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ARTICLE INFO ABSTRACT

Keywords: Severe acute respiratory syndrome coronavirus-2 causes coronavirus disease 2019, a pandemic which was
SARS-CoV-2 originated from Wuhan city of China. The pandemic has affected millions of people worldwide. The pathogenesis
Coronavirus of SARS-CoV-2 is characterized by a cytokine storm in the blood (cytokinemia) and tissues, especially the lungs.
Coagulopathy . . . . N . . .

Inflammation One of the major repercussions of this inflammatory process is the endothelial injury-causing intestinal bleeding,
Cytokines storm coagulopathy, and thromboembolism which result in various sudden and unexpected post-COVID complications
Interferons including kidney failure, myocardial infarction, or multiorgan failure. In this review, we have summarized the
Interleukins immune responses, biochemical changes, and inflammatory responses in the human body after infection with the

Immune system SARS-CoV-2 virus. The increased amount of inflammatory cytokines, chemokines, and involvement of comple-

ment proteins in inflammatory reaction increase the risk of occurrence of disease.

1. Introduction

Coronavirus (CoV) is positive-sense with single-stranded RNA (ss-
RNA) virus and is zoonotic. The coronavirus disease of 2019 (or COVID-
19) has killed millions of people and is counted as a major source for the
initiation of many diseases. CoV belongs to the family of Coronaviridae
while Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) and
the Middle East Respiratory Syndrome Coronavirus (MERS-CoV) be-
longs to the family of beta-coronavirus [1]. Its closest relative among
human coronaviruses is Severe Acute Respiratory Syndrome
Coronavirus-2 (or SARS-CoV-2). CoV comprises 4 genus namely alpha
coronaviruses, beta coronaviruses, gamma coronaviruses, and delta coro-
naviruses [2]. These viruses cause respiratory ailments in humans and
are responsible for causing gastrointestinal ailments in animals. In the
year 2003, the universe was firstly attacked by the SARS-CoV, which
results in an indefinite number of deaths. The virus was known to
originate from the seafood market of Wuhan city in China. Earlier
coronavirus was known by the name of WH-Human-1. During the
genomic investigation of a virus, it was identified that virus is originated
from bat coronavirus that allows the host cell to bind with human
Angiotensin Converting Enzyme type 2 (ACE2) present on epithelial
cells [3]. A respiratory disorder with unspecified cause was reported in
December 2019 in the Wuhan city of China [4]. Later, the virus spread at
a higher rate all over the world, and World Health Organization gives

the virus an official name i.e. SARS-CoV-2 and COVID-19.

The contact of an individual with microdroplets and virus particles
present in the contaminated inanimate objects helps in the transmission
of viruses such as SARS-CoV-2 and others etc. [5]. The bronchial
epithelium and type-II ACE2 pneumocytes cells of bronchial and alve-
olar epithelium are the main target cells for viruses [6]. Viral infection in
bronchial epithelium progresses and can cause infections in other organs
like liver, kidney, and lungs, etc. The division in basal membranes,
initiation of autophagy, and reduction in the expression of ACE2 are
results of SARS-CoV infections [7]. Production of type-I and III in-
terferons (IFNs) are the prime function of the early defense mechanism
played by the infected cell [8]. The CoV is effective to inhibit the in-
duction of type-I and III IFNs because they are highly sensitive to their
anti-viral effects [9]. The spread of infection from one cell to nearby cells
and viremia occurred due to the release of virions in a large quantity
[10]. All the abbreviations used in this manuscript have been enlisted in
Table 1. And, all the drugs studied in this manuscript have been enlisted
in Table 2 along with their general, IUPAC names, their mechanism of
action, and the respective PubChem IDs.

2. Structural organization of coronavirus

The genomic studies confirm that the virus is composed of ss-RNA,
having 30Kb nucleotides [11]. Only four proteins are encoded by
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Table 1
List of abbreviations
S. No. Abbreviation Full Name
1. CoV Coronavirus
2. COVID-19 Coronavirus disease of 2019
3. MERS-CoV Middle East Respiratory Syndrome Coronavirus
4. SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus-2
5. SARS-CoV Severe Acute Respiratory Syndrome Coronavirus
6. ACE2 Angiotensin Converting Enzyme 2
7. IFNs Interferons
8. ILs Interleukins
9. ss-RNA Single-stranded-RNA
10. ds-RNA Double-stranded-RNA
11. NF-kB Nuclear Factor-Kappa B
12. TMPRSS2 Transmembrane Serine Protease 2
13. TNF Tumor Necrosis Factor
14. TLR Toll Like Receptor
15. RBD Receptor Binding Domain

these nucleotides. These proteins are spike protein, membrane protein,
envelope protein, and nucleocapsid protein and are abbreviated as S, M,
E, and N proteins respectively [12]. The crown-like shape of a virus is
due to club-shaped glycoproteins of the S-protein [13]. The genome of
SARS-CoV-2 is 96% similar to bat coronavirus but this similarity is very
less with SARS-CoV [14]. The single-stranded RNA is associated with the
5’ poly cap and poly-A tail. The presence of 3’-5’ exoribonucleases in
coronavirus helps the virus to be different from other RNA viruses [15].
The virus is a betacoronavirus, found to affect the lower respiratory tract
at a higher rate. Upon measurement, the diameter of spherical corona-
virus is measured 80-120 nm [16]. ORFla and ORF1b are the replicases
responsible for coding ppla and pplb polyproteins [17]. This complex
structure of coronavirus is responsible for its pathogenicity.

