
(Dandekar and Perlman 2005). Apart from IFNs other cytokines like TNF-α, IL-1,
IL-6, and IL-18 are also released. Thus, together these cytokines induce an antiviral
defense mechanism and also activate the adaptive immune response. CoV infection
can be limited in early stage if the IFNs are properly localized. The IFN-stimulated
genes (ISG) like lymphocyte antigen-6 complex locus E (LY6E) interfere with
S-protein mediated membrane fusion (Huang et al. 2011). However, in the later
phase of infection, IFN can cause immune-pathogenesis by induction of other
cytokines.

14.4.2 Immunopathogenesis of COVID-19 and Immune Escape
Mechanisms

In-vitro infection of human lung explant by SARS-CoV2 leads to viral infection and
replication in type I and type II pneumocytes and alveolar macrophages, although it
failed to induce expression of IFN-I, IFN-II, and IFN-III (Chu et al. 2020). CoV has
also evolved a mechanism to inhibit IFN-I induction and signaling. It has been
observed that patients with severe COVID-19 have impaired IFN-I production as
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compared to patients with mild symptoms (Blanco-Melo et al. 2020). Thus, it is
inferred that CoV uses various evasion mechanisms like avoiding PRR sensing
either by avoiding recognition or antagonizing PRR activation. For avoiding recog-
nition by PRR, ssRNA CoV forms dsRNA-intermediate during replication, which is
shielded by membrane-bound compartments and nonstructural proteins help in
methylation of the viral RNA at 50 end (Bouvet et al. 2010). In addition, in SARS-
CoV2 it has been demonstrated that the viral proteins ORF9b, NSP13 & NSP15
interact with the downstream signaling molecules like Mitochondrial antiviral sig-
naling proteins(MAVs), signaling intermediate like Tank-binding kinase-2 (TBK2)
and Rosetta Net Implementation Framework (RNIF41), respectively, and they
interfere with the TBK1 signaling complex (Gordon et al. 2020). SARS-CoV1 and
MERS-CoV are also known to inhibit the TBK1 signaling complex (Gordon et al.
2020). MERS-CoV encodes matrix and accessory proteins from the open reading
frame, ORF4a, 4b, and 5 which directly inhibit IFN promoter and nuclear localiza-
tion of interferon regulatory factor-3 (IRF3) (Yang et al. 2013). Thus, pathogenic
CoVs can block or inhibit IFN pathways but can also activate other inflammatory
pathways that contribute to disease pathogenesis. For instance, SARS-CoV2 non--
structural proteins, NSP-9 and NSP-10 might induce the IL-6 and IL-8 production
and drive pathological inflammation. In fact, IL-6 has emerged as the dominant
cytokine during immunopathogenesis. Thus, a decrease in innate antiviral response
and hyper inflammation causing a “cytokine storm” could be a leading cause of
COVID-19 severity.

