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The coronavirus disease 2019 is a disease caused by severe acute respiratory syndrome coronavirus 2 and
continues to pose a global threat resulting in thousands of deaths. In the absence of effective therapeutics,
implementation of non-pharmaceutical interventions still remains an important prevention strategy,
while various vaccine candidates are either approved or in clinical trials, several drugs are also being
tested in pre-clinical studies for their potential for repurposing to treat the coronavirus disease 2019. The
mechanistic details underlying disease pathogenesis and therapeutic efficacy of various drugs are rapidly
emerging, which will be useful for fast-tracking pharmaceutical leads to clinical utility. The current
review details the mechanistic understanding of viral pathogenesis including host cell interactions, viral
replication, altered host cell processes, cytokine release syndrome and the role of coagulation pathway, renin
angiotensin system and kallikrein-bradykinin pathways in acute respiratory distress syndrome. Further,
a detailed overview of therapeutic candidates including antibodies, targeted enzyme inhibitors, drugs that
showed clinical efficacy and drugs with anti-severe acute respiratory syndrome coronavirus 2 activities
in pre-clinical models are discussed. Additionally, the approval and availability of various vaccines and
their mechanism of action are also detailed. Importantly, emerging clinical evidence regarding immune
biomarkers that help in patient stratification into moderate or severe cases are highlighted that may aid
in reducing mortality by choosing appropriate treatment strategies. Taken together, the report gives up to
date mechanistic information on disease pathogenesis and potential therapeutics.
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The pandemic coronavirus disease 2019 (COVID-19)
has caused immense loss of lives and global burden
on economic and social fronts. The only currently
available option to limit the COVID-19 pandemic is
classic epidemic control that involves case isolation,
contact-tracing, quarantine, physical distancing and
hygiene measures. A report that studied measures taken
in Wuhan city and Hubei province concluded that the
National emergency response (NER), which included
public health intervention (i.e. non-pharmaceutical)
resulted in slowing down of the epidemic!!. In addition,
an estimated reduction of R, from 3.54 to 0.28 in
Wuhan was attributed to strict adherence of multiple
non-pharmaceutical  interventions®.  Furthermore,
COVID-19 displays interesting transmission dynamics
wherein index cases transmit the disease at higher
rates before or immediately after the initial onset
of symptomsPl. Among health care workers, nearly
3 % were tested positive to severe acute respiratory
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syndrome coronavirus 2 (SARS-CoV-2) despite being
asymptomatic suggesting a need to screen widely in
populations to contain spread of the disease. Taken
together, non-pharmaceutical interventions were
very successful in reducing the spread of COVID-19
pandemic and continuation of these measures was
recommended to achieve an R value below 1 in the
absence of an available treatment option.

CLINICAL SYMPTOMS AND
EVOLUTION OF VIRUS

THE

Based on the data from 72 314 cases as on 11 February
2020, 3 % of patients were older than 80 y, 87 %
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were aged between 30 and 79 y, 1 % were aged 10 to
19 y and 1 % were aged 9 y or younger™. Nearly
81 % of reported cases were mild, 14 % were severe and
5 % were critical®. The overall case-fatality rate
(CFR) was 2.3 % but increased significantly to 8 % in
the age group of 70 to 79 y and 14.8 % in those aged
80 y or abovel. The estimated infection-to-fatality
ratio (IFR) increases with age, with an IFR ratio of
0.001 % in 5-9 y olds and 8.29 % in individuals above
80 y¥!. Most of the SARS-CoV-2 infected patients
showed following symptoms (as on 15 June 2020): fever
(70-90 %), cough (60-86 %), dyspnoea (53-80 %)),

myalgia (15-44 %), fatigue (38 %),
nausea/vomiting  or  diarrhoea  (15-39 %),
headache, weakness (25 %) and rhinorrhoea

(7 %) Higher viral loads and long viral shedding
periods are associated with severe clinical symptoms
and thus may serve as prognostic markers!”.

Individuals with comorbidities were reported to be at
higher risk of SARS-CoV-2 infection (as per the data on
9 February 2020): acute respiratory distress syndrome
(ARDS) (67 %), hyperglycaemia (35 %), acute kidney
injury (29 %), liver dysfunction (29 %), cardiac
injury (23 %), hospital acquired pneumonia (11.5 %),
gastrointestinal haemorrhage (4 %), pneumothorax
(2 %), bacteraemia (2 %) and urinary tract infection
(2 %)®. In addition, a high mortality rate due to
COVID-19 was observed in cancer patients, especially
high in thoracic cancer patients®. A spectrum of
neurological symptoms were reported in less severe
patients while disorders of consciousness occurred
commonly (19.6 %) in older patients and in severe
cases!'”. Furthermore, geographic location specific
(nearly 65 % in Europeans and 5 % in Chinese)
dysfunction of olfactory and gustatory senses were
reported in COVID-19 patients!'!l.

Close resemblance between SARS-CoV-2 and other
animal coronaviruses indicates possible zoonotic
transmission by acquiring key functional regions within
the spike protein that enhances its binding to human
angiotensin converting enzyme 2 (hACE2) receptort!?.
Interestingly, SARS-CoV-2 has been suggested to
have evolved from sarbecoviruses that may have been
circulating among bats for several decades before
their recent zoonotic transmission to humans!'l.
Phylogenetic analysis of SARS-CoV-2 genomes
revealed three central variants A (ancestral type), B and
C; while B is the most common type in east Asia, A and
C types are present mostly in Europe and Americal'4,
Interestingly, most of the recurrent mutations identified
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in SARS-CoV-2 genome are missense mutations
indicating a possible ongoing functionally relevant
adaptation!®). For example, emergence and dominance
of SARS-CoV-2 strain that contains D614G mutation
in the spike protein having enhanced infectivity and
higher viral loads in upper respiratory tract indicates
the fitness advantage of this mutant over the wild type
strainl'®!. Surprisingly, the D614G mutation didn’t
alter the efficacy of therapeutic antibodies!. Notably,
a 382-nucleotide deletion in the open reading frame
8 (ORF8) was shown to be associated with milder
symptoms than the wild-type virus despite unaltered
replicative fitness and viral load!'”. However, not all
mutations are created equal: certain mutants were
shown to be less infectious indicating the functional
significance of those mutated residues, while some
mutations were shown to alter sensitivity towards
neutralizing antibodies!'®!.