3. SARS-CoV-2 infection cycle and pathogenesis

Amongst S, E, M, and N proteins, only S-protein attain much interest
towards researchers to investigate the SARS-CoV-2 pathology mecha-
nism. Anatomically, Receptor-Binding-Domain (RDB) is present in the
CoV, whose main function is the ligand binding on the cell membrane of
the host [18]. T and B-cells address the epitopes on RDB signals the
immune system to continue the production of neutralizing antibodies
[19]. S1 contains the RDB and is a type I trimeric glycoproteins. The
attachment of trimeric spike protein of the SARS-CoV-2 with ACE2 is
considered as the first step for this viral pathogenicity [20]. The ACE2
enzyme is present in the epithelial cells of the lungs. The relationship
between the SARS-CoV-2 and ACE2 expressions is unidentified yet.
Upon binding of RDB and ACE2, S-protein is cleaved into S1 and S2
subunits once the cell undergoes conformational changes [21]. Trans-
membrane Serine Protease 2 (or TMPRSS2) is a serine protease which
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plays an important function in cleavage events of S-protein, by allowing
the S2 subunit to mediate the fusion of the virus envelope with the cell
membrane [22].

Once the spike protein binds to the ACE2 receptor in host, it un-
dergoes molecular events like internalization and fusion [23]. These
events help the virus to release its genomic RNA in the cytoplasm [24],
which further helps in the translation of ppla and pplab polyproteins.
Polyprotein ppla encodes the non-structural protein ranging from 1 to
11 and Polyprotein pplab encodes the proteins from 1 to 16 [25]. Upon
cleavage of S-protein, the S2 subunit governs the passage of RNA of a
virus into the cytoplasm of a target cell, and later polyproteins like ppla
and pplb undergo the translation process if the viral RNA serves as a
template for these polyproteins [26]. These polyproteins split into non-
structural protein2, 3, 4, 5, 6, 7, 8, and 9. Splitting of these proteins
signals the membrane to rearrange itself and forms the site where viral
replication and transcription complexes are anchored. The rough
endoplasmic reticulum is the site where these non-structural proteins
are translated themselves [27]. And, the endoplasmic reticulum Golgi
intermediate compartment (ERGIC) is the site where these non-
structural proteins are assembled [28]. The assembly of these proteins
allows the virions to move out of the cell by exocytosis through the
secretory pathway [29], which later damages the epithelial and endo-
thelial cells [30].

Transmission of virus and enhanced presentation of ACE2 on the
epithelium, blood vessels, and fibroblasts increase the risk of spread of
SARS-CoV-2 infection to the whole body. Other than ACE2, various
proteins such as glucose-regulated proteins (GRP), alanyl aminopepti-
dase (ANPEP), dendritic cell-specific intercellular adhesion molecule-2-
grabbing non-integrin-1 (DCSIGN1), dipeptidyl peptidase-4 (DPP4),
heparin sulfate, neuropilin-1 (NRP-1), a cell adhesion molecule 5
(CEACAMS), angiotensin II type 2 receptor (AGTR2) and ganglioside
GM1 are known to interact with the SARS-CoV-2 [31]. The furin cleaved
substrates i.e. NRP-1 is known to be expressed abundantly in neurons,
blood vessels, and respiratory tract and thus helps in the pathogenesis of
SARS-CoV-2 infection [32]. The spike protein triggers the TLR4, ssRNA
which further helps in the activation of TLR7 and double-stranded-RNA
(dsRNA) [33]. The activation of dsRNA and TLR7 signals the IRFs and
NF-kB-dependent signaling pathways to initiate the production and
activation of pro-inflammatory cytokines and IFNs (type-I and III). The
enhanced production of inflammatory cytokines results in the cytokine
storm which directly damages the lungs and initiates the shortness of
breath [34], (Fig. 1).

4. The immune system in infection

The immune system is an essential component of a living organism
for survival. Any abnormalities in the immune system provide access to

Table 2
List of drugs with general, IUPAC names, PubChem IDs with mechanism.
S. Drug general IUPAC name PubChem Mechanism Reference
No. name D
1. Remdesivir 2-ethylbutyl (25)-2-[[[(2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)- 121304016 Inhibition of RNA Polymerase [170]
5-cyano-3,4-dihydroxyoxolan-2-yl]methoxy-phenoxyphosphoryl]amino]
propanoate
2. Baricitinib 2-[1-ethylsulfonyl-3-[4-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)pyrazol-1-yl]azetidin-3- 44205240 Inhibition of Janus Kinase 1 and 2 [175]
yl]acetonitrile
3. Ruxolitinib (3R)-3-cyclopentyl-3-[4-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)pyrazol-1-yl] 25126798 Inhibition of Janus Kinase [176]
propanenitrile
4. Nafamostat (6-carbamimidoylnaphthalen-2-yl) 4-(diaminomethylideneamino)benzoate; 5311180 Inhibitor of TMPRSS2 [178]
mesylate methanesulfonic acid
5. Camostat [4-[2-[2-(dimethylamino)-2-oxoethoxy]-2-oxoethyl]phenyl] 4- 5284360 Inhibitor of TMPRSS2 [178]
mesylate (diaminomethylideneamino)benzoate;methanesulfonic acid
6. Warfarin 4-hydroxy-3(3-oxo-1-phenylbutyl)-2H-chromen-2-one 54678486 Inhibition of blood clots [180]
7. Aspirin 2-acetyloxybenzoic acid 2244 Inhibition of initiation of [181]

inflammatory reactions and blood
clots
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Fig. 1. Life cycle of SARS-CoV-2.

bacteria, viruses, and parasites to enter the host cell. Proper functioning
of the immune system prevents the host cell from the attack of pathogens
[35]. The foremost function of the immune system is the differentiation
of self and non-self. The innate immune system and adaptive immune
system are two parts of the immune system which work together for
elimination of pathogen [36]. The complement system, antibodies, bone
marrow, white blood cells, thymus, spleen and inflammation are the
major components of the immune system. All these components of the
immune system play important role in regulating viral infections.

4.1. Innate immune system in viral infections

Viral infections are mediated by the entry of viruses into the host
cells. Generally, the entry of virus in cells that structurally contains the
single-stranded RNA is first recognized by the certain receptors char-
acterized as Pattern Recognition Receptors (PPRs) such as TLR7 and
TLR8, NLR and RIG-I-like receptors (RLRs) [37]. These all receptors are
expressed by alveolar macrophages and epithelial cells [38]. Some
adaptor proteins are recruited by PPRs action and, lead to the further
activation of transcription factors i.e. INF-regulatory factor, AP-1, and
Nuclear-Factor Kappa-B (NF-kB) [39]. The generation of chemokines
and type-I and type III antiviral interferons is an end product of the
activation of these transcription factors [40]. The newly formed che-
mokines show attraction towards various immune cells involved in the
innate response such as Monocytes, Dendritic cells, Natural Killer cells,
and Polymorphonuclear leukocytes, etc. MCP-1, IP-10, and MIG are
chemokines involved in recruiting the lymphocytes [41]. Later, they are

identified by the viral antigens, and these antigens are presenting
themselves in dendritic cells.

