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ABSTRACT

The Coronavirus Disease-2019 (COVID-19) imposed public health emergency and affected millions
of people around the globe. As of January 2021, 100 million confirmed cases of COVID-19 along
with more than 2 million deaths were reported worldwide. SARS-CoV-2 infection causes excessive
production of pro-inflammatory cytokines thereby leading to the development of “Cytokine Storm
Syndrome” This condition results in uncontrollable inflammation that further imposes multiple-
organ-failure eventually leading to death. SARS-CoV-2 induces unrestrained innate immune
response and impairs adaptive immune responses thereby causing tissue damage. Thus,
understanding the foremost features and evolution of innate and adaptive immunity to SARS-CoV-2
is crucial in anticipating COVID-19 outcomes and in developing effective strategies to control the
viral spread. In the present review, we exhaustively discuss the sequential key immunological events
that occur during SARS-CoV-2 infection and are involved in the immunopathogenesis of COVID-19.
In addition to this, we also highlight various therapeutic options already in use such as
immunosuppressive drugs, plasma therapy and intravenous immunoglobulins along with various
novel potent therapeutic options that should be considered in managing COVID-19 infection such
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as traditional medicines and probiotics.

1. Introduction

In December 2019, an outbreak of pneumonia occurred
in Wuhan city of China that rapidly spread around the
globe and posed serious public health emergency [1]. On
9 January 2020, it was officially announced that novel
coronavirus 2019-nCoV is the reason behind the outbreak
in Wuhan, China [2]. Later International Committee on
Taxonomy named the novel coronavirus as Severe
Respiratory Disease Syndrome-Coronavirus-2 (SARS-
CoV-2) and World Health Organization (WHO) named
the disease as Coronavirus Disease-2019 or COVID-19
[3]. Coronaviruses (CoVs) cause infection in humans and
animals and are found to be responsible for various respi-
ratory, renal, gastrointestinal and neurological disorders.
CoVs are classified into four genera viz. alpha, beta,
gamma and delta CoVs. Alpha and beta CoVs infect
humans and usually cause upper respiratory tract infec-
tions but in some patients also cause lower respiratory
tract infections [4]. SARS-CoV-2 belongs to the family

Coronaviridae, order Nidovirales, genus Betacoronavirus
and subgenus Sarbecovirus [5]. SARS-CoV-2 is the 7th
CoV in the list that is reported to cause infections in
humans. The other six CoVs are SARS-CoV, MERS-CoV,
HKUI, NL63, OC43 and 229E. SARS-CoV and MERS-
CoV cause various fatal and respiratory diseases like SERS-
CoV-2 whereas HKU1, NL63, OC43 and 229E cause only
minor symptoms [6]. SARS-CoV was found to be respon-
sible for an epidemic in 2002-2003 which started from
China and Asia Pacific regions and affected around 8000
people across 37 countries with fatality rate of 10% [7, 8].
Common symptoms observed in SARS-CoV infected
patients were fever, dyspnea, dry cough and hypoxemia
[9]. Middle East Respiratory Syndrome-Coronavirus
(MERS-CoV) is a 2C beta CoV and was first reported in
2012 from Saudi Arabia [10]. MERS-CoV caused severe
pneumonia and renal failure in infected patients [11]. The
SARS-CoV-2 virus shares 79.6% sequence similarity with
the SARS-CoV virus but SARS-CoV-2 is found to be more
pathogenic [12]. Due to its pathogenicity and easy
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transmission from human to human WHO declared
COVID-19 as pandemic disease on 11 March 2020. As of
January 2021, there are 100 million confirmed cases of
COVID-19 worldwide with over 2 million reported deaths.
SARS-CoV-2 cause mild respiratory disorders to acute
pneumonia and multiple organ failure and in severe cases
can eventually lead to death [13]. Whole genome sequenc-
ing revealed that the SARS-CoV-2 is more closely related
to bat CoV RaTGI3 which was isolated from Rhinolophus
affinis with 96.2% sequence similarity [14].

Immune system plays a pivotal role in the pathogenesis
of COVID-19. SARS-CoV-2 induces unrestrained innate
immune response and impairs adaptive immune responses
leading to widespread tissue damage. Till now, there is no
effective treatment available for COVID-19. Knowledge
of immunopathogenesis of COVID-19 will help in design-
ing suitable immune therapy for the treatment of SARS-
CoV-2 infection. In this review, we have discussed the
pathogenesis and immunopathogenesis of COVID-19
along with the potential immunotherapeutic interventions
that can be targeted toward the dysregulated immune

system. We also discuss the plausible relevance of gut
microbiota and probiotics in COVID-19.

2. Structure of SARS-CoV-2

The novel CoV is an enveloped, positive sense, single
stranded RNA virus with a genome size of 26 000 to 32 000
nucleotides encoding 14 open reading frames (ORFs). The
first two large ORFs (orflab and orfla) which are present
at the 5’ end cover almost two third of the genome (20kb;
Figure 1). They constitute the replicase gene which contains
16 nonstructural proteins (nsps). Replicase gene is required
for replication and transcription. Replicase gene codes for
two polyproteins: ppla (contains the 1-11 nsps) and pplab
gene (contains the 12-16 nsps). The 3’ end of the genome
which is around 10kb encodes 4 structural and 8 accessory
proteins. The structural proteins consist of spike (S) protein,
membrane (M) protein, envelope (E) protein and the nucle-
ocapsid (N) protein [15]. S protein allows the entry of virus
into the host cell. M and E protein regulate virus assembly
and N protein facilitatess RNA synthesis. S protein is

A) ?
R « i ( / f ACE2 receptor
Spike Protein (S)%\L , r/ )
Vo
.
Membrane o~
Protein (M) = $1-CTD
. < > ] RBD
Nucleocapsid S1-NTD
Protein (N) e -
N
Envelope x S protein
Protein (E) \
Q!
RNA
B)
0 13,468 21,563 30, 000
5’ = 3
Ribosomal
frameshift
ke ORF1b 1O

S E M N

Figure 1. (A, B) Structure and genome organization of SARS-CoV-2 (Figure illustrated with the help of https://smart.servier.com/.).
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projected from the membrane surface and gives the crown
like appearance to the virus [16]. The S protein is 1255
amino acids long and consists of three domains: large N
terminal ectodomain (NTD), single transmembrane
domain and small cytoplasmic endodomain (CTD). The
NTD consists of single S subunit which is cleaved by the
host proteases such as transmembrane protease serine 2
(TMPRSS2) into two subunits: S1 and S2. The M protein is
the most abundant protein of the virus and is responsible
for providing shape to the virion. M protein interacts with
the spike protein and allows its incorporation into the viral
envelope. E protein is required for pathogenesis, envelope
formation, assembly and release of viruses from infected
cells. N protein binds to the RNA in beads on a string con-
formation and forms the ribonucleic protein complex
named as nucleocapsid. Both of these domains are required
for binding of N protein to RNA [17]. Hemagglutinin ester-
ase (HE) is present on the viral surface and is the fifth struc-
tural protein. It acts as hemagglutinin that binds to surface
glycoproteins via sialic acid and enhance the S protein medi-
ated viral entry into the host [18].

3. Pathogenesis of COVID-19

SARS-CoV-2 is transmitted from infected patients to
healthy individuals through direct contact or via spread
of respiratory droplets from the infected patients [19]. The
median incubation period of the SARS-CoV-2 infection
is approximately 5.1 days with 97.5% of the population
developing symptoms within 11.5 days [20]. The common
symptoms associated with the infection are dry cough,
fever, pain, weakness, chest tightness, loss of smell and
taste, dyspnea, accompanied by acute respiratory distress
syndrome (ARDS) [21, 22]. ARDS is a severe disease
which leads to respiratory failure and is characterized by
hypoxemia, difficulty in breathing and onset of pulmonary
edema. It leads to damage in lung endothelium and alve-
olar epithelium [23]. RNAaemia (detectable viral load of
SARS-CoV-2 in serum) and acute cardiac injury has also
been observed in some of the COVID-19 patients [21].
Immunocompromised individuals like those who have
diabetes, cardiovascular diseases and hypertension are
estimated to be at higher risk of COVID-19 infection [24].
Mortality rate is reported to be higher in elderly popula-
tion. Recently, a study reported that 73.9% of the infected
individuals less than the age of 60 did not develop symp-
toms. Thus, indicating that elderly people are highly sus-
ceptible to developing symptoms [25]. Gender difference
also affects the severity and mortality of the disease with
men being more prone to infection and along with
enhanced mortality with respect to women [26].
Hypoalbuminemia, liver dysfunction and renal
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abnormalities are also observed in severe cases of COVID-
19 [27-29]. About 8-12% of COVID-19 patients also have
acute cardiac injury due to systemic inflammation [30].

SARS-CoV-2 virus shares 79% similarity with the SARS-
CoV virus. Like SARS-CoV it also binds to the human
Angiotensin Converting Enzyme 2 (ACE2) that is expressed
by various cells including lungs [31]. Apart from the lungs,
surface expression of ACE2 is also observed on the epithelial
cells of the small intestine, mucosa of the oral cavity, venous,
arterial endothelial cells and arterial smooth muscles of all
organs [32, 33]. This forms one of the major reason behind
the multiorgan failure observed in case of SARS-CoV-2
[34]. ACE2 is homologue of ACE which produces angio-
tensin II from angiotensin I. Angiotensin II is the major
protein of Renin Angiotensin System (RAS) and is required
for vasoconstriction and for other biological functions. It
has been reported that ACE2 negatively regulates RAS by
suppressing the angiotensin II level, and thus, prevents from
ARDS [35]. ACE2 receptor is expressed on the ciliated air-
way epithelial cells and on the type 2 alveolar cells of the
lungs [36]. SARS-CoV-2 interacts with the ACE2 receptor
with the help of S protein. S protein is cleaved into two
subunits (S1 and S2) by the host protease TMPRSS?2 at the
boundary of the S1-S2 [37] (Figure 2). S1 subunit exhibits
the receptor binding domain whereas S2 subunit facilitates
the membrane fusion [38].

Interestingly, it has been observed that the RBD domains
of the SARS-CoV and SARS-CoV-2 shares 72% similarity in
the amino acids sequence [39]. Residues required for attach-
ment to ACE2 in RBD are also highly conserved in both the
viruses [1]. Molecular modeling and biophysical techniques
revealed that RBD of the SARS-CoV-2 binds more strongly
and with higher affinity to the ACE2 receptor than the SARS-
CoV [40]. ACE2 binding ridge in SARS-CoV-2 is more com-
pact [12]. Cryo-electron microscopy structure of novel CoV
S protein trimer at the resolution of 3.5 A° revealed that RBD
domain of the S trimer rotate in a conformation that is more
accessible to the ACE2 [40]. SARS-CoV-2 also consists of
different loop having flexible glycyl residues in place of rigid
propyl residues that are present in SARS-CoV [39]. It has a
very different furin like cleavage site in the S protein that is
not present in other SARS like CoV's [41]. Thus, we can con-
clude that these features may be one of the reasons responsi-
ble for increased pathogenicity of SARS-CoV-2.

