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Abstract

Severe acute respiratory syndrome coronavirus‐2 (SARS‐CoV‐2) is the causative

agent of coronavirus disease 2019 (COVID‐19) infection, which has emerged as a

global pandemic causing serious concerns. Lack of specific and effective ther-

apeutics for the treatment of COVID‐19 is a major concern and the development of

vaccines is another important aspect in managing the infection effectively. The first

step in the SARS‐CoV‐2 pathogenesis is the viral entry and it is mediated by its

densely glycosylated spike protein (S‐protein). Similar to the SARS‐CoV, SARS‐CoV‐
2 also engages angiotensin‐converting enzyme 2 (ACE2) as the host cell entry re-

ceptor. In addition to ACE2, several recent studies have implicated the crucial role

of cell surface heparan sulfate (HS) as a necessary assisting cofactor for ACE2‐
mediated SARS‐CoV‐2 entry. Furthermore, SARS‐CoV‐2 was also identified to use

both endosomal cysteine proteases cathepsin B and L (CatB/L) and the trans-

membrane serine protease 2 (TMPRSS2) for the pivotal role of S‐protein priming

mediating viral entry. As the entry of SARS‐CoV‐2 into host cells is mandatory for

viral infection, it becomes an extremely attractive therapeutic intervention point. In

this regard, this review will focus on the therapeutic targeting of the crucial steps of

SARS‐CoV‐2 viral entry like S‐protein/ACE2 interaction and S‐protein priming by

host cell proteases. In addition, this review will also give insights to the readers on

several therapeutic opportunities, pharmacological targeting of the viral‐entry fa-

cilitators like S‐Protein, ACE2, cell surface HS, TMPRSS2, and CatB/L and evidence

for those drugs currently ongoing clinical studies.

K E YWORD S

ACE2, CatB/L, clinical trials, heparan sulfate, SARS‐CoV‐2, S‐protein, TMPRSS2

1 | INTRODUCTION

Severe acute respiratory syndrome coronavirus‐2 (SARS‐CoV‐2) is
the recent viral pathogen found to be responsible for the emergence

of global pandemic coronavirus disease 2019 (COVID‐19).
Originated from Wuhan, China, SARS‐CoV‐2 infection has drasti-

cally spread to almost all the countries and territories in the world.

Started with just 6 fatalities and 282 confirmed cases, SARS‐CoV‐2
has paved its path to 2,703,780 fatalities and 122,536,880 confirmed

cases as of March 21, 2021.1,2 Over the past two decades, seven

coronaviruses (CoVs) have emerged and caused respiratory diseases

in humans. Most of these CoVs, including SARS‐CoV‐2, are found to

cause lung injuries and even multiorgan failure in patients. Inter-

estingly, the SARS‐CoV‐2 was found to be a novel virus of the

beta‐coronavirus (β‐CoV) genus, which shares 80% genome

identity with severe acute respiratory syndrome coronavirus

(SARS‐CoV) and 96.2% genome identity with bat coronavirus

BatCoV RaTG13.3–7
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Human coronaviruses (HCoVs) like HcoV‐OC43, HCoV‐229E,
HCoV‐NL63, and HCoV‐HKU1 are some previously identified CoVs

that are known for its circulation among the population. Most of

these HCoVs have only caused seasonal and mild respiratory tract

infections that are commonly associated with symptoms of “common

cold.” Contradictive to these HCoVs, severe acute respiratory syn-

drome coronavirus (SARS‐CoV), Middle‐East respiratory coronavirus

(MERS‐CoV), and SARS‐CoV‐2, which have emerged in the global

population over the past 20 years, are notably highly pathogenic and

caused serious concern in the human population. Through their rig-

orous infections in human bronchial epithelial cells, upper respiratory

tract, and pneumocytes, these three high pathogenic CoVs (SARS‐
CoV, MERS‐CoV, and SARS‐CoV‐2) can lead to life‐threatening lung

injuries and respiratory pathologies.8 As of date, specific and effec-

tive therapeutics are not available for the treatment of COVID‐19
and the current management is solely dependent on social distan-

cing, patient isolation, travel restrictions, and supportive medical

care.9

SARS‐CoV‐2 makes use of its densely glycosylated spike

protein (S‐protein) to gain entry into the host cells. Similar to the

SARS‐CoV, SARS‐CoV‐2 also engages angiotensin‐converting
enzyme 2 (ACE2) as the host cell entry receptor. SARS‐CoV‐2
initiates its infection by binding to the ACE2 receptor, which is

found abundant in the epithelial cells of the oral and nasal mu-

cosa. The viral infection further precipitates a decreased sense of

taste and smell as it moves down to the lungs (the primary site of

infection). The eventual process of infection includes en-

docytosis, exploitation of host cell machinery for genome re-

plication, transcription, assembly, and viral egress. Followed by

the viral egress, SARS‐CoV‐2 initiates the infection of neigh-

boring cells and subsequent infiltration of organ systems that

ultimately results in a multiple‐organ failure.10

Several recent studies on cell surface heparan sulfate (HS) have

implicated its role as a crucial viral‐recruiting co‐factor that pro-

motes the ACE2‐dependant viral entry of SARS‐CoV‐2. Furthermore,

SARS‐CoV‐2 was also identified to use both endosomal cysteine

proteases cathepsin B and L (CatB/L) and the transmembrane serine

protease 2 (TMPRSS2) for the pivotal role of S‐protein priming

mediating viral entry.6,11–13 This review will focus on the therapeutic

targeting of the crucial steps of SARS‐CoV‐2 viral entry like

S‐protein/ACE2 interaction and S‐protein priming by host cell pro-

teases. In addition, this review will also give insights to the readers

on several therapeutic opportunities and pharmacological targeting

of the viral‐entry facilitators like S‐Protein, ACE2, cell surface HS,

TMPRSS2, and CatB/L.

