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Introduction

The coronavirus disease-2019 (COVID-19) pandemic has caused
unprecedented global health, social, and economic challenges. As of
April 2023, over 674 million people have been infected with severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
causative agent of COVID-19, and more than 6.9 million people
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have died worldwide !'l. The rapid spread of this virus has
necessitated the development of effective interventions and vaccines
to control its transmission and mitigate its effects.

Immunological protective mechanisms against SARS-CoV-
2 infection involve both innate and adaptive immune responses. The
innate immune system is the first line of defense against viral
infections. It provides immediate and nonspecific responses to
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eliminate pathogens. It has several components, such as complement
proteins, natural killer cells, dendritic cells, and macrophages, which
work together to detect and eliminate invading viruses 2.

During SARS-CoV-2 infection, innate immune cells
produce a range of proinflammatory cytokines and chemokines,
including interleukin (IL)-6, IL-1p, tumor necrosis factor (TNF)-a,
and interferons (IFNs), to mount an early immune response [l
Although these cytokines are essential for the activation of adaptive
immunity, their dysregulated production can lead to an excessive
inflammatory response, resulting in tissue damage and organ
dysfunction, a phenomenon known as cytokine storm [*. Adaptive
immunity consists of humoral immunity and cellular immunity,
representing the interdependent and complementary arms of the
immune system /. Humoral immunity involves the production of
virus-specific antibodies by B cells, which can neutralize viral
particles, prevent their entry into host cells, and promote their
clearance by phagocytic cells . Conversely, cellular immunity
involves the activation of T cells, which can recognize and eliminate
the infected cells and prevent viral replication (Fig. 1) 7!,

The levels of neutralizing antibodies and memory B cells
were found to be correlated with the severity of COVID-19 and
patient age #°!. Similarly, T-cell responses were shown to be crucial
for the control of SARS-CoV-2 infection, and their dysfunction was
associated with severe COVID-19 and mortality %!, However, the
role of humoral and cellular immunity in providing protective
immunity against SARS-CoV-2 infection remains a subject of
intense investigation and debate. Some studies have suggested that
neutralizing antibodies are the primary mediators of protection
against SARS-CoV-2, as they can prevent viral entry and can
promote viral clearance !, Other studies have proposed that cellular
immunity plays a more crucial role in controlling SARS-CoV-2
infection and preventing disease progression, as it can recognize and
eliminate infected cells, even in the absence of neutralizing
antibodies 3.
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The timing, quality, and magnitude of the immune response,
as well as the viral load and genetic variability of the virus, can
influence the relative contribution of humoral and cellular immunity
against SARS-CoV-2 !'¥l. Moreover, the emergence of new SARS-
CoV-2 variants with mutations in the spike protein, the main target
of neutralizing antibodies, has raised concerns regarding the efficacy
of current vaccines and the durability of protective immunity 5!,

Immunological defense mechanisms against
SARS-CoV-2 infection

Innate immune responses

The immune system plays a crucial role in protecting the body from
pathogens such as bacteria, viruses, and parasites I'%!7l, The immune
system is divided into innate immunity and adaptive immunity '8!
(Fig. 1). Innate immunity is the first line of defense against
pathogens and is essential in initiating the immune response. This
response is nonspecific and does not rely on previous exposure to a
specific pathogen "I, The host immune system identifies the viral
particles or its surface epitopes, activating both the innate and
adaptive immune responses once the pathogen enters the target cells
(Fig. 2). In general, cytokines play a major role in mediating the
immune response to SARS-CoV-2 12, An interesting finding is the
increased secretions of proinflammatory cytokines and chemokines,
including TNF-a, monocyte chemoattractant protein-1 (MCP-1),
IFN gamma-induced protein 10 (IP-10), and macrophage
inflammatory protein-1-alpha (MIP-1A), during SARS-CoV-2
infection !, Another important finding was as follows: C-reactive
protein, IL-6, and neutrophils were all detected in high rates with
approximately 86%, 52%, and 38%, respectively, among 99 patients
with COVID-19 in Wuhan 1221,
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Fig. 1. The adaptive immune system has two main arms: A: the humoral response, which involves B cells producing antibodies to
prevent infection, and B: the cellular response, which involves T cells identifying and Kkilling infected cells. Both arms work together to
provide immunity against pathogens. (Courtesy of Schwarz et al., 2022) %3
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The innate immune response consists of physical barriers, cellular
components, and soluble factors that work together to recognize and
eliminate pathogens. One of the primary physical barriers is the skin,
which acts as a physical barrier against invading pathogens. In
addition, the mucosal surfaces of the respiratory, gastrointestinal,
and urogenital tracts are essential physical barriers. These surfaces
produce mucus, which traps pathogens, and contain cilia, which
move the mucus and any trapped pathogens out of the body 2324l