14.4.3 Role of Innate Immune Cells in COVID-19 Pathogenesis

Neutrophils, monocytes, NK cells are the innate immune cells that play an important
role in viral clearance as well as the pathogenesis of COVID-19. The cytotoxicity
mediated by the NK cells is regulated by the expression of inhibitory and activating
receptors expressed on them. The frequency of NK cells has been reported to be
lower in severe COVID-19 cases as compared to mild cases. The NK cells from the
peripheral blood of severe COVID-19 patients showed a reduced expression of
CD107a (a marker for degranulation), Granzyme B (a marker of killer activity),
and Ksp37 (a marker co-expressed with perforin, also a marker of killing activity),
thereby indicating impaired cytotoxicity. In addition, there is impaired production of
chemokines, IFN-Υ and TNF-α (Zheng and Song 2020). The lower frequency of NK
cells can be correlated with the increased concentration of IL-6 in the plasma. An
in-vitro data suggests that stimulation by IL-6 and soluble IL-6 receptors can impair
perforin and Granzyme B production in healthy donor NK cells, which can be
restored by blocking IL-6R with tocilizumab (Wenjun et al. 2020). Further, this
heterodimeric inhibitory receptor prevents NK cells from releasing IFN-Υ. Thus,
targeting this receptor by monalizumab can boost antiviral immunity. Reduced
production of IFN-Υ can also lead to the infiltration of the neutrophils in the alveoli
and the high neutrophil to lymphocyte (N:L) ratio is an indicator of the severe stage
of COVID-19. These accumulating neutrophils cause sustained neutrophil
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extracellular traps (NET) formation which leads to stimulation of cascade of damag-
ing inflammatory reactions. This has been observed in COVID-19 patients, with
increased levels of NET-specific markers like myeloperoxidase DNA and
citrullinated histone H3 (Kawasaki et al. 2018). In addition, the immune checkpoint
molecule, NKG2A was also found to be increased in severe COVID-19 patients,
indicating viral escape and NK cell exhaustion. Monocytes-derived DCs (Mo-DC),
plasmacytoid DCs (PDC) also get dysregulated and potentially drive cytokine
release syndrome (CRS), acute respiratory distress syndrome (ARDS), and
lymphopenia. Single-cell transcriptome analysis done on the pulmonary tissue
samples and peripheral blood samples of severe COVID-19 disease have revealed
expansion of CD14+HLA-DRlow inflammatory monocytes, which are known to be
an immunosuppressive phenotype of these monocytes and now clubbed as a broad
category of Monocyte-derived suppressor cells or MDSCs. Thus, the innate immune
system is unable to strike a balance to control the infection in a timely manner.

14.4.4 Complement Activation in SARS-CoV2 Infection

The complement system is an important part of innate immunity and acts as a bridge
between innate and adaptive immunity. Complement recognizes a foreign pathogen
and leads to the initiation of complement activation pathway using one of the three
mechanisms. The classical pathway- characterized by C1q mediated antigen-
antibody complex, the lectin pathway is mediated by mannose present on the
microbial surface (also known as “Mannose-binding pathway”) and third is the
alternative pathway, which is mediated by spontaneous cleavage of C3 binding
with pathogens’ cell surface components. An imbalance in the complement system
function can result in enhanced inflammatory and degenerative responses in various
pathological conditions. Usually, C3a and C5a are the molecules that are increased
in case of over-activation of complement pathways. The C5a being a
chemoattractant, recruits inflammatory cells and leads to the production of granular
enzymes and free radicals. It has been observed in past, that SARS-CoV leads to
overactivation and production of C3a, which causes excessive alveolar air sac
infiltration by neutrophils and monocytes and subsequently leads to SARS-CoV
associated ARDS (Gralinski et al. 2018). In an animal model, these results were
validated, wherein the C3 knockout mice were infected with SARS-CoV and a lower
infiltration of neutrophils and monocytes was observed with a low level of cytokine
and chemokine production in lungs as compared to wild-type mouse. However, the
level of viral load was not changed in the lung alveoli (Bosmann and Ward 2014). In
SARS-CoV2, a C5a mediated cell activation and cytokine release has been
observed, which results in increased vascular permeability and epithelial cell degra-
dation leading to an increase in the number of infiltrating cells in the lungs causing
respiratory distress (Wang et al. 2015).
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14.4.5 Adaptive Immune Response

The innate immune response invariably leads to an adaptive immune response
against a pathogen, which is specific and longer lasting. Many immune cells like T
cells, B cells, NK cells, all play a central role in the functioning of the immune
system. The antigen-specific cell-mediated response, mainly governed by the helper
T-cells and cytotoxic T cells is directed towards the elimination of the viral-infected
cells, while the B cells help in antibody synthesis and long-lived memory cells are
some of the components of the adaptive immune system. The pathogen taken up by
the phagocytic cells (the DCs, macrophages, and neutrophils) of the innate immune
system is processed and expressed on the surface of these cells in conjunction with
molecules of major histocompatibiliy complex (the MHC-I and MHC-II). The
antigens in this form are presented by these so-called antigen-presenting cells or
APCs to the naive T cells in the lymphoid organs. So, the naive T-cells carrying
specific T-cell receptors recognize the antigen along with the MHCmolecule and get
activated, which further differentiate into effector/helper CD4+ T cells (Th1, Th2, or
Th17 cells). Subsequently, the activated helper T-cells further pass activation signals
to antigen-specific B cells and CD8+ cytotoxic T lymphocytes (CTLs) through cell-
to-cell interaction and release of cytokines. Activated B cells differentiate further to
antibody-forming plasma cells, which can then produce antiviral antibodies and act
through various mechanisms (opsonization, neutralization, complement activation)
for clearance of the virus. In addition, activated CD8+ CTLs cause the direct lysis of
the target infected cells. However, the dysregulated T-cell response can lead to the
immunopathogenesis of the disease.

