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Abstract

Coronavirus disease (COVID-19) is a viral infectious disease caused by the severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) virus. The infection was reported in Wuhan, China, in late December 2019 and has become a major
global concern due to severe respiratory infections and high transmission rates. Evidence suggests that the strong
interaction between SARS-CoV-2 and patients'immune systems leads to various clinical symptoms of COVID-19.
Although the adaptive immune responses are essential for eliminating SARS-CoV-2, the innate immune system may,
in some cases, cause the infection to progress. The cytotoxic CD8™ T cells in adaptive immune responses demon-
strated functional exhaustion through upregulation of exhaustion markers. In this regard, humoral immune responses
play an essential role in combat SARS-CoV-2 because SARS-CoV-2 restricts antigen presentation through downregu-
lation of MHC class | and Il molecules that lead to the inhibition of T cell-mediated immune response responses.

This review summarizes the exact pathogenesis of SARS-CoV-2 and the alteration of the immune response during
SARS-CoV-2 infection. In addition, we've explained the exhaustion of the immune system during SARS-CoV-2 and the
potential immunomodulation approach to overcome this phenomenon.
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Background

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is caused by the coronavirus (COVID-19), a com-
mon human-animal pathogen that causes severe damage
to the human respiratory system. COVID-19 spread rap-
idly in Wuhan, China, in late December 2019 and has
become a primary global concern. This infection causes
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severe clinical symptoms in patients with COVID-19,
such as acute respiratory distress, hypoxemia, dysp-
nea, cytokine release syndrome, and lymphopenia [1, 2].
The piece of evidence suggested that homeostasis of the
innate and adaptive immune system plays a critical role
in developing pneumonia and other clinical symptoms in
patients with COVID-19 [3].

SARS-CoV-2 is a linear positive-sense (+) single-
stranded RNA (ssRNA) virus and a significant mem-
ber of the large coronaviruses group (4). Interaction of
SARS-CoV-2 with the host cells occurs via attachment
of viruses spike (S) protein to the host angiotensin-con-
verting enzyme 2 (ACE2) receptor, processed by trans-
membrane protease serine 2 (TMPRSS2). TMPRSS2 is a
critical fusion peptide for fusing the virus into the host
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cells [4]. SARS-CoV-2 and other coronaviruses encode
several non-structural manipulating virulence pro-
teins that interact with the host immune system, caus-
ing alteration of host cells’ physiology [5]. Although the
interaction between SARS-CoV-2 with the host immune
system, underlying molecular immune mechanisms, and
the cause of the difference in clinical symptoms have
been studying since the virus identification, the means by
which the virus causes immune evasion and exhaustion
has not entirely been elucidated [6]. Interaction between
SARS-CoV-2 and the host immune system is one of the
significant causes of diversity in clinical signs of COVID-
19 so that some individuals with COVID-19 remain
asymptomatic. In contrast, others indicated severe clini-
cal complications, such as acute respiratory distress and
pneumonia [7, 8].

SARS-CoV-2 stimulates several host immune
responses such as increased synthesis of interferons type
I (IFNs), induction and maturation of dendritic cells
(DCs), and increased secretion of inflammatory factors,
which are essential in limiting the spread of viruses [9].
In addition, SARS-CoV-2 causes activation of both innate
and acquired immune responses. CD8+ T cells directly
kill infected CD4+ T cells as well as stimulate B cells to
secret virus-specific antibodies such as immunoglobu-
lin G (IgG) and immunoglobulin M (IgM). T helper cells
secrete various mediators such as pro-inflammatory
cytokines to amplify immune response and help other
immune cells. In addition, the secretion of antibodies
and complement factors (C3a and C5a) by host immune
cells is critical in the antiviral immune responses. On the
other hand, SARS-CoV-2 can block the host immune
response by suppressing T cells by inducing apoptosis.
However, the underlying pathogenesis of SARS-CoV-2 in
the host immune system is less known [10-12].