2 | SARS ‐COV‐2 VIRAL ENTRY

Structurally, CoVs comprise the largest known RNA genome of

26–32 kilo‐bases length. CoVs are enveloped, positive sensed,

non‐segmented, single‐stranded RNA viruses, which encode for

four vital structural proteins like nucleocapsid protein

(N‐protein), membrane protein (M‐protein), an envelope protein

(E‐protein), and spike protein (S‐protein).14 Viral entry into the

host cell is an essential factor for cross‐species transmission,

particularly for the β‐CoVs. Recently, the release of the SARS‐
CoV‐2 sequence has predicted the presence of a cleavage site for

the cellular proteases. As hypothesized, the S‐protein of SARS‐
CoV‐2 contains a polybasic cleavage motif present at the S1/S2

cleavage site, which is absent in other variants of CoVs. This

motif is responsible for the cleavage of the full‐length S‐protein
into S1 and S2 subunits, mediated by the host proteases furin.15

Thus, CoVs have an encoded S‐protein with two subunits, namely

S1‐subunit (responsible for binding to host cell receptor) and S2‐
subunit (responsible for the fusion of viral and cellular mem-

branes).16,17 The receptor‐binding domain (RBD) of the S1 sub-

unit directly interacts and initiates direct‐binding with the

peptidase domain (PD) of the ACE2 receptor. Further, S1‐subunit
with RBD also stabilizes the prefusion state of S2‐subunit, which

contains the fusion machinery and other basic components ne-

cessary for membrane fusion.14,17–20 The cleaved S‐proteins are

incorporated into the viral capsid during the assembly, enabling

efficient entry into the cell. Proteolytic cleavage of the S‐protein
by furin or other cellular proteases, including TMPRSS2 can help

to progress the infection as the cleavage provides two distinct

functions for the subunits. It also plays an important role in the

selection of host species and infection. Hence, the presence of a

furin cleavage site confirms the transmission of the virus from

the bat to humans.15,21

Further, it has been reported that the cleavage of spike

protein at the S1/S2 site is crucial for the entry of the virus into

the human lung cells. In addition, it was also found that the spike

protein of SARS‐CoV‐2 contains the optimal cleavage site and

follows a specific activity for different hosts, thus being an im-

portant virulent factor. The plentiful source of furin proteases in

the respiratory tract, the S‐protein may get cleaved upon exit

from the epithelial cells, resulting in the efficient infection of the

neighboring cells.22 For the complete activation of S‐protein,
SARS‐CoV‐2 displays a dibasic cleavage site recognized not only

by furin but also by other proteases, making them more patho-

genic unlike other strains of CoVs. Further, acquisition of the

furin cleavage site by SARS‐CoV‐2 is considered as the functional

gain, which enables the transfer of virus from bats to humans and

epidemic spread. As a consequence, the cleavage motif at the S1/

S2 site has gained significant interest in analyzing the structural

loops and cleavage residues for treatment purposes.15,22,23

Recently, Zhou et al., with the help of HeLa cells, confirmed that

SARS‐CoV‐2 uses the same ACE2 receptor‐like SARS‐CoV. Fur-

thermore, the same group also confirmed that conventional CoV

entry receptors like aminopeptidase‐N (APN) dipeptidyl peptidase‐4
(DPP4) are not being engaged by SARS‐CoV‐2. Subsequent to re-

ceptor binding, CoV must gain access to the host cell cytosol for

further pathogenesis. This could be attained by any of the two dis-

tinct viral‐entry pathways, which include the CatL‐mediated‐

endosomal pathway (where the S‐protein activation is mediated by
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the pH‐dependent endosomal protease CatL) and TMPRSS2‐mediated

pathway (where the S‐protein activation is mediated by TMPRSS2 for

subsequent entry via host plasma membrane). Several evidence have

been reported on the roles of these protease activators, indicating

that both TMPRSS2 and endosomal cysteine protease CatB/L are

crucial for SARS‐CoV‐2 entry.4,11,24–26 Even though the high ex-

pression of both TMPRSS2 and cathepsins have been confirmed in

the lung tissues,27 the commonly used cell lines for performing viral

assays may exhibit varying expression levels of both TMPRSS2 and

cathepsins, which can potentially result in a dramatic impact on the

viral‐entry mechanism of SARS‐CoV‐2.28 Since animal models of

SARS‐CoV‐2 are still under optimization, the controversy on the

expression levels of TMPRSS2 and cathepsins in cell lines and their

ability to accurately mimic aspects of the human infection still war-

rants investigation. Altogether, strategic selection of cell lines for the

purpose of antiviral testing plays a crucial aspect in the excluding

selection and screening of drugs, which could be efficiently tackled

by SARS‐CoV‐2 by its redundant viral‐entry pathways.28 A detailed

pictorial representation of the SARS‐CoV‐2 life cycle is given in

Figure 1.