4. Immunopathogenesis of COVID-19

Viral infection stimulates the host immune system which
is initiated by the activation of innate immune cells that
recognizes the molecular patterns associated with the
pathogens. Failure of the innate immune responses in elim-
inating the virus leads to the activation of adaptive immune
system. Induction of innate and adaptive immune cells
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Figure 2. The schematic diagram of SARS-CoV-2 invasion and replication into host cells in step wise manner: (1) SARS-CoV-2 enter into
the cell by binding to the ACE2 receptor present on the host cell membrane via S protein which mediates viral-host membrane fusion and
viral entry. (2) Entry of SARS-CoV-2 results in the uncoating of viral RNA into cytoplasm which then undergoes translation to produce
polyproteins pp1a and pp1b, which are further processed by virus-encoded proteinases into individual nonstructural proteins (nsps). (3)
Replication transcription complex is formed by some of the nsps. Replication transcription complex uses the (+) stand genomic RNA as
template. Following replication (+) stand genomic RNA is produced which becomes the genome of the new viral particle. (4) Subgenomic
RNAs synthesized through transcription are translated into viral structural proteins: S (Spike) protein, M (Membrane) protein, E (Envelope)
protein, N (Nucleocapsid) protein. (5) N protein combined with the (+) strand genomic RNA to form the nucleoprotein complex. S, E and
M proteins enter into endoplasmic reticulum (ER) and transported to Golgi apparatus. The nucleoprotein complex and S, E and M proteins
are further assembled in the ER-Golgi intermediate compartment (ERGIC) to form mature virion. (6) Virions are released from the host cells
by exocytosis (Figure illustrated with the help of https://smart.servier.com/.).


https://smart.servier.com

stimulate the secretion of cytokines or chemokines like
interleukin-6 (IL-6), interferon-y (IFN-y), interferon-
y-inducible protein-10 (IP-10) and monocyte chemoattrac-
tant protein-1 (MCP)-1. These cytokines and chemokines
promote the influx of monocytes/macrophages and neutro-
phils from the blood to the site of infection. These cells
secrete the cytotoxic substances to clear the viral infection.
Normally, this response is capable of eliminating the virus
but sometimes immune system is dysregulated which leads
to the disruption of the immune homeostasis [42]. In case
of SARS-CoV-2 infection intense inflammatory response
against the virus leads to excessive production of pro-in-
flammatory cytokines which thereby promote lung patho-
genesis and respiratory failure (Figure 3). Pro-inflammatory
cytokines induce uncontrolled accumulation of monocytes/
macrophages and neutrophils at the site of infection. These
cells then produce cytotoxic substances like reactive oxygen
species (ROS) which leads to cell death and tissue damage
[42]. In further sections, we have discussed the immuno-
pathogenesis of SARS-CoV-2 infection in more details
(Figure 4 and Table 1).

4.1. Immune evasion by SARS-CoV-2

Innate immune cells are activated when they recognize
pathogen associated molecular patterns (PAMPs) and
damage associated molecular patterns (DAMPs) with the
help of pattern recognition receptors present on them
(PRRs). PRRs include the toll like receptors (TLRs), NOD
like receptor (NLR), RIG-1 like receptor (RLR), C-type
lectin-like receptors (CLRs) and melanoma differentiation
associated protein 5 (MDAS5). Recognition of viral genes
activate the interferon regulatory (IRF)-3, IRF-7 and
nuclear factor kappa-light-chain enhancer of activated B
cells (NF-kB) thereby promoting their nuclear transloca-
tion. Generally, activation of TLR3/7 promotes nuclear
translocation of IRF-3 and NF-xB and activation of RIG/
MDA stimulate the nuclear translocation of IRF-3 [56].
Type 1 IFNs provides the first line of defence by preventing
the spread of viral infection. It induces the expression of
IFN stimulated genes (ISGs) by activating the JAK-STAT
signaling pathway [4]. Successful activation of type 1 IFN
response inhibits viral replication and prevents spread of
viral infection. Innate immune response depends heavily
on the type 1 IFN responses for eliminating the virus.
SARS-CoV-2 virus evades the innate immune response
by suppressing the antiviral type 1 IFN responses. It is
observed that SARS-CoV-2 infection stimulate low levels
of antiviral cytokines IFN-a and IFN-f. Several studies on
the SARS-CoV virus revealed that it antagonizes the type
1 IFN responses through various mechanisms (Figure 5).
Versteeg et al. demonstrated that SARS-CoV prevented
IFN production by shielding the viral RNA from the host

INTERNATIONAL REVIEWS OF IMMUNOLOGY e 5

cellular sensory molecules [57]. Furthermore, it was
observed that SARS-CoV nspl inhibited host immune
response by modulating the production of type 1 IFNs. nsp
1 mutant showed higher expressions of type I IFN [58].
Other viral proteins viz. nspl, nsp7, nsp15 and ORFs like
OREF3b, ORF6 and ORF9b also suppressed the activation
oftype 1 IEN [59]. Another study reported that SARS-CoV
prevented IFN production by disrupting the stimulator of
IFN genes (STING) signaling which is required for activa-
tion of IRF3 that induces the production of IFN [60]. IFN
production is also inhibited via first transmembrane
domain (TM1) of the M protein which is present in the
N-terminal. TM1 can bind to the RIG-I, TNF receptor
associated factor 3 (TRAF3), TANK-binding kinasel
(TBK1) and homolog IkB kinase epsilon (IKKe). By bind-
ing to them M protein inhibits the binding of these mole-
cules with other downstream effectors, and thus, preventing
induction of type 1 IFN [61]. Similarly, from in vitro studies
it has been reported that SARS-CoV inhibits the expression
of IFN- in macrophages and stimulates the production of
chemokines like IP-10 and MCP-1[62]. Channappanavar
and Perlman showed that SARS-CoV infection delayed
type 1 INFa/p responses inducing the accumulation of
inflammatory monocytes and macrophages along with
inhibiting T cells mediated immune response against the
virus [63]. Delayed type 1 IFN response and monocytes/
macrophages recruitment are found to be the major rea-
sons for the lethal pneumonia and ARDS observed in SARS
patients [63]. Melo et al. showed that SARS-CoV-2 like
SARS-CoV stimulate lower levels of type 1 and type 3 IFN
responses. This leads to restrained ISG expression and
induction of high expression of cytokines like IL-6 and
IL-1Ra and chemokines like C-X-C motif ligand 2 (CXCL2)
and CXCL8. CXCL2 and CXCL8 promote immune cells
infiltration [64]. Hadjadj et al. demonstrated that immune
cells in peripheral blood of critically ill COVID-19 patients
showed reduced type I IFN response. These patients also
had higher levels of IL-6 and TNF-a [65]. Furthermore,
Lucas et al. showed that patients with mild symptoms had
decreased levels of type 1 and type 3 IFN responses [66].
Thus, it can be concluded that SARS-CoV-2 cause dysreg-
ulation of innate immunity by modulating the type 1 IFN
responses.

4.2. Cytokine storm

One of the major reasons for the lung pathogenesis in
COVID-19 patients is the over-production of proinflam-
matory cytokines. It was observed that early enhancement
in levels of cytokines lead to worst outcomes [66].
Dysregulated immune system in COVID-19 patients
results in development of cytokine storm which promotes
lung inflammation. Severe COVID-19 patients have



6 A.BHARDWAJ ET AL.

ACE2 expressing organs
and generally infected Lung pathogenesis in COVID-19
organs in COVID-19

Brain

Lungs
Heart

Kidney
Liver

Intestine

Activation of
dendritic cells

Th1 cells and

Secretes antibody responses
DAMPs & PAMPs i @ -‘ i Lul
/7 1L-6, MIP-1a,
/M-,
{  MCP-1, IP-10
Pulmonary i
edema, ARDS, v
Acute lung @@ 00 \
injury ° 0@

Macrophages
Cytokine storm induction
(IL-6, TNF, GM-CSF, IP-10,
IFNy, IL-2, MIP-1q, IL-1B)

which leads to lung damage

and ARDS

Inflammatory p—
feedback il ) (/“}\‘
loop Y @

Monocytes  Neutrophils

B S —

(== (=] [= ] =]

(= = [} = =]
Circulation O o @

90

0 o)

Figure 3. Schematic representation ofimmunopathogenesis during COVID-19in a step wise manner: (1) SARS-CoV-2 gain entry into the lung
cells through ACE2 receptor. ACE2 receptor is expressed by different organs of the body like brain, lungs, kidney, liver and intestine. SARS-
CoV-2 frequently infects these organs but the pathogenesis of SARS-CoV-2 infection initiates from lungs and cause major damage to the
lungs. Lung infection starts when SARS-CoV-2 enter into type 2 alveolar cells through ACE2 receptor. (2) Virus replicates into the lung cells and
induce cells to undergo pyroptosis and secrete damage associated molecular patterns (DAMPs). (3) DAMPs are recognized by adjoining epi-
thelial cells, alveolar macrophages and endothelial cells which stimulate the secretion of various pro-inflammatory cytokines and chemokines
like IL-6, IL-10, MIP1-a, MIP1-1f3, MCP-1. (4) Release of theses cytokines and chemokines induce the recruitment of monocytes, macrophages
and neutrophils into lungs which further secrete the proinflammatory cytokines and form the inflammatory feedback loop. (5) During SARS-
CoV-2 infection immune response is dysregulated which leads to the persistent recruitment of immune cells which promote overproduction
of inflammatory cytokines which cause various lung disorders like ARDS and acute lung injury. SARS-CoV-2 infection induce delayed activa-
tion of dendritic cells that cause defective T cell response. Most of the T lymphocytes in SARS-CoV-2 infection are induced to become Th1 cells.
SARS-CoV-2 infection also induce delayed antibody response (Figure illustrated with the help of https://smart.servier.com/.).
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Table 1. Response of various immune cells in COVID-19.

S.No. Immune cells Response to SARS-CoV-2 infection Treatment options References
1. Monocytes and Macrophages Increased in number Anakinra (IL-1f antagonist) and [43]
Macrophages produce proinflammatory response Tocilizumab (IL-6 receptor antagonist)
(secrete IL-6 and IL-IB)
Infiltration into lungs
Delayed or supressed type 1 IFN response
2. Dendritic cells (DCs) Produce proinflammatory cytokines and Immunosuppressing drugs like [44]
chemokines (TNF-q, IL-6, RANTES, IP-10, MCP-1, Tocilizumab, Lianhuagingwen, [45]
MIP-1a, CCR1, CCR3 and CCR5) Hydroxychloroquine
Delayed type 1 IFN response Depletion of alveolar macrophages in
Delayed induction and migration to lymph nodes SARS infection induce the activation
Increased expression of TRAIL which leads to and migration of dendritic cells
apoptosis of lymphocytes on their interaction with
Dendritic cells
3. Natural Killer (NK) cells Decreased counts Antiviral therapy with chloroquine [46]
Exhaustion of NK cells (High expression of NKG2A recovers the levels NK cells [47]
and low expression of TNF-q, IL-2, CD107a, Blocking of IL-6 can prevent the
granzyme B and IFN-y) decrease in cytotoxicity of NK cells
Decreased cytotoxicity (reduced perforin and
granzyme secretion)
High activation in peripheral blood
Peripheral NK cells showed higher expression of
markers like perforin, NKG2C and Ksp37
4, Neutrophils Increased in number Dornase Alfa is suggested to prevent [48]
Increased neutrophil to lymphocyte ratio NET release
Increased NET release which leads to ARDS, Inhibition of IL-1f secretion
thrombosis, coagulation and worst oxygenation
conditions observed in COVID-19 patients
5. Eosinophils Decreased in number Lopinavir treatment [49]
6. Mast cells Induce proinflammatory response (secrete IL-1, IL-6 Anti-inflammatory cytokines of IL-1 [50]
and IL-33, histamine and protease) family like IL-37 and IL-38 [51]
Upregulate RAS activity in airways Famotidine [52]
Secrete serine proteases Sodium chromo glycate and [53]
palmitoylethanolamide [54]
Luteolin
7. T cells Depletion of CD4* and CD8* T cells Blocking of IL-6 with Tocilizumab can [47]
T helper cells are polarized into Th1 cells and Th17 cells enhance the counts of circulating
Exhaustion of CD8* T cells lymphocytes.
Increased in number of GM-CSF, IL-6 and TNF-a Drugs targeting GM-CSF such as
expressing CD4* T cells Lenzilumab, Gimsilumab and
CD8* T cells express GM-CSF and produce more Namilumab or other anti-
granzyme, perforin and IFN-y inflammatory drugs
Infiltration into lungs Antiviral therapy with Chloroquine
Decreased number of Tregs can recovers the level of CD8* T cells
Decreased number of y8 T cells
Phenotypic alterations of unconventional T cells
Decreased number of TFH cells
Exhaustion of T cells with expression of markers like
Tim-3 and PD-1
8. B cells Delayed antibody response Plasma therapy [55]

Antibody dependent enhancement

increased levels of cytokines such as IFN-y, IL-1, IL-6,
IL-8, IL-12 and transforming growth factor B (TGF-B) and
chemokines C-C motif ligand 2 (CCL2), CXCL9 and
CXCL10 [43]. COVID-19 patients also showed elevated
levels of plasma IL-2, IL-7, IL-10, granulocyte-macrophage
colony stimulating factor (GM-CSF), macrophage inflam-
matory protein 1-a (MIP1-a), tumor necrosis factor-a
(TNF-a) and MCP-1 [21]. It was observed that patients
who were in non-survivor group showed higher levels of
IL-6 throughout the clinical course than patients in the
survivor group [67]. In severe cases, cytokine storm vio-
lently attacks the body and causes ARDS, multiple organ
failure eventually leading to death [4].