CELLULAR AND
GENESIS

MOLECULAR PATHO-

Virus-host cell interaction:

The spike (S) protein of SARS-CoV-2 forms trimert!”’
and binds to the N-terminal peptidase domain of hACE2
receptor’?”! leading to the entry of virus into the cell
(fig. 1), Comprehensive analysis of tissue-specific
angiotensin converting enzyme 2 (ACE2) expression
revealed higher to moderate expression in enterocytes,
renal tubules, gallbladder, cardiomyocytes, male
reproductive cells, placental trophoblasts, ductal cells,
eye and vasculature?”. ACE2 gene expression is very
low in the nasal epithelium of children and increases
with age, which explains the lower susceptibility
of younger children to SARS-CoV-2 infection than
adults!®!. Furthermore, ACE2 receptor along with the
transmembrane serine protease 2 (TMPRSS2) was
shown to be expressed in nasal goblet and ciliated
cells?. Expression of ACE2 receptor is higher in
the epithelium of upper respiratory tract than that of
lower respiratory tract®!. In lungs, ACE2 receptor is
expressed predominantly in type II pneumocytes?*
and transient secretory cells of the subsegmental
bronchial branches?’. Interestingly, ACE2 is an
interferon (INF) regulated gene® and is upregulated
by inflammatory stimuli as well as cigarette smoking
consequently increasing the susceptibility to SARS-
CoV-2 infection!?").

The spike (S) protein is cleaved by host cell proteases
such as TMPRSS2 and cathepsin B/L into S1 and
S2 subunits®?!. The S1 subunit is comprised of an
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Fig. 1: Molecular mechanisms underlying SARS-CoV-2 infection
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The spike protein of SARS-CoV-2 virus binds hACE2 receptor leading to cellular entry. The positive-sense gRNA of the virus is
released into the host cell, undergoes translation as well as replication. Translation results in two ORFs, ORF1a and ORF1ab, which
are cleaved by Mpro and PLpro into nsps. Replication carried out by RdRp results in negative-sense RNA which is transcribed
to form sgRNA of structural proteins and accessory proteins. The sgRNAs are translated to form four structural proteins spike
(S), envelope (E), membrane (M) and nucleocapsid (N) and 6 accessory proteins (3a, 6, 7a, 7b, 8 and 10). The gRNA is packed and
assembled into progeny virions. Therapeutics that target various pathogenic processes were shown

N-terminal domain (NTD), C-terminal domain (CTD)
and also receptor binding domain (RBD) both of which
are involved in receptor binding while S2 is involved in
membrane fusion (fig. 2)1. The S1 subunit undergoes
hinge-like movement resulting in its existence either
in “up” conformation (receptor-accessible) or in
“down” conformation (receptor-inaccessible)!'™. A
unique feature that distinguishes the spike protein
of SARS-CoV-2 from that of other corona viruses is
the presence of a four amino acid residue insertion
(P681-RR-A684) between S1 and S2 subunits, which
creates a recognition site for cleavage by pro-protein
convertase furin (fig. 2)?". However, the recognition
sequence of an additional cleavage site (S2’) within S2
domain is conserved between SARS-CoV and SARS-
CoV-2 (fig. 2)?Y. An extended insertion within the
RBD forms a receptor binding motif (RBM), which
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contains most of the residues that contact the hACE2
(fig. 2)?%. Despite structural similarities in receptor
binding, SARS-CoV-2-CTD binds hACE2 with higher
affinity when compared to that of SARS-CoV-RBD
possibly due to larger binding receptor interface, few
additional interactions and altered surface electrostatic
potential 228 Interestingly, nearly 90 % of receptor
interacting residues of SARS-CoV-2-Spike-RBD are
conserved in the spike protein of pangolin-CoV (fig. 2).
Several antibodies were found to interact with SARS-
CoV-2-Spike-RBD residues that are critical for hACE2
receptor binding (fig. 2). Notably, each one among the
21 hACE2 interacting residues was found to interact
with at least one of the several antibodies (fig. 2).
Binding of linoleic acid to SARS-CoV-2 spike protein
reduces its interaction with ACE2 implicating its role in
pathogenesis®.
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Pangolin CoV 412 GRIADYNYKL PDDFTGCVIA WNSNNLDSKV GGNYNYLYRI, FRKSNLKPFE RDISTEIYQA 471
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Pangolin CoV 472 GSTPCNGVEG FNCYFPLQSY GFHPTNGVGY QPYRVVVLSF ELLKAPATVC GPKQSTNLVK 531
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SARS-CoV 642 VDTSYECDIP IGAGICASYH TVSL----LR STSQKSIVAY TMSLGADSSI AYSNNTIAIP 697
S2'
v
SARS-CoV-2 776 KNTQEVFAQV KQIYKTPPIK DFGGENFSQI LPDPSKPSKR SFIEDLLFNK VTLADAGFIK 835
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SARS-CoV 758 RNTREVFAQV KOMYKTPTLK YFGGENFSQI LPDPLKPTKR SFIEDLLENK VTLADAGEMK 817