F IGURE 1 Life cycle of SARS‐CoV‐2. ACE2, angiotensin‐converting enzyme 2; CatL, cathepsin L; E‐protein, envelope protein; HSPG,
heparan sulfate proteoglycans; M‐protein, membrane glycoprotein; N‐protein, nucleocapsid protein; ORF1a, open‐reading frame 1a; ORF1ab,

open‐reading frame 1ab; RER, rough endoplasmic reticulum; SARS‐CoV‐2, severe acute respiratory syndrome coronavirus‐2; S‐protein, spike
protein; TMPRSS2, transmembrane serine protease 2
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3 | TARGETING THE VIRAL‐ENTRY
FACILITATORS

3.1 | S‐protein

S‐protein is a crucial structural protein of CoV, which is assembled

into a unique corolla structure and exists as a trimer on the surface

of the virus. As mentioned earlier, S‐protein plays a pivotal role in

interactive binding to host cell receptors for facilitating the viral

invasion and also acts as a determinant factor for host tropism. Since

the structural integrity and cleavage activation of S‐protein are key

factors for both virulence and viral invasion, therapeutic strategies

targeting S‐protein can result in the development of effective anti-

virals and vaccines.29,30 Among the two subunits of S‐protein (S1 and

S2), S1‐subunit has diverged in sequence whereas S2‐subunit acts as
the most conserved region of the protein. C‐terminal domain (CTD)

and N‐terminal domain (NTD) are the two subdomains of S‐protein
where both the subdomains can function as RBD.31 In this approach

of targeting S‐protein, a pivotal target for neutralizing antibodies is

the RBD. Apart from the high homology of the S‐protein of the SARS‐
CoV‐2 to that of SARS‐CoV, remarkable alterations (>85%) have

been identified in the RBD antibody epitopes of SARS‐CoV‐2 when

compared to SARS‐CoV. This variation in the RBD antibody epitopes

of SARS‐CoV‐2 necessitates the development of new monoclonal

antibodies against SARS‐CoV‐2.32,33

3.1.1 | Pharmacological treatment

In the line of antibodies against S‐protein, recombinant human

angiotensin‐converting enzyme 2 (rhACE2), also referred to as APN01,

may block the S‐protein interaction with host cell receptor ACE2 and

thereby could potentially block the viral entry of SARS‐CoV‐2. Re-
cent studies conducted on cellular and embryonic stem cell‐derived
organoids, rhACE2 reported to show blocking effects against SARS‐
CoV‐2 and was found to potentially inhibit the SARS‐CoV‐2 re-

plication by a factor of 1000–5000 times.34,35 Studies have also re-

ported that the renin–angiotensin system (RAS) was found to be

negatively regulated by ACE2, and further, angiotensin II (Ang II)

receptor (AT2) and ACE reduces the sepsis/acid aspiration induced

lung damage in the mouse. CoV also downregulates the resveratrol

(RES; experimentally deactivated RAS), which can subsequently lead

to an elevated level of ACE2.36,37 Administration of rhACE2 can

potentially reduce the serum levels of AT2 by circumventing the

contact between the substrate and the related enzyme (angiotensin‐
converting enzyme [ACE]). This activity of rhACE2 could possibly

preserve and prevent the pulmonary vascular integrity and acute

respiratory distress syndrome (ARDS), respectively, by preventing

the activation of host cell receptor ACE2.34,38

Several other specific neutralizing antibodies for SARS‐CoV
(m396, S109.8, and CR3022) and SARS‐CoV‐2 (311 monoclonal

antibodies (mab)−32D4 and 311mab‐31B5) were also reported for

targeting S‐protein. Further, recombinant ACE2‐Ig fusion protein

has been reported to show neutralizing activity on both pseu-

dotyped SARS‐CoV and SARS‐CoV‐2 with an inhibitory con-

centration (IC50) of 0.8 and 0.1 μg/ml, respectively. Also, recent

studies on 47D11, a cross‐neutralizing human antibody, showed

binding efficacy toward the full‐length S‐protein expressed on

cells. 47D11 could potentially inhibit the pseudotyped SARS‐CoV
and SARS‐CoV‐2 in Vero E6 cells by exhibiting an IC50 of 0.06

and 0.08 μg/ml, respectively, by targeting conserved epitope in

the RBD region of the S‐protein.39–42 Apart from neutralizing

antibodies, viral fusion inhibitors are focused on numerous re-

search for its blocking/disruption of the viral fusion to host cell

membranes.