14.4.6 T-Cell Responses

In COVID-19 patients, particularly with moderate and severe disease, reduced
frequency of CD4+ and CD8+ cells (lymphopenia) has been observed which
correlated with disease severity and mortality (Wang et al. 2020a). Though this
phenomenon is observed in other viral infections also but the exact mechanism is
unclear since the direct infection of T cells by SARS-CoV2 has not yet been reported
(Xiong et al. 2020). Few underlying mechanisms have been proposed for
lymphopenia in COVID-19 patients, one such is the contribution of inflammatory
cytokines. Increased serum levels of IL-6 have been correlated to lymphopenia in
COVID-19, while in recovered patients the level of lymphopenia recovers to normal
limits as the level of IL-6 in serum decreases. A similar trend was seen with other
cytokines like TNF-α and IL-10 (Xiong et al. 2020). Multiple studies suggest that
IL-6 leads to the down-regulation of HLA Class II molecules on CD14+ monocytes
and B-cells (Wilk et al. 2020). While no such effect was seen on HLA Class I
molecules. Thus, with low HLA class II molecules, the severe COVID-19 patients
will not be able to mount a sufficient level of T cell response due to the decreased
capacity of the antigen-presenting cells to present the antigen to the TCR, thereby
such T cells are removed by apoptosis. These observations were reported in the
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autopsy samples of spleen and hilar lymph nodes, where massive death of
lymphocytes is linked to high IL-6 level and fas-induced apoptosis (Feng et al.
2020). Since CD8+ T cells require HLA-Class I for their activation via TCR and IL-6
doesn’t affect the expression level of HLA-Class I molecules, so similar mechanism
of apoptosis doesn’t seem to operate in this condition. However, T cell exhaustion
and activation can be the underlying mechanism for the elimination of CD8+ T cells
(Diao et al. 2020). Higher levels of co-stimulatory and inhibitory molecules like
CTLA-4, CD137, TIM-3, PD-1, NKG2a, etc. have been reported in several studies.
In addition, the levels of these markers were found high in severe disease as
compared to mild disease. Besides the frequency, the functionality of CD4 and
CD8 T cells has also been shown to be altered, as these cells produced low quantities
of IFN-Υ and TNF-α on PMA stimulation and the CD8 cells expressed lower levels
of cytotoxic molecules Granzyme B, Granzyme A, perforin, and CD107a (Yang
et al. 2020). While the frequency of Th-17 cells is increased in the severe COVID-19
patients (He et al. 2020), the naive as well as induced T-regulatory cells, are reported
to be decreased (Qin et al. 2020). Apart from effector T-cell subsets, the memory
T-cells are also generated that fight against reinfection. Usually, the memory CD4+
T cells upon re-stimulation trigger B cells and other cells via cytokine production,
and the CD8+ cytotoxic memory T cell destroy the virus-infected cells on
re-exposure. In recent reports, the COVID-19 patients show a reduced level of
memory T cells, which may aggravate the inflammatory response leading to cyto-
kine storm and enhanced tissue damage and organ failure (Qin et al. 2020). In an
animal model, when CD4+ memory T cells were administered through the intranasal
route, it leads to a protective affect against human coronavirus. In addition, upon
re-stimulation, these memory T cells were able to produce IFN-Υ and also recruit
CD8+ cells and cause rapid clearance of SARS-S366 peptides (Zhao et al. 2016).
Thus, various studies reveal the dynamics of T-cell number and functional status
during SARS-CoV2 infection and also indicate the important relationship between
these parameters and the disease profile. Large-scale multi-centric studies are how-
ever warranted from different geographical locations in the world to precisely
understand the role of T-cells in the pathogenesis of COVID-19.