Fig. 2: Features of the spike (S) protein of SARS-CoV-2

(A) Schematic representation of the S protein of SARS-CoV; (B) Multiple sequence alignment of RBD of spike proteins of SARS-
CoV-2, bat coronavirus-RaTG13, pangolin CoV and SARS-CoV; (C) A unique four amino acid insertion Pro-Arg-Arg-Ala
(PRRA) between S1 and S2 subunits was shown along with S1/S2 and S2' cleavage sites. Residues interacting with hACE2 (*) and
antibodies (#), along with those that are glycosylated (m) were shown. Each pair of disulfide bonds (®) were indicated in different
colors. SP: Signal peptide; NTD; CTD/RBD; FP: fusion peptide; IFP: Internal Fusion peptide; HR1/2: Heptad repeat 1/2; PTM:
Pretransmembrane domain; TM: Transmembrane domain; CP: Cytoplasmic domain

In addition to ACE2 receptor, the SARS-CoV-2 spike
protein interacts with neurophilin-1 (NRP1), which
was shown to be blocked by monoclonal antibodies and
NRP1 antagonist®®l. The spike protein is glycosylated;
a total of 22 N-linked glycans were observed that may
serve to camouflage protein epitopes and consequently
immune evasion®!. The importance of glycans on spike
protein is exemplified by their effect on antigenicity
towards cross-reactive antibodies: a single amino
acid residue change resulting in the loss of a glycan
modification contributed to the reduced binding affinity
of'the CR3022 antibody towards spike protein of SARS-
CoV-2 when compared to that of the SARS-CoVP2, In
addition to the hACE2 binding domain, certain regions
that are conserved between SARS-CoV and SARS-
CoV-2 may serve as good epitopes to be neutralized by
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cross-reactive antibodies generated against the SARS-
CoVP2, For example, the CR3022 antibody that was
derived from convalescent SARS-CoV patient binds the
spike protein on SARS-CoV-2 albeit with less affinity
as compared to that of the SARS-CoVP2. It may thus
be important to produce monoclonal antibodies with
high cross-reactivity that helps to combat multiple
corona viral infections as well as potential future novel
coronaviruses.

Replication of virus:

SARS-CoV-2 has a positive-sense, single-stranded
ribonucleic acid (RNA) genome of approximately
30kb in size (fig. 1), An RNA dependent RNA
polymerase (RdRp/non-structural proteins (nspl2))
performs replication and transcription using viral
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genome as a template (fig. 1) Negative-sense
RNA intermediates are generated, which serve as
templates for the synthesis of positive-sense genomic
RNA (gRNA) and sub-genomic RNAs (sgRNAs)
(fig. )P The 2’-O-methylation on the first nucleotide
of SARS-CoV-2 messenger RNAs (mRNAs) by
nspl0/nspl6 heterodimer results in mimicking of
host cell mRNA thus protecting the virus from host
innate immune restriction®. Inside the host cell, the
gRNA is translated from two open reading frames
(ORFs), ORFla and ORFI1b (fig. 1) The ORFla
produces polypeptide la (ppla, 440-500 kDa) and
ORF1b produces a comparatively larger polypeptide
lab (pplab, 740-810 kDa) (fig. 1)*¥. la and lab are
further cleaved into 11 and 15 nsps respectively by
viral proteases nsp3 (papain-like protease (PLpro)
domain) and nsp5 (3C-like protease (3CLpro) domain)
(fig. B3I, Interestingly, the C-terminus of viral protein
nspl blocks host cell translation by binding to the 40S
subunit of ribosome potentially leading to the blunted
innate immune response. Further, the NSP16 binds
U1/U2 mRNA recognition domains while NSP§8 and
NSP9 binds 7SL RNA causing suppression of mRNA
splicing and protein trafficking®®*!. Shorter sgRNAs
encode conserved structural proteins (spike protein
[S], envelope protein [E], membrane protein [M]
and nucleocapsid protein [N]) and about 6 accessory
proteins (3a, 6, 7a, 7b, 8 and 10) (fig. 1)133. The gRNA
is packaged by structural proteins to assemble progeny
virions (fig. 1), Progeny virions leave the host cells
via lysosomal trafficking, which can be blocked by
CID1067700, a Ras-related protein (Rab7) guanosine
triphosphatase ~ (GTPase) competitive  inhibitor
(fig. 1)B¢),

Effect of infection on host cell processes:

The SARS-CoV-2 infection leads to perturbation of
multiple processes of host cell such as transcription,
translation, RNA splicing, carbon metabolism, nucleic
acid metabolism and proteostasis®>*. Proteomic analysis
of virus-host, protein-protein interactions revealed
dysregulation of processes such as nuclear transport,
vesicular trafficking pathway, ribosome biogenesis,
translation, ubiquitination, lipoprotein metabolism and
innate immune signaling pathway?’. Interestingly,
most of the host proteins that interacted with viral
proteins were enriched in lung tissue indicating it as
a primary target organ for pathogenesis®”. Analysis
of transcriptome, proteome, ubiquitinome and
phosphoproteome of A549 cells upon SARS-CoV-2
infectionrevealed perturbation of pathways such as stress
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and deoxyribonucleic acid (DNA) damage response,
transcriptionregulationand cell junction organization®*.
A significant increase in phosphorylation was observed
both for viral and host cell proteins indicating this post-
translational modification as a major cellular response
to infection®®. This resulted in a strong activation of
p38/mitogen-activated protein kinase (MAPK), protein
kinase B (AKT) and extracellular regulated kinase
(ERK), Rho-GTPase cytoskeleton and casein kinase
2 (CK2) cytoskeletal related target pathways along with
dysregulated cell cycleP™. Proteomic and metabolomic
profiling of the sera from COVID-19 patients revealed
disease-specific differential expression of 105 proteins
and 373 metabolites, of which 93 proteins and 204
metabolites correlated with disease severity. In
addition to the proposition of potential diagnostic
markers, this study also demonstrated the dysregulation
of immune and metabolic pathways that can act as
potential therapeutic targets!*. Further, using genome-
scale clustered regularly interspaced short palindromic
repeats (CRISPR) loss of function screen in human
alveolar epithelial cells revealed transcriptional changes
in cholesterol biosynthesis pathway!*!l.