As mentioned earlier, the S2 subunit plays a key role in the

process of membrane fusion. SARS‐CoV‐2 and SARS‐CoV have about

89% of homology between their S2 segments. Initial interaction

between the RBD of S1 domain and PD of ACE2 initiates the process

of fusion, which is followed by heptad repeat 1 (HR1) domain's in-

teraction with heptad repeat 2 (HR2) domains to form a six‐helix
bundle (6HB) fusion core, ultimately resulting in viral fusion with the

host cell membrane.4,43–45 Most of the research on fusion inhibitors is

primarily focused on peptide drugs. Recent reports on pan‐CoV (pan‐
coronavirus) peptide fusion inhibitors (OC43‐HR2P, EK1, and

EK1C4) showed potential inhibitory activity against CoV fusion by

targeting the HR1 domain. Interestingly, EK1 has a broad‐spectrum
neutralization and antiviral activity on both bat‐SARSr‐CoVs (like

WIV1, pseudotyped Rs3367, and SHC014) and human‐CoVs (like

pseudotyped SARS‐CoV, MERS‐CoV, NL63, 229E, and OC43) in vitro

with a range of 0.26–6.02 μM of IC50. More interestingly, EK1C4, a

lipopeptide resultant from the conjugation of cholesterol to the

C‐terminus of EK1, was found to be the most effective fusion in-

hibitor against S‐protein‐mediated membrane fusion in SARS‐CoV‐2
infection with a 150‐ and 240‐fold enhanced anti‐CoV activity

compared to EK1.42,46–48

Furthermore, in recent computational modeling, it was sug-

gested that nelfinavir can also target the S‐protein, thereby inhibiting

viral entry into the cell.49 Nelfinavir is an antiretroviral protease in-

hibitor used in the treatment and prevention of human im-

munodeficiency virus (HIV) infection. Docking studies have revealed

that nelfinavir is a potential multi‐target agent. In silico approaches

have confirmed the binding of nelfinavir to SARS‐CoV‐2 at Glu166

position and the interaction is stronger than the potent drugs lopi-

navir/ritonavir. Further to substantiate computational approaches,

its antiviral activity was demonstrated in vitro by multiple research

groups.50 It was found that nelfinavir was three to five times more

potent than the combination of lopinavir/ritonavir. Recent studies

have reported that nelfinavir mesylate has significantly inhibited

both SARS‐CoV and SARS‐CoV‐2 S‐protein‐mediated membrane fu-

sion in a dose‐dependent manner (complete inhibition observed at a

lowest effective concentration of 10 µM). Further in silico docking

experiments revealed that nelfinavir may possibly bind to the S2

amino terminus of S trimer and thereby inhibit the heptad‐repeat
complex formation that is responsible for S‐protein‐mediated mem-

brane fusion.51
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Recently Rory et al., have conducted experimental in vitro and in

vivo studies on a dimeric form of SARS‐CoV‐2 S‐specific lipopeptide

that acts as a potential fusion inhibitor of S‐protein‐mediated viral

entry. The intranasal administration of the dimeric lipopeptide used

in this study has successfully prevented direct‐contact transmission

of SARS‐CoV‐2 ferrets.52 The same group has designed dimeric

cholesterol‐conjugated peptide ([SARSHRC‐PEG4]2‐chol) that shows

significant in vitro and in vivo efficacy. The designed [SARSHRC‐
PEG4]2‐chol dimeric lipopeptide has inhibited live virus entry in both

VeroE6 cells (IC50 ~300 nM, IC90 ~1 µM) and TMPRSS2 over-

expressing VeroE6‐TMPRSS2 cells (IC50 ~5 nM). Also, the group has

measured the efficacy of [SARSHRC‐PEG4]2‐chol dissolved in sucrose

solution (as a substitute for dimethylsulfoxide) that would support

the translational potential for human use. The designed [SARSHRC‐
PEG4]2‐chol dimeric lipopeptide has maintained its potency in the

new formulation (dissolved in sucrose solution instead of di-

methylsulfoxide solution) on both VeroE6 cells (IC50 ~300 nM) and

VeroE6‐TMPRSS2 cells (IC50 ~5 nM). Further, the group has also

conducted a cellular toxicity (MTT) assay and found that [SARSHRC‐
PEG4]2‐chol exhibited no toxicity even at its IC90 entry inhibitory

concentration (~350 nM).52

Further, the same research group has performed in vivo ex-

periments using ferrets to assess the efficacy of [SARSHRC‐PEG4]2‐
chol dimeric lipopeptide. Two noninfected ferrets were treated

prophylactically with the [SARSHRC‐PEG4]2‐chol dimeric lipopeptide

before their co‐housing with SARS‐CoV‐2‐infected ferrets. Initially,

one SARS‐CoV‐2‐infected ferret was co‐housed with a group of four

naive ferrets (two [SARSHRC‐PEG4]2‐chol‐treated and two mock‐
treated). Co‐housing was stopped after 24 h of transmission period

and the three groups (infected, mock‐treated, and [SARSHRC‐PEG4]2‐
chol‐treated) of ferrets were separated and each was observed for

their presence of viral load. SARS‐CoV‐2‐infected ferrets showed

productive infection in both throat and nose swabs, and the infected

ferret had also efficiently transmitted SARS‐CoV‐2 to the two mock‐
treated ferrets. Interestingly, the third group, [SARSHRC‐PEG4]2‐chol‐
treated ferrets, was not detected with productive SARS‐CoV‐2 in-

fection in both throat and nose swabs. These in vitro and in vivo

studies of [SARSHRC‐PEG4]2‐chol dimeric lipopeptide can be a pro-

mising antiviral candidate with potential efficacy in the prevention of

SARS‐CoV‐2 transmission and fusion‐mediated viral entry even in

intense direct contact for a period of 24 hours. Additionally,

[SARSHRC‐PEG4]2‐chol has a long shelf life, does not require re-

frigeration, and inexpensive to produce.52 Thus, with increasing

evidence and reports on S‐protein as a crucial target in the treatment

of COVID‐19, pharmacological interventions targeting S‐protein is

gaining a large interest among global researchers and may act as an

effective treatment strategy against SARS‐CoV‐2 infection.