Chu and his co-authors had done the in-vitro study using human lung
explants affected by SARS-CoV-2 and SARS-CoV. They found that both
viruses can equally induce infections in alveolar macrophage and type-I
and type-II pneumocytes. Additionally, they found, SARS-CoV has less
potential to replicate itself in pulmonary tissues of the lung as compared
to SARS-CoV-2 [42]. SARS-CoV-2 is not capable to regulate the ex-
pressions of immune mediators such as type-I, II, and III IFNs, but SARS-
CoV can regulate the expressions of IFNs [43]. During infection, SARS-
CoV-2 initiates the production of CXCL1, CXCL5, IL-6, IP-10, and
MCP-1; however, SARS-CoV initiates the production of 11 cytokines
[44]. Blanco and his co-authors worked on lung samples of COVID-19
patients to investigate the nature of transcriptional response generated
in SARS-CoV-2 and SARS-CoV. They found that there was a sudden in-
crease in the number of proinflammatory chemokines including reduced
expression of IFN-I and III [45]. The enhanced level of interleukins (ILs)
such as IL1RA, IL-1B, and IL-6 in the serum of SARS-CoV-2 affected in-
dividuals and, generation of cytokines involved in adaptive immunity
makes SARS-CoV-2 different from SARS-CoV.

4.2. Role of adaptive immune response in SARS-CoV-2

The SARS-CoV-2 infection occurs due to the transformation between
innate and adaptive responses of the immune system. CD4 cells help the
B cells to generate the neutralizing antibodies however CD8 cells are
cytotoxic but they help to remove the virus-infected cells [46]. It has
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been found that around 80% of infiltrating cells are CD8 cells in COVID-
19 patients [47]. During infection, a deterioration response is generated
in the body which does not remove the virus-infected cells and thus it
can promote the replication of the virus. The uncontrolled replication of
the virus develops the inflammatory response and cytokine storm, and is
the main cause of severe acute respiratory distress syndrome (or ARDS)
and disseminated intravascular coagulation [48]. This evidence is sup-
ported by the report of Clay and his co-authors by using a SARS-CoV
primate model of infection. They found that, till the 10t day of post-
infection, the virus was able to replicate itself in the lungs and cause
lung inflammation. However, on the 14t day of infection, inflammation
was found to be acute after the clearance of the virus and remains until
the 28t day. This report gives a clear indication towards the dependency
of the early phase on the replication of virus and immune dependent
phase found to be intensifying the inflammation [49].

Dendritic cells have certain receptors such as DC-SIGN, which
behave as a trans-receptor for SARS-CoV on dendritic cells [50]. CD26 is
an aminopeptidase that helps in the activation of T-cells on binding with
the spike protein of SARS-CoV-2 and generates the ineffectual T-cells
[51]. CD147 is a protein that belongs to the immunoglobin family and
involved in the T-cell activation. The main function of CD147 is to bind
with the S1 domain of spike protein and thus allow the entry of the virus
into host cells [52]. An event such as activation-induced cell death (or
AICD) may be developed upon binding of SARS-CoV-2 to CD147 and
CD26 [53] however; MERS-CoV has been reported to cause the
apoptosis of T-cells [54]. These findings suggest the abnormal func-
tioning of T-cells in COVID-19 patients.

Clinical Immunology 231 (2021) 108842

4.3. Immune cells involved in SARS-CoV-2 infection

Mild respiratory infection with inflammatory responses was
observed once the SARS-CoV-2 attacks on the respiratory tract [55]. The
infection affects the functioning of a wide number of immune cells
which includes macrophages, antigen-presenting cells, and dendritic
cells [56]. The infection to these immune cells presents the antigens of
SARS-CoV-2 to T-cells and laid the activation and differentiation of T-
cell. The innate immune system of the host detects the infection by using
Toll-like receptors (TLRs) and PPRs followed by the detection of
pathogen-associated molecular patterns such as proteins, lipids, lipo-
proteins, and nucleic acid of the virus [57]. Moreover, the mitogen-
activated protein kinase (MAPKs) pathway and factors like NF-kB;
IRF3 gets activated which promotes the inflammation [58]. For
example, SARS-CoV-2 shows a high binding affinity towards TLR which
causes the release of pro-IL-1-p [59]. Later this IL undergoes cleavage
through Caspase-1, which activates the inflammasome and enhances the
generation of active mature IL-1f, as depicted in Fig. 2.

Mast cells are the immune cells present in the submucosa of the
respiratory tract. They are activated in response to an attack of virus and
their activation results in the release of histamine and proteases [60].
Additionally, their activation triggers the generation of ILs such as IL-1,
IL-6, and IL-33 [61]. Activation of pro-inflammatory ILs further governs
the activation, differentiation, generation, and release of T-cells and
cytokines. Activated T-cells act as anti-viral cells by decreasing the risk
of the virus [62], as depicted in Fig. 3. The activation of T-dependent B
cells guides the Helper T cells such as CD4 to generate the virus-specific

Viral Infection

/ Infects \
v
Macrophages Dendritic Cell

APC
Antigen
Presentation

v

T-Cells

Activation oeveecee | ceceececp | Differentiation
MAPKs NF - kB IRF3

Fig. 2. Involvement of immune cells in development of inflammation.
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antibodies. CD8+ is another type of T-cells, which is cytotoxic and
causes damage to virus-infected cells. Pro-inflammatory chemokines
and cytokines are produced from the T helper cells through the activa-
tion of the NF-kB signaling cascade. The signaling through the NF-kB
cascade recruits the immune cells like monocytes and neutrophils to
the site of infection [63].