Further recognition of SARS-CoV-2 interaction with
the host immune system is required to develop a novel
therapeutic approach against COVID-19. This review
summarises pathogenesis and immunological features of
SARS-CoV-2 and alteration of the host immune system
by SARS-CoV-2. Moreover, we discussed the exhaus-
tion of the host immune system by SARS-CoV-2 and
the potential immunomodulation approach to overcome
immune exhaustion.

Immune response to SARS-CoV-2

Innate immune response to SARS-CoV-2

The innate immune response is the first line for immu-
nological combat against SARS-CoV-2. SARS-CoV-2
enters the host cell through cathepsin L (CTSL) or
endocytosis following binding of SARS-CoV-2 spike (S)
protein to angiotensin-converting enzyme 2 (ACE2),
which is completed by transmembrane serine protease 2
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(TMPRSS2) or TMPRSS2-dependent direct fusion [13,
14]. After viral infection, pathogen-associated molecu-
lar patterns (PAMPs) and damage-associated molecu-
lar patterns (DAMPs), viral small molecular motifs, are
recognized by toll-like receptors (TLRs) or pattern rec-
ognition receptors (PRRs). Subsequently, intracellular
signaling cascades such as interferon regulatory factors
(IRFs) and nuclear factor-kappa B (NF-kB) are activated.
These events ultimately cause the production of pro-
inflammatory cytokines and type I interferons (IFNs) [15,
16]. Typically, IEN induces apoptosis induction to pro-
tect host cells from viral spread and provide an anti-viral
immune response limiting viral replication in infected
host cells. However, SARS-CoV-2, by expressing several
factors, such as open reading frame 6 (ORF6), suppresses
the production of anti-viral IFN-I response [17, 18]. The
initial delay of IFN-I response along with virus spread-
ing in host cells leads to disease progression and exacer-
bates inflammation. Therefore, IFN responses may play
an important role in heterogeneous disease severity in
patients with COVID-19 [3, 19].

The complement system is another component of
the innate immune response against SARS-CoV-2, a
rapid immune surveillance system that bridges innate
and adaptive immune responses [20]. In patients with
COVID-19, an excessive complement system activation
has been shown to be associated with intravascular coag-
ulation, endothelial cell dysfunction, and chronic and
acute inflammation [21]. Strong systemic or local activa-
tion of the complement system in patients with COVID-
19 provides a logical explanation for complement system
inhibition as a therapeutic approach in COVID-19 [22,
23].

Interaction of innate immune system and coagulation
system (a process called immunothrombosis) is dysregu-
lated in patients with severe COVID-19, causing local-
ized and/or systemic coagulopathy [24]. Recognition of
PAMPs and DAMPs by monocytes increases the expres-
sion of tissue factor (TF) expression, leading to activat-
ing the extrinsic coagulation pathway (24). Moreover,
the production of neutrophil extracellular traps (NETs),
a network composed of acetylated histones and neutro-
phil-derived DNA, by activated neutrophils, is necessary
to trap and kill invading SARS-CoV-2; however, it may
promote a severe procoagulant response (24). High pro-
duction of NETs has been frequently observed in patients
with COVID-19, which may be a reason for disease
severity [25, 26]. Innate immune response against SARS-
CoV-2 has been shown in Fig. 1.