3.2 | ACE2 and cellular HS

ACE2 (homolog of ACE), a multifunctional zinc metalloprotease, is

divided into two domains (amino‐ and carboxy‐terminal domain).

With several imperative roles, the activities of ACE2 are associated

with RAS, which is responsible for fluid/salt balance and maintenance

of blood pressure homeostasis. Cleavage of angiotensinogen by renin

generates angiotensin (Ang) I and further formation of Ang II are

catalyzed by ACE. Ang II reduces hypoxia by the induction of vas-

cular permeability and pulmonary vasoconstriction. Further, Ang II

also mediates the extravasation of cytokines directing to the site of

inflammation, where if this inflammatory response gets exacerbated,

it would lead to detrimental conditions like respiratory distress and

edema.53–56

Although, both SARS‐CoV and SARS‐CoV‐2 share the same

host cell receptor (ACE2) for their host entry, recent studies

proved that the S‐protein ectodomain of the emergent virus

(SARS‐CoV‐2) has 10‐ to 20‐fold higher ACE2‐binding affinity

when compared to the S‐protein of SARS‐CoV. This stronger

binding affinity could be a possible result of the several altera-

tions in the amino acid (AA) residues leading to an enhanced salt‐
bridge formation and hydrophobic interaction of SARS‐CoV‐
2.6,57,58 ACE2 receptors can be found and observed in the epi-

thelial cells of the lung, liver, testis, respiratory tract, and mouth,

respectively. A noteworthy observation to mention is that the

enhanced expression of ACE2 is associated with age, which

partially leads to the severity of symptoms and higher viral load

detected in the elderly patients of COVID‐19.9,56,59–61

Glycocalyx is generally composed of complex mixtures of

glycoconjugates and glycans. Depending upon its location, sev-

eral infectious organisms and viruses must get passed through

the glycocalyx to engage with the receptors that mediate viral

entry into the host cells. Most of the viral pathogens like the

influenza virus, human immunodeficiency virus, herpes simplex

virus, SARS‐CoV‐1, and MERS‐CoV have evolved to exploit gly-

cans as an effective attachment factor. This exploitation of host

glycans further facilitates the initial viral–host interac-

tion.13,62–64 Cell surface HS are linear polysaccharides that are

highly negatively charged and are generally attached to extra-

cellular matrix proteoglycans. Recent studies have shown that

the S‐protein of SARS‐CoV‐2 interacts with the cell surface HS

via RBD present in the S1 subunit. Further, the binding of heparin

to the S‐protein of SARS‐CoV‐2 facilitates and favors the open

conformation of RBD that binds to ACE2. Imaging studies by the

same group have also inferred that heparin may increase the

proportion of S‐protein bound to ACE2 and the occupancy of

individual S‐protein through its stabilizing effects on ACE2 in-

teractions.13 These studies have shown that the binding of S‐
protein to the host cells requires the dual engagement of cell

surface HS and ACE2. Wherein the binding of S‐protein to cell

surface HS/heparin enhances the recruitment of SARS‐CoV‐2 to

the cell surface and thereby intensifies its local concentration for

an effective engagement with the host cell receptor ACE2. Al-

together, this pathogenic mechanism of exploiting host cell sur-

face HS for an effective infection suggests that cell surface HS/S‐
protein interactions of SARS‐CoV‐2 can be a potential novel

therapeutic target.12,13
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3.2.1 | Pharmacological treatment

Use of small soluble‐RBD (s‐RBD), a key engineered neutralizing

fragment based on the S‐protein of SARS‐CoV is a considerable ap-

proach to accomplish the blockade of the ACE2 receptor. The ad-

ministration of this key domain (s‐RBD), 193 AA in size, was found to

occupy the host cell receptor ACE2 and thereby effectively blocks

the viral entry of SARS in cell cultures. The existence of similar

binding sites on ACE2 for both SARS‐CoV and SARS‐CoV‐2 provides

a potential therapeutic opportunity against SARS‐CoV‐2 infection.