Cytokine release syndrome:

SARS-CoV-2 is a cytopathic virus that causes
pyroptosis of infected cells resulting in the release of
interleukin 1 beta (IL-1p), which will lead to a localized
inflammatory response (fig. 3)1*?. Here, genomic single
stranded RNA (ssRNA) and double-stranded RNA
(dsRNA) intermediately act as pathogen associated
molecular patterns (PAMPs) that are recognized by
pattern recognition receptors (PRRs) resulting in an
increased production of IL-1B (fig. 3)*). The IL-1B
activates macrophages to release IL-6, IL-18, tumor
necrosis factor (TNF) and IL-1PB, as well as natural
killer cells to release interferon gamma (IFN-y)
(fig. 3)®. Infiltration of T-lymphocytes and monocytes
from blood into the lungs lead to clearing of infection
from the lungs and subsequent recovery of patient
from the disease (fig. 3)“*. But, in patients with
dysfunctional immune system, a cytokine storm ensues
that includes excessive infiltration of immune cells into
the lung and overproduction of inflammatory cytokines
(fig. 3)*4. The cytokine storm combined with reduced
levels of oxygen results in multi-organ failure in infected
persons. Several recent studies report observations that
support the induction of cytokine storm and disease
severity in COVID-19 patients.

Heterogeneity in immune response was observed
in hospitalized COVID-19 patients and has been
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Fig. 3: Mechanisms of pathological processes associated with SARS-CoV-2 infection

The role of cytokine storm, coagulation, kallikrein-bradykinin and renin-angiotensin system pathways in SARS-CoV-2 pathogenesis
are shown. PAMPs: Pathogen-associated molecular patterns; PRRs; TLR; IL; TNF; IFN; HAS2: Hyaluronic acid synthase 2; ECM:
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classified broadly into 3 groups: Immunotype 1 is
associated with severe disease and is characterized
by robust cluster of differentiation 4 (CD4") T-cell
activation and exhaustion of CD8" T-cells, immunotype
2 is characterized by less CD4" T-cell activation
and more CDS8" cells and immunotype 3 represents
failure of immune response as exemplified by the
lack of activation of lymphocytes*. Furthermore,
reduced levels of circulating CD4" and CD8* T-cells
combined with elevated levels of IL-6 and IL-8 were
shown to be indicators for disease progression*’l. In
addition, differential subsets of circulating monocytes
and neutrophils were reported in mild and severe
COVID-19 patients*®. Moreover, differential immune
cell type profiles were observed also in bronchoalveolar
lavage fluid thus distinguishing severe (monocyte-
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derived macrophages and neutrophils) from moderate
(CD8'T lymphocytes) COVID-19 patients™*’). Analysis
of postmortem spleen and lymph nodes of COVID-19
patients revealed reduction in B-cell lymphoma 6 (Bcl-
6") germinal center B cells*® and profiling of humoral
immune response in COVID-19 patients with varying
degrees of severity revealed robust immunoglobulin
M (IgM) and immunoglobulin A (IgA) development in
both severe COVID-19 survivors and non-survivors.
However, survivors class-switched to immunoglobulin
G (IgG) while non-survivors showed attenuated IgG
response®). Importantly, patients with sustained
antibody response quickly recovered from the disease
and harbored high somatic mutations in virus specific
memory B cellsP%. Elevated levels of inflammatory
cytokines in bronchoalveolar lavage fluid of severe
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COVID-19 patients suggest their possible role in the
disruption of lung epithelial barrier and consequent
bacterial infection™”), In addition, increased levels of
proinflammatory cytokines and chemokines (C-X-C
motif chemokine ligand 8 (CXCLS), CXCL9, CXCL16,
C-C motif chemokine ligand 2 (CCL2) and CCL8 were
detected in serum samples of COVID-19 patients®'),
Further, the shift from mild to moderate disease is
marked by an enhanced inflammatory signalling
along with loss of lipid, amino acid and xenobiotic
metabolisms possibly due to hepatic dysfunction?.
Furthermore, high levels of soluble complement
component 5a (C5a)i**! as well as calprotectin, CXCL-
8, CXCL-12 and IL-6M% were observed in severe
COVID-19 patients. Moreover, time-dependent
elevated levels of inflammatory cytokines in the blood
samples were observed in intensive care unit (ICU)
admitted COVID-19 patients: all 7 d (TNF, granzyme
B, heat shock protein 70 and IL-18), 2 to 3 d (IFN-y
inducible protein 10) and 2 to 7 d (elastase 2)P4. A
“core COVID-19 signature” comprising of elevated
inflammatory cytokines interleukin 1 alpha (IL-1a), IL-
1B, IL-17A, IL-12p70 and interferon alpha (IFN-a)) was
observed in all COVID-19 patients!>>. Notably, higher
inflammatory cytokines thyroperoxidase (TPO), IL-33,
IL-16, IL-21, IL-23, interferon lambda (IFN-L), eotaxin
and eotaxin-3 were observed in patients with severe
COVID-19 disease®!. Importantly, core COVID-19
signature declined after 10 d of disease onset in moderate
patients but maintained further in severe patients®.
Further, based on four defined immune signatures,
Lucas et al. stratified patients into three clusters that are
predictive of disease prognosis®>.