Adaptive immune response to SARS-CoV-2
The adaptive immune response is the second line for
immunological clearance of SARS-CoV-2 through
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Fig. 1 The innate and acquired immune responses against COVID-19. In the natural immune system, dendritic cells, monocytes/macrophages,
neutrophils, and the production of Type 1 interferons come across against the COVID-19 virus. On the other hand, in the adaptive immune system,
B cells produce antibodies and T cells by differentiating to cytotoxic T lymphocytes (CD8+) or helper T cells (CD4+) interacting with the COVID-19
infection. pTLs (primary cytotoxic T lymphocytes) are activated by binding to MHC-1 on infected cells, differentiate to effector CTL and lysis infected
cells by producing perforin and Granzyme. Besides, T helper (Th) 1 cell can induce differentiation of pCTL to effector CTL by producing IL-2, IL-12,
TGF-B, and IFN-y, as well as Th2 cells, help B cells to produce antibodies by secreting IL-4, 5, 6, 10, and TGF-3
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destruction of infected host cells and production of virus-
specific antibodies by activated cytotoxic T-cells and
B-cells, respectively. Blood lymphopenia is a critical fea-
ture in patients with COVID-19, in which B-cells, CD4+
T-cells, and CD8+ T-cells have decreasing amounts (27).
Several essential processes are potentially involved in
COVID-19-associated lymphopenias such as cytokine-
induced pyroptosis and apoptosis of lymphocytes, virus-
induced lymphatic organs damage, sequestration of
lymphocytes in lungs or other organs, reduced hemat-
opoiesis of bone marrow, direct SARS-CoV-2 infection
of T-cells, and MAS-related haemophagocytosis [27-29].

Almost all COVID-19 patients with mild and mod-
erate disease severity demonstrate a robust adaptive
immune response by B-cells (antibodies production
against S-protein of SARS-CoV-2) and T-cells (against
S-protein, nucleoprotein, and membrane protein anti-
gens), which is consistent for several months after pri-
mary infection [30]. The number of CD4+ T-cells, CD8+
T-cells, and memory T cells is lower in patients with
severe SARS-CoV-2 disease, indicating an inadequate
anti-viral response against infection [31]. In addition to
the decreased levels of neutralizing antibodies activity,
lower levels of IgG have been observed in asymptomatic
patients compared to symptomatic patients [32]. Overall,
strong adaptive immune responses are associated with
milder and moderate disease severity and are essential
for optimally controlling viral infection [33]. Adaptive
immune response against SARS-CoV-2 has been shown
in Fig. 1.

Lymphocytes B and humoral immunity

against SARS-CoV-2

After primary COVID-19 infection, the humoral immune
system was activated through stimulation by CD4+
T helper cells or direct interaction with SARS-CoV-2.
However, patients indicate a different algorithm during
COVID-19 infection [34]. B-cells-secreted antibodies can
contribute to the clearance of infected host cells through
binding to viral antigens and directing natural killer (NK)
cells to kill them via antibody-dependent cell cytotoxicity
(ADCC) [35]. Subsequently, memory B-cells are formed,
an essential component of long-lasting immunity after
viral clearance. Although antibodies are vital compo-
nents in the release of viral pathogens, some antibodies
may lead to abnormal B cell activation and the progres-
sion of infection [36].

Since the secretory immunoglobulin A (IgA) protects
the mucosal respiratory tract against SARS-CoV-2, it is
typically considered the most critical immunoglobulin
in neutralizing SARS-CoV-2. In patients with COVID-
19 infection, IgA released earlier than other Immu-
noglobulins, remains longer than IgM, and stimulates

Page 4 of 10

the production of pro-inflammatory cytokines such as
monocyte chemoattractant proteins (MCPs) and inter-
leukin-6 (IL-6) [37, 38]. In addition, anti-SARS-CoV-2
IgA was identified in patients’ saliva and remained for
approximately three months after symptoms appearance
[39]. High levels of both IgG and IgA are associated with
severe COVID-19 infection [40]. Interestingly, although
IgA and IgG were detected in breast milk with Covid-
19, other body fluids lacked these antibodies. However,
seronegative patients mean no immunity [41].

The enhanced expression of several cytokines such as
IL-2, IL-6, MCPs, tumor necrosis factor-alpha (TNF-
a), granulocyte—-macrophage colony-stimulating fac-
tor (GM-CSF), macrophage inflammatory protein 1-a
(MIP-1a), and IFN-y-inducible protein 10 (IP-10) as well
as several chemokines such as chemokine C-C motif
ligand-2 (CCL2) and chemokine C-X-C motif ligands
(CXCLs) are observed in patients with SARS-CoV-2 [42—
44]. Although B cell responses have been shown to be
involved in harming patients with Covid-19, the underly-
ing molecular mechanisms and the precise role of B cells
in COVID-19 infection remain unresolved.