Further, there has been a key focus for clinical interventions tar-

geting ACE because of its unaltered structure that provides a key

advantage on high affinity in the binding of therapeutic agents.65–67

A similar strategy targeting ACE2 is the administration of antibodies

that are capable of binding to the ACE2 receptor. This strategy was

reported to have efficient blockage of SARS‐CoV entry and replica-

tion in the in vitro experiments. While designing an anti‐ACE2 anti-

body, it is mandatory to remove the effector functions from the

fragment crystallizable (Fc) domain so that the detrimental in-

flammatory response would be averted in the tissues expressing

ACE2. Further, this modification would also preserve the long half‐
life equipped by the Fc domain.67–69

Other small molecules with antiviral activities like interferon‐

inducible transmembrane (IFITM) proteins and ACE2 inhibitors can also

be considered for targeting ACE2. A specific peptide inhibitor, N‐(2‐

aminoethyl)−1‐aziridine‐ethanamine, a known small‐molecule inhibitor,

showed inhibitory activity against ACE2 of SARS‐CoV with an IC50 of

57 ± 7 μM, resulting in efficient inhibition of S‐protein‐mediated

membrane fusion in vitro. Further, IFITM can potentially promote

the buildup of cholesterol in the endosomes and thereby ob-

struct the viral entry of several enveloped viruses, including SARS‐
CoV, MERS‐CoV, HCoV‐NL63, and HCoV‐229E. A broad‐spectrum
small molecule inhibitor for an efficient anti‐CoV activity is still

lacking and remains unexplored.42,70–73 Apart from the above

pharmacological treatments, an investigational drug Umifenovir (also

known as Arbidol), is also considered as an efficient repurposed

antiviral drug with a promising mechanism of action against the in-

teraction of S‐protein/ACE2.74 With multifunctional roles in both

normal and detrimental conditions, ACE2 is a promising therapeutic

target for the treatment of SARS‐CoV‐2 infection.

Lactoferrin (LF) is a nontoxic, naturally occurring iron‐binding
glycoprotein found in numerous mucosal secretions, which plays

a crucial role in the first line of defense against infectious mi-

crobes. LF is known for its broad‐spectrum antiviral activity

against several RNA and DNA viruses that infects both humans

and animals. This antiviral activity of LF and its mechanism of

action against these viruses are found to be mediated via the

binding of LF to heparan sulfate proteoglycans (HSPGs; an

abundant expression form of cell surface HS). Recent in vitro

study has experimentally shown that LF can bind to the cell

surface HSPGs, which, in turn, disrupts the SARS‐CoV‐2 inter-

action with HSPGs and thereby prevents the viral attachment to

the host cells. Taken together, the study concluded that LF has

considerable antiviral activity against most common HCoV, in-

cluding SARS‐CoV‐2, indicating that LF can be a potential pro-

mising antiviral drug candidate for treating SARS‐CoV‐2
infection.75 Tilorone, an established pan‐antiviral agent is also

identified as a potential drug that prevents SARS‐CoV‐2 infection

in vitro through the inhibition of cell surface HS‐dependent en-

docytosis. Interestingly, Raloxifene, a heparin/cell surface HS‐
binding drug was found to enhance the antiviral activity of Ti-

lorone and this combinational administration of Tilorone and

Raloxifene are convenient for oral administration and was also

well tolerated even at highest concentrations. However, further

studies on the synergistic effects of Tilorone and Raloxifene and

their potential antiviral activity still warrants investigation.

Further, Mitoxantrone, a DNA intercalator known for its inhibi-

tion of type II DNA topoisomerase has shown promising blockade

effects on cell surface HS‐dependent endocytosis. Experimental

evidence has shown the inhibitory activity of Mitoxantrone in

pseudoviral particles (PP) treated ACE2‐GFP HEK293 cells,

where Mitoxantrone strongly inhibited the viral entry. Collective

results suggest that Mitoxantrone directly binds to cell surface

HS and might be capable of influencing the mode of cell surface

HS interaction with the spike and thereby blocks the viral

entry.12,76–78

3.3 | TMPRSS2 and cathepsin B/L

Subsequent to the receptor interaction, host cell proteases play an

essential role in the virus–host cell membrane fusion, which ulti-

mately leads to the release of the viral genome. TMPRSS2, an

androgen‐responsive, type II transmembrane serine protease located

on the surface of the host cell, is responsible for the activation of the

S‐protein of highly pathogenic HCoV like MERS‐CoV and SARS‐CoV.
TMPRSS2 is normally expressed in the human epithelia of the ur-

ogenital, gastrointestinal, and respiratory tracts. Recent studies have

confirmed that TMPRSS2 facilitates the viral entry of SARS‐CoV‐2.
More precisely, the cleavage of the S‐protein of SARS‐CoV‐2 is

mediated by TMPRSS2 resulting in viral activation, which is one of

the crucial host factors for the pathogenicity of SARS‐CoV‐2. Despite

the activation of S‐protein by other proteases like TMPRSS4,

TMPRSS11A, TMPRSS11D, TMPRSS11E1, and endosomal cathepsin,

the activity of TMPRSS2 is found to be most crucial for the viral

entry and pathogenesis.11,56,79–83

Apart from TMPRSS2, Cathepsin L (CatL) also mediates the S1

subunit cleavage, which is adequate for the viral‐entry of CoV and

virus–host cell endosome membrane fusion followed by the release

of viral RNA. Several studies have reported that both TMPRSS2

(facilitates the fusion of viral and host membrane) and CatB/L (fa-

cilitates the fusion of viral and endosomal membrane) are disparate

in nature and either of the two proteases works independently,

which leaves two independent pathways for the viral entry. A recent

study predicted a complete blockade of viral entry with a combined

usage of both TMPRSS2 and CatB/L inhibitors.11,84–86
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3.3.1 | Pharmacological treatment