Cytokine storm induce unchecked influx of immune
cells especially monocytes and neutrophils into the lungs.
These cells secrete various inflammatory cytokines and
chemokines such as IL-1p, IL-6, TNF-a, CCL2, CCL7 and
CCL12 that further enhance disease severity. Earlier stud-
ies reported that IL-1p promoted pyroptosis defined as
non-programmed cell death upon pathogenic infection
[68]. Uncontrolled cell infiltrations promote lung damage
due to excessive secretion of toxic substances like proteases
and ROS. Furthermore, it causes alveolar damage, pulmo-
nary edema, hyaline membrane formation and desquama-
tion of pneumocytes which are defined as the earlier signs
of ARDS [69, 70].
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Figure 5. Immune evasion by Coronavirus. Coronavirus is sensed by various pathogen recognition receptors (PRRs) present in the host
cell like toll like receptor (TLR)-3, TLR-7, retinoic acid inducible gene (RIG)-1 and melanoma differentiation associated protein 5 (MDA5).
Recognition of Coronavirus by PRRs stimulate the production of type | and type 3 interferons (IFNs). IFNs are then secreted in autocrine
and paracrine manner and induce the expression of interferon stimulated genes via JAK-STAT signaling pathway leading to the activation
of antiviral response. Several viral proteins (shown in white boxes) encoded by the Coronavirus antagonize various steps of IFN signaling
and escape the immune response. TM1: First Transmembrane Domain, MAVS: Mitochondrial Antiviral-Signaling, IKKe: IkB Kinase Epsilon,
TBK1: TANK-Binding Kinase 1, IRF: Interferon Regulatory Factor, STING: Stimulator of IFN Genes, PLP: Papain Like Protease, NSPs:
Nonstructural Proteins, ORFs: Open Reading Frames, IFNAR: Interferon- Alpha/Beta Receptor, JAK1: Janus Kinase 1, TYK2: Tyrosine Kinase
2, STAT: Signal Transducer and Activator of Transcription 2 (Figure illustrated with the help of https://smart.servier.com/.).

4.3. Complement activation

Complement proteins are the component of innate immu-
nity and it has been reported that complement activation
is also related with pathogenesis of ARDS. In case of SARS-
CoV infection, activation of complement component C3
was found to be responsible for pathogenesis. Furthermore,
studies reported that depletion of C3 in SARS-CoV
infected mice reduced lung injury. Recently, it has been
revealed that C3 deficient mice also have reduced levels
of IL-6 and other chemokines and cytokines with decreased
influx of neutrophils and monocytes [71]. Various studies
have shown the role of complement activation in COVID-
19. Significantly elevated levels of complement component
C5b-9 and C5a were observed in the plasma of severe
COVID-19 patients [72]. In study of Gao et al. it has been

observed that N protein of SARS-CoV, MERS-CoV and
SARS-CoV-2 binds to the mannan-binding lectin-associ-
ated serine protease 2 (MASP)-2 which is an enzymatic
initiator of lectin pathway. N protein: MASP-2 interaction
promotes abnormal complement activation and lung
injury whereas blockade of this interaction suppressed the
complement activation and prevented inflammation and
lung injury [73]. Complement activation may also pro-
mote coagulopathy, thrombosis and microvascular injury
that are widely reported in COVID-19 patients [74-76].
Moreover, in COVID-19 patients enhanced deposition of
complement components C5b-9, C4d and MASP-2 are
observed in the lung and are associated with microvascular
injury and thrombosis [76]. Diao et al. observed that acute
renal failure in COVID-19 patients is associated with
increased depositions of C59-b in the kidney tubules [77].
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Inhibition of C3 with anti-C3 agents like AMY-101 and
with pathway inhibitors like lectin pathway can be bene-
ficial in preventing induced lung injury in COVID-19 [71].

4.4. Dysregulation of immune cells in COVID-19

4.4.1. Monocytes and macrophages
Single stranded RNA viruses like CoV's activate the mono-
cytes/macrophages through the TLR7/8 and stimulate type
1 IFN responses and cytokine production which leads to
suppression of viral infection [78]. However, SARS-CoV-2
dysregulated the activity of monocytes and macrophages
that further promotes lung injury and respiratory disor-
ders like ARDS. Single cell RNA sequencing (ScRNA) of
the bronchoalveolar lavage fluid (BALF) revealed that
there was abundance of monocyte derived macrophages
in the lungs of severe COVID-19 patients [79]. Similarly,
single cell transcriptome of peripheral blood revealed that
there was increased number of circulatory monocytes in
COVID-19 patients [73]. Increased numbers of monocytes
were also observed during the early recovery stage (ERS).
ScRNA of peripheral blood during ERS revealed that there
were increased counts of classical CD14* monocytes and
CD14*IL-1B* monocytes in circulation of COVID-19
patients. These cells further enter into the pulmonary cir-
culation and cause lung infection [14, 80]. Remarkably,
increased numbers of monocyte derived FCN1* macro-
phages have also been observed in BALF than the alveolar
macrophages in severe patients. Alveolar macrophages are
found to be the major type of macrophages in BALF [79].
In COVID-19 patients increased expression of inflam-
matory cytokines such as TNF-q, IL-1, IL-2, IL-6, IL-7,
GM-CSE, IP-10, MIP-1a and MCP-1 had been observed
[43, 81]. Macrophages are known to play an important role
in induction of these inflammatory cytokines. It has been
observed that critically ill COVID-19 infected patients
showed increased levels of CCL2, CCL3, CCL20, CXCL1,
CXCL3, CXCL10, IL-8, IL-1p and TNF-a expressing
inflammatory macrophages [82]. Sustained production of
IL-1pB and IL-6 from the circulating monocytes and mac-
rophages resulted in macrophage activation syndrome
(MAS) in COVID-19 patients that leads to severe respira-
tory failure [83]. MAS is characterized by the increased
production of IL-6 along with higher levels of hemophago-
cytic macrophages [84]. In macrophages, NOD like recep-
tor family, pyrin domain containing 3 (NLRP3)
inflammasome regulates the release of proinflammatory
cytokines IL-1B and IL-18 [85]. COVID-19 patients also
have activated MAPK-interferon pathway as revealed by
the single cell profiling and has very imperative role in
immune response produced in case of COVID-19 [86].
Immunosuppression of inflammatory cytokines is

considered as one of the treatment options for the control
of COVID-19. Drugs like Ankinra (IL-1 antagonist) and
Tocilizumab (IL-6 receptor antagonist) were suggested as
treatment options for the inhibition of inflammatory
response but results from a recent randomized double
blind placebo controlled trial showed that Tocilizumab
was not effective in saving lives of people infected with
SARS-CoV-2 [43, 87]. Recently, Lee et al. performed
ScRNA sequencing on the PMBCs of healthy donors,
severe and mild COVID-19 patients and severe influenza
patients. They observed that monocytes of severe COVID-
19 patients showed higher type 1 IFN response along with
TNF/IL-1B derived inflammation. Type 1 IFN-based
inflammatory responses were also observed in severe
influenza cases. This showed that macrophages derived
type 1 IFN response plays an important role in inducing
inflammation in severe COVID-19 cases [88]. Bao et al.
showed that human ACE2 (hACE2) receptor also has role
in pathogenesis caused by macrophages. In SARS-CoV-2
infected transgenic mice expressing hACE2, fatal pneu-
monia and infiltration and accumulation of macrophages
in alveolar interstitium has been observed in consistent to
the COVID-19 patients. Viral antigens have also been
spotted in these macrophages [33, 69, 89]. Macrophage
activation affects not only lungs but other organs also. In
postmortem analysis of six deceased COVID-19 patients
it has been observed that infection of tissue resident mac-
rophages (CD169") of spleen and lymph nodes by SARS-
CoV-2 is found to be responsible for pathogenesis.
Immunohistochemistry in the patients revealed that these
tissue resident macrophages of spleen and lymph nodes
express ACE2 receptor along with nucleocapsid protein
which is also spotted in these cells. In situ TUNEL staining
revealed that SARS-CoV-2 induce IL-6 production from
macrophages that promote lymphocyte necrosis, and thus,
might be the cause of pathogenesis in both spleen and
lymph nodes [90].

4.4.2. Dendritic cells

DCs are the most potent professional antigen presenting
cells that also play a vital role in preventing viral infections.
Many viruses use the respiratory tract to get entry into the
host and cause infection in the lungs which leads to the
activation of innate and adaptive immune response. DCs
are activated at the initial stages of the viral infection and
provide antiviral immunity [91]. Activated DCs migrate
from various tissues to the lymphoid organs and present
antigens to the T cells that further activate specific adaptive
immune response. Various studies showed that SARS virus
evade the innate immune response by impairing the activ-
ity of DCs through different mechanisms. A study reported
that infection of DCs with SARS-CoV resulted in



suppression of MHC-I expression on DCs that further
delayed the expression of IFN-a [92]. Another study
reported that SARS-CoV induced the plasmacytoid DCs
(pDCs) to produce prolonged production of type 1 IFNs.
This leads to immune exhaustion and accumulation of
monocytes, macrophages and neutrophils at the site of
infection [93]. It actually suppresses the expression of anti-
viral genes like IFN-a, IFN-$ and IFN-y. It also induces
the increased expression of proinflammatory cytokines
and chemokines such as TNF-a, IL-6, CCL5, IP-10, MCP-
1, MIP-1a, CCR1, CCR3 and CCR5. The SARS infection
does not affect the expression of TLRs (TLR-1 to TLR-10).
It stimulates the enhanced expression of TNF related apop-
tosis inducing ligand (TRAIL) with no effect on the
expression of FAS ligand [94, 95]. The increased produc-
tion of chemokines induces the migration of DCs to the
lymph nodes but increased expression of TRAIL promotes
the apoptosis of lymphocytes on their interaction with
DCs. Thus, DCs induced apoptosis of T cells results in
suppression of virus specific adaptive immune response.
Zhao et al. showed that SARS infection also delayed the
activation of DCs and their migration to the draining
lymph nodes which leads to deficient adaptive T cell
response [44]. Furthermore, a study reported by Tseng
et al. showed that SARS infection leads to maturation of
DCs and induced the expression of MHC-II and costim-
ulatory molecules [96]. Impaired DC activity is also
observed in MERS. MERS-CoV infects the monocyte
derived DCs and induce markedly elevated expression of
CCL5, IL-12, IP-10 and IFN-y along with MHC-II mole-
cules and co-stimulatory molecule CD86 [97].
SARS-CoV-2 like SARS-CoV and MERS-CoV affects
the activity of DCs. Depletion of both pDCs and conven-
tional DCs was observed in the severe COVID-19 patients
[98]. It was observed that mammalian target of rapamycin
(mTOR)-signaling and IFN-a production was diminished
in the pDCs of SARS-CoV-2 infected patients [99]. In
COVID-19 patients delayed activation and migration of
DCs from the site of infection, i.e., from lungs to the drain-
ing lymph nodes was also observed. It can, thus, be con-
cluded that delayed activation and migration of DCs might
be responsible for the slow viral clearance observed in the
COVID-19 patients [100]. Severe COVID-19 patients have
lymphopenia as they have reduced counts of CD4" and
CD8* T cells and have decreased expression of TCR.
Reduced number of T cells and expression of TCR might
be due to interaction of these cells with the DCs which
promote their apoptosis as in case of SARS-CoV. Depletion
of pDCs in COVID-19 patients is responsible for the
impaired activity of IFN-a observed in these patients as
these are the major producers of IFN-a [65]. From meta-
transcriptomic sequencing of BALF cells it was revealed
that COVID-19 patients have more abundant DCs than
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the healthy people [101]. Chen et al. showed that cytokine
storm caused by the SARS infection induced the influx of
pDCs into the lungs [102]. Thus, cytokine storm induced
in COVID-19 patients might promote influx of DCs into
the lungs. However, SCRNA of BALF revealed that severe
COVID-19 patients have reduced number of pDCs and
myeloid derived DCs (mDCs) than the patients with mild
symptoms.