Coagulation pathway:

The mobilized immune cells and inflammatory
cytokines along with vasoactive molecules increase
the endothelial cell contractility and loosens the inter-
endothelial junctions resulting in creating gaps at these
junctions®®. Endothelial cells that are activated by IL-
1B and TNF express P-selectin, von Willebrand factor
and fibrinogen resulting in the binding of platelets
(fig. 3)B%. The infiltrated activated neutrophils release
B-glucuronidases that degrade the glycocalyx, a
protective layer with anti-coagulative properties (fig. 3).
Additionally, the cytokines IL-1p and TNF upregulates
the expression of hyaluronic acid synthase 2 resulting
in the production of hyaluronic acid in the extra cellular
matrix causing fluid retention in lungs (fig. 3)P¢!. Thus,
altogether these events lead to increased vascular
permeability and vascular leakage.
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Several parallel pathways act and converge to activate
the coagulation pathway (fig. 3). The exposure of
endothelial collagen due to the loss of vascular integrity
and endothelial dysfunction, results in the activation of
intrinsic pathway where factor XIla acts downstream
converting the factor X to factor Xa (fig. 3). Cytokines
released by endothelial cells increases the production
of platelets that releases vascular endothelial growth
factor (VEGF) which in turn drives endothelial cells
to express tissue factor (fig. 3). In addition, endothelial
cell or tissue damage also leads to the expression of
tissue factor which activates extrinsic pathway where
factor VIla converts factor X to factor Xa (fig. 3).
Activated factor Xa by extrinsic and intrinsic pathways
initiate coagulation pathway resulting in the formation
of fibrin clots (fig. 3). Recently, Carvelli et al. reported
the activation of coagulation pathway via complement
component C5a (C5a)-complement C5a receptor
1 (C5aR1) in COVID-19 patients. Here, binding of
soluble C5a to its receptor C5aR1 present on circulating
neutrophils and monocytes results in recruitment,
activation and adherence of neutrophils to the pulmonary
endothelium (fig. 3)*¥. The activated monocytes and
neutrophils further express tissue factor and neutrophil
extracellular traps (NETs) respectively (fig. 3). These
NETs expressed by neutrophils activate factor XII, a
zymogen form into factor XlIla, a coagulation factor
(fig. 3). Finally, these events result in disseminated
intravascular coagulation (DIC) (fig. 3)P¢. Taken
together, endothelial dysfunction, vascular leakage,
DIC, inflammation and higher levels of cytokines result
in alveolar dysfunction, ARDS with respiratory failure
leading to multi organ failure®®®. Considering the role of
coagulation in COVID-19 disease, the potential of blood
thinners and other anti-coagulants were tested. Early
initiation of anti-coagulation therapy involving either
heparin or enoxaparin was shown to be associated with
a decrease in 30 d mortality?®” indicating its promise in
the treatment of COVID-19 patients.

ARDS:

Damage of lung is caused both by the virus and
secreted proteases. Compromised functions of type I
pneumocytes that are involved in gas exchange as well
as alveolar surfactant producing type II pneumocytes
leads to dyspnea and low blood oxygen levels apart from
vulnerability to secondary bacterial infections. SARS-
CoV-2 binds to and downregulates ACE2 receptor
leading to the activation of Kallikrein-bradykinin
pathway and deregulation of renin- angiotensin-
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aldosterone system (RAAS) pathway resulting in
ARDS (fig. 3)B¢L.

Kallikrein-bradykinin pathway:

Kallikreins are a group of serine proteases which are
broadly classified into two types: Plasma kallikreins
and tissue kallikreins (fig. 3)P®. Plasma kallikrein is
synthesised in the liver, gets activated by coagulation
factor XIla, which then process high molecular weight
kininogens (HMWK) to kinins such as bradykinin
(fig. 3)®8. On the other hand, tissue kallikreins
process low molecular weight kininogen (LMWK)
to lys-bradykinin (fig. 3)P. Both bradykinin and
lys-bradykinin act as ligands for bradykinin receptor
B2 (B2R) (fig. 3)P®. Further, bradykinin and
lys-bradykinin are processed into des-Arg’-bradykinin
and Lys-des-Arg’-bradykinin by carboxypeptidases
M and N, respectively (fig. 3)8. These des forms
of bradykinin act as ligands for bradykinin receptor
B1 (B1R) (fig. 3)*®. Binding of bradykinins to BIR and
B2R on endothelial cells results in vascular permeability
and vasodilation leading to local angioedema in lungs
(fig. 3)P®. Importantly, ACE receptor inactivates
the B2R ligands such as bradykinin that is linked to

systemic  acquired angioedema and ACE2
receptor  inactivates BIR  ligands such as
des-Arg’-bradykinin and Lys-des-Arg’-

bradykinin that is linked to pulmonary edema
(fig. 3)B8. Reduced levels of ACE2 due to SARS-CoV-2
binding results in the activation of BIR by active des-
Arg’-bradykinin and Lys-des-Arg’-bradykinin leading
to lung injury (fig. 3).

RAAS pathway:

The RAAS pathway also plays an important role in
regulating lung health. Angiotensinogen, which is
produced by the liver, is converted into angiotensin I
(Ang-I) by renin that is secreted by the kidney (fig. 3)
391 Ang-I is converted either to angiotensin I (Ang-
1) by ACE or to angiotensin 1-9 (Ang 1-9) by ACE2
receptors (fig. 3)P. Ang-II and Ang 1-9 are further
converted to angiotensin 1-7 (Ang 1-7) by ACE2 and
ACE enzymes, respectively (fig. 3)P°". Ang-II interacts
with angiotensin II type I receptor (AT R) that results
in vasoconstriction (fig. 3)P°. Ang 1-7 either interacts
with MAS1 oncogene (MAS receptor) leading to
vasodilation or is converted to angiotensin 1-5 (Ang
1-5) by the ACE enzyme (fig. 3)*°. Upon SARS-
CoV-2 infection, ACE2 levels are decreased leading
to the upregulation of (Ang-II)-AT R signaling as well
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as downregulation of (Ang 1-7) MAS signaling and
higher binding of Ang-II to AT R leading to pulmonary
edema and consequently lung injury.