The absence of TMPRSS2 in the TMPRSS2 knockout mice has

been confirmed to lack both CoV and influenza virus infection,

which pose a new useful drug target for the treatment of COVID‐
19. Even though the protease inhibitors like camostat mesylate,

nafamostat mesylate, and gabexate mesylate were originally not

developed for targeting TMPRSS2 specifically, these protease

inhibitors are found to attenuate the protease activity of

TMPRSS2.42,56,79,87,88 Camostat mesylate (CM), originally used for

chronic pancreatitis, was found to subdue the activity of

TMPRSS2 of SARS‐CoV‐2. CM could potentially inhibit the

pseudotyped SARS‐CoV‐2 infection in the Calu‐3 cells with an

EC50 (half‐maximal effective concentration) of 1 μM and EC90

(concentration for 90% of maximal effect) of 5 μM, which showed

80% inhibition of pseudotyped SARS‐CoV‐2 entry in the airway

epithelial cells of humans. Similar to camostat mesylate, nafa-

mostat mesylate (NM) was also observed for its inhibitory activity

on S‐protein‐mediated entry of SARS‐CoV‐2 in Calu‐3 cells. In-

terestingly, when comparing the EC50 of CM (87 nM) and NM

(5 nM) against the S‐protein‐mediated SARS‐CoV‐2 entry, the

EC50 of NM was found to be 15‐fold greater than that of CM. In

addition to the above two protease inhibitors, gabexate mesylate

(FOY), was found to be less potent on both SARS‐CoV
(EC50 = 1.2 M) and SARS‐CoV‐2 (EC50 = 115 μM) S‐protein‐
mediated viral entry into Calu‐3 cells.11,42,89,90

The entry of CoVs through endocytosis has relied on differ-

ent lysosomal cathepsins where a recent study has highlighted

that the entry of SARS‐CoV‐2 via endocytosis is solely dependent

on CatL and not on cathepsin B (CatB). Treating a CatL selective

inhibitor SID26681509 on HEK293/hACE2 cells reduced the viral

entry of SARS‐CoV‐2 pseudovirus by >76%.11,24,56,91 K11777, a

small molecule CatL inhibitor, showed inhibition of the pseudo-

typed SARS‐CoV (IC50 = 0.68 nM), MERS‐CoV (IC50 = 46.12 nM),

HCoV‐229E (IC50 = 1.48 nM), and HCoV‐NL63 (IC50 = 6.78 nM).

However, this inhibitory activity of K11777 can only be observed

in the absence of activating serine proteases. To overcome this

scenario, a combination of K11777 with a serine protease in-

hibitor could be used. Further, K11777 being an irreversible

covalent inhibitor of cysteine protease CatL often involves un-

desirable toxicity. Whereas, oxocarbazate, a reversible CatL in-

hibitor may act as a selective, potent, and low toxic candidate for

the treatment of COVID‐19 in humans and needs relevant stu-

dies and animal experiments for its activity against SARS‐CoV‐2
infection.42,56,85,91–93

Teicoplanin, an antimicrobial drug with potential activity on

inhibiting CatL in the late endosome that ultimately leads to the

blockade of CoV entry. While it has been already found that

teicoplanin can inhibit the pseudotyped SARS‐CoV (IC50 = 3760

nM) and MERS‐CoV (IC50 = 630 nM) entry, a recent study has

been reported that teicoplanin with an IC50 value of 1660 nM can

inhibit the viral entry of pseudotyped SARS‐CoV‐2. Additionally,
E64d, a broad spectrum cysteine protease inhibitor, was reported

to inhibit 92.5% of SARS‐CoV‐2 pseudovirion entry. Further, a

combined synergistic effect of both camostat (TMPRSS2 in-

hibitor) and E64d (CatL inhibitor) may result in a complete

blockade of the SARS‐CoV‐2 viral entry.42,56,84,85,91,94 Even

though cathepsin inhibitors like K11777 and E64d shows effi-

cient blockade of viral entry in some cell lines, their antiviral

activity can be compromised upon the expression of activating

serine proteases like TMPRSS2.28 K11777 was found to com-

pletely inhibit CoV infection only when target cells lack the

presence of activating serine proteases, and in case of the

TMPRSS2 expressed cells, K11777 in combination with CM were

required for complete inhibition. Further, only the inhibition of

drugs targeting serine proteases has attenuated the SARS‐CoV‐2
pathogenesis in vivo. Altogether, future developments on tar-

geting TMPRSS2 and CatL must consider the fact that SARS‐CoV‐
2 is capable of utilizing redundant viral‐entry pathways, that is

either endosomal‐mediated (in presence of CatL) or TMPRSS2‐
mediated (in absence of CatL) viral‐entry. Further CatL inhibitor

drugs that show efficient blockade of SARS‐CoV‐2 in cell lines

that do not express TMPRSS2 can likely lose their antiviral ac-

tivity upon the expression of TMPRSS2 in other in vivo mod-

els.24,28 Thus, the translational potential of existing CatL

inhibitors in the presence of TMPRSS2 remains to be validated

and further warrants investigation.