Toll-like receptors (TLRs) are also an essential component
of innate immunity. These receptors are expressed on immune cells
and can recognize pathogen-associated molecular patterns that are
unique to pathogens %I, The activation of TLRs leads to the
production of cytokines and chemokines, which recruit immune
cells to the site of infection I'**31. Subsequently, TRIF triggers NF-
kB transcription factors and IRF-3 to stimulate TNF-$ and IFN-a
1191 The type I IFN pathway is one of the key mechanisms that the
innate immune system uses to combat viral infections. When a virus
invades a host cell, it triggers the production of type I IFNs, which
then bind to their receptors on nearby cells and initiate a cascade of
signaling events ", This signaling cascade activates the Janus
kinase (JAK)-signal transducer and activator of transcription (STAT)
(JAK-STAT) pathways, leading to the migration of phosphorylated
STAT-1 and 2, as well as tyrosine kinase-2 (TYK-2) and JAK-1
kinases, into the nucleus "°l. The upregulation of ISGs results in the
suppression of viral replication and ultimately reduces disease
severity 12631 Antigen-presenting cells (APCs) use MHC-1
receptors on the surface of CD4+ T-helper cells to present antigens
of coronaviruses (CoVs) and activate T-helper type-1 (Th-1) cells by
releasing IL-12 subunits, which are costimulatory molecules "],

However, the excessive expression of chemokines and
cytokines from immune effector cells can lead to hyperinflammation
and acute respiratory distress syndrome (ARDS) 193234 In
particular, chemokines CXCL-10, CXCL-9, CXCL-8, CCL-5, CCL-
3, and CCL-2 and cytokines 1L-33, IL-18, IL-12, IL-6, IL-1f, TNF-
a, transforming growth factor beta (TGF-B), IFN-y, and IFN-o are
known to be involved in the pathogenesis of ARDS [1%:32-34]

Pattern of cytokine expression post-SARS-
CoV-2 infection

In SARS-CoV-2 infection, studies have shown high levels of several
cytokines and chemokines, including vascular endothelial growth
factor (VEGF), TNF-0, HGF, and MCP-1 2135371 High levels of
VEGF have been detected in patients with COVID-19, particularly
in those admitted to intensive care units (ICUs). TNF-a, which is
crucial for regulating proinflammatory mechanisms, is also elevated
in patients with COVID-19, particularly in severe cases 1*3/. HGF is
secreted by damaged tissues, including pulmonary fibroblasts, and
high levels have been detected in the serum samples of patients with
COVID-19. MCP-1, a monocyte chemotactic molecule, is secreted
by several cell types and plays an important role in the antiviral
immune response *7l. High levels of MCP-1 have been detected in
patients with COVID-19, particularly in those admitted to the ICU,
and are linked to the pathogenesis of the virus 13,

IFN-y is a type I IFN that is produced by various myelocyte
and lymphocyte cells, including macrophages, monocytes,
neutrophil granulocytes, dendritic cells, NKCs, B cells, FoxP3+
CDS8 T cells, CD8+ T cells, Treg cells, and CD4+ T cells *7-3, It has
a crucial role in several immunological functions, including APC
promotion, macrophage activation, and signal transduction, and acts
as an antivirus and antibacterial. A study found high levels of [FN-y
in the serum samples of patients with COVID-19, particularly
motivated by Th-1 and Th-2 cells 14",