Neutrophils are the important cells of immune system, also called as
polymorphonuclear leukocytes. Whenever there is any injury to tissue or
a pathogen is present in the body, a signal is generated that activates
neutrophils. These activated neutrophils are released from the blood
vessels and reach first at the site of infection [64]. Due to the increase in
number of neutrophils in the COVID-19, a condition develops in the
body which is called neutrophilia. Neutrophilia is also called neutrophil
leukocytosis. Excessive inflammation is a major cause of neutrophilia.
IL-17 plays an important role in inflammation by increasing the number
of neutrophils. In addition to IL17, IL-1 is also responsible for promoting
the production of neutrophils. This results in the formation of a positive
loop by which neutrophils enrolls them. Thus by doing this, neutrophils
produce IL-17 and attract the source of IL i.e. IL-17-producing-T-
lymphocytes. This attraction enrolls the neutrophils in excess so that
maximum numbers of neutrophils are produced and eventually the state
of neutrophilia occurs in the body [65]. In COVID-19 patients, neutro-
philia plays a negative role as the condition is believed to promote the
respiration-related ailments by releasing the cytokines [66].

Pneumocytes are the specialized cells that are present in the alveoli
of the lungs. These cells are known to be involved in the exchange of
carbon-dioxide and oxygen. The damage to alveolar cells from COVID-
19 causes the systemic hyper-inflammation, also known as the macro-
phage activation syndrome [67]. Furthermore, this virus enters macro-
phages by altering the function of pneumocytes cells. The release of
damaged cell molecules and inflammatory cytokines is induced by the
cell death that occurs due to the infection. Upon entry of viral genome,
the inflammatory signal facilitates the activation of macrophages, which
in turn leads to the production of inflammatory cytokines and chemo-
kines. Macrophages are activated when T-cells produce inflammatory
signals [68]. Macrophages are activated during the inflammatory
response [69]; they trigger the release of cytokines and TNF-a. However,
macrophages are the phagocytic immune cell that helps in the engulf-
ment of pathogens but despite this, macrophages promote the release of
high amounts of cytokines resulting in the formation of the IL-6 cascade.
Additionally, a collaborative mechanism of inflammation and macro-
phage activation, greatly affects the major parts of the body, especially
the lungs. Because, the hyperactivation of macrophages results in the
formation of cytokine storm which acts on lungs and initiates the ail-
ments related to respiration [70].

4.4. Inflammatory mediators in SARS-CoV-2

A large number of diseases such as inflammation, diabetes, cardio-
vascular diseases, obesity, and blood clotting are known to associate
with the COVID-19 [71]. The levels of inflammatory markers such as
chemokines, pro-inflammatory cytokines, ferritin, lactate dehydroge-
nase (LDH) enzyme, and C - reactive protein (CRP) are found to be high
in COVID-19 suffered patients [72]. The elevated level of these markers
initiates the inflammatory reactions in the body which regulates the
inflammatory response. This indicates the relationship of CoV with
inflammation. The level of albumin, vitamins, hemoglobin, insulin-like
growth factor 1, and micronutrients are decreased with the rise in the
level of pro-inflammatory mediators [73]. IL-1-beta, IL-6, tumor ne-
crosis factor and C-reactive protein are some examples of pro-
inflammatory mediators, causing a high rate of mortality in virus-
infected individuals [74], (Fig. 4).

4.4.1. INFs in SARS-CoV-2

IFNs are signaling proteins, known to secrete from host cells in
response to viral attacks [75]. They protect the host cell from the attack
of virus and hence named anti-viral proteins. Type L, II, and Type III IFNs
are known to involve in the innate immunity to bacteria or viruses and
hence act as central cytokines. All nucleated cells are a prime source of
type I and III IFNs [76]. Virus-infected cells such as leukocytes are the
major site for the generation of IFN-a [77]. On the contrary, virus-
infected cells such as fibroblasts are the main site for the generation of
IFN-B [78]. The initiation of viral response or intracellular bacterial
infections from the natural killer cells signals the macrophages to pro-
duce the type Il IFNs. During the antigen-specific immunity, the T helper
CD4 and CD8 cytotoxic T lymphocyte cells activate the effector T cells
which enhance the production of IFN-y [79].

The attachment of INFAR1 or INFAR2 with type I IFNs and IFN-yR1
or IFN-yR2 with type II IFNs and attachment of IL-28R or IL-10Rf with
type III IFNs result in the activation of a meshwork of downstream
signaling which specifically shifts the transcription factors to an acti-
vated state [80]. Moreover, levels of IFN-y are reported to increase in the
COVID-19 patients. The continuous decline in the number of lympho-
cytes and rapid increase in the infiltration of neutrophils in the alveoli of
lungs were observed in the COVID-19 patients [81]. The increased levels
of IFN-y are primarily associated with the generation of inflammation in
the pulmonary area of the lungs which causes damage to lungs in SARS-
CoV-1 [82] and MERS-CoV [83]. CD4 TH cells are the chief producers of
IFN-y [84]. The production of IFN-y significantly promotes the differ-
entiating mechanism of CD8 T cells [85]. Granulocytes and monocytes
colony-stimulating factors are produced from CD4 TH cells which
extensively activate the promotion of differentiation of various
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monocytes such as CD16+, CD14+, and CD15+ in blood [86]. The
increased levels of IFNs in COVID-19 can be managed using the corti-
costeroids [87].

4.4.2. ILs in SARS-CoV-2

ILs are known for the generation of multiple immune cells and are
involved in the interaction of leucocytes-to-leucocytes hence they are
termed ILs. They are meant for stimulating the immune response. The IL-
1 is involved in the immunity derived from the T cells [88]. IL-1 is
responsible for the expression of receptors present on the surface of IL-2
[89]. Moreover, they governed the homeostasis of T-cells by secreting
the IL-2. The proliferation and activation of secondary cytokines
including epithelial cells are increased by the action of IL-1a and IL-1-f
[90]. Additionally, they play an important function by increasing the
signaling in the acute phase and carry the immune cells to the site of
infection. The IL-1 has been found to exhibit the maximum affinity for
the IL-1-receptorl (IL-1-R1) and the receptor is profoundly known to
express on the surface of TH2 cells [91]. Recent studies confirm the
decline in allergic symptoms in the model of hypersensitivity by
diminishing the levels of IL-4 and IL-5 [92].