CoVs interacts with DCs through several ways. Using
mice models, it has been demonstrated that CoV's interacts
with the DC in receptor dependent manner by using the
murine DC marker CEACAMI1a. A study reported that
blockade of this receptor via anti-CEACAM1a monoclonal
antibody (mAb) CC1 prevented infection of DCs [103].
DCs express DC-SIGN (CD209) which is C-type lectin
present on their membrane. It is used by various viruses
like human immunodeficiency virus (HIV) to interact
with the DCs [103]. Jeffers et al. showed that CD209
expression induce the susceptibility of SARS-CoV infec-
tion [104]. It has been reported that single nucleotide
polymorphism (SNP) in the promoter region of the CD209
enhanced the disease severity in SARS infection [100].
Thus, it might be possible that CoVs infect DCs via
CD209. Through ScRNA it is revealed that DCs also
express the ACE2 receptor [100], and thus, SARS-CoV-2
can directly infect the DCs through ACE2 receptor.

4.4.3. Natural killer cells

Natural killer (NK) cells are cytotoxic cells that play crucial
role in providing immunity against the virus [105]. NK
cells recognize the pathogens with the help of its receptors
known as natural cytotoxicity receptors (NCRs) like
NKp46 and NKp44. Activation of these markers leads to
the killing of virus infected cells [106]. DCs can also acti-
vate the NK cells. During influenza virus infection it was
observed that influenza infected DCs activate the NK cells
by recognizing its receptors NKG2D and NKp46 [107].
The role of NK cells has been deciphered in various viral
infections such as influenza, respiratory syncytial viruses
and HIV.

Deficiency of NK cells lead to various viral infections
and by inducing depletion of NK cells, viruses protected
themselves by enhancing own survival [108]. Interestingly,
it has also been observed that SARS-CoV-2 also evades the
immune system by depleting the NK cell population. Yu
et al. showed that the level of NK cells starts falling from
day 16 of the disease onset [109]. SCRNA sequencing of
BALF also revealed that COVID-19 patients have decreased
levels of NK cells than their healthy counterparts [98].
Analysis of lung NK cells revealed that most of the NK cells
that reside in human lungs are characterized by
CD56%mCD16* phenotype. Few NK cells also express tissue
residency marker CD69 which consist of mostly CD16" NK
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cells (immature cells) and CD16" cells (less differentiated
cells). Maucourant et al. reported that highly activated NK
cells were present in the peripheral blood of COVID-19
patients. They also observed that in severe cases peripheral
NK cells showed higher expression of markers like perforin,
NKG2C and Ksp37 [110]. NK cells in COVID-19 infected
patients are found to be functionally exhausted as they
highly express NKG2A. Higher expression of NKG2A is
associated with the exhaustion of NK cells. NK cells of
COVID-19 patients expressed low levels of TNF-q, IL-2,
CD107a, granzyme B and IFN-y which further suggests that
they are functionally exhausted. Functional exhaustion of
NK cells is one of the mechanisms through which SARS-
CoV-2 evades immunity [47]. Another study reported that
NK cells of COVID-19 patients express higher levels of
exhaustion marker: T cell immunoglobulin and mucin-do-
main containing-3 (Tim-3). Expression of exhaustion
marker Tim-3 is associated with the disease severity [65].
Viruses can spread the infection by decreasing the cytotox-
icity of NK cells. Recently, a study reported that influenza
virus decreased the cytotoxicity of NK cells by inducing
their apoptosis [111]. SARS-CoV-2 is also reported to
inhibit cytotoxicity of NK cells in an IL-6 dependent man-
ner. COVID-19 patients possess higher levels of IL-6 cyto-
kine which downregulated the cytotoxicity of NK cells by
reducing the perforin and granzyme secretion [46]. Recently,
it was also observed that Tocilizumab enhanced the activity
of NK cells [73]. Single cell sequencing revealed that NK
cells do not express the ACE2 receptor [112]. Thus, SARS-
CoV-2 does not infect the NK cells directly but reduce the
capability of NK cells by decreasing their cytotoxicity and
inducing their exhaustion.

4.4.4. Neutrophils

Neutrophils are the most abundant polymorphonuclear
leucocytes that provide first line of innate immune defence
and kill microbes by phagocytosis and degranulation
[113]. The role of neutrophils in providing antiviral
defence has not been deciphered yet but it is observed that
neutrophils can prevent viral infection by releasing various
chemokines, cytokines and antimicrobial compounds
[114]. One of the mechanisms by which neutrophils erad-
icate pathogens is through neutrophil extracellular traps
(NETs) formation. NETs trap the bacteria, viruses, para-
sites, fungi and neutralize them to provide antimicrobial
defence [115]. NET formation stimulates thrombosis by
activating platelets and by inducing coagulation which
promote various cardiovascular diseases like stroke and
myocardial infraction [116]. NET formation is also found
to be linked with various lung diseases like cystic fibrosis,
obstructive pulmonary disease, acute lung injury and
ARDS [116, 117]. In case of COVID-19, in vitro study
revealed that sera of virus infected patients induced NET

release [117]. This shows that NET formation in one of
the mechanisms through which neutrophils increase the
severity of COVID-19. Several studies prove the relevance
of NET in COVID-19 pathogenesis [117].

It has been found that neutrophils have major role in
the pathogenesis of COVID-19 that induces the proin-
flammatory response observed in COVID-19. In analysis
of 82 patients it was observed that 74.3% of the patients
showed neutrophilia whereas 94.5% of the patients showed
higher neutrophil to lymphocyte ratio (NLR) [118].
ScRNA analysis of the BALF revealed that severe COVID-
19 patients contain higher proportions of neutrophils than
patients who had mild symptoms [79]. Interestingly, one
of the study demonstrated that pregnant women infected
with COVID-19 showed significant enhancement in neu-
trophils than in the non-pregnant counterparts [119].
Recently using machine learning algorithm Mathew et al.
observed that neutrophil activation is the strongest pre-
dictor of COVID-19 severity. Activated neutrophils
express resistin, lipocalin-2, IL-8, HGF (Hepatocyte
Growth Factor) and G-CSE. Neutrophil activation was
observed on the first day of the hospitalization only in the
patients who later require ICU [120]. Altogether, from
these studies it can be concluded that enhanced neutro-
phils population and activation and higher NLR can be
utilized as biomarker to access disease severity.

In consistent to SARS-CoV infection neutrophil infil-
trations have also been observed in COVID-19 patients.
Cytokine storm promote the accumulation of neutrophils
inlung [121]. Higher expression of neutrophil chemokine
CXCR?2 receptor along with delayed type 1 IEN response
has been found to be responsible for accumulation of neu-
trophils in lungs of COVID-19 patients [63, 65]. It has
been found that increased levels of IL-1 by monocytes in
the circulation induce the accumulation of neutrophils and
CD8* T cells in the lung [21, 68]. Infiltrating neutrophils
promote disease severity by inducing the production of
chemokines and cytokines such as IL-1§3, IL-6, IL-8, TNF-
a, TGF-p and MCP-1 [122]. Neutrophils also produce
cytotoxic substances like ROS, proteases and leukotrienes
that further lead to various respiratory disorders like acute
lung injury and ARDS [42, 65]. It has been observed that
majority of COVID-19 patients who were diagnosed with
thrombosis have higher levels of neutrophils and the
respective markers of NET in the serum [I117].
Furthermore, Shi et al. reported that COVID-19 patients
who had higher levels of neutrophil activation marker cal-
protectin had higher need of mechanical ventilation than
those who had lower levels of calprotectin [123]. Increased
levels of IL-1p in COVID-19 patients stimulate NET
release and promote lung damage [124] (Figure 6). It is
reported that viable SARS-CoV-2 can directly promote
the release of NET from neutrophils. NET release by
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Figure 6. (A) Induction of Neutrophil Extracellular Traps (NETs) from neutrophils by SARS-CoV-2 infection. SARS-CoV-2 induce the neutro-
phil expansion and NET release. NET release promote the IL-1( secretion from macrophages which further leads to inflammation. SARS-
CoV-2 also induce the IL-1( secretion from macrophages by activating the NLRP3 inflammasome activation. IL-1f further stimulate NET
release and forms a positive feedback loop. (B) NET release causes ARDS, thrombosis and coagulation in COVID-19 patients (Figure illus-
trated with the help of https://smart.servier.com/.).
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SARS-CoV-2 is dependent on ACE2, serine protease, pro-
tein arginine deamination-4 (PAD-4) and virus replication
[125]. It is observed that children suffering from Kawasaki
disease (KD) which is characterized by inflammation in
blood vessels and heart damage is common in children
under the age 5. It is reported that that KD patients have
increased number of neutrophils and have dysregulated
NET formation. This indicates that children might be
more susceptible to COVID-19 due to higher levels of
neutrophils and NET release [126]. Altogether, these stud-
ies showed that increased number of neutrophils enhances
the severity of COVID-19 infection through several ways,
thus, it is necessary to control the dysregulated activity of
neutrophils to lessen the severity.

4.4.5. Basophils

Basophils are the least common circulating granulocytes.
Generally, basophils secrete Th2 cell type cytokines like
IL-4 and IL-13 and provide a link between the innate and
adaptive immunity. Basophils are responsible for various
Th2 cytokine mediated inflammatory diseases like allergy
[127]. Degranulation of activated basophils release hista-
mine, proteolytic enzymes, proteoglycans, leukotrienes,
prostaglandins, etc. Several cytokines and chemokines
such as IL-3, IL-4, IL-6, IL-9, IL-13,IL-25, CCL5, MIP-1A,
MCP-1 and GM-CSF are also released during degranula-
tion [128]. Their role in various viral diseases like influ-
enza and HIV has been well established. Several studies
revealed that influenza virus enhances the release of his-
tamine from basophils [129, 130]. Recently, basophil dys-
regulation has also been observed in case of COVID-19
where it was observed that severe COVID-19 patients have
reduced number of basophils as compared to non-severe
patients [131]. Thus, it can be inferred that SARS-CoV-2
impairs the immune system by reducing the level of baso-
phils and decreased counts of basophils can be correlated
with the severity of COVID-19.

4.4.6. Eosinophils
Eosinophils are the circulatory granulocytes but apart
from circulation granulocytes are also localized in the gas-
trointestinal tract and in the lungs. Single stranded RNA
viruses induce the eosinophils through TLR7 and promote
the cytokine production and degranulation of eosinophils.
Furthermore, activation of eosinophils also induces the
production of superoxide and nitric oxide in eosinophils
and improves their survival. A study revealed that eosin-
ophils provide the antiviral immunity by inducing the
expression of MHC-II and costimulatory molecule CD86
as reported in case of influenza virus [132].

Various studies highlighted the relevance of eosinophils
in SARS-CoV-2 infection. Severe COVID-19 patients have

decreased eosinophil count and enhancement in the eosin-
ophil levels can be used as a recovery marker [133].
Analysis of routine blood of hospitalized COVID-19
patient for 26days revealed that eosinophil levels start
decreasing within one week of the hospitalization. Lowest
value was observed on the seventh day of the hospitaliza-
tion. There were very low counts of eosinophils on tenth
day and after approximately 12 days of the hospitalization
levels of the eosinophils start recovering [134]. Liu et al.
also reported that eosinophil levels were low at the time
of hospitalization and recover before discharge [49]. These
studies showed that enhanced eosinophil count can be
used as markers of improvement in COVID-19. Chen et al.
reported that non-survivors have reduced levels of eosin-
ophil than the survivors and thus eosinophils can be
employed as an indicator of disease severity [135]. It was
earlier hypothesized that asthma patients must be at higher
risk of getting infected with SARS-CoV-2 due to lack of
antiviral immunity in them. Surprisingly, it has been
observed that asthma patients showed lesser susceptibility
to COVID-19 because of higher eosinophils count and
type 2 cytokines IL-4 and IL-13. This shows the signifi-
cance of eosinophils in preventing COVID-19. One of the
mechanisms through which SARS-CoV-2 impaired the
host immune response is via depleting eosinophils count.
Altogether, corticosteroids, allergen immunotherapy and
monoclonal antibodies against IgE used for the treatment
of asthma might also decrease the risk of asthmatic patients
to get infected with SARS-CoV-2 [136].