THERAPEUTICS

Antibodies and vaccines:

Identification of viral protein specific circulating CD4*
and CD8" T-lymphocytes®” as well as antibodies (spike-
RBD-specific B38, H4, REGN10987, REGN10933,
BD-368-2, CC6.33, CoV-2-2196 and CoV-2-2381 and
spike-NTD-specific 4A8) in the plasma of convalescent
individuals suggests the possibility of induction of a
natural immune response by potential vaccines alsof®!~
01 Structural analysis of human neutralizing antibodies
in complex with SARS-CoV-2 spike or RBD revealed
distinct interaction modes, with the antibodies binding
to RBD’s conformations: “’up” RBDs; ”up” and “down”
RBDs that can contact adjacent RBDs and outside the
ACE2 and can recognize “up” and “down” RBDs!®".,
Notably, a significant difference in the presence
of neutralizing antibodies was observed between
asymptomatic (81.1 %) and symptomatic (62.2 %)
SARS-CoV-2 infected patients!®®. SARS-CoV-2-Spike-
RBD specific monoclonal antibodies (P2B-2F6, P2C-
1F11, P2C-1A3, CA1 and CB6) failed to cross react
with spike proteins of either SARS-CoV or middle east
respiratory syndrome (MERS-CoV) indicating epitopic
differences specifically in the RBDU'"7]. But, antibodies
from the plasma of severely infected individuals with
SARS-CoV-2 showed cross reactivity towards spike
protein of SARS-CoV and MERS-CoV!!. Similarly,
cross neutralization of SARS-CoV-2 by the sera from
SARS-CoV convalescent patients was demonstrated
in vitro®!, In addition, monoclonal antibodies (S309,
ADI-55689 and ADI-56046) derived from memory
B cells of a SARS-CoV patient showed significant
cross-reactivity against SARS-CoV-2U'*751, However,
it is important to note that the neutralizing activity of
S309 is not due to the blocking of receptor binding
because the epitope for this antibody is not the RBD
of spike protein™!. The possibility of emergence
of escape mutants towards specific monoclonal
antibodies was demonstrated recently!’?l. Therefore, a
cocktail of antibodies with non-overlapping epitopes
such as REGN10987-REGN10933%, B38-H4! or
CoV2-2196-CoV2-2130 pairs’™ was suggested for
an increased efficacy for COVID-19 treatment. An
engineered bivalent VHH (single domain antibody,
VHH-72-Fc) displayed cross neutralization activity
against both SARS-CoV and SARS-CoV-2"7.
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Additionally, nanobodies that are derived upon
immunization of camelids, showed good anti-SARS-
CoV-2 activity, with increased activity in its multivalent
form™), Taken together, these observations indicate
the possibility of development of vaccines that elicit
immune response as well as application of therapeutic
antibodies against SARS-CoV-2 infection. In addition,
a human monoclonal antibody (47D11) produced in
transgenic H2L2 mice was shown to neutralize both
SARS-Co-V and SARS-CoV-2 indicating its utility in
both diagnostic serological tests as well as therapeutic
applications!™.

Surprisingly, SARS-CoV-2 reactive T cells were
detected in a significant fraction (20-60 %) of uninfected
healthy individuals suggesting immune cross-reactivity
that develops from the past infections caused by
common cold coronaviruses®®l. Further, anti-SARS-
CoV-2 antibodies, predominantly of IgG class that bind
S2 subunit were detected in SARS-CoV-2 uninfected
individuals, which are able to neutralize SARS-CoV-2
and SARS-CoV pseudotypes®. An inactivated SARS-
CoV-2 vaccine candidate Sinopharm COVID-19
vaccine or BIBP vaccine (BBIBP-CorV) and purified
inactivated SARS-CoV-2 vaccine (PiCoVacc) not only
induced immunogenicity in diverse animal species such
as mice, rats, guinea pigs and rabbits, but also efficiently
blocked the SARS-CoV-2 infection in a monkey model
of COVID-19 disease®®. Further, a recombinant
adenovirus-based vaccine that expressed SARS-
CoV-2 spike protein showed successful antigenicity
combined with tolerability and good safety profile!®*,
Additionally, a DNA-based vaccine (INO-4800) that
expressed SARS-CoV-2-spike protein induced immune
response in mice and guinea pigs®®. The resulting
antibodies not only displayed limited cross-reactivity
towards SARS-CoV spike protein but also competed
with ACE2 receptor for binding to the SARS-CoV-2
spike protein®!. Moreover, an alpha-virus-derived
replicon RNA (repRNA) and lipid nanoparticle
encapsulated mRNA (ARCoV) that expressed the spike
protein of SARS-CoV-2 elicited long-term immune
response both in mice and non-human primates!®%,
Both mRNA vaccines (mRNA-1273 and BNT162b1)
and adenoviral based vaccines (ChAdOx1, rAd26 and
rAdS) displayed robust anti-SARS-CoV-2 immune
response pre-clinically®*! and clinically®*** and
displayed favorable safety profiles in phase 1/2. As on
7 December 2020, the adenoviral vaccine AZD1222
(ChAdOx1, from AstraZeneca) displayed 82 % efficacy
with a two-dose regimen® and the World Health
Organization (WHQ’s) Strategic Advisory Group of