The signaling events from IL-1 receptors significantly increase the
levels of IgM antibodies which enhance the survival rate of mice infected
with the influenza virus. However, this signaling event is responsible for
acute lung immunopathology [93]. Immunological analysis signifies
that the level of IL-1-B, IL-7, IL-8, and IL-9 is rapidly increased in the
plasma of COVID-19 patients [94]. Damaged tissue or cells are the major
producers of these cytokines and hence these are considered as prime
immune drivers to generate the immune response in COVID-affected
persons. Levels of IL-2 and IL-7 are gradually increased in the COVID-
affected patients admitted in ICU and non-ICU patients [95]. Antigen-
presenting cells are responsible for the secretion of IL-10. IL-10 acts as
a mediator for the differentiation and activation of CD8 T cells and TH
immune cells [96]. Later this IL represents itself as a stable immune

modulator in COVID-19 patients and hence it is considered a vital sign of
immune delinquency [97]. To reduce the ILs levels in COVID-19, Ana-
kinra can be used as it is an antagonist of the IL-1-receptor [98].

4.4.3. Tumor Necrosis Factor (TNF) in SARS-CoV-2

Amongst all the superfamilies of TNF, only 19 members of this family
contain the type II membrane protein [99]. This membrane protein
behaves as a cytokine once they are secreted out from the cell following
the extracellular proteolytic cleavage mechanism. Cells such as acti-
vated lymphocytes, monocytes, astrocytes, macrophages, adipocytes,
neutrophils, and smooth muscle cells are responsible for the generation
of TNF-a [100]. TNFR1 is a primary receptor of TNF-a, known to exert
the pleiotropic action of cytokines. TNF-« plays a crucial function in the
cytokine storm and hence mediates the expression of cytokines, tran-
scription factors, etc [101]. However, they also mediate the expression
of those genes and receptors which are responsible for the growth. The
levels of IL-6 and soluble IL-2 receptors were increased in COVID
infection [102]. The induction of HA-synthetase-2 in EpCAM+ lung
alveolar epithelium was observed in the lungs of COVID infected pa-
tients [103]. Hyaluronan is responsible for the influx of fluid in the
alveoli of the lungs and becomes the main cause of deoxygenation [104].
However, it has been observed that epithelial cells present in the lungs
do not secrete the TNF-a in H5N1 influenza infection [105]. Anti-TNF
drugs such as infliximab are recommended to combat the inflamma-
tion in COVID-19.

5. Molecular, biochemical and immunological changes in SARS-
CoV-2

During the CoV attack, the human body undergoes many molecular
biochemical and immunological changes. These changes include the
virus attachment to host cell, increase in cytokine level, changes in
circulating cells and inflammatory events, etc.



S.S. Garg et al.
5.1. Changes in circulating cells during SARS-CoV-2 infection

The changes in the immune system are characterized with the help of
abnormal functioning of neutrophils, decrease in the activity of T-cells to
any new antigens, decrease in the expression of MHC-II, alternation in
the productive mechanism of cytokines including alternation in
signaling and expression of TLR, reduction in the cytotoxic potential of
natural killer cells, elevation in senescent T-cells, decrease in phagocytic
activity of macrophages, and rapid decrease in the count of monocytes,
are observed in the COVID-19 patients having chronic low-grade
inflammation [106]. During the infection of SARS-CoV-2, T cells
including CD4 and CD8 cells undergo the modification process [107].
Lymphopenia is considered as most prominent in the SARS-CoV-2. It is
proven to harm the regulatory T (Tregs) cells, CD4 Thl and CDS8 cells
[108]. Studies highlights that, there is a gradual decrease in the number
of memory T-cells but the number of naive T-cells increased. Various
phenotypes manifest during the circulation of CD8 in the SARS-CoV-2
[109].

Perforin is present in NK cells and cytotoxic-T-Lymphocytes which
are known to create pores in the cell-membrane during degranulation
[110]. Continuous rise in the amount of circulating myeloid-derived
suppressor cells shows the presence of negative relationship between
perforin content of CD8+ and NK-cells and; serum levels of IL-6 and IL-8
[111]. Numerous activation markers i.e. HLA-DR, Th17 CD4+CCR6+,
CD38, CD44, and CD69, are expressed due to a reduction in the number
of CD4 cells [112,113]. Monocytopenia occurs when the level of
monocytes continuously falls to an average level [114]. This decrease in
the level of blood monocyte is considered a serious threat in SARS-CoV-
19 patients [115]. In Monocytopenia, monocytes play an important role
by circulating themselves and they have a relation with the
CD14+CD16+ inflammatory monocytes subset [116]. These changes in
circulating cells increase the complications in SARS-CoV-19 patients.

5.2. Occurrence of chronological events in SARS-CoV-2 infection

The infection cycle of SARS-CoV-2 initiates with the binding of ACE2
with the spike protein of SARS-CoV-2. The attachment of spike to ACE2
allows the virus molecule to enter the host cell. Upon entry, the RNA of
the virus gradually starts to replicate itself and prepare multiple copies
[117]. These changes are easily identified by surrounding cells like
endothelial, epithelial, and alveolar cells and thus enhance the pro-
ductivity of chemokines and pro-inflammatory cytokines in the targeted
organ. These chemokines include the various macrophage inflammatory
proteins (MIP) i.e. MIP-1a, MIP-B, and MCP-1. These MIPs supports the
inflammation by migrating the T-cells, monocytes, and macrophages
towards the infection site. The migration of these cells causes the
development of a feedback loop that includes the pro-inflammatory
cytokines [118]. The pro-inflammatory feedback loop mainly affects
the lungs by accumulating the immune cells. Their accumulation in the
lungs results in the over-production of pro-inflammatory cytokines,
which provides damage to the lungs by inducing the cytokine storm
event [119]. However, only lungs are not affected due to cytokine storm,
many other body organs are affected, resulting in the damage of multiple
organs, as depicted in Fig. 5.