14.4.7 B-Cell Responses

Apart from T-cell responses, humoral responses also play an important role in the
clearance of viruses and it has been observed that B-cell responses start to appear
within the first week following the onset of the COVID-19 symptoms. Similar to
SARS-CoV1 infection, seroconversion occurs in COVID-19 patients between 7 and
14 days after the infection. The initial response occurs against the nucleocapsid
(N) protein and later the antibody production continues to occur against the
S-proteins (Dienz et al. 2009). Many studies support the fact that antibodies against
the S-proteins can block the virus attachment to the ACE2+ cells (Tai et al. 2020).
However, there are many questions, which are still unanswered with regard to the
cross-reactivity of antibodies against alpha and beta coronaviruses, although it seems
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that most likely the cross-reactivity seems to appear between SARS-CoV and SARS-
CoV2, which share 90% of the amino acid sequence in S1 (Walls et al. 2020). IgM
and IgA are usually detected within the first week of symptoms onset while IgG
antibodies are detected around 14 days after the initial symptoms (Guo et al. 2020).
Comparing the mild and severe cases, there was no significant difference in the
production of IgG and IgA levels, while there was a slight reduction in the level of
IgM in severe cases (Zhang et al. 2006). The B cell responses provide both
immediate protection from the initial challenge besides exerting extended immunity
against reinfection. Memory B cells can quickly respond to the reinfection by
generating new high-affinity plasma cells while long-term protection is achieved
through long-lived plasma cells and memory B cells. Thus, understanding how long
the lifespan of B cells memory remains against SARS-CoV2 will be interesting. Due
to the short time elapsed it has not been possible yet to understand but from the past
human CoVs we have understood that in the case of SARS-survivors who were
followed up for 6 years, the majority of patients had undetectable levels of anti-
SARS CoV antibody and none of them showed the level of memory B cells. In
contrast, the T-cell specific memory was present in about half of the SARS survivors
(Abbasi 2020). In the case of MERS-CoV, the antibodies were detected in most of
survivors after even 3 years of infection (Payne et al. 2016). Thus, studies from
SARS-CoV1 and MERS-CoV indicate that virus-specific antibodies wane out with
time and results in partial protection in case of reinfection. In SARS-CoV-2 infection,
however, it has recently been shown that the virus causes an early disruption of
germinal centers due to loss of Bcl6 expression on T-follicular helper cells (Tfh
cells), which are absolutely required for the maintenance of long-living antibody-
secreting plasma cells in the germinal center (Kaneko et al. 2020). This explains the
dysregulated humoral immune induction in COVID-19 disease besides providing a
mechanistic explanation for the limited durability of antibody responses in corona-
virus infections. So, further long-term studies are needed to check on the degree and
extent of the long-term protection.

A few research groups are beginning to question whether anti-SARS-CoV2
antibodies might be detrimental to the patients. It is postulated that antibodies can
bind to viral fragments and can cause complement activation, which can exacerbate
the disease. Secondly, antibody response to CoV might contribute to antibody-
dependent enhancement (ADE). This phenomenon is observed when
non-neutralizing virus-specific IgG antibodies facilitate the entry of the virus
particles into the Fc receptor-expressing cells (macrophages and monocytes) and
thereby leads to the activation of these cells. However, direct evidence for ADE in
COVID-19 patients has not been reported so far. Thus, during the development of
therapeutic targets for SARS-CoV2, the possibility of ADE should be considered
(Fig. 14.2).
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14.5 Viral Response During the Infection by SARS-CoV-2