Lymphocytes T and cellular immunity

against SARS-CoV-2

Given the high number of infiltrated CD8+ T cells (80%)
recruited to the infected area, the researchers believe cel-
lular immunity is the first line of defense against SARS-
CoV-2 infection [45]. However, the exhausted infiltrated
T cells cause the reduction of non-exhausted CD8-+
T-cells in patients with severe COVID-19 [46]. The
overexpression of the natural killer group 2 member A
(NKG2A) receptor may be one of the leading causes of
CD8+ T-cells exhaustion [47]. Previous studies have
reported that NKG2A was upregulated in CD8+ T-cells
derived from patients with COVID-19 compared to
healthy subjects, while it has a decreasing expression pat-
tern in recovered patients [48, 49].

In addition, lymphopenia is another characteristic
of cellular immunity in patients with COVID-19 [50].
T-cells are significantly reduced in patients with severe
COVID-19, which less than 5% was associated with
a high mortality rate [51]. Remarkably, 85% of severe
COVID-19 patients with pneumonia indicate lymphope-
nia [52]. Therefore, the percentage of lymphocytes may
be employed as a biomarker to classify infection sever-
ity [53]. In addition, the number of cytotoxic NK cells
were reduced in patients with COVID-19 and was asso-
ciated with infection severity [54]. A piece of evidence
suggested that SARS-CoV-2 at first caused activation
of CD8+ T-cells, then, in turn, led to the exhaustion of
CD8+ T-cells. Over-activation of CD8+ T-cells induces
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uncontrolled cytotoxicity responses, leading to partially
tissue damages [55, 56].

Furthermore, SARS-CoV-2 can infect and deplete T
cells via binding of S viral spike to CD147 or CD26 on the
surface of T cells [57]. Mononuclear macrophage-derived
cytokines along with IFN-a and IFN-B cause T cells
death through apoptosis [58]. Regulatory T cells (Treg),
which play a critical role against respiratory infections,
are also affected in patients with COVID-19 [59, 60]. On
the other hand, T helper cells (Th1 and Th17) were over-
activated, inducing the B cells to produce specific anti-
bodies against SARS-CoV-2 [61, 62].

During viral infection, naive CD8+ T-cells recognize
the viral antigens presented on major histocompatibility
complex I (MHC I) by their T-cell receptors (TCRs) and
then are activated and undergo clonal expansion and dif-
ferentiation to effector CD8+ T-cells [63]. The effector
CD8+ T-cells secrete several cytokines such as TNF and
IFN-y and directly kill pathogenic viruses [64]. A high
proportion of effective T cells are directed to apoptosis
after the clearance of antigens. Subsequently, a popula-
tion of memory T cells is stored to fight COVID-19 re-
infection in the future. The memory CD4+ T-cells, upon
restimulation, trigger B cells, and other immune cells
through the production of cytokines, whereas memory
cytotoxic T-cells contribute to the destruction of infected
host cells during subsequent COVID-19 infection [6,
59, 65]. Unlike memory B cells, memory T cells are pre-
served for a long time against SARS-CoV-2. Notably,
both CD4+ and CD8+ memory T cells are efficient for
the immune response for approximately 3 up to 6 years
without the presence of any viral antigens [31].

Exhaustion of immune system during COVID-19

Persistent antigens in chronic viral infection impair the
growth of memory CD8+ T cells and impair the func-
tion of effective CD8+ T cells; this condition is called
CD8+ T cell exhaustion [66]. T cell exhaustion is a pow-
erful mechanism that disrupts the immune response
during chronic viral infection [67]. However, the under-
lying mechanisms that functional cytotoxic lympho-
cytes exhibited exhausted phenotypes during COVID-19
infection have remained obscure. Recent studies have
reported that CD8+ B-cells and CD8+ T-cells are suc-
cessful in the clearance of mild SARS-CoV-2 infection
[46]; whereas further studies on patients with COVID-19
disease have demonstrated that expression of immuno-
globulin mucin-3 (TIM-3) and programmed cell death
protein-1 (PD-1) upregulated in T cells that are associ-
ated with functionally exhaustion of CD8+ T cells [49,
68]. In addition, other pieces of evidence indicated that
CD4+ T cells and CD8+ T cells are exhausted in patients
with COVID-19 who have reduced expression of IFN-y
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and IL-21 [69, 70]. Expression of PD-1 is significantly
decreased in patients recovered from COVID-19 com-
pared to severe COVID-19 patients, demonstrating that
this exhaustion might be transient [28].