September-October 2021

Experts (SAGE) has issued interim recommendations
for its use. On 11 December 2020 the United States
Food and Drug Administration (FDA) has issued an
emergency use authorization for the mRNA-based
vaccine BNT162b2 (Pfizer-BioNTech) that showed a
95 % efficacy in a phase 2/3 trial®®. On 18 December
2020, the US FDA has issued an emergency use
authorization for the vaccine mRNA-1273 (Moderna),
which demonstrated an efficacy of 94.1 % in a phase
3 study®®. It is important to note that recent studies
indicated the efficacy of vaccines (BNT162b2) against
the mutated strain such as B.1.1.7 also thus indicating
their potential to control the pandemicl®”*%,

Chemical inhibitors targeting viral enzymes:

The RdRp or nspl2 catalyzes RNA synthesis, assisted
by cofactors nsp7 and nsp8, along with the helicase
nspl3 and thus is an important therapeutic target®*!1%,
The RdRp consists of a nidovirus unique N-terminal
extension domain (NiRAN) and aright-hand polymerase
domain, which are connected by an interface domain®.
The polymerase domain further consists of a fingers
subdomain (motifs F and G), a palm subdomain (motifs
A, B, C and D) and a thumb subdomain®. The in vitro
catalytic activity of RdRp was shown to be inhibited
effectively by the active form remdesivir triphosphate
(RTP) but not either by the pro-drug remdesivir or by
the inactive remdesivir monophosphate (RMP)!°U, The
incorporated RMP interacts with K545 and R555 of
RdRp, upstream base of the primer strand and uridine
base of the template strand!'". Even though remdesivir
was approved by FDA following preliminary results
from the phase III trials'%?, no statistically significant
clinical benefit was observed with remdesivir treatment
in adults with severe COVID-19!'%1, However, further
studies involving strategies such as higher dose regimen
or combination with other antivirals or neutralizing
antibodies was suggested to enhance the efficacy of
remdesivirl'®,

The main protease (Mpro), also known as 3CLpro,
together with papain-like proteases (PLPs) cleaves
polyproteins into 16 nsps that plays an important role
in viral life cycle (fig. 1). A high degree of similarity
of Mpro between related coronaviruses combined with
the absence of a human homolog makes it an ideal
therapeutic target. The Mpro functions as a dimer with
each protomer (monomer) comprising three domains
(I, IT and III)!"*. The substrate-binding site is present in
the cleft formed between domains I and II and contains
four subsites (S1, S2, S4 and S1'), while His41 and
Cys145 forms a catalytic dyad!'*. Investigational drugs
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(peptidomimetic aldehydes 6e, 11a and 11b, calpain
inhibitors II and XII, GC-376 and N3) displayed Mpro
inhibitory activity (fig. 1)!%1%, In addition, anti-viral
drugs (boceprevir) and anti-neoplastic drugs (carmofur)
showed activity against Mpro suggesting the possibility
of repurposing of these drugs for COVID-19 treatment
(fig. 1)19419€1 Tnhibitor interacting residues of Mpro
enzyme are fully conserved between SARS-CoV-2 and
SARS-CoV but only 60 % of residues are conserved
between SARS-CoV-2 and MERS-CoV (Data not
shown). Interestingly, blocking of another protease
(PLpro) by a naphthalene-based inhibitor GRL-0617
not only blunted viral replication in infected cells but
also promoted anti-viral immunity (fig. 1)!!, These
results indicate the promise of inhibition of proteases
either alone or in combinations to effectively combat
SARS-CoV-2 infection!'"7),

Drugs with clinical efficacy:

In hospitalized severe COVID-19 patients, treatment
with dexamethasone, an anti-inflammatory drug
approved for rheumatoid arthritis, resulted in reduced
duration of mechanical ventilation and mortality!%®,
Further, meta-analysis of clinical trials with
dexamethasone, hydrocortisone or methylprednisolone
treatment revealed that these corticosteroids are
associated with lower mortality rate when compared
to usual care or placebo!!”!, Furthermore, tocilizumab,
an anti-IL-6R, showed effective clinical outcomes with
reduced requirement of oxygen therapy in a small cohort
of severe COVID-19 patients!!'”. Phosphorylation
of Bruton tyrosine kinase (BTK) was significantly
elevated in peripheral blood monocytes of COVID-19
patients as compared to healthy volunteers!''!l. Off-
label treatment with BTK inhibitor acalabrutinib has
improved the condition of severely ill COVID-19
patients by normalizing inflammatory markers!'"".
Ruxolitinib, a Janus kinase (JAK) inhibitors, in
combination with standard of care agent showed rapid
clinical improvement in severe COVID-19 patients!!!?.
Another JAK inhibitor baricitinib, in combination
with lopinavir/ritonavir, showed promise with a lower
fatality rate, decreased ICU admission and a higher
discharge rate when compared with standard of care
compounds (hydroxychloroquine with lopinavir/
ritonavir) in moderate COVID-19 patients!'3),
Further, in SARS-CoV-2 infected rhesus macaques, it
limited the lung infiltration of inflammatory cells and
restored innate anti-SARS-CoV-2 T-cell responsel'.
Self-administration of famotidine, a histamine type
2 receptor antagonist (approved for treating ulcers), by
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non-hospitalized symptomatic COVID-19 patients was
found to be effective in reducing the symptoms such
as cough, shortness of breath, fatigue, headache and
anosmia and improved patient reported outcomes!!!!.
In a phase 2 clinical trial of combined interferon beta
1b (IFN B-1b), lopinavir-ritonavir and ribavirin in
COVID-19 patients, reduced the viral shedding period
and hospital stay when compared with control group
(lopinavir-ritonavir) with favorable safety profilel!!¢l,
However, a combination of antiviral protease inhibitors
lopinavir and ritonavir showed no benefit in adult
COVID-19 patients!'!”,

Drugs with pre-clinical activity:

