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Abstract

COVID-19, a type of viral pneumonia caused by severe acute respiratory syndrome coronavirus 2 has challenged the world
as global pandemic. It has marked the identification of third generation of extremely pathogenic zoonotic coronaviruses
of twenty-first century posing threat to humans and mainly targeting the lower respiratory tract. In this review, we focused
on not only the structure and virology of SARS-COV-2 but have discussed in detail the molecular immunopathogenesis
of this novel virus highlighting its interaction with immune system and the role of compromised or dysregulated immune
response towards disease severity. We attempted to correlate the crosstalk between unregulated inflammatory outcomes
with disrupted host immunity which may play a potential role towards fatal acute respiratory distress syndrome that claims
to be life-threatening in COVID-19. Exploration and investigation of molecular host-virus interactions will provide a better
understanding on the mechanism of fatal COVID-19 infection and also enlighten the escape routes from the same.

Introduction

The inception of January 2020 marked a global outbreak of
novel Coronavirus with multifarious cases of human infec-
tions being reported from December 2019 that was closely
related to the South China Sea Food City Market in Hunan
province of Wuhan. With respective confirmation of 2019-
nCOV infections by Thailand, Japan and Korea on 13th, 16th
and 20th January [1], this human infection bestrewed rapidly
as World Health Organization (WHO) announced on Janu-
ary 31st, 2020 as COVID-19 to be listed as Public Health
Emergency of International Concern (PHEIC) indicating its
risk to affect multiple countries thus necessitating properly
coordinated International response [2]. On February 11,
2020, WHO declared pneumonia caused by novel coronavi-
rus as COVID-19 with simultaneous announcement from the
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International Virus Classification Commission regarding the
emerging coronavirus to be termed as severe acute respira-
tory syndrome coronavirus 2 (SARS-COV-2) [3]. COVID-
19 was successively proclaimed a pandemic by WHO on
March 11, 2020 [4]. On the basis of recent advancement
in COVID-19 research as well as the knowledge gathered
from various studies on SARS-COV and MERS-COV, we
attempted to review and compile the literature explaining
virology, transmission, possible interactions of SARS-
COV-2 with target host-cells as well as its molecular patho-
physiology. We have also focused in detail on information
about probable innate and adaptive host response towards
SARS-COV-2 along with the molecular immunopathogen-
esis and inflammatory response in disease progression in
case of COVID-19 pandemic.

Virology and Structure of SARS-COV-2

Being a member of the Betacoronavirus genus, SARS-
COV-2 shares 50% similarity with MERS-COV sequence [5]
and 79% genetic resemblance with SARS-COV [6]. How-
ever, RaTG13 (bat CoV) has been observed to be a 98%
match [3] while pangolin coronavirus also possesses high
sequence similarity with that of SARS-COV-2 [7].
Coronaviruses are typically enveloped and non-seg-
mented. These single stranded (positive sense) RNA viruses
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are characterized by largest possible (26-32 kilobases) RNA
viral genome. The nucleocapsid of virion is comprised of
genomic RNA together with nucleocapsid proteins (N pro-
teins) concealed within bilayers composed of phospholip-
ids. It is covered by either spike glycoprotein trimmer (S)
which is common in all CoVs or Hemagglutinin esterase
(HE) existing in certain CoVs. S protein of viral envelop
house among them the transmembrane glycoprotein (type
IIT) known as membrane protein and also the envelope pro-
teins (E). The distinctive crown like appearance fetches their
name [8]. Ectodomain of viral S protein consists of a recep-
tor-binding unit (S1) and a membrane fusion subunit (S2).
The S1 subunit comprises of the amino-terminal domain
and domain for receptor binding (RBD) which in SARS-
COV specifically spans between 318 and 510 amino-acid
residues [9]. The S2 subunit on the other hand is made up
of one fusion peptide domain and 2 heptapads (HR 1 and
2) repeated regions [10]. The genome sequence of SARS-
COV-2 have minimum of 10 Open reading frames (ORFs)
with translation of ORF1a/b (the initial ORFs) that constitute
for approx. two thirds viral RNA in two big polyproteins.
These two polyproteins in (ppla and pp1b) are committed in
processing for non-structural proteins (Nsp1-16) which then
contribute in producing the Replicase transcriptase complex
(RTC) of virus [5]. ORFs, repla, replb (replication genes),
5'-UUUAAAC-3’ (the slippery sequence) and ppla along
with pplab (polyproteins) are the critical requirements for
viral replication. The Rough endoplasmic reticulum (RER)
derived membranes are further rearranged by these Nsps to
form vesicles (double-membered) that assist viral replication
along with transcription [11]. While Nsp15 plays a major
role in coordinating viral replication and also facilitates
attacking host immune system [12], the RCT complex is
assembled by Nsp 1/2, 2/3 and 3/4 which helps in creating
an optimum environment within body of host that augments
synthesis of viral RNA along with its replication. Nsp12
encoding for RNA-dependent RNA polymerase (RdRP),
RNA helicase domain together with RNA 5'-triphosphase
encrypted by Nsp13 and exoribonuclease (ExoN) encoded
Nspl4 are responsible for replication conformity while
Nspl6 is known for encoding the activity of 2’-O-methyl-
transferase.The remaining SARS-COV-2 ORFs belonging
on the other side of the genome (one-third) are responsible
for encoding the 4 crucial structural proteins namely spike
(S), nucleocapsid (N), envelop (E), and membrane (M) in
addition to multiple accessory proteins having unrecognized
functions with negative participation in replication process
of this zoonotic virus.

Another discriminating trait of SARS-COV-2 is the pres-
ence of S protein consisting of furin-like cleavage zone [13].
Furin and ADAM-17/10 play a major role in promoting the
cellular entry of SARS-COV-2 [14]. Transcriptional induc-
tion of furin being dependent on NOTCH [15], regulating
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NOTCH mediated furin activity also modulates viral entry
into host-cells. Apart from furin affiliated pre-cleavage,
TMPRSS2 (cell serine protease) is also necessary for proper
processing of S-proteins and thus facilitates SARS-COV-2
entry inside host-cells [16].