Inhibitors targeting SARS‐CoV‐2 main protease (Mpro) was re-

cently identified using FRET‐based assays and these Mpro inhibitors

include boceprevir, GC‐376, calpain inhibitors II and XII. The sig-

nificant discovery of calpain inhibitors II and XII suggest that it could

be a feasible option to design and develop a dual inhibitor of SARS‐
CoV‐2 Mpro and the host calpains/cathepsins.95 Further, the X‐ray
crystal structures of Mpro with calpain inhibitors II and XII revealed

that calpain XII bound to Mpro in an unexpected binding mode with

an inverted, semi‐helical conformation where the P1′ pyridine ring

has been placed in S1 pocket instead of the conventional P1 nor-

valine side chain. This complex structure of calpain II and XII divulges

that the S1 pocket of Mpro is capable of accommodating both hy-

drophobic and hydrophilic substitutions which in turn paves way for

the design of dual inhibitors targeting viral Mpro and host CatL.96

This hypothesis of dual inhibition of calpain inhibitors II and XII was

further studied experimentally Hu et al., where the group conducted

pseudovirus neutralization assay and drug time‐of‐addition assay.

The SARS‐CoV‐2 pseudovirus entry (mediated by CatL) was inhibited

by the inhibitory activity of both calpain inhibitor II (IC50 values of

9.26 ± 1.35 μM) and XII (IC50 values of 5.28 ± 0.74 μM) in VeroE6

cells (with minimal levels of TMPRSS2, and thus viral entry relied on

CatL). Thus, calpain inhibitors II and XII have a potential novel me-

chanism of action that acts as a dual‐inhibitor by targeting both viral

Mpro and host CatL‐mediated viral entry.97 Extensive research on

these crucial host‐proteases that are responsible for viral entry

through independent mechanisms, may pose a possibility for the

development of novel and effective therapy against the SARS‐CoV‐2
infection. A pictorial summarization of the abovementioned strate-

gies targeting the viral‐entry facilitators is given in Figure 2.
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4 | A GLANCE AT THE IN ‐LINE
PHARMACOLOGICAL TREATMENT AND
THEIR ONGOING CLINICAL TRIALS

While several antiviral drugs against SARS‐CoV‐2 infection are in

rigorous study and research their ongoing clinical trials play a pivotal

role in the testing and development of the same drug for their in-

dispensable need in treating the current pandemic. Recent findings

using the publicly available human host gene expression profiles of

SARS‐CoV‐2, eight pro‐viral factors have been identified that med-

iates the COVID‐19 infection. The study concluded by identifying 12

repurposed drugs for the potential treatment of SARS‐CoV‐2 infec-

tion. In addition to pro‐viral factors, six drugs targeting the

prostaglandin‐endoperoxide synthase 2 (PTGS2) or cyclo‐
oxygenase2 (Cox‐2) were also found to be of potential use,98 in

treating SARS‐CoV‐2 infection. A data‐driven drug repositioning

framework study recently identified a PARP‐1 inhibitor CVL218 as a

potential therapeutic agent for the treatment of COVID‐19.99

Another study using a network‐based methodology involving the

drug–target networks, HCoV–host interactions, HCoV‐induced
transcriptome in human cell lines, and human protein–protein in-

teractome network revealed 16 repurposable drugs and 3 potential

drug combinations targeting SARS‐CoV‐2 infection.100 A study in-

volving 332 high‐confidence SARS‐CoV‐2 protein–human–protein

interactions found 69 ligands that can interact with these interac-

tions, of which 29 found to be FDA‐approved drugs, 28 compounds

in preclinical, and 12 are in clinical trials.101 The outcome of this

study revealed that many of these drugs need to be tested for

COVID‐19 and few of them have been tested in the following stu-

dies.102,103 Such computational studies represent a drug repurposing

approach and further experimental studies using multidisciplinary

approaches will pave way for repurposing FDA‐approved drugs for

targeting COVID‐19. A summarized glance on the potential drug

candidates and their clinical trial status on COVID‐19 treatment are

tabulated in Table 1.

5 | CONCLUSION

The COVID‐19 outbreak is declared as a public health emergency

worldwide by the WHO. The incidence of infections continues to rise

even though extensive quarantine and control measures are im-

plemented. SARS‐CoV‐2 continues to spread rapidly across the world

raising serious global concerns. Though several research groups have

F IGURE 2 Targeting the viral‐entry facilitators of SARS‐CoV‐2 infection. SARS‐CoV‐2, severe acute respiratory syndrome coronavirus‐2
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set their goals prioritized on the identifications and development of

new therapeutic strategies, there are no effective treatments as

of date. The viral entry being the first step in viral pathogenesis is

considered to be a promising therapeutic intervention point where

the inhibition of receptor interaction and virus–host cell membrane

fusion efficiently enhances the process of evading viral genome de-

livery. Our survey on the ongoing clinical trials targeting the viral‐
entry facilitators has shown the lack of clinical trial initiation in many

potent drugs that showed efficient blockade of SARS‐CoV‐2 in the

experimental in vivo and in vitro cultures. This gap on drugs targeting

the crucial viral‐entry facilitators needs further investigation and

clinical trials for effective management of the emerged pandemic.
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