4.4.7. Mast cells

Mast cells are distributed throughout the body but pre-
dominantly they are localized at the body surfaces that are
in contact with the external environment like skin, the
nasal cavity, submucosa of the respiratory tract and intes-
tine. In these body parts mast cells reside under the epi-
thelium in connective tissue and form the barrier against
the microbes [137]. Mast cells are known regulators of
both innate and adaptive immune responses and various
other physiological processes like vasodilation, vascular
homeostasis, angiogenesis and venom detoxification. It
has been reported that mast cells are also responsible for
development of various diseases like asthma, allergy, ana-
phylaxis, gastrointestinal and cardiovascular disorders
[137]. The role of mast cells in various bacterial, parasitic
and bacterial infections like HIV, dengue virus has also
been reported [138]. Several studies showed that viruses
stimulate mast cells through TLRs that further induce
inflammatory response by stimulating the secretion of
inflammatory chemical compounds like TNF-aq, tryptase,
IL-1, IL-6 and CCL3 [53, 138]. Mast cells were also
reported to increase lung injury in H5N1 influenza viral



infection by secreting proinflammatory compounds like
histamine, IFN-y and tryptase. Inhibition of mast cell
degranulation by Ketotifen prevented lung pathogenesis
and viral infection [138]. Mast cells produce type 1 and 3
IFNs in response to viral infection but unsuitable inflam-
matory response of mast cells is responsible for vascular
leakage and fibrosis observed in viral infections [139].

Few studies are reported till date on the role of mast
cells in COVID-19 but it is observed that mast cells par-
ticipate in the inflammatory response that is produced in
COVID-19. SARS-CoV-2 infection induces mast cells to
secrete early inflammatory compounds histamine and
protease whereas late infection induces production of
inflammatory cytokines IL-1, IL-3 and IL-6. It was
observed that suppression of production of these cytokines
by using anti-inflammatory cytokines of IL-1 family like
IL-37 and IL-38 prevented SARS-CoV-2 infection [50, 51].
This shows that suppression of inflammation due to mast
cells can be an effective treatment for the prevention of
SARS-CoV-2 infection and various drugs are considered
for this. It was observed that Famotidine can prevent the
SARS-CoV-2 infection by targeting the activity of hista-
mine receptor H, [52]. Mast cells stabilizers were also
considered which can control the serum TNF levels [140].
Gigante et al. hypothesized that Sodium chromo glycate
and Palmitoylethanolamide can prevent the SARS-CoV-2
infection. Sodium chromo glycate is a well-known mast
cell stabilizer that prevents inflammation by supressing
the secretion of inflammatory compounds from the mast
cells. It prevented lung inflammation in viral infected
mice and improved their survival. Conversely,
Palmitoylethanolamide is an endogenous fatty acid and
nuclear factor agonist. It regulates mast cell homeostasis
by downregulating the secretion of TNF-a and histamine
and is reported to prevent respiratory tract infection
during common cold and influenza [53]. Recently, a study
suggested a novel mast cell stabilizer “chromones” which
are cheap, anti-inflammatory and safest treatment option
against COVID-19 [141]. Flavonoid Luteolin is also con-
sidered for preventing inflammation induced by mast cells.
Luteolin exhibits antiviral and anti-inflammatory proper-
ties and it also suppresses the activity of serine proteases
and prevents the entry of SARS-CoV-2 into host cells by
binding to the S protein. An analogue of Luteolin called
Tetramethoxyluteolin suppresses the release of proinflam-
matory cytokines and chemokines such as TNE IL-1p,
CCL2 and CCL5 from human mast cells [54].

Apart from producing inflammatory response mast
cells can also induce lung injury through other mecha-
nism. It is observed that mast cells produce and store
enzymatically active renin which is homologous to the
renin produced in human kidneys. Release of renin by
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the degranulation of bronchial mast cells lead to the for-
mation of angiotensin II that further promotes bronchoc-
onstriction and also upregulated the RAS activity in
airways [142]. A study revealed that o and p chymases
secreted by the mast cells also generate angiotensin II
from angiotensin I [143]. Tryptases and chymases are
serine proteinases and are chief constituents of mast cell
granules that induce the influx of inflammatory cells
[144]. Serine proteases are also required for priming of
S protein. Mast cells thus have very important role in the
pathogenesis of COVID-19 but their role need to be
further explored.

4.4.8. T helper cells

CD4* and CD8" T cells play a vital role in virus clearance.
Activated CD4'T cells produce cytokines that further
induce the activation of other immune cells especially
CD8*T cells and B cells for killing the pathogens. CD8* T
cells exhibit potential to directly kill the virus infected
target cells. Among T helper cells, Th1 cells generally play
major role in preventing viral infections. It has been
observed that like SARS-CoV, SARS-CoV-2 also impairs
the host adaptive immune response. In similarity to SARS-
CoV infected patients, reduction in CD4* and CD8*
Tlymphocytes (lymphopenia) has also been observed in
COVID-19 patients [131, 145]. T cells of COVID-19
patients also showed significantly higher expression of
exhaustion markers PD-1 and Tim-3 during symptomatic
stages [146]. In COVID-19 patients, CD4*T cells predom-
inantly express IFN-y, TNF-a and IL-2 cytokines and it
has been found that in severe patients, levels of these cyto-
kines get reduced in comparison to mildly infected
patients [47].

There are various reasons responsible for the depletion
of T cells in the COVID-19 patients. It is observed that the
number of T cells (CD4* and CD8") in peripheral blood
is negatively interrelated with the serum levels of inflam-
matory cytokines IL-6, IL-10 and TNF-a. Severe SARS-
CoV-2 infected patients have higher levels of these
cytokines along with reduced T cells population. Recovered
patients have decreased level of IL-6, IL-10 and TNF-a and
have restored T cell population [90]. Type 1 IEN is also
found to be induced in response to SARS-CoV-2 infection
and it is observed that induction of type 1 IFN and TNF-a
directly cause the observed lymphopenia. Previous
reported studies demonstrated that type 1 IFN and TNF-a
cytokines control the recirculation of lymphocytes by pre-
venting the egress of lymphocytes from lymphoid organs
[147, 148]. Postmortem analysis of six deceased COVID-
19 patients revealed that SARS-CoV-2 induce the apopto-
sis of lymphocytes. It does this by upregulating the Fas
expression and induces the macrophages to secrete IL-6
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cytokine which further promote lymphocyte apoptosis
[90]. MAS and reduced expression of Human Leukocyte
Antigen-DR isotype (HLA-DR) is observed in critically ill
COVID-19 infected patients and is found to be associated
with the depletion of CD4* T cells. MAS are recognized
by higher production of IL-6 and thus blocking of IL-6
with Tocilizumab enhanced the counts of circulating lym-
phocytes. This shows that IL-6 secreted by macrophages
might be responsible for lymphopenia observed in severe
COVID-19 patients [83]. Lymphocytes infiltration can
also be responsible for their reduce levels in peripheral
blood. SCRNA of BALF revealed the infiltration of lym-
phocytes into lungs in COVID-19 patients [79]. Similarly,
infiltration of lymphocytes into lungs is found in postmor-
tem biopsy reports of deceased critically ill COVID-19
patients [69].

Various studies analyzed the adaptive immune response
against the SARS-CoV-2 and it is observed that large num-
ber of SARS-CoV-2 epitopes are recognized by T cells
[149]. Epitope mapping of SARS-CoV revealed that most
of the adaptive immune response was found to be raised
against the structural proteins viz. S, M, E and N proteins
[150]. In SARS-CoV-2 infection majority of the T cells
response observed are mounted against the S protein
[151]. S protein primarily induces CD4" cells which are
mainly characterized by CD69*CD137* markers. Majority
of these CD4" T cells are of central memory type as they
express CD45RA and CCR?. S protein also activates the
CD8* T cells. Like CD4* T cells most of these activated
CD8* T cells exhibits CD69*CD137* phenotype and are
of effector memory type (CCR7") or of terminally differ-
entiated effector T cell type and produce IFN-y [151].
Huang et al. showed that all SARS-CoV-2 infected patients
exhibit structural peptide specific CD4* T cells response
and 80% of the patients also harbored peptides specific
CD8* T cells [86]. Surprisingly, it has been observed that
20% of the healthy controls those were never exposed to
SARS-CoV-2 also possessed virus specific T cells [86].
Furthermore, Maters et al. showed that some of these pre-
existing memory CD4* T cells found to be reactive against
SARS-CoV-2 also possess cross reactivity against common
cold coronaviruses. This showed that these memory CD4*
T cells are raised in the healthy donors due to their previ-
ous exposure with the common cold coronaviruses and
would also provide immunity against SARS-CoV-2 [152].
But recent studies have shown that protective immunity
due to seasonal CoVs is short lived and provide little relief
against SARS-CoV-2 infection [115, 153, 154]. It was
observed that reinfection due to seasonal CoV's occurred
frequently after a year of the infection [155].

It is reported that CD4" T cells plays a vital role in pre-
venting the SARS infection and deficiency of these cells
hamper viral clearance that further promote lung

inflammation. Majority of the CD4* T cells in COVID-19
are induced to become Th1 that produce GM-CSF and
other cytokines which stimulate the IL-6 producing
CD14'CD16" monocytes. These monocytes and Th1 cells
accumulate in the pulmonary circulation and cause lung
damage [151, 156]. GM-CSF producing CD4* T cells are
indicators of disease severity and are responsible for var-
ious inflammatory diseases like juvenile arthritis, multiple
sclerosis and sepsis [157]. Within the CD4" T cells, higher
proportion of CCR6" Th17 cells has also been observed
in COVID-19 patients but the role of Th1l7 cells in
COVID-19 is yet unknown [69, 151]. Th2 response was
also observed in severe cases as there were higher levels of
IL-2, IL-6 and IL-10 present in critically ill COVID-19
patients [151, 158]. CD4* T cells of the severe COVID-19
patients produce low levels of IFN-y than the non-severe
patients (Chen et al., 2020). CD8* T cells of COVID-19
patients are found to be functionally exhausted and
showed enhanced expression of IFN-y, TNF-a along with
high levels of granzyme B and perforin (degranulated
state). IFN-y and TNF-a expressing CD8* T cells were
found to be present more in severe COVID-19 patients
than the patients who have mild infection [159]. CD8* T
cells of COVID-19 patients admitted in hospitals express
higher levels of GM-CSF than non-ICU patients [160].
Reduced number of T regulatory cells (Tregs) and naive
T cells are also observed in COVID-19 patients [131].
Earlier a study reported that Tregs induced recovery in
mice suffering from fatal pneumonia [161] and thus
reduction in their numbers in COVID-19 patients might
promote lethal pneumonia. Previous studies reported that
yS T cells exhibits strong antiviral activity and protected
from pneumonia caused by influenza virus [159, 162]. In
case of COVID-19, reduction in number of y§ T cells had
been observed in the peripheral blood and showed higher
expression of activation marker CD25 and CD4 [73, 163].
Bcl-6* T follicular helper (TFH) cells are also found to be
diminished in COVID-19 [164]. Phenotypic alterations
were also observed in the circulating unconventional T
cells (MAIT, y8 T cells and iNKT cells) of the COVID-19
patients. Highly activated unconventional T cells were
detected in the airways of COVID-19 patients. It was also
observed that the expression of CD69 activation marker
on the blood MAIT and iNKT cells is the indicator of
COVID-19 severity [165].

Stimulation of T cell response is essential for controlling
the spread of infection but proper induction of memory
T cell response is also required for preventing further rein-
fections. SARS-CoV-2 infection is very recent and thus it
is not possible to study the memory T cell response in
COVID-19 patients. But there are studies on memory T
cell response in SARS-CoV patients and can be referred
to understand the memory T cell response in SARS-CoV-2



virus. Analysis of lymphocytes in two SARS-CoV patients
revealed that memory CD4" T cells were recovered from
the patient even 12 months after the disease onset [166].
Another study reported that CD8* memory T cells sur-
passes the CD4* memory T cells in SARS-CoV recovered
patients and were detected in serum even 9 and 11 years
after the infection. Other studies also reported the pres-
ence of memory T cells against the SARS infection [167,
168]. All the memory T cells were observed to be induced
against the structural proteins of SARS-CoV [169]. But
the studies of memory response in SARS-CoV cannot be
correlated with the studies on the SARS-CoV-2. Analysis
of blood of SARS-CoV-2 infected patients 2 weeks after
discharge revealed that there was decreased level of virus
specific T cell response than the IgG specific antibody
response [162]. Recently it was observed that memory
CD4*and CD8" T cells induced against SARS-CoV-2 have
half-life of 3-5months [170]. Further studies are needed
to understand the virus specific T cell memory response
in the recovered patients.