Immune Pathogenesis During COVID-19
Infection

Any viral infection triggers a reverse host immunity
response. Immune responses of individuals towards patho-
gens are known to vary depending on genetic diversities.
Thus, an impaired immune system triggers propagation of
the virus especially to the ACE2 rich organs such as lungs,
kidney, intestine, heart causing massive damage to tissues.
Lungs suffer from innate inflammation due to these dam-
aged cells mediated primarily by proinflammatory factors
like granulocytes and macrophages. This unrestrained
immune response triggers lung inflammation with corre-
lated detrimental pulmonary tissue, function impediment
and diminished capacity of lungs insinuate life-threatening
severe respiratory malfunction characterizing the last stage
of COVID-19 [17]. Additionally, chemotactic factors which
regulates leukocyte positions as well as dilations in host
lungs are crucial for immunity in response to viral infection.
Thus, spectral modifications in chemotactic factors often
contributes to majorly imbalanced immune system. The
host immune response thus acts as a double edged sword
as its suppression or misdirection provokes replication of
virus leading to tissue destruction while hyperactive immune
effects impose threat of immunopathological situation [8]

(Fig. ).

Antigen Presentation and HLA-Haplotypes
in Relation to SARS-COV-2

Succeeding entry inside the host cells, viral antigens are
subjected to the Antigen presentation cells (APC) which
is a critical mechanism of antiviral host immunity. Major
histocompatibility complex (MHC) and HLA (in humans)
offer antigenic peptides. MHC loci (HLA) serves to be a
prototypical component governing gene-related susceptibil-
ity for infections [18]. The CD4 +and CD8+T cells con-
sist receptors for T-cell antigens which efficiently identify
conformation of antigen binding groove in association with
related antigenic peptides. Thus, susceptibility to distinct
diseases depends on varying HLA haplotypes [17]. This
implies the importance to comprehend antigen presentation
during SARS-COV-2 where previous knowledge from SARS
and MERS-COV infections may be helpful. In SARS-COV,
antigen presentation is majorly controlled by MHC-I [19].
While HLA-B*4601, HLA-B*0703, HLA-DR B1¥1202
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Fig. 1 Immune response (innate and adaptive) in SARS-COV-2 infec-
tion. Following entry of the virus mediated by spike (S) protein, the
genomic viral RNA is released in cytoplasm and the viral replication
may initiates immune response after identification of this dsRNA
or ssRNA. The sensitized TLRs trigger a cascade of signaling that
activates IRFs and NF-kB leading to IFN (type I) and proinflamma-
tory cytokines production. IFN contributes majorly in increasing the
secretion of antiviral proteins that helps in protecting the uninfected
cells. On the other hand, CoV infection activates the macrophages
and the APC primes T cells by displaying the CoV antigens, caus-
ing T cells activation. CD4 +and CD8 +T cells in humoral immunity
participates in cytokine production for viral suppression. However,
vigorous production of such mediators owing to persistence of virus
negatively impact NK cells and CD8+T cells activation. Moreover,

and HLA-Cw*0801 [20] are the polymorphisms which dic-
tate SARS-COV vulnerability, the alleles HLA-DR0301,
HLA-Cw1502 and HLA-A*0201 ensures protective func-
tions [21]. Moreover, Mannose-binding lectin (MBL) poly-
morphism concurrent with Ag presentation also intensifies
SARS-COV risk [22]. On the other-hand, MHCII alleles
HLA-DRB1*11:01 and HLA-DQB1*02:0 confer in MERS-
COV infections [23]. In cases of SARS-COV-2 patients, dec-
rement in HLA-DR expression has been observed recently
which may be related to exponentiation of hyper-inflamma-
tory conditions [24]. Studies have pointed out the minimal
potency of HLA-B*46:01 allele for presenting SARS-CoV-2
peptides resulting in enhanced susceptibility for COVID-
19 infection while HLA-B*15:03 which can successfully
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T helper cells (Th17) results in secretion of an array of interferons
and interleukins. On the other hand, Th2 activates B cells in humoral
immunity for producing antibodies. ssRNA single stranded RNA,
dsRNA double stranded RNA, TLR toll like receptors, IRF interferon
receptor factor, APC antigen presenting cells, IFN interferons, NF-kB
nuclear factor kappa light chain enhancer of activated B cells, TNF
tumor necrosis factor, Th T helper cells, TIRAP toll/interleukin-1
receptor domain-containing adapter protein, MCPIl:macrophage
inflammatory protein, MAPK mitogen activated protein kinase, TRAF
TNF receptor-associated factor, /L interleukins, /JRKA4 interleukin-1
receptor-associated kinase 4, MyD88 myeloid differentiation primary
response 8, JAK-STAT Janus kinase- signal transducers and activators
of transcription

present conserved epitopes of SARS-CoV-2 and may offer
a better immune response [25].

Innate Immunity Responses During SARS-COV-2:
Role of IFN1 and DC

Innate immune system comprising of conserved defense
mechanism plays a pivotal role in recognizing and restrict-
ing pathogenic invasion and successively leads to adaptive
immune reaction. Effective antiviral innate immunity is
potentially dependent on interferon (IFN) activity and its
downstream effector cascade that regulates replication of
virus and effectuate successful adaptive immunity [3]. IFNs
are responsible for diversified biological activities such as
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antiviral, immunomodulatory, antiproliferation etc. and
thus potentiates the immune system in multiple ways [26].
Although all the three types of IFNs; IFNaf (type I), IFNy
(Type II), IFNA (Type III) account for protecting against cor-
onavirus infections [27], type I IFN plays the predominant
role of primarily in the early infection phases. Following
infection, the genomic RNA (ssRNA, dsRNA) are identi-
fied by identified by Toll like receptors (TLRS) like TLR3/7
(endosomal), TLR4 or cytosolic RNA sensors [MDAS
(melanoma differentiation-associated protein 5)/Retinoic
acid inducible genel (RIG1)] [28]. These Pattern recogni-
tion receptors (PRR) trigger interlinked signaling pathways
for inducing robust IFN response. Mitochondrial antiviral
signaling proteins (MAVS) are activated by MDAS/RIG]
which activates TNF receptor-associated factor 3 (TRAF3),
TRAF family member-associated NF-kB activator binding
kinase 1 (TBK1) and inhibitors of NF-xB kinases ¢ (IKK)
that sequentially phosphorylates Interferon regulatory factor
3 (IRF3/7) and nuclear factor kappa light chain enhancer of
activated B cells (NF-xB) leading to successive induction of
type I IFNs [29]. The activated Type I IFN using interferon-
a/p receptor (IFNAR) consecutively actuate JAK/STAT
mechanistic pathway involving phosphorylation of signal
transducer and activator of transcription (STAT1/2) by
kinases, janus kinase (JAK) and tyrosine kinase 2 (TYK2).
Phosphorylated STAT1/2 complexed IRF9 are translocated
into the nucleus that results in IFN-stimulated genes (ISGs)
transcription regulated by promoters bearing ISRE (IFN-
stimulated response element) (Figs. 1, 2). The ISGs play
essential antiviral role in innate immunity system by lim-
iting entry as well as replication of virus within the host
cells [30]. However, the heterogeneous response [31] of type
I IFNs and its complex regulations emphasize the impor-
tance of critical understanding of IFN1 response dynamics
in patients suffering from COVID-19.