Total NK and CD8+ T cell counts have been shown
to be significantly reduced in patients with SARS-CoV-2
infection. NK and CD8+ T cells in patients with persis-
tence COVID-19 infection, which had upregulated levels
of NKG2A, exhibited an exhausted phenotype. Notably,
in patients recovering from treatment, NK and CD8+
T cells were restored by decreasing NKG2A expression,
implying that functional exhaustion of cytotoxic lym-
phocytes and NK cells is associated with SRAS-CoV-2
infection persistence. Hence, SARS-CoV-2 infection may
impair antiviral immunity in a time-dependent manner,
leading to depleted immune cells that are dysfunctional
against the virus [71, 72]. In both cytotoxic lymphocytes
and NK cells of patients with COVID-19 disease, the
expression of NKG2A has upregulated as well as expres-
sion of IFN-y, CD107a, granzyme B, and IL-2 is downreg-
ulated; this event is consistent with functional exhaustion
and disease progression [73-75].

On the other hand, a recent study by Zhang et al.
reported that the module score of CD8+ T cells exhaus-
tion was not significantly different between patients with
COVID-19 infection, even in patients with severe acute
respiratory distress syndrome, and healthy controls [76].
This discrepancy in the results of previous studies may
be due to differences in the disease severity criteria and
differences in demographic characteristics of the investi-
gated patients in multiple studies.

Biomarkers of T cell exhaustion in patients

with COVID-19

A recent study by Bobcakova et al. reported a signifi-
cantly lower proportion of CD38+HLA-DR+CD8-+
cells and a significantly higher proportion of CD38-+
CD8+ cells in COVID-19 fatal infections, which is asso-
ciated with functional exhaustion [77]. Increased expres-
sion of PD-1 in the absence of TIM-3 on CD3+ CD4+
and CD3+ CD8+ cells suggests the potential reversibility
of immune exhaustion in patients with the most severe
COVID-19 infection. In this regard, alone or combined
expression level of PD1 on CD4+ T-cells as well as the
expression level of CD38 on CD8+ T-cells could be
potential biomarkers in the prediction of disease sever-
ity and outcome in patients with COVID-19 [46, 77]. In
addition, Wilk et al. identified three exhaustion biomark-
ers include programmed cell death protein 1 (PDCD1),
hepatitis A virus cellular receptor 2 (HAVCR2), and lym-
phocyte activating 3 (LAG3) on NK cells from patients
with COVID-19 infection [78].
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Previous studies reported that CD38, HLA-DR, and
Ki-67 significantly upregulated in CD8+ T cells from
patients with severe COVID-19, indicating T cells’ acti-
vated phenotype [79-81]. However, upregulation of
CD39 has been described as an exhaustion phenotype of
CD8+ T-cells in patients with severe COVID-19 infec-
tion [46]. In addition, several studies reported that the
exhaustion phenotype of CD8+ T-cells in patients with
severe COVID-19 disease was strongly associated with
high expression of several immune checkpoints such as
PD-1, TIM-3, LAG-3, CTLA-4, and NKG2A [82, 83].
Increased expression of PD-L1 has been reported in
eosinophils and basophils derived from patients with
severe COVID-19 infection [84].

A retrospective study by Diao et al. on 522 patients
with COVID-19 infection and 40 healthy subjects from
Wuhan, China, reported that the clinical severity-
dependent and/or age-dependent reduction in the num-
bers of T cells inversely associated with serum levels of
IL-6, IL-10, and TNF [46]. These results demonstrated
that signs of infection severity and progress in patients
with COVID-19 are associated with increased serum
inflammatory cytokine levels due to depletion and
exhaustion of T cells [85].