5.3. Cytokine storm in SARS-CoV-2

The continuous cytokine storm causes macrophage activation syn-
drome (MAS) and secondary hemophagocytic lymphohistiocytosis
(HLH) which fail the organ system [120]. The increased levels of CD25
and hepatosplenomegaly alternations in fibrinogen are observed in MAS
and HLH ailments however, these findings are not observed in COVID-
19 [121]. The shortage in the count of lymphocytes could be a
possible factor for misbalancing the innate and acquired immune re-
sponses. Moreover, this misbalancing slows down the system which
causes a delay in some immunological events like clearance of virus,
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abnormal regulation of INFs and hyperstimulated macrophages and
neutrophils, etc. The conditions such as excessive activation of CD4+ T-
cells and exhaustion of CD8+ T-cells including lack of responses
generated from B and T cells demonstrates the severe conditions of
COVID-19 [122].

5.4. Activation of monocyte-derived macrophages in COVID-19

The cytopathic effects were found to be increased with the slowdown
in productivity of type-1 IFNs. With the increase in cytopathic effects,
monocyte chemoattractants were also secreted at high concentrations
from alveolar epithelial cells. These sudden secretions cause the sus-
tained recruitment of blood monocyte in the lungs [123]. The mono-
cytes are differentiated into pro-inflammatory macrophages [124], and
the Janus kinase signal transducer helps in the differentiation of
monocytes [125]. Monocytes that are derived from macrophages are
recruited and activated with the production and activation of tumor
necrosis factor, granulocyte-macrophage colony-stimulating factor (GM-
CSF), IFN-y, and natural killer cells, etc [126]. The accumulation of
oxidized phospholipids in the lungs of virus-infected patients signals the
Toll-like receptor 4 (TLR4)-TRAF6-NF-kB pathway to activate the
monocyte-derived macrophages [127]. The recognition of single-
stranded RNA helps the virus sensing and trigger the activation of
TLR7 [128].

Some theories indicate that viruses can enter the cytoplasm of
macrophages only if the type I IFN mediates the expression of receptors
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responsible for their entry [129]. Once the virus entered the cytoplasmic
region, it activates the NLRP3 inflammasome [130]. Their activation
further causes the release of IL-1f or IL-18 (mature ILs). Monocytes-
derived macrophages are activated through the action of IL-1f. It can
either use the paracrine mode or autocrine mode for the activation of
derived monocytes [131]. Additionally, the productivity mechanism of
type I IFNs in infected lungs can be diminished with IL-1p [132]. An
increase in the activation of monocyte-derived macrophages supports
the generation of cytokine storm in SARS-CoV-2 [133]. Uncontrolled
release of pro-inflammatory cytokines from virus-infected lungs results
in the cytokine storm [134].

6. Targets for vaccine development against SARS-CoV-2

As of now, there is no vaccine available in the market that can
completely inhibit the infection of coronavirus. B-cell and T-cells are
considered the most prominent antibody targets. The immunological
response generated from B and T-cells can be considered as a potential
antibody target for vaccine development against COVID-19 [135] and
have been discussed in the following sections.

6.1. B-Cells as antibody target in SARS-CoV-2

Conformational changes are induced during the attachment of the
virus with the cell and are needed for the fusion of the cell membrane
with the virus. Viruses neutralizing antibodies block the conformational
changes and thus restrict the virus to attach to the cell membrane and
protect the cell from the attack of the virus [136]. Spike protein of the
virus is governed by the furin and serine protease such as TMPRSS2 and
TMPRSS4 which collectively enable the binding of the virus with the cell
membrane. Interaction of spike protein to ACE2 continues on a domain
called RBD [137]. Thus, targeting the RBD with antibodies is counted as
one of the best examples to slow down the effect of various types of
coronaviruses. Generally, the RBD shows post-transcriptional modifi-
cations like glycosylation and methylation due to which they are not
able to reproduce in vaccines [138]. A receptor interaction site (RIS) is a
site where ACE2 binds with the receptor [139]. The RIS is found to be
non-glycosylated and thus it would be a prominent target for vaccine
development [140]. IgG is the most preferred isotype to be induced in
the SARS-CoV-2 vaccine [141]. The widest targeted isotype by a virus is
IgA because IgA reduces the risk of infection to cells present in the
respiratory tract i.e. epithelial cell or mucosal cell [142]. Normally ad-
juvants are used at a high scale for triggering the production of IgA
[143]. Moreover, TLR7/8 and TLR9 ligands are helpful to boost the
immunological response generated by IgA and thus considered as po-
tential candidates against the virus [144].

6.2. T-cells as antibody target in SARS-CoV-2

The major function of immune cells is to diminish the risk of disease
by protecting the immune system. Initially, CD8 and CD4 T-cells identify
the antigens and continue their reaction with SARS-CoV-2 antigens
[145]. T-cells alone are not considered as a strong candidate for the
prevention of ailments; however neutralizing antibodies have a high
potential to prevent the risk of ailments [146]. The use of anti-viral
vaccines available on market is highly recommended because they
have antibodies that protect the body. These anti-viral vaccines work by
two mechanisms, they either block the entry of virus in a cell or either
signals the host cell to prevent itself from the attack of virus. These
vaccines specifically act in the extracellular space where the viral par-
ticles are neutralized by the antibodies. CD4 T-helper cells help the B-
cell to enhance the production of antibodies [147]. HLA molecule rep-
resents the antigens of T-cells on the outer surface of infected and
antigen-presenting cells. Few factors with T-cells are responsible for
creating the difference in HLA molecules. These factors include the viral
recognition and genetic polymorphism in HLA molecules etc [148]. The
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T-cell specificity for antigenic peptides is different in every individual
which allows it to bind with their HLA molecules [149]. The presenta-
tion of HLA molecules by their antigenic peptide is necessary for every
individual [150].