In-vitro COVID 19 infection models have revealed
induction of low type I/type II IFNs only, which subse-
quently triggered average ISG levels and specific cytokines
[interleukins (IL-1p, IL-6, TNF (Tumor necrosis factor)]
as well as chemokines like CCL20, CXCL1/2/3/5/6 and
16 [32]. Early clinical studies showed either absence of
type I IFNs (specially IFNp) regardless the severity of
the infection or presence of IFNa at marginal lower lev-
els in plasma of severely ill COVID-19 patients. Succes-
sive studies further Successive studies further displayed
that Peripheral blood mononuclear cells (PBMCs) did
not express type I IFN encoding genes in patients with
COVID-19 infection while an early transient expression
of ISGs was observed in immune cells derived from blood
correlating a premature IFNa (probably lung origin) burst
[33]. sc-RNA-Seq also illustrated that monocytes and
other cells of innate antiviral system demonstrated simi-
lar early and transitory ISG expression [34]. Moreover,
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Fig.2 IFN signaling pathway in alarmed innate immunity and its
evasion by SARS-COV-2 virus. The virus generally invades permis-
sible cells via ACE2 receptors causing infection. The viral RNA after
being recognized by TLR3 or MDAS5/RIG1, triggers signaling path-
ways engaging TRAF3, TBK1, IKeK which phosphorylates and acti-
vates IRFs and NF-kB leading to stimulation of the type I IFN. Sen-
sitization of IFNAR by IFN upregulates the expression of ISGs and
proteins that potentially contribute in anti-viral functions. However,
various structural and non-structural SARS-COV-2 proteins along
with accessory proteins have been identified that manipulate the
IFN signaling and cause multi-pronged inhibition which suppresses
IFN signaling increasing viral replication and severity. /FN inter-
feron, TLR yoll like receptor, ACE2 angiotensin converting enzyme
2, IFNAR interferon-alpha/beta receptor alpha chain, TYK2 tyrosine
kinase 2, TBKI TANK-binding kinase 1, TRAF: ORF open reading
frames of SARS-CoV-2, IKKe 1kB kinase €, STAT signal transducers
and activators of transcription, RIG-I-like receptor dsRNA helicase
enzyme, MDA5 melanoma differentiation-associated, /SG interferon-
stimulated genes, ISRE: ORF open reading frames, Nsp non-struc-
tural proteins, NF-kB nuclear factor kappa light chain enhancer of
activated B cells, TNF receptor-associated factor, PRR pattern recog-
nition receptors, PAMP pathogen-associated molecular patterns

patients suffering from mild or moderate COVID-19
infections revealed an early peak of IFNa/A which subse-
quently declined while their levels significantly escalated
in severely ill individuals during the second week [35].
Such clinical type I IFN dynamics corroborate with pre-
clinical SARS-COV-2 murine models that unfolded the
role of IFNs in significantly driving pathologic responses
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in-vivo but not in controlling replication of COVID-19
virus [36].

SARS-COV-2 has been found to deploy multipronged
evasion strategies for antagonizing IFN system leading to
clinical consequences of compromised type I IFN response
in early studies of COVID-19 infection [28, 32, 33]. The
interferon pathway can be subverted by the SARS-COV-2
virus in any one of the following stages of (a) Aversion of
PRR identification of viral-RNA [37], (b) MAVS (mito-
chondrial antiviral-signaling protein) as well as 3/6 (TNF
receptor-associated factor) ubiquitination and degeneration
with inhibited nuclear transfer of IRF3 [38], (c) Blocking
STAT1 mediated downstream IFN transduction cascade
[39], (d) PRR signal network precluded via TANK Binding
Kinase 1 (TBK1) or Inhibitor of nuclear factor-kB kinase
subunit-e (IKKe), TRAF3 or IRF3 inhibitors [37]. Other
escape strategies are also currently under consideration.
Till now, atleast 10 viral proteins have been recognized to
interfere and manipulate the antiviral response of IFNs [40].
Some of them are depicted in Fig. 2. Thus, various evidences
support the ability of SARS-COV-2 in targeting multiple
phases of IFN response system which majorly deteriorate the
well-orchestrated crosstalk between antiviral as well as pro-
inflammatory mechanisms of innate and adoptive immune
system.

The Dendritic cells (DC), recognized as professional
Antigen presenting cells (APC) are key regulators for ini-
tiating and modulating innate as well as adaptive antiviral
immune response. They can mainly be categorized as con-
ventional DC (cDC; type 1 and 2) and plasmacytoid DC
cells (pDC) [41]. In human, cDC1 and cDC2 represent
CD141 +and c¢DC +respectively. pDCs distributed through-
out the lungs are essential for type I IFN production and
are thus crucial for primary response against viral infection.
The DCs contribute to innate immunity via the synthesis
of immunity enhancing cytokines and innate lymphocyte
mobilization [natural killer (NK cells), yoT and NKT cells].
DCs exhibit efficient migration ability while constitutively
expressing MHCII and other co-stimulatory molecules
and are thus considered as predictors for anti-pathogenic
immune response. Certain DCs are also reported to activate
CD8+T cells via MHCI through cross presentation pro-
cess and thereby harbor innate immune response to adap-
tive response [42]. The immature DCs triggered by antigens
generate mature DCs that produce a spectrum of cytokines
such as 1L-12,4,10, 1p along with TNF (o/p/y). Hence, the
pivotal role of DCs in inducing cytokine production, antigen
presentation and specific T-cell priming signifies delayed
antipathogenic immune response when they are compro-
mised as in COVID-19 condition [43].

Previous studies have shown the potential of SARS-
COV-2 to infect DCs which suppress the expression the
expression of antiviral cytokines while upregulating

macrophage inflammatory protein 1ao (MIP1a) and other
inflammatory chemokines [44]. Moreover, SARS-COV
also tends to accelerate the DC mediated generation of pro-
inflammatory IL-6/12 cytokines in response to secondary
stimulation signals that further induced degenerative inflam-
matory responses [45]. In addition, pDCs are also reported
for secreting higher amounts of IFNs following CoVs infec-
tions [46].