14.5.1 Cytokine Storm in COVID-19

The term “Cytokine Storm” dates back to 1993 when it was initially reported in case
of graft vs host disease (GVHD) and was used to describe an overactive immune
response, which can be triggered by a variety of factors like virus infection, autoim-
mune disease, and immunotherapies. Under normal conditions, a balance is
maintained between pro-inflammatory and anti-inflammatory cytokines, which can
be broken under viral infection by abnormal activation of immune cells like dendritic
cells, macrophages, and lymphocytes. These abnormally activated immune cells
could lead to the overproduction of cytokines, among which the pro-inflammatory
cytokines in a positive feedback loop mechanism could further activate more
immune cells. Thus, the formation of a “cytokine storm” leads to a sort of suicidal
attack that not only contributes to the elimination of pathogenic microorganisms but
also causes tissue injury affecting many organs. The cytokine storm leads to a
systemic inflammation syndrome known as cytokine release syndrome (CRS),
which has previously been reported in SARS-CoV-1 and MERS-CoV patients, as
well as in leukemia patients receiving engineered T cell therapy (Chen H et al. 2019).
In SARS-CoV-1, immune cells triggered the production of pro-inflammatory

Fig. 14.2 Immunopathology of COVID-19: Numerous cells and molecules are involved
in pathogensis of the disease
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cytokines like IL-6, IFN-α/γ, TNF-α and in MERS-CoV though delayed but
increased production of IL-6, IL-8, IL-1β, IFN-α has been observed. In addition,
one of the main causes reported for the deaths of patients with SARS-CoV and
MERS-CoV was the “cytokine storm.” A large number of factors are responsible for
the dysregulated release of cytokines in case of these infections. It is assumed that
once SARS-CoV2 binds to the ACE2+ epithelial cells in the lungs, rapid viral
replication in the first stages of the infection results in high pro-inflammatory
responses. In addition, the virus induces the release of large amounts of proteins
that are known to delay IFN responses, which further provoke an accumulation of
pathogenic inflammatory monocyte-macrophages. This, in turn, results in even
higher production of cytokines in the lungs and the recruitment of more immune
cells. The consequences of this hyper-inflammatory cascade are diverse, ranging
from the dampening of T-cell responses, which leads to an even less controlled
inflammatory response, to the apoptosis of epithelial cells, vascular damage, and
ARDS (Fig. 14.3) (Channappanavar and Perlman 2017).

In the case of COVID-19 the patients in the critical stage, needing intensive care
hospitalization and oxygen therapy, had higher levels of plasma inflammatory
cytokines IL-2, IL-7, IL-10, G-CSF(granulocyte colony-stimulating factor), IFN-γ
and MCP, and TNF-α circulating in the blood as compared to patients with mild or
no symptoms, thus indicating a positive correlation between cytokine storm and
disease severity. These listed cytokines suggest that both Th1 and Th2 responses are

Fig. 14.3 Schematic Representation of the cytokine storm in COVID-19
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involved in COVID-19 pathogenesis, unlike SARS-CoV infection. It is becoming
evident from many published reports that the IL-6 and GM-CSF cytokines released
by T lymphocytes and mononuclear cells are the key link of cytokine storm in
COVID-19 in adult patients (Siddiqi and Mehra 2020). Although not much data is
yet available from pediatric patients, yet the available literature indicates similar
involvement of IL-6, IL-10, and IFN-γ in the severity of disease in children below
15 years of age. Thus, early recognition and prompt treatment can lead to better
outcomes. Several biological agents targeting cytokines have been proposed for
treating Cytokine storms. Anakinra, an IL-1 receptor (IL-1R) antagonist, which is
used in the treatment of rheumatoid arthritis, has also proven to be helpful in
cytophagic histiocytic panniculitis with secondary hemophagocytic
lymphohistiocytosis, a disease associated with severe cytokine storm, is been pro-
posed and under trial (NCT04324021). Tocilizumab, a recombinant humanized IL-6
receptor antagonist that interferes with IL-6 binding to its receptor and blocks
signaling, being the other one. Tocilizumab is already being used in the treatment
of rheumatoid arthritis, juvenile idiopathic arthritis, and has proven valuable in the
treatment of Cytokine storm triggered by CAR-T cell therapy for hematological
malignancies. Thus, tocilizumab can be used as a candidate drug in managing the
cytokine storm accompanying COVID-19 (Xu et al. 2020). Sarilumab is another
IL-6R blocker that is being investigated in SARS-CoV-2 infection, which may
reflect a possible clinical benefit regarding early intervention with IL-6-modulatory
therapies for COVID-19. Thus, targeting cytokines during the management of
COVID-19 patients could improve survival rates and reduce mortality.