Short antigenic peptides and mini-genes are present in the vaccines.
But still, these vaccines cannot work efficiently for some individuals
which are not capable to present their HLA molecule [151]. The pres-
ence of either DNA/RNA or full-length viral proteins/long peptides in
vaccines can be used as an alternate strategy for those who are not
capable to present their HLA molecule [152]. Infected cells are a prime
source for the generation of viral peptides and these are recognized by
CD8 cytotoxic T-cells. Some antigenic proteins are collected from
extracellular space, are not able to represent themselves in front of CD8
T-cells [153]. Cross-presentation is one major factor responsible for the
inefficient behavior of full-length protein vaccines [154]. The event of
cross-presentation in vaccines does not cause the immunological re-
sponses that are mediated by CD8 T-cells. After vaccination, the gen-
eration of T-cell response for a long time is always being considered a
difficult task [155]. This hinders the development of vaccine against
SARS-CoV-2.

7. Proficiency of antibodies in SARS-CoV-2

The use of antibodies against the spike protein of the virus helps the
immune system by blocking the binding of spike protein with ACE2. The
protective mechanisms of antibodies are still a mystery for researchers
that how these antibodies work against viral proteins and their mech-
anism of cross-reactivity against alpha coronavirus and beta coronavirus
[156]. These show the maximum cross-reactivity for beta-coronavirus as
compared to alpha-coronavirus. Immunological study of HCoV-OC43
addresses that, anti-N-antibodies have high reactivity for SARS-CoV
[157]. Serological studies explain the time duration to detect the anti-
bodies in serum during infection. For example, IgG antibodies can be
easily recognized on the 14th day of infection [158], and IgA and IgM
antibodies can be recognized during the 1st week of infection [159].
Respiratory mucosa behaves as a mediator for the entry of virus (SARS-
CoV-2) into the body [160]. Secretory Immunoglobulin A (SIgA) is an
immunoglobulin that plays an important function in the defense
mechanisms of the mucosa. SIgA performs the anti-viral neutralizing
bioactivity in respiratory tract mucosa of COVID-19 patients [161].
However, the presence of neutralizing IgA in bronchoalveolar lavages of
COVID-19 patients gives proof of their anti-viral bioactivity [162].

The main aim of using coronavirus-neutralizing antibodies is to
target the spike protein [163]. S-protein is composed of two subunits (or
domains) i.e. S1 and S2. Structurally, S1A, S1B, S1C, and S1D collec-
tively formed the S1 subunit. The main function of the S1 subunit is to
initiate the attachment of virus with cell [164] meanwhile; S2 subunit
mediates the fusion of viral and cellular membrane [165]. In CoV, the
irreversible conformational changes are caused due to receptor in-
teractions which enable the fusion of membrane [166]. In-silico studies
reveal that the primary amino acid sequences of 1273 residue of the
spike protein of SARS-CoV-2 and 1255 residue of SARS-CoV are struc-
turally 77.5% similar in nature [167]. The similarities in the amino acid
sequence of these residues mediate the attachment of ACE2 protein with
the spike protein of the virus through the S1 subunit [168]. Thus, protein
neutralizing antibodies are continuously used to target the receptor
interactions.

Upon investigation, Gruber and his co-authors found that neutral-
izing antibodies are present in the MIS-C patients, which can be used in
the treatment of COVID-19. Later these antibodies are known to be
associated with activated immune cells and ILs such as monocytes,
lymphocytes, natural killer cells, myeloid chemotaxis, and IL-18 or IL-16
[169]. The upregulation of Fc-y receptor-1 on macrophage and inter-
cellular adhesion molecule-1 on neutrophils collectively increase the
immunological response mediated by the Fc- receptors and antigen
presentation [170]. The activation of host immune cells through viral
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superantigens and production of autoantibodies by recognizing the T-
cell these antibodies cause the attenuation of virus SARS-CoV-2 [171].
Additionally, infected cells are the site for viral antigens to increase the
expression of T-cells and antibodies, which are considered as a prime
mechanism to attenuate the pathogenesis of SARS-CoV-2 [172].

8. Complications of COVID-19

In medical sciences, complications can be defined as the abrupt
conditions that arise either during the progression of the disease or after
treatment. People suffering from diabetes, asthma, and cancer are at
major risk of this viral disease [173]. However, many diseases have been
known to associate with the pathogenesis of coronavirus. Lungs are not
only targeted; other organs such as the heart, kidney, blood vessels, gut,
and brain are also at great risk [174]. To the present date, a number of
complications have been noted in chronic and viral diseases. For
example, COVID-19 is also associated with many complications such as
cardiovascular disease; diabetes and mucormycosis etc (Fig. 6) are
explained as below:

8.1. Cardiovascular disease

Cardiovascular diseases are one of the major comorbidities of
COVID-19. Complications of cardiovascular disease have been reported
in COVID patients who have no history of heart disease [175]. Cardio-
vascular disease can be defined a disease that damages the blood vessels
or heart. Cardiovascular diseases can be classified into four types i.e.
stroke, aortic disease, peripheral arterial disease and coronary heart
disease etc. Blood clotting plays an important role in the development of
stroke. Small clots in small vessels were seen in COVID infected people.
These tiny clots may form in multiple places of the body and brain and
bring some severe complications including heart attack or stroke [176].
People infected with diabetes or high blood pressures are more likely to
form clots in the body. The accumulated blood clot constricts the area of
blood vessels and prevents the flow of oxygen and blood which causes
serious conditions like cardiac arrest. There are many antiplatelet drugs
available in the market to combat this condition which can effectively
reduce the risk of disease [177]. For example, Warfarin [178] and
aspirin are major two anti-platelet drugs used for the treatment. Higher
doses of aspirin and Warfarin are found to be toxic, however; at lower
doses, they reduce the risk of heart attack and stroke [179].