However, DCs appears to be targeted directly by SARS-
COV-2 (Fig. 3). While expression of ACE2 by DCs in the
interstitial lungs indicate chances of direct infection by
COVID-19 virus, CD147 expression by DCs further sup-
ports this fact [47]. Recent investigations have displayed
diminished levels of circulating CD1c+, CD141 + and
pCDs in COVID 19 patients. Only CDc + was found to accu-
mulate in lungs among the three DC subsets suggesting an
overall decreased level [48]. While acute and convalescent
COVID-19 patients revealed evident decrement of DCs in
blood associated with impaired functions, significant rise
in cdC: pDCs was observed in severely ill patients. Such
observations can be correlated with reduced IFN production
and early decline of innate immunity against the infection.
Another study recently confirmed entry of virus in DCs and
macrophages via DC-SIGN and furin. The increased expres-
sion of this DC-SIGN (Dendritic Cell-Specific Intercellu-
lar adhesion molecule-3-Grabbing Non-integrin), a lectin
(C-type) present on DCs and macrophages may be associ-
ated with the severity of COVID 19 pathogenesis in older
patients [49].

Thus, SARS-COV-2 may infect immature DCs and inhibit
their maturation which successively leads to repressed type
I IFN signaling and T-cell mediated adaptive responses.
Also, the viral infection depicts reduced number of overall
DC:s (altering ratio of CDc11 +to CD123 +), suppression of
maturation related factors (CD86), co-stimulatory molecules
expression, attenuation of STAT1 reliant IFN1 response and
switching into a proinflammatory phenotype [50] (Fig. 3).
Such effects intercede with adaptive immunity causing mal-
adjusted T cell functions which reduces viral clearance and
potentiates complication of COVID 19.

Thus, the evidences reveal that innate host immunity
performs a decisive role in influencing either protective or
calamitous responses thereby opening a wide stretched win-
dow mediating immune intervention. Active replication of
virus at later stage stimulates IFN typel over production
which favors macrophage, neutrophil infiltration that are
considered as important sources of cytokines (pro-inflamma-
tory). COVID-19 patients manifesting similar lymphocyte as
well as neutrophil alterations suggest probable delayed IFN1
induction with lack of early-stage viral containment. Individ-
uals suffering from cardiovascular disease or hypertension
or diabetes are found to be more prone to COVID-19 [51].
Such co-morbidities increase the chances of susceptibility
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Fig.3 Defective dendric cells
activities in SARS-COV-2
infection. The covid-19 virus
can directly infect DCs which
may affect both innate and

adaptive immunity. SARS-
COV-2 infected DCs often
inhibits maturation of pDCs
and consecutively antagonizes
IFN type I production on one

hand while compromising T é
cell priming due to reduced
MHC molecules leading to

T cell lymphopenias. Overall
maladjusted DC and its subset
function results in increased CD147

Immature DCs

viral load proinflammatory -\CEZ
condition that aggravates the

severity of the infection. DC

dendritic cells, TNF tumor

necrosis factor, IL interleukins, MatuleDCs

IFN interferons, MHC major
histocompatibility complex,
DC-SIGN dendritic cell-specific
intercellular adhesion molecule-
3-Grabbing Non-integrin, pDC
plasmacytoid dendritic cells,
¢DC conventional dendric cells,
TCR T cell receptor

MHCTI 1,

5

due to dysfunctional or damaged immune system that fails
in successful pathogen annihilation and thus paves to disease
pathology.

Adaptive Inmune Responses During SARS-COV-2
Role of T-Cell Subpopulations on COVID -19 Patients

Viral clearance majorly relies on T cells. As the overall
adaptive immunity is orchestrated by Th cells, direct killing
of virus attacked cells largely depends on cytotoxic T cells
(Fig. 1). While cytotoxic CD8 + T lymphocytes are inter-
linked with secretion of wide range of molecules such as
IFN-y, perforin, granzymes etc. for viral eradication from
host system, CD4 + Th cells provide assistance and prim-
ing to both T and B cells improving their ability in patho-
gen clearance. Anti-viral adaptive immunity is dominantly
expedited by Thl type reaction. Response of T cells is also
harmonized by APC generated cytokine microenviron-
ment. Generally, 7 days following the symptoms occur-
rence, T-cells and B-cells response becomes prominent in
the blood of COVID 19 patients. Reports have indicated that
the lungs of afflicted COVID-19 patients exhibited accumu-
lated mononuclear (T-cells/monocytes) cells with simultane-
ous decrement in peripheral blood T-cells (hyperactivated)
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levels thus causing lymphopenia and implying regulatory
effect of T cells inundated from blood to infected areas [52]
against infection. In case of MERS-COV, containment of
disease has been effectuated by cross reactive response from
T cells [53] with CD4 + T cells bearing more susceptibil-
ity. It was seen in SARS-COV that depleted CD8 + Tcells
do no effect or detain replication of virus during the infec-
tion [54]. Apoptosis of T cells in MERS-COV infection has
been reported. Similarly, in SARS-COV protein, cytosolic
(C-terminal) domain comprises a unique BH3-alike region
for its attachment to Bcl-XL that triggers the commence-
ment of apoptosis of T cells [55]. Anti-viral T cells defi-
ciency in the late phase of infection may lead to its pro-
traction and assist survival of the virus [56]. Diminution
of CD4 +T cells is intertwined with reduction in neutral-
izing antibody (NAb) and lymphocyte engagement with
additional cytokine production that is concomitant with
immune directed pneumonitis (interstitial) and retarded
pulmonary SARS-COV clearance [57]. Inflamed infection
site recruits by neutrophils and monocytes via IL-17 that
leads to incitement of other chemokines and cytokines like
TNF, IL-6, IL-21, IL-1, IL-8 and macrophage inflamma-
tory protein 1 (MCP-1) [58]. When compared to the mild
and moderately affected group, the patients facing severe
viral attack demonstrated T-cells mainly memory phenotype
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with prominent upsurged frequency of TNFa, IL-2, IFNy
(belonging to polyfunctional, CD4 + T-cells) together with
TNFa, IFNy and degranulated state (CD8 + Tcells types).
NAD titres were escalated remarkably in response to domi-
nant T cells expression in the severe groups of patients who
illustrated enhanced serum levels of IL-10, IL-4, IL-5 (Th2)
cytokines [59]. MERS-COV infection severity is consist-
ent with early increment in CD8 + Tcells while dominancy
of Thl cells is evident in the convalescent phase [60]. As
neutrophils are known for its degenerative activity in any
type of infection, the contribution of Th17 in coronavirus
pathogenesis, whether preventive or detrimental should be
keenly investigated. The standard activation of T cells is
hindered by IL-6 that may explain the apparent lymphopenia
[61]. In severe cases of COVID-19 patients, there occurs an
apparent decrease in number of CD4 + Tcells, CD8+T cells,
NK cells and B-cells in peripheral blood cells. This declined
CD4 + T-cells and CD8 + T-cells count is associated with
concurrent drop in TNF-a and IL-6 thus indicating a nega-
tive correlation between these factors [62]. However, those
patients responding to treatment demonstrates an increase
in in CD8 + T cells and B cells. As the prodromal condi-
tion in SARS-COV-2 infection deteriorates into sympto-
matic phase, patients manifests gradually increasing sub-
population of exhausted or terminally differentiated CD8 + T
cells with higher expression of receptors Programmed cell
death protein 1 (PD1), T Cell immunoglobulin mucin 3
(TIM3), Lymphocyte-activation gene 3 (LAG3), NKG2A,
Cytotoxic T-lymphocyte-associated protein 4 (CTLA4)
and CD39. Increased expression of these inhibitory recep-
tors might be an outcome of either T cell exhaustion or its
extensive activation. SARS-COV-2 spike protein specific
CD4 + Tcells associated with a Thl cytokine profile is
observed in cases of acute infection. Although the response
of Th2 cells are greatly altered in severe COVID 19 condi-
tions, they retain their normal response in mild symptomatic
patients [63]. Also, patients suffering from severe condi-
tions of SARS-COV-2 infection showed higher percentage
of CD45RA +naive T cells while CD3 +naive T cells and
CD45RO +memory T cells count was lower [51].