[P-10, an IFN-y-induced chemokine, is secreted by various
cells, including dendritic cells, neutrophils, fibroblasts, endothelial
cells, keratinocytes, hepatocytes, and astrocytes 1¢l. It regulates the
immune system responses by activating and recruiting monocytes,
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NKCs, and T cells, following its binding to CXCR-3 *%l, In addition,
the overproduction of IP-10 accelerates disease progression *!I,
Patients with severe COVID-19 have also shown a significant
increase in IP-10 expression, which is linked to disease progression
and high mortality rate, along with the expression of IL-1Ra and
MCP-3 401,

Granulocyte-macrophage colony-stimulating factor (GM-
CSF) is a heterodimeric complex that can bind to Granulocyte
colony-stimulating factor (G-CSF) and homodimerize. It is mainly
produced by the endothelium, fibroblasts, epithelial cells,
hematopoietic cells, and stromal cells and plays a crucial role in the
inflammatory process by stimulating the production and activation
of various immune cells. High levels of G-CSF have been detected
in patients with severe COVID-19 and are associated with
multiorgan failure and lung atrophy. M-CSF, also known as CSF-1,
plays a major role in regulating the development and differentiation
of hematopoietic cells, mainly monocytes, macrophages, and
osteoclasts !l. High levels of M-CSF have been detected in patients
with COVID-19 and are directly linked to lung failure and disease
severity ¥7),

IL-1, produced by activated macrophages and monocytes,
contributes to the immune system’s response to inhibit infection 1°l,
High levels of IL-1Ra and IL-1a have been detected in patients with
severe COVID-19 and are closely linked to lung damage, reduced
pulmonary function, and an increased mortality rate 1. IL-2 is
crucial for maintaining self-tolerance, controlling the immune
system, and inhibiting autoimmune diseases *¢/. High levels of IL-2
and its receptor IL-2R have been detected in patients with severe
COVID-19 138 1L-4 has anti-inflammatory properties and plays an
important role in regulating immune cells. High levels of IL-4 have
been detected in patients with COVID-19 and severe respiratory
symptoms due to cytokine storm *°!. In addition, IL-6 is produced
by various cells and has multiple effects on the body, including
regulating immune responses, inflammation, and blood cell
formation 21-2%351_ Studies have found that IL-6 levels are higher in
severe COVID-19 cases than in mild cases and other viral infections
such as severe acute respiratory syndrome and Middle East
respiratory syndrome “!l. High IL-7 levels have been found in
patients with COVID-19 and are directly associated with disease
severity 1*8l, TL-10 can block proinflammatory cytokines and can
inhibit the immune response **.. However, it can also stimulate the
immune system in certain situations. High IL-10 levels have been
found in severe COVID-19 cases and may serve as a predictive
indicator of disease progression 22!,

IL-12 and IL-13 are involved in inducing tissue responses to
infections and be directly related to the viral load in patients with
COVID-19 22351 TL-17 level, another proinflammatory cytokine, is
elevated in patients with COVID-19 with severe symptoms as a part
of the cytokine storm mechanism 1*5,

Adaptive immune responses

APCs contribute to the production and expression of
proinflammatory cytokines by activating NF-«kB signaling pathways
19431 During SARS-CoV-2 infection, the release of
proinflammatory cytokines, particularly IL-17, is elevated, leading
to the migration of monocytes and neutrophils to infection sites and
the stimulation of proinflammatory chemokines such as MCP-1,
TNF-B, IL-21, IL-8, IL-6, and IL-1 1923244546l The activation of
Th-1 cells also triggers the activation of CD8+ cytotoxic T cells,
which target and eliminate SARS-CoV-2-infected cells, and CD4+
T-helper cells enhance T-cell-dependent activation of B cells for
stimulating humoral immunity and inducing antigen-specific
antibody production 2344451 Following SARS-CoV-2 infection,
unique patterns of IgG and IgM antibodies are produced, with IgM
levels increasing and remaining high for up to 12 weeks and IgG
levels persisting for long periods %%, Exposure to CoVs can also
lead to the formation of cell-mediated immunity, specifically CD4+
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T cells and CD8+ memory T cells that can persist for up to 4 years
and can neutralize the S proteins during the first exposure to the
antigen “7*l. The development of potential CoV vaccines is

Alveolar
epithelium

Alveolar
Macrophages

Alveolar
Monocytes

promising, given the ability to induce long-lasting immunity in
humans, particularly in the context of the current SARS-CoV-2
pandemic 147,