Based on affinity purification mass spectrometry
(AP-MS), a total of 332 high-confidence interactions
were observed between 26 SARS-CoV-2 proteins
and host cell proteins resulting in the identification of
66 druggable human proteins that can be targeted by
69 compounds®”. Inhibitors of protein biogenesis
(zotatifin, ternatin-4 and PS3061) and Sigma R1/R2
(haloperidol, PB28, PD144418, hydroxychloroquine,
clemastine, cloperastine and progesterone) showed
significant anti-SARS-CoV-2 activity (fig. 1)P7
Similarly, AP-MS analysis identified 1484 interactions
between 24 SARS-CoV-2 and 27 SARS-CoV proteins
and 1086 host cell proteins of which majority
interactions were found to be common between
SARS-CoV and SARS-CoV-2B%. Potent anti-SARS-
CoV-2 activity was displayed by inhibitors of fms-like
tyrosine kinase 3 (FLT3)/AXL receptor tyrosine kinase
(AXL) (gilteritinib), AKT (Ipatasertib) and matrix
metalloproteinases (prinomastat and marimastat)i®l,
In addition, inducers of DNA damage (tirapazamine,
rabusertib) or the mammalian target of rapamycin
(mTOR) inhibitor (rapamycin) suppressed SARS-
CoV-2 growth®¥. Based on phosphoproteomic analysis,
inhibitors that target upregulated signaling pathways
showed significant anti-viral activity: CK2 signaling
(silmitasertib), MAPK pathway (gilteritinib, ralimetinib,
MAPKI13-IN-1, ARRY-797), phosphatidylinositol
3-kinase (PI3K) pathway (apilimod) and cyclin-
dependent protein kinase (CDK) signaling pathway
(dinaciclib)P?). Furthermore, screening of a library with
about 12 000 molecules identified clinical stage drugs
such as FYVE finger-containing phosphoinositide
kinase (PIK fyve) inhibitor apilimod and several cysteine
protease inhibitors (MDL-28170, ZLVG CHN2, VBY-
825 and ONO 5334) that displayed anti-SARS-CoV-2
activity at therapeutically achievable doses!'!®.
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Using cell culture based infection model, perturbation
of key metabolic pathways was observed and further
demonstrated the anti-COVID-19 efficacy of inhibitors
of translation (cycloheximide and emitine), spliceosome
(pladienolide), glycolysis (2-deoxy-D-glucose), nucleic
acid metabolism (ribavirin) and proteostasis (NMS-873)
(191 Notably, engineered soluble hACE2 was shown
to efficiently reduce SARS-CoV-2 entry into host cell
indicating its potential therapeutic value (fig. 1)12%,
An inhibitor of serine protease TMPRSS2, camostat
mesylate efficiently blocked the viral entry into the
host cell and may thus be repurposed for COVID-19
treatment (fig. 1)P?!. Teicoplanin, a glycopeptide
antibiotic, inhibited the activity of cathepsin L towards
spike protein of SARS-CoV and MERS-CoV!2l,
Therefore, teicoplanin may thus be used as one of the
potential treatment options for COVID-19 patients as
the cathepsin L activity is conserved among SARS-
CoV-2, MERS-CoV and SARS-CoV viruses!'??.
Ivermectin, an anti-parasitic agent, displayed in vitro
anti-viral action against SARS-CoV-2 possibly via
inhibiting importin o/f1 (IMP-a/B1) mediated nuclear
transport of viral proteins'?]. It was hypothesized that
4-hydroxychloroquine, an anti-malarial medication, has
anti-SARS-CoV-2 effect due to its ability to increase
the pH of lysosome (fig. 1). Despite pre-clinical activity
in vitrol, 4-hydroxychloroquine failed to display
anti-COVID-19 activity in patients either alone or in
combination with azithromycin!'*!. In human-C5aR1
knock in mice, anti-C5aR1 monoclonal antibodies
inhibited acute lung injury by preventing infiltration of
monocyte/macrophage and neutrophils, indicating its
therapeutic potentiall>].

CONCLUSION

In the absence of effective therapeutics, non-
pharmaceutical interventions still remains an important
preventive option. Thus, there is an urgent need either
to develop a novel antiviral drug or identify existing
clinically approved therapeutics that has potential
to reduce mortality by interfering with pathological
processes such as cytokine storm, ARDS or coagulation.
Therefore, it is important to fast-track the trials by re-
purposing drugs that have shown proof of concept
anti-SARS-CoV-2 activity in pre-clinical COVID-19
disease models. Recent studies have proposed a number
of host genetic factors that determine the infectivity
and pathogenicity of SARS-CoV-2. For example, a
gene cluster of Neanderthal origin on chromosome
3 spanning approximately 50 kb of the genome was
associated with susceptibility to COVID-19"*¢, In
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addition, a positive correlation between 152285666
polymorphism of ACE2 with reduced infectivity and
CFR was observed in Indian population!?”. Further,
in 3.5 % of COVID-19 patients with life-threatening
pneumonia, genetic defects at 8 of the 13 loci involved
in the toll-like receptor-3 (TLR-3) and interferon
regulatory factor 7 (IRF7) dependent induction and
amplification of type I IFNs was observed!?). The
genes that cluster into pathways including vacuolar
adenosine triphosphatase (ATPase) proton pump,
retromer, commander complexes and SWltch/Sucrose
non-fermentable (SWI/SNF) chromatin remodeling
complex were identified as host factors for SARS-
CoV-2 infection®!. Interestingly, loss of function
variant of X-chromosomal TLR7 gene were shown to be
associated with decreased production of IFN-y, which
is a crucial mediator of immune response in COVID-19
patients indicating an important role of host factors in
disease pathogenesis!'?”). Therefore, stratification of
patients based on immune biomarkers and host genetic
factors may help in designing patient specific treatment
strategies.
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