B Cell Responses in SARS-COV-2 Infection

As already mentioned, B-cells activity becomes apparent in
concurrence of follicular helper T cells (Tfh) approximately
a week following onset of symptoms. Recent reports indicate
majority of COVID-19 patients exhibits development of IgG
and/or IgM antibodies shortly after the viral infection. Vari-
ous clinical studies have pointed out the duration of these
antibodies production (approximately 4-22 days) may vary
from patient to patient [64], and elevated IgG/IgM titres are
generally associated with the severe cases. It has also been
accounted that 2 weeks following disease onset, majority of

patients showed development of anti-RBD IgG/IgM anti-
bodies while anti NP-IgG/IgM antibodies were detected in
comparatively smaller population of infected patients. The
co-existence of virus specific IgG Abs in patients along with
SARS-COV-2 virus for a long period of time may indicate
that viroid clearance may not depend on such Abs [65].

Although the functional prospects of antibody mediated
protection are not clarified till now, however, viral neutrali-
zation by Abs is considered to be one primary mechanistic
approach. Previously in SARS and MERS-COV infections,
Neutralizing antibodies (NAbs) are detected that block spike
protein RBD interaction with their receptor. NAbs target
primarily S-protein RBD122 of SARS-COV that constitute
amino acid spanning region 318-510 which undergoes inde-
pendent association with ACE2 host-receptor target [9]. It
has been noticed that except a few, most monoclonal Abs
identified against SAR-COV in previous studies fail to attach
or cause SARS-COV-2 neutralization [66]. A possible expla-
nation for such aberrant behavior may be the discrepancy of
SARS-COV-2 RBDS with that of SARS-COV. Particularly,
only 15 of the key residues contained in 33 amino acid in
region between 460 and 492 essential for ACE2 binding
in SARS-COV is conserved in SARS-COV-2 [67]. Nev-
ertheless, a positive result of SARS-COV-2 pseudo-virus
cross neutralization which has been possible in anti-sera of
mouse produced against protein of SARS-COV suggests
the presence of epitopes overlapping within these viruses
[14]. COVID-19 patients have also revealed neutralization
efficacy of anti-SARS-COV-2 spike RBD Abs. Thus, these
RBD Abs mainly found in patients recovering from COVID-
19 may extend temporary protection against reinfection [92].
In SARS-COV-2 disease, polyclonal responses are evident
that mainly involves rapid class switching to IgG and some-
times to IgA isotypes. Moreover, somatic hypermutation in
responding clones are also observed closely after onset of
infection [68].

Complement Activation and Its Association with COV
Infections

As seen from earlier reports, host-immune reaction is largely
synchronized by complement system against CoV pathogen-
esis. Complement system is responsible for allowing detec-
tion by innate immunity and evoke corresponding protec-
tive response against foreign Ags [69]. With “dual edged
sword” characteristics, complement system is essential for
immune reaction. Stimulation of immune cells is known to
be mediated by C3a and C5a (anaphylatoxins) leading to
miscellaneous cytokine release. Cytolytic complement (ter-
minal) C5b-9 and C3b, C5b fragments complex is generated
by stimulated complement cascade [70]. Prostaglandin E2
(PGE2), leukotrienes and thromboxane B2 [71] are certain
metabolites of arachidonic acid which are induced by these
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peptides that further recruits and activates eosinophils, neu-
trophils and monocytes provoking synthesis of wide range
of cytokines along with pro-inflammatory mediators [72].
Inflammatory activities triggered by cytokines are coupled
with fighting potential of innate immune response against
virus. However, complement moderated incitement of host
innate immunity should be finely adjusted since uncontrolled
complement activation proves to be fatal and culminates into
either inflammation or Disseminated intravascular coagula-
tion (DIC), cell-death followed by immune-paralysis with
subsequent multiple organ failure and even death.
Complement activation is dependent on either classical
(CP), lectin (LP) or alternative (AP) pathway [73] (Fig. 4).
LP involves binding of MBL (mannan-binding lectin, fico-
lins) with carbohydrate arrays belonging to mannan and
N-acetylglucosamine residues located on either viral sur-
face or pathogen infected cell-surface that in turn stimu-
lates MBL-associated serine protease-2 (MASP-2), a MBL

~

Complement Cascade Activation

A A A
pe] N protein
S protein AA AN
Direci activation of MASP2 [
C1 A “ MASP2

Active MBL

C3 convertase

CS convertase

MAC complex1

Fig.4 Dysregulated complement cascade in SARS-COV-2 infec-
tion: SARS-COV-2 has been found to directly activate MASP2 and
induce LP via N proteins. While S proteins activates the CP, AP is
also stimulated in the advanced stages. Sequential aberrant activation
of C3 compliment fraction promotes secretion of anaphylatoxins C3a
and C5a. This anaphylatoxin along with C5B-9 may trigger potenti-
ate cytokine storm, leukocyte activation and their infiltration in alveo-
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related protease acknowledged for direct initiation of com-
plement system cascade [74] (Fig. 4). Recently, the N pro-
tein of SARS-COV-2 has been observed to activate MASP2
mediated LP [75] which may escalate microvascular injury
and thrombosis in severely ill patients [76]. While AP gets
stimulated by S proteins, advanced SARS-COV-2 infection
may also trigger CP via C-reactive protein (CRP) or immune
complexes [75].