SARS-CoV-2
particles

vy

Trachea

v
P
./ Diffused
Alveoli
Pulmonary Edema
[Fluid filled alveoli]

Fig. 1: SARS-CoV-2 targets cells of the respiratory system via ACE2 receptors and evades IFN antiviral responses. The presence of the
virus leads to proinflammatory cytokine production, resulting in immune cell infiltration and severe immune reactions causing pneumonia
and pulmonary edema. CD4+ T-helper cells and CD8+ effector T cells are recruited to the site of infection to destroy virus-infected cells
in the lungs. B cells/plasma cells are activated to generate anti-SARS-CoV-2-specific antibodies to disrupt the viral distribution and offer
systemic humoral immune responses in various organs (Adapted from Shah et al. 2020) 3%,

A reduction in T-lymphocyte levels has been linked to increased
apoptosis mechanisms and poor outcomes in patients with COVID-
19 1501,

Antibody responses to SARS-CoV-2 infection

In response to viral infections, B and T-lymphocyte cells work
together to create lasting immune responses *!!. During SARS-CoV-
2 infection, adaptive immune responses are needed to prevent
disease progression to its severe stages |52, The presence of specific
immunoglobulin antibodies, such as IgA, IgM, and IgG, contributes
to a better outcome for infected individuals 53571, These antibodies
can neutralize the viral particles by binding to the S glycoprotein and
other membrane proteins 58!, Early and rapid antibody responses can
be achieved by either naive B cells or memory B cells that have been
informed by prior human CoVs 5/, The balance between these two
types of immune cells may have a positive effect on the clinical
consequences of the viral infection 1581,

When do humoral immune responses appear
and how long do they last?

Following SARS-CoV-2 infection, those infected show humoral
immune responses between day 10 and day 21 postinfection. IgG
and IgM antibodies develop between 6 and 15 days after illness
onset 151, Within the first week from symptom onset, antibody levels
were detected in <40% of patients with COVID-19 15860611 Patients
with detectable antibodies increased to 100% (total antibodies) at
day 15 postsymptom onset. [gM and IgG antibody levels among
patients with COVID-19 may persist for more than 7 weeks in 80%
of the reported cases [**l. On the basis of the dynamics of the
antibodies and clinical-onset serial intervals of COVID-19, the
duration of protective immunity against infection may remain
between 6 and 12 months (9364, The effective implementation of
convalescent plasma in patients with severe COVID-19 supports the
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role of antibodies in viral eradication %5, The detection of antibodies
and correlates of protection to SARS-CoV-2 does not provide a
protective immune response, as they have not yet been studied in
detail 196:671,

Longitudinal observation and decline in
neutralizing antibody responses

Studies have shown a significant decline in the levels of neutralizing
antibodies and anti-SARS-CoV-2-specific IgG antibodies in patients
with both symptomatic and asymptomatic COVID-19 2-3 months
after symptom onset [°*l. Some patients have been found to provide
low levels of neutralizing antibodies within 3 months of recovery
1691, Even after releasing patients with asymptomatic infection from
isolation, approximately 40% of them tested negative for anti-
SARS-CoV-2-specific IgG antibodies 8 weeks later 7’1, The
differential susceptibility of COVID-19 between children, adults,
and older people does not reflect the quantitative differences in
antibody titers 9], A correlation was found between antibody titers
and cumulative viral load. Individuals with very mild exposure may
display undetectable antibody responses %!,

T-cell immune response to SARS-CoV-2
infection

Human cells infected by SARS-CoV-2 can present epitopes from
viral proteins through MHC class I antigen-presenting molecules on
the cell surface, leading to the activation of CD4+ and CD8+ T cells
and induction of humoral and cell-mediated immune responses. Four
subsets of T-lymphocyte cells, namely, CD4+ T-helper cells, CD8+
T cells, T-helper 17 (Th-17), and regulatory T cells (Tregs), are
involved in inducing effective immune responses to SARS-CoV-2
infection 7171,
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Mechanisms of T-lymphocyte cell responses