14.5.2 Emergence of Antigenic Drift in SARS-CoV-2

Several approaches and vaccines are being developed worldwide to combat the
COVID-19 pandemic. The major area of focus has been toward antibody-based
immunity to coronaviruses. In this context, based on some recent findings regarding
the detection of some mutations in the viral genome that may lead to the emergence
of viral species which are more infectious and highly transmissible in nature, the
attention has diverted to the fact whether these viruses evolve to escape recognition
by the immune system and if they do so what is the rate at which they change. Such
kind of a phenomenon is known as antigenic evolution. For example, infection with
the influenza virus produces antibodies that generally protect humans against that
same viral strain for at least several decades. Unfortunately, the influenza virus
undergoes rapid antigenic evolution to escape these antibodies, meaning that
although immunity to the original viral strain lasts for decades, humans are suscep-
tible to infection by its descendants within about 5 years (Couch and Kasel 1983).
This continual antigenic evolution is the reason that the influenza vaccine is periodi-
cally updated. Similarly, in the case of SARS-CoV2, recently a new strain has been
detected in a sizable number of infected individuals in the United Kingdom and has
been given the code name B.1.1.7. Though only limited data is available on
coronavirus antigenic evolution but a few studies conducted in 1980s on 229E strain
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showed that individuals infected with one strain of 229E were resistant to reinfection
with that same strain but partially susceptible to a different strain, which evolved
from the original strain of virus (Reed 1984). Additional experimental studies
suggest that sera or antibodies can differentially recognize spike proteins from
different 229E strains (Shirato et al. 2012). Thus, consideration of antigenic drift
in the different sub-strains of the virus is imperative in the design of a “one size fits
all” universal vaccine to offer protection against the deadliest outbreak of this
century. Since many leading SARS-CoV-2 vaccines use new technologies such as
mRNA-based delivery that should make it easy to update the vaccine if there is
antigenic evolution in spike. So for these reasons, the antigenic mutation in SARS-
CoV-2 should be monitored as it might help in periodically updating the vaccine.

14.5.3 Vaccine Strategies

The widespread transmission of SARS-CoV2 infection across the globe has
accelerated the development of vaccines using S-protein as the target antigen.
Various vaccine platforms are being used, from traditional whole pathogen vaccine
(live-attenuated vaccine, inactivated vaccine) to new generation vaccines (recombi-
nant protein vaccine, vector-based vaccine) (Table 14.1). Some of these vaccines
have already completed clinical trials showing a high level of immunogenicity and
safety. Looking at the satisfactory levels of efficacy of these vaccines against the
severe forms of the disease the manufacturers of these vaccines have submitted the
interim analysis data to the regulatory bodies of different countries including WHO
and got “Emergency use approval” in many countries world over. The vaccination
drives have already started in these countries with the United States and India
top-listing.

14.6 Summary

In December 2019, an outbreak of COVID-19 emerged in Wuhan city of China and
soon it spread to different parts of the world. The rapid spread and increasing
mortalities from this disease have alarmed the whole world and demanded urgency
in both basic science and clinical research and each nation has met the current need
with remarkable productivity. Within a short span of time, there has been a genera-
tion of enormous data which helped us to understand the basic pathophysiology of
SARS-CoV2, but still, there remain many grey areas. Studies from the past on
SARS-CoV and MERS-CoV have helped us better understand the current new
virus but besides many similarities, there is considerable difference in the host
immune response and disease profile as far as the SARS-CoV2 infection is
concerned. The most devastating response to the viral infection studied so far is
the excessive inflammation and cytokine release syndrome in COVID-19. Therefore,
it is important that these immune mechanisms are further studied in larger group of
patients so that better therapeutic strategies for COVID-19 can be developed.
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Table 14.1 Overview of Current COVID 19 Vaccine Candidates