Immunomodulation approach to boost

the immune system

Agents interacting with TLR receptors have been
shown to be beneficial in COVID-19 therapy as they are
involved in modulating innate immunity. TLRs 3, 7, and
8 are essential PRRs sensing RNA viruses and involved
in signalling cascade induced by PAMPs, resulting in the
production of interferons necessary for antiviral defense
[86, 87]. In this regard, Imiquimod, TLR7 agonist, stim-
ulate specific and nonspecific immune response and
cytokine production, thus can be helpful in COVID-19
therapy [88].

Cytokines and chemokines are involved in an inflam-
matory cascade in which exaggeration may lead to
cytokine storms, commonly seen in severe cases of
COVID-19. Therefore, modulation of cytokines/
chemokines could be a potential therapeutic approach
in COVID-19 patients [89]. In this regard, IL-6 recep-
tors blockers, Tocilizumab and sarilumab, as well as
TNE-blockers such as etanercept, golimumab, and adali-
mumab, have been used to treat COVID-19 patients [90,
91]. Ruxolitinib, a JAK-STAT inhibitor that targets [FN-y,
has also treated COVID-19 [92].

CD8+ T cell exhaustion is a characteristic of chronic
viral infections such as COVID-19, so reversing its
exhaustion by immune checkpoint inhibitors (ICIs) rep-
resents a promising treatment strategy [93, 94]. PD-1 and
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CD39 are two well-defined exhaustion markers expressed
on CD8+ T and reflect disease progression. Thus, block-
ing both CD39/PD-1 pathways simultaneously restored
CD8+ T cell function [95, 96]. In this regard, HIV-
infected patients treated with PD-1 and CD-39 blockers
showed functional T cells instead of exhausted ones [97].

Activating cytotoxic T cells is the most crucial compo-
nent of an effective immune response against viral infec-
tions that apparent infection by killing virus-infected
cells. Therefore, the numbers and activated T cells in
patients with COVID-19 are essential for successful
recovery. Previous studies reported that a high propor-
tion of patients with COVID-19 display a low count of
lymphocytes [98, 99]. However, the factors that may
reduce exhaustion and induce T cell activation in patients
with Covid-19 have been less studied.

Immune exhaustion recovery is a significant objective
for developing a novel therapeutic approach for severe
viral infections. Lymphopenia is a prominent feature of
patients with severe COVID-19 disease, but the func-
tional status of T cells in these patients is unclear. The
first study to report that PD1 inhibition was associated
with human infections was performed by Walker et al.,
which showed that suppression of PD1 by monoclonal
antibodies increased the number of functional T cells
in patients with human immunodeficiency virus (HIV)
infection [100]. The upregulation of immune checkpoints
(CTLA4, PD-1, and PD-L1) is the typical feature of
exhausted CD8+ T cells, decreasing the effector T cells
and impairing their ability to increase [101]. The effects
of anti-PD-1 and anti-PD-L1 monoclonal antibodies that
were previously used as cancer therapy agents have revo-
lutionized, which means that therapeutical inhibition
of these pathways may be necessary for preventing and
managing various infectious diseases [102].

Conclusion and a glimpse into the future

With the advent of COVID-19 infection, many studies
have enhanced our knowledge of immune responses
to coronavirus, such as innate and adaptive immune
responses and humoral and cellular immunity. How-
ever, the exact mechanism of the immune response
and the immune pathology induced by SARS-CoV-2
remain unknown. SARS-CoV-2 compromise the host’s
immune system in a variety of ways. SARS-CoV-2
specific CD4+ T cells and CD8+ T cells recruited to
inflammatory sites are the most critical component of
the immune system in the fight against SARS-CoV-2. In
this study, markers of immune cell fatigue are shown in
Fig. 2. It is believed that the reduction and exhaustion
of T cells in patients with COVID-19 infection increase
the severity of the disease. However, studies in the field
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