C5a (complement factor) recognized as the strongest pep-
tide of the complement cascade is believed to play a major
role in promoting inflammation during COVID-19 immu-
nopathogenesis. Both C5a and C3a are known to induce
secretion of proinflammatory cytokines like TNFa, IL-6,
IL-1 from activated macrophages. The dexterity of COVID
19 infection is thus correlated with C5a concentration and
macrophages with high C5a expression are detected in pul-
monary lesions isolated from patient expired of COVID
19. C5b-9, the terminal product of complement system

# Fluid accumulation
in alveoli

Affected lungs

_anaphylatoxins,

Macrophage

lar cells of lungs. Thereby dysregulated complement system further
deteriorates the pathologic condition elevating the severity. CP clas-
sical pathway, AP alternative pathway, LP Lectin pathway, N protein
nucleocapsid protein, S protein spike protein, MASP2: MBL Mannan-
binding lectin serine protease 1, MBL Mannan-binding lectin, C3a/
C5a complement activators C5/C3, MAC membrane attack complex,
GM-CSF IL interleukins, TNF tumor necrosis factor, INF interferons
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activated NF-xkB, MCP1 and activator protein 1 (AP1) with
subsequent liberation of IL-6 from smooth (vascular) muscle
cells. Various evidences support the capability of C5 and
C5b-9 in inculcating tissue damage in COVID-19 infection.
Moreover, severe conditions have revealed histological accu-
mulation of C4, MAC (membrane attack complex) which is
interconnected with conditions like endotheliitis and micro-
thrombi [77]. Thus, complement cascade may lead to proco-
agulant conditions and microvascular damage in advanced
COVID 29 cases [78].

NOTCH Pathway: A Close Co-Ordination Between
Adaptive and Innate Immunity

In addition to previous discussions, efficacy of innate as well
as adaptive immunity is believed to be closely coordinated
by NOTCH pathway. In COVID-19 affected patients, lack of
balance between Thl and Th2 cells evokes cytokine storm
that brings about myocardial and pulmonary injury [79].
Polarization of macrophage (M1) is critically induced by
DI14/NOTCH pathway as both in-vitro and in-vivo data typi-
cally correlated NOTCH inhibition with direct reduction in
inflammation [80]. IFN-y modulates direct association of
NOTCHI and IL-6 promoter in macrophages thus causing
positive regulation of IL-6 synthesis [81]. This IL-6 then
subsequently augment NOTCH ligand (D114) expression that
finally causes NOTCH signal supplementation with estab-
lishment of a loop of positive feedback thereby promoting
further IL-6 generation [82] (Fig. 1). Alternatively, in Thl
cells, DII4 triggered Notch pathway enhances Th1/Th17
(proinflammatory) cytokines, while activated Th17 by IL-6
is suppressed by Jagged [80]. However, further extensive
investigations considering NOTCH signaling and immune
response in case of SARS-COV-2 are necessary.

Inflammatory Immunopathogenesis

A malfunctioning immune system provoking cytokine storm
that is potentially involved with inflammation of lungs.
Lethal cases of both SARS and MERS-COV have depicted
consistent increment in neutrophil infiltration together with
monocytes and macrophages [83]. Also, overexpression of
IFN1 with myeloid cells influx are the main causes of pul-
monary dysfunction which have negative impact on disease
outcome. As per speculation, delay in IFN1 production fails
to contain virus in early stage of both SARS and MERS-
COV disease that conferred in above-mentioned inflamma-
tory cells infiltration. As the immune (innate) cells build-
up, it has destructive role in body of affected host causing
pneumonia or ARDS and analogous lung immunopathology
[84]. COVID-19 patients in ICU were specifically reported
to show intense plasma levels of IP-10, IL-10, IL-2, IL-7,

Granulocyte colony-stimulating factor (G-CSF), Tumor
necrosis factor (TNF), MCP1, and MIP1a which are asso-
ciated with cytokine release syndrome [51]. Studies also
revealed that with the progress of pathogenesis CRP and
IL-6 concentration were elevated especially in patients
who failed to survive with respect to COVID-19 survivors.
Higher IL-6 concentration is often associated with severity
of disease [85]. In case of SARS-COV infection, the nega-
tive feedback mechanism regulator of IL-6, Suppressor of
cytokine signaling 3 (SOC3) is present in much higher levels
suggesting extensive stimulation of IL-6 [86]. In fatal rather
than milder COVID 19 afflicted patients, population of
FCNI1 + macrophage (from inflammatory monocyte) has also
been reported to be intensively present in aspirated bron-
choalveolar fluid [87] along with peripheral blood showing
elevated CD14 + CD16 + monocytes (inflammatory) per-
centage [88]. These cells then participate in the secretion of
MIP1a, MCP1 and IP-10 that contributes in advancement
of the cytokine storm as discussed earlier. Moreover, rise
in TNF levels along with other proinflammatory cytokines
often cause septic shock and leads to tissue degeneration in
diversified organs like liver, heart (leading to myocardial
failure), kidney in addition to the lethal respiratory failure
that may culminate into multi-organ failure in the critically
ill patients. Lymph node necrosis in deceased patients with
signs of splenic atrophy also indicates the prominent cata-
strophic outcome caused by unregulated immune response
[89]. In this context, during viral attack, immune (innate)
response favored liberation of cytokines results in neuroen-
docrine system stimulation which is involved in impairment
of immune reaction mediated by various peptides as well as
glucocorticoid release. So, this concept opens a new window
of exploration in which the relation between SARS-COV-2
and inflammatory neuroendocrine (pathological) mediators
release should be thoroughly investigated along with its role
in imparting ARDS or other respiratory fatalities [89]. Apart
from lung cells, SARS-COV has already been reported to
attack other cellular targets as its presence was observed
in DCs derived from monocytes [90], T-lymphocyte cells
and also macrophages. While direct lymphocyte assassi-
nation may be the contributing factor behind the lympho-
penia occurring in patients, immune cells (macrophages/
monocytes) attacked by pathogens cause abnormalities in
cytokines generation [91]. However, the proximity with
which SARS-COV-2 infects these cells still remains poorly
defined.