8.2. Diabetes

A metabolic disorder which is caused due to the presence of excess
blood sugar in the body is called diabetes. It is known to affect the
multiple organs of the body such as kidney, nerve and heart etc. Type 2
diabetes is considered a major comorbidity associated with COVID-19
that occurs when the body does not accept the insulin [180]. Hence,
Chinese researchers conducted a study on COVID-19 patients. Eventu-
ally, they found that people who did not even have a history of diabetes
were found to have Ketosis or Ketoacidosis, indicating diabetes as a
confirmed concomitant of COVID-19 [181]. The management of ketosis

COVID-19

Mucormycosis Cardiovascular

Fig. 6. Complications of COVID-19.
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and ketoacidosis involves the correction of dehydration, hyperglycemia
and electrolyte imbalance.

8.3. Mucormycosis

It is an unknown fungal infection which is also called as the black
fungus. The disease is being detected in patients who have been recov-
ered or have been cured of the COVID-19. The risk of mucormycosis is
quite higher in COVID-19 patients with diabetic complications [182].
However, the disease can be managed by taking the Amphotericin B
deoxycholate [183].

9. Therapeutic strategies against COVID-19

Various preventive measures can be used to avoid the risk of viral
infections including COVID-19. These therapeutic strategies include the
use of antiviral drugs, inhibitors of enzymes and therapies, etc.

9.1. Remdesivir as an anti-viral drug in COVID-19

Various anti-viral drugs are available in the national and interna-
tional market that inhibits the action of death-causing viruses. Remde-
sivir is one such example that can be used against the infection caused by
SARS-CoV-2. Remdesivir is an analog of nucleoside whose prime func-
tion is the inhibition of the viral RNA polymerase [184]. During viral
infection, the transcription mechanism is continuously active to form
more viral RNA polymerase copies [185]. But the inhibition of RNA
polymerase by remdesivir restricts the continuous production of viral
RNA which causes the decrease in the death rate of COVID-19 patients
[186]. The therapeutic action of remdesivir increased its market value at
the international level. The risk of abnormalities like diabetes, non-
alcoholic fatty liver, and diabetic nephropathy is increased due to con-
sumption of remdesivir [187]. However, remdesivir is found to be
effective in severe forms of SARS-CoV-2 infection, as the mechanism is
depicted in Fig. 7.

9.2. Inhibitors of TMPRSS2 or ACE2 in SARS-CoV-2 infection

The SARS-CoV-2 treatment can be achieved either by blocking the
TMPRSS2 or ACE2 receptor [188]. Many inhibitor compounds are
clinically being tested and some are approved for the COVID-19 treat-
ment. In rheumatoid arthritis, the ACE2 mediated endocytosis can be
inhibited by using the Janus kinase inhibitor i.e. baricitinib. So the use of
baricitinib against SARS-CoV-2 could show the same effect as rheuma-
toid arthritis [189]. Ruxolitinib is another inhibitor, used for the inhi-
bition of Janus kinase. It is now being clinically tested in the laboratories
to get the appropriate COVID-19 treatment [190]. However, the entry of
the virus can be restricted by increasing the amount of soluble form of
ACE2. APNO1 is the recombinant form of ACE2 that is prepared by the
APEIRON. The strategy of using APNO1 with soluble ACE2 is clinically
tested [191]. In COVID-19 treatment, the use of TMPRS2 inhibitors is
under consideration. Two inhibitors of TMPRSS2 i.e. Nafamostat
mesylate and Camostat mesylate are available in the market and are
clinically approved [192]. But these inhibitors are not used against
SARS-CoV-2 due to lack of knowledge. Further validation of these in-
hibitors on COVID-19 patients provides new insights into their mecha-
nism of action.

9.3. Convalescent plasma therapy

Many infectious diseases can be cured with convalescent plasma
therapy. The use of convalescent plasma therapy gives a positive output
with a high efficacy rate against SARS, MERS, and HIN1 [193]. Due to
the lack of neutralizing antibodies in convalescent plasma, the therapy
does not found to be effective against the Ebola virus. It has been pro-
posed that SARS-CoV-2, MERS, and SARS are sharing the same
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virological features, so convalescent plasma therapy is recommended by
physicians for treatment [194]. If the virus-infected patients are
benefited after plasma therapy then the plasma of those patients can be
used for the treatment of others. COVID-19 recovered people donate
their convalescent plasma to COVID-19 suffered patients. Only those
people are allowed to donate their plasma that tests as seronegative for
Human Immuno virus or Hepatitis C virus [195]. Recently it was found
that convalescent plasma therapy does not show a good result in SARS-
CoV-2 patients. It has been found that neutralizing antibodies were
present in the convalescent plasma of COVID-19 patients, which are
found to diminish the inflammatory response generated in COVID-19.
These neutralizing antibodies restrict the attachment of the virus with
the ACE2 enzyme and thus helps in the treatment of COVID-19 suffered
patients [196]. The lifespan of this antibody is only 2 years so it can be
easily detected even after 2 years.

9.4. TNF-alpha as a model target for SARS-CoV-2 treatment

An enzyme responsible for the secretion of TNF into blood circula-
tion is called the TNF-converting enzyme or TACE [197]. The activity of
the TNF-converting enzyme (TACE) increased upon binding of ACE2 to
spike protein. An interaction of ACE2 and TACE signals the host cell to
mediate the entry of the virus. The release of TACE in circulation sug-
gests the role of TNF in an early phase of infection. Anti-TNF drugs or
antagonists will be of great interest to avoid the release of TNF in SARS-
CoV-2 [198]. So targeting the TNF will inhibit the spread of infection at
the early phase and helps the COVID-19 patients to fight against it.

10. Conclusion

SARS-CoV-2 is a novel virus responsible for the initiation of in-
flammatory reactions in the body. The pathogenesis of the virus results
in kidney failure, heart attack, and generation of inflammatory reactions
including lungs. The use of neutralizing antibodies is the best strategy to
reduce the risk of SARS-CoV-2. In addition to this, anti-TNF therapies
effectively work against SARS-CoV-2 by decreasing the level of inflam-
matory cytokines thus inhibiting the inflammatory mechanism.
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Therefore, adopting therapeutic strategies to improve the immune
response can serve as the best treatment against COVID and its associ-
ated diseases.
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