4.4.9. B cells

Antibodies against SARS-CoV-2 are produced by highly
varied TCR and BCR V (D) J recombination [86]. In
SARS-CoV infection seroconversion take place after
10-11 days of the infection [171]. Like SARS-CoV delayed
antibody response take place in SARS-CoV-2 infection.
Neutralizing antibodies (NAbs) mostly comprise of IgG
and IgM antibodies against the SARS-CoV-2 and start
appearing after 7-14 days of the disease onset [172]. Most
of the NAbs are produced against the RBD of the S protein
and nucleocapsid protein [173]. RBD specific monoclonal
antibodies are isolated from the COVID-19 patients. It has
been observed that these antibodies have great neutraliz-
ing ability and possess specificity only for SARS-CoV-2
and does not cross react with the RBD of SARS-CoV and
MERS-CoV [174].

B cells not only protect from the primary infection but
also provide immunity against further challenges by pro-
ducing memory B cell responses. Memory B cells produce
secondary immune response and protect from reinfections
by producing an immediate response against the antigen.
Knowledge of the memory B cells response against the
SARS-CoV-2 is of the great interest. It will be very helpful
in designing vaccine strategies for combating COVID-19.
Memory B cell response in SARS-CoV and MERS-CoV
was studied by various groups. During SARS infection it
was observed that recovered patients had higher and sus-
tainable NAbs against the S and N proteins of SARS-CoV
[175]. IgG antibody and NAbs against the SARS-CoV were
recovered in the patients even after 2 years of the disease
onset [176]. Liu et al. analyzed IgG and NAbs at regular
interval for 2 years in SARS-CoV infected patients. They
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observed that levels of the IgG antibody and NAbs were
higher at four months after the infection and then
decreased thereafter. IgG and NAbs decreased markedly
after the 16 months [177]. In another study however it was
reported that IgG* memory B cells were higher after
2 months of the infection and then decreased by 6th and
8thmonths [178]. Memory IgG antibodies specific for
SARS-CoV were not detected 6years after the infection
which shows that memory B cell response does not protect
after a longer period [168]. NAbs were detected against
the MERS-CoV in the 86% of the patients even nearly
3years after the outbreak [179]. But as SARS-CoV-2 infec-
tion is very recent there is no substantial data related to
the memory B cell response in COVID-19. But there are
some studies which may be helpful in understanding the
memory B cell response against SARS-CoV-2. In study of
Thevarajan et al. it had been observed that stimulation of
CD19*CD27*CD38" antibody secreting B cells is concom-
itant with the increase in TFH cells [180]. TFH cells help
in the development of memory B cells response. SCRNA
of peripheral blood mononuclear cells revealed that pop-
ulation of plasma B cells exists in recovered patients [73].
It had been observed that primary infection of SARS-
CoV-2 can protect from the further reinfections [89]. RBD
specific memory IgG antibodies were observed in the
COVID-19 patients [174]. Study from Addetia et al. also
had revealed that NAbs produced against SARS-CoV-2
can protect from reinfection. They showed that crew
members of US fishing vessel who had NAbs against CoV's
before departure were protected against SARS-CoV-2
infection caused during the departure. Conversely, crew
members who did not have the NAbs against SARS-CoV-2
got infected [181]. In another study, Gudbjartsson et al.
tested the levels of SARS-CoV-2 antibodies in around
30 000 people including more than 1200 people who had
recovered from the COVID-19 infection. They observed
that more than 90% of the recovered patients had antibod-
ies against SARS-CoV-2. Antibodies levels peaked after
2months of diagnosis and did not decline until 4 months
[182]. These studies have shown that memory response
exists against SARS-CoV-2 but different studies provide
different perspective of memory response in COVID-19.
Seow et al. analyzed the antibody responses in 65 infected
people for 94 days. They observed that among them 19
patients had higher levels of antibodies than people with
mild disease. They also observed that in most of the people
antibody levels started falling about a month after the
infection [183]. This study declined the possibility of
designing a vaccine based on NAbs. Recently, a study by
To et al. provided the first evidence of reinfection. They
observed that a Hong Kong man who was first infected
with SARS-CoV-2 in April was found infected again four
months later (142days) with different variant of
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SARS-CoV-2. This study also shows that immunity against
SARS-CoV-2 can wane after sometime [184]. But again
two recent studies have declined the possibility that mem-
ory response against SARS-CoV-2 diminish after some-
time. In study of Wajnberg et al. which included more than
30 000 SARS-CoV-2 infected individuals it was observed
that in 90% of the infected people antibodies against
SARS-CoV-2 persisted for at least 5months after the infec-
tion [185]. Similar results were reported by Dan et al. They
analyzed the circulating memory response against SARS-
CoV-2 and observed that spike IgG antibody remained for
at least 6 months after the infections [170].

Antibodies usually protect from the infections but
sometimes can also enhance the severity of the viral infec-
tion by mediating the entry of virus into the host cells,
referred as antibody dependent enhancement of infection
(ADE). ADE occurs when complex of virus and antibody
comes in contact with cells having Fc receptors. Antibodies
bind to the virus through the S protein on one end and to
the Fc receptor on another end. Binding of antibody-virus
complex to the Fc receptor bearing cells induces its inter-
nalization and entry of virus into the cell [186, 187]. ADE
phenomenon hampers the activation of proper immune
response against SARS-CoV-2. It is observed that IgG anti-
body against the S protein promote polarization of mac-
rophages into proinflammatory phenotype which leads to
acute lung injury. Blocking of Fcy receptors inhibited the
inflammatory response of macrophages and prevented
lung injury. This shows that ADE might be responsible for
dysregulation of macrophages activity [188]. SARS-CoV
is also reported to infect macrophages in IgG dependent
ADE by binding to the FcyRII receptors [189]. It was
observed that monoclonal antibodies against the RBD of
MERS also mediated the entry of MERS-CoV into host
cell. Thus, ADE can create a huge problem in designing a
vaccine against the virus. However, in contrast to the above
discussion a recent study showed that NAbs against the
SARS-CoV-2 RBD has not promoted ADE mediated viral
entry [190].

5. Age and immune responses against COVID-19

It has been suggested that hyperinflammatory immune
response is one of the reasons for higher mortality rate in
aged population [191]. A study demonstrated that older
people have higher expression of prostaglandin D2 which
impairs the migration of respiratory DCs to draining
lymph nodes and thus the induction of specific T cell
response [192]. As age advances, lymph nodes undergo
some changes that further effect the formation and main-
tenance of naive T and B cells. Recently, a study reported
that with age activation, proliferation and differentiation

of T cells is also impaired [193]. Thus, it is plausible to
suggest that impairment in immune response during age-
ing enhance the severity of COVID-19 in aged people.

In contrast to aged population children rarely gets
SARS-CoV-2 viral infection. Children infected with virus
showed mild symptoms and rarely infection progresses in
them into the severe stage [194]. It has been observed that
only 6% of the children below the age of 18 have severe
symptoms whereas 50% of them developed only mild
symptoms [195]. Furthermore, a recent study has shown
that people below the age of 20 are less susceptible to
household transmission whereas people above the age 60
are highly susceptible [196]. Surprisingly, it has been
observed that immune system plays crucial role in protec-
tion of children from COVID-19. It is observed that chil-
dren have decreased levels of proinflammatory cytokines
TNF-a and IL-6 that further reduces the neutrophil infil-
tration and lung injury. Along with the reduced proinflam-
matory cytokine levels, higher levels of immunomodulatory
cytokines such as IL-10 and IL-13 has also been observed
in children. Moreover, children have decreased expression
of ACE2 and TMPRSS2 is lung epithelium and exhibits
better capability of repairing the lung infection [194].
Thus, it can be concluded that multiple factors work in
synergistic manner to protect children from developing
severe COVID-19 disease. But the results of recent research
have shown that viral load of SARS-CoV-2 infected chil-
dren is significantly higher than the adults with severe
disease [197]. This study thus contradicts with the previ-
ous results which claim that children are at low risk of
COVID-19.

6. Immunotherapies for COVID-19

Currently, there is no effective therapy against SARS-
CoV-2 infection. Inhibition of inflammatory response
caused by dysregulated immune response can be an effec-
tive therapy in preventing COVID-19. Below we discussed
some of the immunotherapeutic strategies that can be
employed as potential treatments option for COVID-19
(Figures 7 and 8).

6.1. Immunosuppressive drugs

Thalidomide is an anti-inflammatory, anti-angiogenic and
anti-fibrotic immune modulator. Interestingly, it has been
observed that thalidomide in combination with low dose
glucocorticoid prevented pneumonia in SARS-CoV-2
infected patients [198]. Currently clinical trials are in prog-
ress for Thalidomide to further explore its role in prevention
of COVID-19 (ClinicalTrials.gov https://clinicaltrials.gov/
ct2/show/NCT04273529, 2020). Recently, a study
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Figure 7. Different types of immunotherapies for prevention of COVID 19.

demonstrated that Lianhuaqingwen, a traditional Chinese
medicine prevented SARS-CoV-2 infection by significantly
reducing the pro-inflammatory cytokines and chemokines
such as TNF-a, IL-6, CXCL10 and MCP-1 levels [199].
Clinical trials on Tocilizumab and on anti-TNF-a antibody
are also in progress [45]. Clinical trials for drugs against
GM-CSF such as Lenzilumab, Gimsilumab and Namilumab
are also under way [200-202] (Figure 9). Several studies
reported the immunomodulatory properties of a common
antimalarial drug Chloroquine. Clinical applications of
chloroquine are increasing day by day. For vyears,
Chloroquine is being used in chronic kidney disease, oncol-
ogy, cardiovascular and rheumatological disorders.
Currently, Chloroquine is suggested for the treatment of
COVID-19. Antiviral therapy with Chloroquine recovers
the levels of NK cells and CD8* T cells during convalescent
period in COVID-19 patients [47]. A systemic review on

Chloroquine which includes six studies and various ongoing
trials suggested that there is evidence of effectiveness of
Chloroquine in preventing COVID-19. But for better
understanding of anti-viral properties of Chloroquine some
high-quality effective trials are recommended [203].
Hydroxychloroquine is also an anti-inflammatory drug
that works by same mechanism as Chloroquine.
Hydroxychloroquine has been well established as an immu-
nomodulatory drug. Furthermore, Hydroxychloroquine
prevents cellular autophagy, an important step for
innate and adaptive immune system activation [204].
Hydroxychloroquine is preferred over Chloroquine for
treatment of malaria as it is safer. It is reported to be three
times more effective than Chloroquine in treatment of
SARS-CoV-2 infection at a dose of 400 mg twice along with
maintenance dose of 200 mg twice daily for 4days [205].
Hydroxychloroquine reduced viral load in COVID-19
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patients and  Azithromycin in  addition to
Hydroxychloroquine reinforced its anti-viral potential and
makes it more efficient in eliminating the virus [206]. Zheng
et al. suggested that cross reactive antibodies are responsible
for cytokine storm and their inhibition can prevent the
SARS infection. They proposed that inhibition of activated
memory B cells in early stage of COVID-19 patients can
prevent the production of cross-reactive antibodies. mTOR
inhibitors can potentially inhibit activation of memory B
cells and can be used for the treatment of COVID-19 [207].

6.2. Plasma therapy

In passive antibody therapy, antibodies against a partic-
ular agent are given to the infected person that provides
immediate relief to infected person. In case of COVID-19,
the source of antibodies against the SARS-CoV-2 is the
serum of patient who recovered from COVID-19, i.e.,
convalescent sera [208]. Earlier, convalescent plasma ther-
apy has also been employed for the treatment of SARS,
MERS and influenza A virus pandemic in 2009

[209-211]. Recently, several studies evidenced that con-
valescent sera can be an effective therapy for the treatment
of COVID-19. It is reported that treatment of 10 severe
COVID-19 patients with single dose of 200 mL of conva-
lescent sera markedly enhanced the NAbs against the
SARS-CoV-2 virus [55]. Furthermore, Zhang et al.
reported that all severely ill patients who received conva-
lescent sera along with supportive care recovered from
COVID-19 infection [212]. Convalescent sera adminis-
tration improved health of the patients [213]. Food and
drug administration (FDA) also approved the use of con-
valescent sera for treatment of critically ill COVID-19
patients [214].