The pulmonary cell damage caused by direct viral attack
may also be aggravated by unchecked and intensive flux of
inflammatory cells that result in protease secretion together
with Reactive oxygen species (ROS) in high proportion.
This condition steers not only diffuse alveolar tissue deg-
radation but also causes alveolar cell desquamation, pul-
monary edema along with hyaline membrane production
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[92] leading to constrained gaseous exchange capability of
lungs which explain the breathing difficulties and decreased
oxygen concentration in blood characterizing ARDS that
accounts for 70% death in severe SARS-COV-2 infection.
Such conditions also make the lungs impuissant to second-
ary infections [93]. During SARS-COV pathogenesis, there
are defects and dysregulation in formation of hyaluronan
(HA) which is in turn concurrent with ARDS [94] because
of its high potency of water absorption (X 1000) over molec-
ular weight. IL-1, TNF (inflammatory, cytokines) which
are present in increased proportion in COVID-19 patients’
lungs are involved in dominant induction of HA-synthase-2
(HSA2) in fibroblasts, CD31 positive endothelium, EpCAM
positive pulmonary alveolar (epithelial) cells [95]. Thereby
modification of HA production may be advantageous in to
relieve patients suffering from ARDS in COVID-19.

Inflammation Caused by SARS-COV-Induced ACE2
Downregulation and Shedding

The role of ACE2 in mediating lung damage in SARS-
COV-2 has been widely reported. Downregulation of ACE2
by S-protein [96] along with active (catalytically) ectodo-
main of ACE2 shedding are related as characteristic features
of the infection [97]. Disintegrin in association with metal-
loprotease-17/TNFa-cleavage enzyme (ADAM-17/TACE)
accelerates cleaving of ACE2 with subsequent shedding in
epithelial tissue of airway cells after cellular entry of virus
to produce soluble, active (enzymatically) sACE2 that is
released in extramembrane region [98]. ACE2 in general
accounts for inhibiting the detrimental outcome of Angio-
tensin II (ANGII) binding to Angiotensin 1 receptor (AT1R)
which results in aggravated inflammation, vasoconstriction
and thrombosis. ACE2 deficiency in SARS-COV-2 thus
results in ANGII accumulation in serum [99] and its unop-
posed effects through ACE2/ANGII/ATIR axis. ANGII via
ATIR is known for stimulating inflammatory responses
through activation of NF-kB which increases transcription of
IL-1/6, TNFa, IL-1p, adhesive molecules [E and P selectin,
Intracellular adhesion factor (ICAM), Vascular cell adhe-
sion molecule 1 (VCAM)], various chemokines and proin-
flammatory factors as well [100]. In case of SARS-COV-
2such functions of ANGII has been consistent. Moreover,
elevated TGFp expression as seen in COVID-19 patients
by ANGII may trigger the formation of Th17 cells which
in turn produces GM-CSF, IL-21, IL-17 etc. and leads to
further release of diverse proinflammatory cytokines and
chemokines [101]. Augmented ANGII/ATIR activation
causes upregulation of ADAM17 and subsequent IL-6-sIL-
6R complex trans-signaling drives STAT3 activation in
pulmonary epithelial cells. This simultaneous activation of
STAT?3 along with NF-kB hyperactivates NF-kB stimula-
tion mechanism via IL-6 amplifier (AMP) in lung which
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instigates cytokine storm followed by ARDS in severely in
COVID 19 patients [102]. Recent preclinical and clinical
studies have also demonstrated that attachment of ANGII to
ATIR facilitates further internalization of ACE2 via ERK1/2
and MAPK signaling thereby suppressing ACE2 [103].
Thus, ACE2 repression by SARS-COV-2 leads to hyper-
inflammatory state due to dysregulated ACE/ANGII/AT1R
axis and its maladjusted balance with ACE2/MasR axis in
addition to upregulated complement system (C5a and C5b-
9) components [104] (Fig. 5). Alveolar injury, high vascular
penetrability of lungs, amplified lung-edema, conglomerated
neutrophils and compromised pulmonary functions [105]
reported in the infected conditions are consistent outcome
of the reduced variant of ACE2.

SARS-COV-2 Replication and Cellular Degradation
Directed Inflammation

Earlier onset of rapidly extending viral replication may be
the causative factor of substantial apoptosis of endothelial
as well as epithelial cells along with vascular leakage that
results in prompt emancipation of pluralistic chemokines and
cytokines. As mentioned before, SARS-COV-2 pathology is
integrated with pyroptosis causing ability in lymphocytes/
macrophages [106]. Since peripheral blood lymphopenia
has been perceived as a frequent phenomenon in SARS-
COV-2 contaminated patients (82.1%), it also suggests the
possible interlink with infiltrating pulmonary lymphocytes
or apoptosis/pyroptosis evoked cellular damage [51]. Pyrop-
tosis (Pyro: Fire; ptosis: falling) is a rapid inflammatory
programmed cell assassination pathway which involves the
inflammatory caspases 1,4,5. The host cell employs such
proteases to contain different pathogenic infections. Fol-
lowing viral infection, activation of NLRP3 inflammosome
stimulates caspase 1, which in turn cleaves gasdermin-D
(GSDMD), a member of gasdermin family leading to per-
foration and permeability of cell membrane followed by
cell lysis and death. This process of pyroptosis causes leak-
age of various molecules which triggers local cell reaction
and inflammatory response [107]. After the translation of
viral proteins in host cell, SARS-COV-2 involves formation
ORF3a proteins which encodes calcium ion channel. Fol-
lowing this, its interaction with TRAF3 sequentially triggers
NF-kB pathway transcription and effectuates pro-IL-IB gene
transcription [108] on one hand and attune inflammasome
complex (NLRP3-ACS-Caspasel) recruitment on the other
hand (Supplementary Fig. 1). A secondary impulse includ-
ing calcium ion ingression, caspase invigoration, ROS gen-
eration or even mitochondrial abrasion results in pro-IL-1B
transmutation into IL-1B [109]. As IL-1B is liberated from
macrophages, it may confer in cellular pyroptosis initiation
leading to cytokine synthesis and release of proinflamma-
tory constituents in bulk [110]. Apart from ORF3a, NLRP3
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Fig.5 ACE2 downregulation and shedding in SARS-COV-2 infec-
tion mediates dysregulated ACE2/ANGII/ATIR axis. Virus medi-
ated imbalance between ACE2/ANGII/ATIR and ACE2/ANG(1-7)/
MasR axis results in stimulation of MAPK, NF-kB, TGFp and com-
plement cascade which mediates proinflammatory response. Moreo-
ver, ANGII further stimulates ADAM17 which causes shedding of
ACE2 and directs formation of IL-6-Sil-6R complex which activates
STATS3. This mechanism hyperactivates NF-xB signaling with results
in IL-6 amplifier precipitating cytokine storm and leads to ARDS.
ANGII angiotensin 1I, ATIR angiotensin 1 receptor, ACE2 angioten-

conciliated inflammosome pathway is also initialized by
ORF8b protein which is longer in case of SARS-COV-2
(Supplementary Fig. 1). Intriguingly, these SARS-COV
viruses also depict conservation of E-protein producing
ion-channel which corresponds to cytokine hyperproduction
via inflammasome (NLRP3) nexus [111]. Moreover, SARS-
COV-2 is tracked to bind to GSDMD and thus inhibit its
caspase mediated cleavage. Combination of all these mecha-
nistic pathways succumbs to the cytokine storm contributing
to typical COVID-19 respiratory suffering.