Infected human cells can present epitopes of viral proteins through
MHC class I molecules, inducing CD4+ and CD8+ T-cell responses
that stimulate humoral and cell-mediated immune responses. CD4+
T-helper cells enhance cellular immune responses and stimulate B
lymphocytes to secrete neutralizing antibodies, and CD8+ T cells are
responsible for the direct killing of infected cells 78], Th-17 and
Tregs control infection and prevent tissue destruction 78, All T-
and B-cell subtypes develop immunological memory cells after a
primary encounter with a pathogen, providing effective immune
responses upon encountering the same or closely related pathogens
1811 Characterization of T-lymphocyte cells against SARS-CoV-2 S
protein has been established for designing effective vaccines and
understanding long-term immune responses ®2l. Both mild and
severe COVID-19 cases display a decreased absolute number of T
lymphocytes, chiefly CD4+ T cells and CD8+ T cells, with severe
cases showing lowered expression of [FN-y by CD4+T cells [#21. The
independent prediction of ineffective treatment outcomes was
identified following post-treatment with a decrease in B cells and
CD8+ T cells and an increase in CD4+/CD8+ T-cell ratio #1.

Presence of SARS-CoV-2-specific T cells pre-
and postinfection

T cells play a crucial role in combating SARS-CoV-2 infection both
during acute illness and in recovered individuals. Specific CD4+ T-
helper cells and killer CD8+ T cells have been detected in patients
with and without humoral-mediated immunity, including those who
repeatedly tested negative for the virus 1/, T-cell memory responses
are also important for long-lasting cell immunity and can contribute
to the production of virus-neutralizing antibodies in the blood and at
mucosal infection sites |*¥. Neutralizing antibody titers correlated
with antiviral T-cell immune responses. However, data available on
cell-mediated immunity, particularly T-cell immune responses, in
human CoV studies are still limited ¢/,

Can pre-existing cross-reactive immune
responses provide effective protection against
SARS-CoV-2 infection?

A study showed that T cells play a vital role in combating SARS-
CoV-2 infection, even in individuals without developed humoral-
mediated immunity or a history of virus exposure %!, Memory T
cells also contribute to long-lasting immunity and can enhance the
production of virus-neutralizing antibodies #?!. The duration of the
effective immune responses to SARS-CoV-2 infection is still
unclear, and pre-existing immunological memory cells from other
human coronaviruses may complicate the understanding of the
correlation with SARS-CoV-2 infection 158, However, evidence
suggests that pre-existing cross-reactive T-cell memory against
common cold CoVs can provide protective immune responses
against SARS-CoV-2. Further research is needed to determine the
significance of these cross-reactive responses in unexposed healthy
and infected individuals. The absence of pre-existing immunity is
believed to be a contributing factor to the rapid outbreak and
transmission of SARS-CoV-2 1831,

What causes T-cell exhaustion in cases of
persistent SARS-CoV-2 infection?

The dysfunction of T cells during COVID-19 is characterized by
reduction and exhaustion, which may be induced by cytokines such
as IL-10, TNF-a, and IL-6 15521, Low T-cell numbers and exhaustion
increase the likelihood of severe disease progression and
susceptibility to secondary infections [°!l. Further research is needed
to understand the role of T cells in COVID-19 progression and
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recovery, including the longitudinal course of SARS-CoV-2-specific
T cells in recovered patients, the role of Treg cells in cytokine storm
syndrome, and the relationship between anti-SARS-CoV-2 IgG
antibodies and disease severity %3, In addition, the mechanisms for
removing SARS-CoV-2 infectious particles remain incomplete 2],

Conclusion and future research direction

The emergence of SARS-CoV-2 has led to a global threat with a
wide range of clinical symptoms. Innate and adaptive immune
responses are essential for eliminating the virus; however, excessive
cytokine expression can lead to severe pathology. The reduction in
the number of CD4+ and CD8+ T cells in severe cases is due to an
increased apoptosis process. The antibody immune response can last
for 6-12 months, with the SARS-CoV-2 S protein being a useful
protein indicator for vaccines and treatments. Vaccine development
requires essential factors such as safety, stability, and durability.
Although reinfection has been detected, primary infection with
SARS-CoV-2 may provide some protection. Further research is
needed to understand T-cell immunity and antibody responses. B and
T cells may play a crucial role in managing and halting this
pandemic.
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