Vaccine
Platform Features Limitations Organizations

Live
attenuated

Resembles natural
infection
Live pathogen with
reduced virulence
Stimulates immune
system by inducing
TLRs
Strong immune
response
Long term
immunological
memory

Extensive testing
Causes risk to immune-
compromised patients
Higher reactogenicity
Reverse to the virulent
form
Requires great viral gene
knowledge

Codagenix and Serum
Institute of India are
developing

Inactivated
virus
vaccine

Produced by
inactivating or killing
the pathogen
Weaker immune
response compared to
live attenuated
vaccine
Adjuvants are needed

Booster dosage is
required to maintain
sustain the immune
response

Wuhan Institute of
Biological Products
(VeroCell)
Sinovac Biotech
(PicoVacc)
Beijing Institute of
Biological Science
(BBIBP-CoV)
Bharat Biotech (Covaxin;
BBV152A/B)

Protein
sub-unit
vaccine

Based on synthetic
peptides/recombinant
antigenic peptides
S-protein and its
antigenic targets most
suited
Safe with fewer side
effects
Cost-effective

Requires adjuvant to
potentiate vaccine-
induced immune
response
Memory for future
response is doubtful

Novavax
(NVX-CoV2373-
nanoparticle-containing
full-length spike
glycoprotein)
University of Queensland
Univ. Of Pittsburg
(PittoCoVacc-microarray
needle-based vaccine)
Premas Biotech India
(Triple antigen vaccine-
Spike, Envelope and
Membrane protein)

Viral
vectors
based
vaccine

Adenovirus vector-
based
Induced cellular and
humoral immunity
Safe and strong
immune response
Great potential for
prophylactic use

Reduced efficacy in some
cases due to prior
exposure of the host
against the vector

Univ. Of Oxford
(ChAdOx1-nCoV19)
Serum Institute of India
(Covishield)
Casino Biological Inc./
Beijing Institute of
Biotechnology
(Ad5-nCov)
Johnson and Johnson
(Ad26.CoV2-S)
Gamaleya Research
Institute (Gam-COVID-
Vac)

(continued)
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Currently, few vaccine candidates have been approved for administering in healthy
volunteers but mass production and making the vaccine available world-over and
administrating it globally is another major challenge, which is going to be faced in
coming times. The success of the vaccine or any other therapy would further depend
on the emergence of escape mutants of the virus. Hence, further investigations are
required in order to reach precise and most efficient ways to combat this global
health issue.
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Table 14.1 (continued)

Vaccine
Platform Features Limitations Organizations

mRNA
vaccine

Two kinds—
nonamplifying
mRNA and self-
amplifying mRNA
(saRNA)
Translation occurs in
the cytosol of the host
cell
Rapid vaccine
development
Flexible
Mimics antigenic
structure as seen in
natural infection

Newer platform
Previously not been in
human clinical trials
Needs formulation
Shows instability

Moderna (mRNA-1273)
BioNTech and Pfizer
(BNT162)
Imperial College of
London (saRNA-based
vaccine)
Arcturus, Singapore
(saRNA-based vaccine)

DNA
vaccine

Encodes antigen and
an adjuvant
Develops at an
accelerated pace and
is cost-effective
Generates cellular and
humoral responses
Safe to handle as it
doesn’t involve viral
particles
Thermally stable,
fewer refrigeration
requirements

Insertion of foreign DNA
might trigger
abnormalities in the host
cell
Might degrade due to the
host enzyme activity

Inovio Pharmaceuticals
(INO-4800)
Osaka University, Takara
Bio. (AGO301-COVID-
19 and AGO302-COVID-
19)
Genexine Consortium
(GX-19)
Cadila Healthcare Limited
(nCOV-Vaccine)
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