Inflammatory Responses Induced by Anti-Spike IgG
(Anti-S-1gG) and Possible ADE

In some pathogenic cases, specific antibodies when binds
to the surface proteins of virus, accelerates viral invasion

sin converting enzyme 2, STAT3 signal transducers and activators of
transcription 3, TGFf tumor growth factorf, MAPK mitogen acti-
vated protein kinase, /L interleukins, VCAM vascular cell adhesion
molecule 1, ICAM intercellular adhesion molecule 1, MCPI mac-
rophage inflammatory protein 1, NF-kB nuclear factor kappa light
chain enhancer of activated B cells, IL-6-sIL-6R interleukin 6-soluble
interleukin 6 receptor, GM-CSF granulocyte-macrophage colony-
stimulating factor, 7h T helper cells, ARDS acute respiratory disease
syndrome, C5a/C3a complement activators 5a/3a, ADAMI17 A disin-
tegrin and metalloprotease 17

into certain host cells thereby promoting infection. This con-
dition known as ADE happens via two distinct molecular
mechanism involving either enhanced infection or elevated
activation of immune system. In the first case the NAbs or
sub-neutralizing promotes FcyRIIa (Fc gamma receptor Ila)
directed viral endocytosis, increasing infection of mono-
cytes and macrophages. This has been commonly reported
in dengue virus infection. Second ADE mechanism reveals
the capability of Fc mediated Nabs in initiating a powerful
cascade of immune response that enhances respiratory dis-
tress. The immune complex formed by Nabs in conjugation
with antigens leads to secretion of an array of cytokines
(pro-inflammatory), activates complement system and also
locally recruits immune cells within lungs. The consequent
inflammation may effectuate obstruction of airways resulting
in ARDS in severely ill COVID 19 patients [112].
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Earlier in-vivo studies regarding SARS-COV demon-
strated extensive lung tissue injury caused due to alteration
in inflammatory reaction by anti-S viral protein (neutral-
izing) antibodies [113]. An array of studies on animal mod-
els clearly denoted that although virus was suppressed, the
residing anti-S protein Ab during acute phase of SARS-COV
infection can precipitate acute pulmonary deterioration that
tends to prevail until the upcoming later phases. It is consid-
ered that occurrence of ADE of pathogen infection happens
in individuals where early and trivial antiviral NAbs fail in
complete neutralization of the virus. Rather the complexed
virus-Nab binds to FcR (Fc receptor) that facilitates endo-
cytosis of virus and target host cell infection. This cascade
of events is finally linked with upsurge in overall viral repli-
cation and enhanced disease severity. And such events may
also explain the probable reason for certain patient subpopu-
lation developing early titres of NAbs being more prone to
consistent inflammation, ARDS and demise while others can
successfully surpass the inflammation and survive [114].

Although the exact technique of governing inflammation
along with pulmonary tissue injury by anti-S (neutralizing)
Ab remains vaguely understood, S-IgG presence preced-
ing clearance of virus may propose altering mechanistic
polarization of macrophages (alveolar) in critically infected
macaques. Besides, anti-S-IgG accelerates cumulation of
monocytes and macrophages (proinflammatory factors)
along with IL-8 and MCP-1 production. Such pro-inflam-
matory feedback reactions are supposed to occur when
viral-anti-S-IgG complex binds FcR expressed on surface of
either macrophages or monocytes [113]. Another probability
that warrants further validation is the activation of classical
complement pathway by such anti-S-IgG complex that may
subsequently effectuate cellular destruction. Involvement of
Antibody-dependent cell-mediated cytotoxicity (ADCC) is
also considered. Thus, this phenomenon indicates the role
of anti-S-IgG complex interacting complex with FcR in aug-
menting and accelerating replication of virus and inflamma-
tory outcomes in host patients’ lungs [114].

Assuming mutual similarities regarding inflammatory
reaction in SARS-COV and SARS-COV-2, the outbreak of
inflammation may be therefore categorized into two phases,
primary response that becomes apparent at early stage after
the viral infection followed by secondary reactions that are
characterized by NAbs presence.

Conclusion

Conclusively current observations imply the adaptability of
coronaviruses for manipulation and evasion of immune scru-
tinization as well as suppression of host immune reaction
that may probably contribute to their extended incubation
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period by absconding detection by human immune system
during early infection phase. Belonging to Betacoronavi-
rus genus, mechanism of COVID 19 immune circumven-
tion play an important role and may potentially be identi-
cal with SARS and MERS-CoV. This host immune escape
mechanism thus largely relies on (a) Repression of immune
(innate) responses, especially mediated by blocking the
prompt expression of IFN-1 and also retarding virus iden-
tification and signaling primarily by hindering phospho-
rylation of STAT-1. Viral proteins such as membrane (M)
or nonstructural (NS) proteins (e.g., NS4a, NS4b, NS15)
participate as chief molecules in modulation host immune
feedback [115] (b) Evading adaptive immunity by truncating
MHC I/II mediated antigen presentation orchestrated by the
virus by infecting macrophage/Dendritic cells (DCs) which
significantly depleted active T cells [116] (c) immune system
exhaustion through extensive and detained IFN1 generation
via plasmacytoid dendritic cells (pDCs) supervise the third
defensive technique maneuvering fatal lung immunopa-
thology and (d) “cytokine storm” that potentially debilitate
immune system of host due to IFN-1-directed apoptosis of
T-cells. In addition to these, a recent study has proposed a
hypothesis that depletion of cellular adenosine triphosphate
(c-ATP) may confer into possible immune cell dysfunction
as ATP is known to be involved in advocating IFN produc-
tion, IFN signaling as well as preventing cytokine storm.
Keeping these in mind, along with further exploration and
investigation of molecular host-virus interactions will assist
to enlighten the escape routes from the fatal COVID-19 and
accelerate the development of immunoregulation strategies
and also effective COVID-19 interventions (supplementary
Fig. 2).
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