6.3. Immunosuppression by corticosteroids and
nonsteroidal drugs

Corticosteroids are steroid hormones and classified into glu-
cocorticoids and mineralocorticoids [215]. Glucocorticoids
are involved in various essential biological processes like
metabolism, development, reproduction, cardiovascular
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genome of the new viral particle. (4) Subgenomic RNAs synthesized through transcription are translated into viral structural proteins: S
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targets the serine protease (TMPRSS2) and prevents the S protein cleavage which is required for the viral fusion to the host cells. Lopinavir
and Ritonavir targets the proteolysis of polypeptide chains. Remsdesivir prevents the replication of SARS-CoV-2 and drugs like Tocilizumab,
Lenzilumab, Gimsilumab, Namilumab and Lianhuagingwen inhibit the pro-inflammatory response.



22 ‘ A.BHARDWAJ ET AL.

functions, water and electrolyte balance, growth and devel-
opment [216]. Glucocorticoids exhibits immunomodulatory
properties and are being increasingly used for the treatment
of various immune related disorders like inflammatory bowel
disease (IBD), asthma, rheumatoid arthritis (RA), allergy,
septic shock and multiple sclerosis [215]. Corticosteroids
were previously considered for the treatment of MERS, SARS
and influenza virus [217, 218].

Now, their use is also being suggested for the treatment
of severe COVID-19 cases to suppress lung inflammation
[21]. Recently, a study revealed that no association exists
between corticosteroids treatment and virus clearance in
case of COVID-19 [219]. Clinical outcomes from other
studies also do not support the theory that corticosteroids
can prevent lung inflammation in COVID-19 patients
[220]. But recently in a randomized clinical trial (2100
participants) in United Kingdom (UK) it has been
observed that synthetic glucocorticoid dexamethasone
suppressed the deaths by one third in the COVID-19
patients who were on ventilators. But dexamethasone
showed no impact on the non-severe patients but it was
very impactful in case of severe patients that require ven-
tilators and reduced their chance of dying by 20% [221].
Moreover, another study reported that short term treat-
ment with dexamethasone significantly reduced the C-
reactive protein levels and the length of stay of COVID-19
patients in hospitals [222].

Nonsteroidal drugs (NSDs) are the common pre-
scribed drugs indorsed for reducing pain and inflamma-
tion. NSDs inhibit cyclooxygenase-2 (COX-2) enzyme
which are required for prostaglandins induced pain and
inflammation [223]. It has been observed that NSDs like
ibuprofen and aspirin suppressed antibody production
and prevented MHC restricted antigen presentation in
DCs [224]. Because of their immunosuppressive proper-
ties NSDs are recommended for the inhibition of SARS-
CoV-2 infection. Naproxen and Indomethacin are the two
NSDs that are mainly suggested for COVID-19 infection.
Naproxen is an antiviral drug that prevented infection
due to influenza A and B virus [225] and can be an effec-
tive therapy for COVID-19 [226]. Indomethacin has
anti-inflammatory and antiviral activities and reported
to inhibit SARS-CoV infection by suppressing RNA syn-
thesis in vitro in monkey VERO cells [227]. In vivo studies
showed reduced level of canine CoVs in dogs, and thus,
can be considered for suppressing SARS-CoV-2 infec-
tion [228].

6.4. Intravenous immunoglobulins

Intravenous immunoglobulins (IVIG) is the mixture of
immunoglobulins pooled from thousands of normal indi-
viduals [229]. IVIG has been employing for the treatment

of various neurological, hematogical, nephrological, der-
matological, rheumatological and immune related disor-
ders [230]. Several mechanisms are being involved in
preventive activities of IVIG. A study found that IVIG
promoted cytokine balance, inhibited auto-reactive T cells,
reduced antibody production from B cells and also reduced
macrophage activity [231]. Recently, the relevance of IVIG
has also been explored in case of COVID-19. It has been
observed that administration of IVIG at a dose of 0.3-0.5g/
kg for 5 days to critically ill COVID-19 patients those were
not responding to other treatment options reduced the
progression of pulmonary lesions and improved their clin-
ical and respiratory conditions [232]. Furthermore,
another study reported that usage of IVIG for treatment
of severely ill COVID-19 patients decreased the need of
mechanical ventilation, reduced the length of hospital stay
and decreased the mortality rate [233]. It was observed
that all IVIG treated patients had satisfactory recovery
with no adverse effects [234]. These studies raise the pos-
sibility that IVIG may provide a better way in the treat-
ment of COVID-19.

6.5. Vaccines

There is an urgent requirement of vaccine for the preven-
tion of SARS-CoV-2 infection because of its highly trans-
missible nature and pathogenesis. Before SARS-CoV-2
there were epidemics due to SARS-CoV and MERS-CoV.
Several vaccines like inactivated virus vaccines, live atten-
uated virus vaccines, viral vector vaccines, subunit vac-
cines and DNA vaccines have been designed against
SARS-CoV and MERS-CoV. But so far, they have been
tested only on animals and no data on their safety and
efficacy in case of human is available [235, 236]. Thus,
these vaccines cannot be recommended for the treatment
of SARS-CoV-2 infection. But the knowledge that has been
gained in making these vaccines is now being used for
designing a better SARS-CoV-2 vaccine. All over the world
within few weeks of SARS-CoV-2 outbreak many research
groups started making vaccines. After 2months of the
outbreak it was observed that over 37 pharmaceutical com-
panies or research institutes were in the race of making
COVID-19 vaccine [237]. Right now, various biopharma-
ceutical companies in collaboration with research insti-
tutes are designing several types of vaccines like DNA
vaccines, RNA vaccines, inactivated vaccines, viral vec-
tor-based vaccines and recombinant vaccines for COVID-
19 (Table 2). Some of these vaccines have shown positive
results in clinical trials. Pfizer and BioNtech vaccine can-
didate, BNT162b2 has found to be more than 90% effective
in preventing COVID-19. These companies have received
emergency use authorization (EUA) in various countries
like UK, America, Europe, Australia and have already
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Table 2. Status of different types of COVID-19 vaccines.

Registration number/

S.No Type of vaccine Name Developer Trial phase  Clinical trial number

1. RNA-based vaccine BNT162 Pfizer/BioNTech Phase 3 NCT04368728

2. mRNA-based vaccine mRNA 1273 Moderna Phase 3 NCT04283461

3. Viral vectored vaccine Inactivated vaccine Wuhan Institute of Biological Products, China National Phase 3 ChiCTR2000031809

Pharmaceutical group (Sinopharm)

4. Adenovirus-based Ad5-nCoV CanSino Biologics Phase 3 NCT04313127
vaccine

5. Inactivated vaccine CoronaVac Sinovac Phase 3 NCT04456595

6. Adenovirus vectored ChAdOx1 nCoV-19 The University of Oxford Phase 3 NCT04324606
vaccine or Covidshield

7. Adenovirus vectored Sputnik V Gamaleya Research Institute of epidiomology and Phase 3 NCT04530396
vaccine Microbiology, Health Ministry of the Russian Federation

8. Recombinant vaccine NVX-CoV2373 Novavax Phase 3 NCT04533399

9. Whole virion inactivated ~ Covaxin Bharat Biotech Phase 3 NCT04471519
vaccine

10. Inactivated vaccine BBIBP-CorV Beijing Institute of Biological Products, China National Phase1/2 -

Pharmaceutical group (Sinopharm)

11. DNA vaccine GX-19 Genexine Phase 1/2 NCT04445389

12. mRNA-based vaccine LUNAR-COV19 Arcturus Therapeutics and Duke-NUS Medical School Phase 1/2 -

13. DNA vaccine INO-4800 Inovio Pharmaceuticals Phase 1/2 NCT04447781

14. mRNA-based vaccine CVnCoV CureVac Phase 1 NCT04515147

15. Recombinant subunit SCB-2019 Clover Biopharmaceuticals Phase 1 NCT04405908
vaccine

16. Recombinant vaccine COVAX-19 Vaxine Pty Ltd. Phase 1 NCT04453852

17. Recombinant vaccine Plant-based adjutant ~ Medicago Phase 1 NCT04450004

COVID-19 vaccine
18. Lentivirus vector COVID-19 aAPC Shenzhen Geno-Immune Medical Institute Phase 1 NCT04299724

vaccine

started vaccinating people [238-241]. Moderna vaccine
candidate, mRNA-1273 was found to be 94.5% effective
in phase 3 clinical trials and the vaccine is already approved
by America [241, 242]. Phase 3 clinical trials of Oxford-
AstraZeneca COVID-19 vaccine, ChAdOx1 nCoV-19 or
Covidshield (in India) has shown that the vaccine is 70%
effective in preventing COVID-19 and have already started
vaccinating people in UK and India [241, 243]. The
Russian Direct Investment Fund (RDIF) and Gameleya
center have also announced their vaccine candidate,
SPUTNIK-V with 92% efficacy in phase 3 clinical trials
and is already approved by countries like Argentina and
Belarus [244]. Bharat biotech vaccine candidate Covaxin
is also approved by Indian government and the Indian
government has already started vaccinating its citizens
[245]. Although the process of vaccination has started in
various countries it is still early to estimate whether these
vaccines will be able to provide effective immunity against
COVID-19 as postvaccination data is still awaited.

6.6. Monoclonal antibodies

Designing antibodies against the RBD of the S protein is one
of the strategies used to combat COVID-19. RBD of S pro-
tein binds to the ACE2 receptor and mediate viral entry.
Blockade of RBD binding to the S protein by antibodies
against it can prevent the viral entry into host cells and thus
prevents SARS-CoV-2 infection [246]. In 2010, Berry et al.
successfully designed mAbs against the SARS-CoV RBD

which cross neutralized and prevented its binding to the
ACE2 receptor [247]. Study of Berry et al. showed the poten-
tial and feasibility of mAbs as vaccine for combating
COVID-19. SARS-CoV RBD specific human mAbs can also
be explored against the SARS-CoV-2. After screening of
various mADbs, it has been observed that one SARS-CoV
specific mAbCR3022 mAb bound effectively with the SARS-
CoV-2RBD thus; provide a treatment option for COVID-19
[248]. Moreover, 47D11 mAb designed against the con-
served epitope in the SARS2-S-S1b domain was also found
to neutralize SARS-CoV-2 [5]. Lei et al. designed fusion
protein comprised of extracellular domain of the ACE2
receptor and fc region of the human IgG1 antibody. The
tusion protein showed high binding affinity for both SARS-
CoV and SARS-CoV-2. They observed that fusion protein
was capable of neutralizing pseudotyped SARS-CoV and
SARS-CoV-2 viruses [13]. Not only the RBD but other parts
of the S protein can also be targeted for vaccine preparation.
Chi et al. isolated the mAbs from the convalescent SARS-
CoV-2 infected patients and observed thata mAb named as
4A8 showed high potency of neutralizing the SARS-CoV-2.
4A8 showed no binding with RBD but to the N terminal
domain of the S protein. This showed that mAbs targeting
N terminal domain can also acts as promising therapeutic
against COVID-19 [249]. Recently Liu et al. isolated 61
mABs against SARS-CoV-2 from 5 severe hospitalized
patients. They observed that 19 antibodies among these
potently neutralized SARS-CoV-2 in vitro. Epitope mapping
revealed that these antibodies were directed against the RBD
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and NTD of the S protein [250]. Mercado et al. also showed
the efficacy of adenovirus serotype 26 (AD26) vector-based
vaccine in 52 rhesus macaques. They showed that AD26
induced NAbs and protected against SARS-CoV-2 challenge
[251]. Furthermore, Baum et al. made a cocktail of two
potent mAbs (REGN10987+REGN10933) against the
SARS-CoV-2S protein. They demonstrated that the anti-
body cocktail reduced the viral load in rhesus macaques and
golden hamsters [252].

6.7. Herbal drugs

A number of traditional Chinese medicines (TCM) and
herbal drugs like Gypsum, Semen armeniacaeamarae,
Liquorice, Scutellariabaicalenishas been reported for the
treatment of COVID-19 [253]. On 14 April 2020 China
approved the usage of herbal drugs Xuebijing for severe
SARS-CoV-2 infection and Lianhuagingwen and
Jinhuaqinggan for the treatment of mild conditions. TCM
and herbal drugs are observed beneficial in preventing
SARS-CoV-2 infection as they have antiviral and anti-in-
flammatory properties. It has been reported that approx-
imately 60 107 COVID-19 patients were treated with TCM
or herbal drugs [254]. But some of these herbal drugs have
been found to shown adverse effects which limit their use
in COVID-19 treatment [255]. TCMs are sometimes adul-
terated and are not processed properly [256].

Indian Ayurveda also has great potential of treating
deadly diseases and can replace the TCM in treatment of
COVID-19. Ayurveda which means “The science of life” is
the oldest medicinal science was originated in India dating
back 5000 years. Ayurveda recommends the use of tradi-
tional Indian medicines, medicinal plants and spices for the
treatment of diseases. Medicinal herbs promote immune
system development and exhibits anti-inflammatory,
anti-cancer and anti-oxidant properties. Medicinal herbs
modulate the immune system and maintain immune
homeostasis [257]. Several ayurvedic plants exhibits immu-
nomodulators like:  Curcuma longa (Cucumin),
Tinosporacordifolia  (Guduchi), Andographispaniculate,
Dioscorea  japonica, Boerhaaviadiffusa (Punarnavine),
Withaniasomnifera (Ashwagandha), Allium sativum
(Garlic), Terminaliaarjuna and Mangiferaindica [258].
Ministry of AYUSH, Government of India also proposed
guidelines for use of ayurvedic herbs during COVID-19
pandemic. Recently, a group published an intervention plan
based on ayurvedic plants for the treatment of COVID-19
[254]. A recent study which collected data from 163 coun-
tries also demonstrated the role of spices in COVID-19. The
study had shown that correlation exits between the total
cases of COVID-19/million and the gram of spices con-
sumed/capita/day. They observed that nations which con-
sumed less amount of spices/capita had more cases of

COVID-19/million than high spice consuming nations
[259]. But till now there is no study which directly proves
the role of Indian Ayurvedic herbs or medicines in the treat-
ment of COVID-19. Nevertheless, Ayurvedic herbs have
the potential of curing various diseases and thus there
should be clinical trials on further investigating their role
in preventing COVID-19. Ayurvedic herbs can also provide
a safe and better option in place of TCM.

7. Inhibitors of viral entry and replication

Apart from immunosuppression, blocking of viral entry
into cells can be an effective way of preventing the SARS-
CoV-2 infection. SARS-CoV-2 enters into the cells with the
help of S protein and required host protease TMPRSS2 and
cathepsin L for S protein priming. Hoffman et al. showed
that viral infection can be prevented by blocking the viral
entry using the inhibitors for TMPSS2 protease. They used
camostat mesylate to block TMPSSS2 and observed that it
had prevented viral entry and thus viral infection. Hoffman
et al. also showed that NAbs produced in the convalescent
patients against SARS-CoV-2 S proteins also blocked S pro-
tein mediated viral entry [37]. Earlier Yamamoto et al.
showed that Nafomostat, an inhibitor of TMPSS2 had inhib-
ited S protein mediated entry of MERS virus [260]. Two
antiviral drugs remdesivir and chloroquine has also been
reported to prevent SARS-CoV-2 infection. Remdesivir acts
on post virus entry. It is an adenosine analogue and gets
incorporated into the viral RNA chains which cause prema-
ture termination. Beigel et al. had shown that Remdesivir
decreased the recovery time in hospitalized COVID-19
patients to 11 days from 15 days [261]. Remdesivir is widely
used for the treatment of COVID-19 and on May 1st FDA
EUA to the Remdesivir for COVID-19 treatment. On
August 28 FDA expanded the EUA to treat hospitalized
COVID-19 patients [262]. Chloroquine which is common
antimalarial drug inhibits viral entry into the host cell.
Chloroquine interferes with the glycosylation of S protein
[263]. SARS virus enter into the host cell by endocytosis
also and thus SARS infection can also be prevented by inhib-
iting the regulators of endocytosis like AP-2 associated pro-
tein kinase 1 (AAK1). Richardson et al. suggested through
computational studies that Baricitinib which is one of the
best AAKI inhibitors can also be used for the treatment of
COVID-109. It also binds to G-associated kinase which also
regulates endocytosis [264]. Some studies target the SARS-
CoV-2 main protease (CoV MP™). CoV MP™ cleaves poly-
proteins required for the replication and transcription of
COVID-19 and inhibition of CoV MP™ will prevent viral
multiplication. Computer aided drug designing and bioin-
formatics tools are used for designing the inhibitors for CoV
Mpr, Jin et al. designed inhibitor M3 which inhibits the
activity CoV MP™ by fitting into the substrate binding



pocket [265]. Carmofur which is an antineoplastic agent
can also inhibit CoV MP™ and is suggested for treatment of
COVID-19 [266].

8. Gut microbiota and COVID-19

Microbiota is the collection of microbes like bacteria, pro-
tozoa, archaea, fungi, viruses and eukaryotes that colonize
in or on the host [267]. The aggregate of microbes that
reside in the gastrointestinal tract is termed as gut micro-
biota (GM). Human GM consists of over 100 trillion
microbes encoding more than three million genes. GM is
considered as an essential organ of our body [268]. GM
regulates various biological processes in our body like they
increase nutrient absorption, enhance extraction of energy
from food and maintain integrity of gut. One of the most
important functions of the GM is that it promotes immune
system development. A study reported that germ free mice
have reduced number of CD4* T cells in the lamina propria
and IgA producing B cells [269]. They have smaller number
of payer’s patches with reduced size, poorly developed B and
T cells zones in spleen [270]. Germ free mice also possessed
imbalanced Th1/Th2 response [271]. GM is mainly domi-
nated by Firmicutes and Bacteroidetes phyla and constitutes
over 90% of the total bacterial species localized in gut. Other
microbial phyla like Proteobacteria, Actino-bacteria,
Fusobacteria and Verrucomicrobiaare present in smaller
proportions [272]. GM regulates various body functions.
But alterations in GM composition can cause various gas-
trointestinal, metabolic, respiratory, autoimmune, psycho-
logical and liver diseases [273]. Alternation is GM
composition is known as dysbiosis. A study reported that
excessive intake of medications; antibiotics and irradiation
altered the GM [274]. As altered GM leads to several dis-
eases it might also be possible that GM gets altered during
SARS-CoV-2 infection. Several studies showed that elderly
people and immunocompromised people having cardio-
vascular diseases, hypertension and diabetes are at much
higher risk of COVID-19. Dysbiosis is also one of the rea-
sons for cardiovascular diseases, diabetes and hypertension
and elderly people also have altered GM [275]. This further
suggests the role of dysbiosis in COVID-19. Dysbiosis leads
to dysregulated immune response and promote inflamma-
tory response. Dysbiosis induced enhanced production of
Th17 cells and proinflammatory cytokines like TNF-q,
IL-1pB and IL-6. Several studies revealed that dysbiosis lead
to development of various inflammatory diseases like IBD
[276], colorectal cancer [277] and RA [278]. Thus, it might
be possible that altered GM is behind the inflammatory
response reported in COVID-19.

A recent study published has shown that COVID-19
patients have altered GM during hospitalization. In one of
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the studied COVID-19 patient, GM was dominated by patho-
gens and was depleted of beneficial microbes. It was observed
that there was positive correlation between the abundance of
Clostridium  ramnosum, Clostridium  hathewayi and
Coprobacillus and COVID-19 severity. Abundance of
Faecalibacterium prausnitziiwas negatively correlated with
COVID-19 severity [279]. This study thus has shown the role
of GM in COVID-19, but further research is required to
establish the relation between dysbiosis and SARS-CoV-2
infection.

It is also reported that like gut, lung also has its own
microbiota denoted as lung microbiota. Lung microbe is
dominated by Firmicutes, Bacteroidetes and Proteobacteria.
Surprisingly, it has been revealed that GM regulates pulmo-
nary health and there is effect of lung inflammation on GM
also. Thus, GM and lung interconnect with each other and
affect each other’s development. This bidirectional intercon-
nection between the GM and lung is referred as gut-lung
axis. Gut-lung axis increases the likelihood that SARS-
CoV-2 infection might affect the GM. It was also observed
that GM also has role in ARDS which further increase the
possibility that GM has rolein COVID-19 [280]. Interestingly,
a study has reported that GM colonization in germ free mice
reduced the expression of colonic ACE2 [281]. This again
confirms the role of GM in SARS-CoV-2 pathogenesis.

To further test the role of GM in COVID-19, a clinical
trial (NCT04355741) is under progress. The aim of the
trial is to test if there is any difference of GM composition
between the patients those having mild disease and those
having severe disease. The study will assess is there any
relation between the GM composition and the rate of mor-
tality, length of stay in hospitals and the duration of
mechanical ventilation. The outcome of this study will
explain further the role of GM in COVID-19. There should
be more studies performed to find out if there is any cor-
relation of dysbiosis found in patients having cardiovas-
cular diseases, hypertension and diabetes and their
increased chances of getting infected with SARS-CoV-2.

9. Probiotics for treatment and management of
CoVvID-19

Probiotics which are defined as “live organisms that when
administered in adequate amounts confer health benefits
on the host” Probiotics are used as therapeutics for the
treatment of various gastrointestinal and metabolic disor-
ders like IBD, irritable bowel syndrome, antibiotic associ-
ated diarrhoea, obesity, osteoporosis and diabetes [282,
283]. Probiotics modulate the GM, regulate immune sys-
tem and maintain the gut integrity [284-286]. Probiotics
modify GM and suppress inflammation by modulating
the immune system. We propose here that probiotics can



26 A.BHARDWAJ ET AL.

also be an effective therapy for the treatment and manage-
ment of COVID-19. China’s National Administration of
Traditional Chinese Medicine and China’s National Health
Commission also proposed the use of probiotics for the
treatment of SARS-CoV-2 infection. Administration of
probiotics- Enterococcus faecalis, Lactobacillus rhamnosus
GG and Bacillus subtilis to the severely ill pneumonia
patients (on ventilator support) significantly reduced the
need of ventilators [287]. Thus, probiotics can be used to
reduce the demand of mechanical ventilation in COVID-
19 patients. In China it was observed that 2-36% of the
COVID-19 patients who were given antibiotics had diar-
rhoea [287]. Probiotics replace the harmful bacteria in gut
and prevent gut dysbiosis in several diseases like IBD,
colorectal cancer, diabetes and osteoporosis. Thus, probi-
otics can also be used for preventing dysbiosis in COVID-
19 [279].

Another mechanism through which probiotics can
prevent SARS-CoV-2 infection is by modulating the
immune system. Probiotics showed anti-inflammatory
properties [284, 285]. Probiotic combination of L. rham-
nosus, B. lactis and B. longum decreased the production
of IL-B and IL-6 and unregulated the expression of IL-10
[288]. L. fermentum and L. salivarius downregulated the
expression of inflammatory cytokine IL-If in DSS
induced colitis mouse model [289]. Probiotics mixture
VSL#3 decreased the level of TNF-a in peripheral blood
and prevented sickness behavior [290]. A study reported
that L. rhamnosus suppressed the production of TNF-a
from macrophages [291]. Many other studies proved the
role of probiotics in preventing inflammation [292, 293].
Thus, the anti-inflammatory properties of probiotics
and their role in preventing dysbiosis should be exploited
for preventing SARS-CoV-2 infection. More future
research should be done on the pathogenesis and effi-
cacy of probiotics in humans. Probiotics role in COVID-
19 should be explored because probiotics can provide a
cheap and effective way of treating and managing novel
CoV 2019.

10. Conclusion

SARS-CoV-2 enforced public health crisis with an unprec-
edented challenge for the development of successful thera-
peutics. SARS-CoV-2 infection impairs the immune system
leading to various inflammatory responses and in severe
cases death, but till now there is no specific therapy available
for COVID-19. Thus, there is an exigent need to identify a
potential therapeutic compound that can be employed
against COVID-19. This review summarizes various mech-
anisms of SARS-CoV-2 immunopathogenesis and available
therapeutic interventions for the cure of COVID-19.
Control of inflammatory response is vital for targeting the

viral infection, and therefore, it is imperative that the mech-
anisms behind the hyperinflammation are further eluci-
dated to design better therapeutic strategy to restrict the
viral spread. In the last section, we also summarized the
hidden potential of probiotics that can provide a safe and
inexpensive option in the treatment and management of
COVID-19.
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