
Acta Pharmaceutica Sinica B 2021;11(12):3879e3888
Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/ loca te /apsb
www.sc iencedi rec t .com
REVIEW
SARS-CoV-2 cell entry and targeted antiviral
development
Zinuo Chena,y, Ruikun Dua,b,c,y, Jazmin M. Galvan Achid,
Lijun Rongd,*, Qinghua Cuia,b,c,*
aCollege of Pharmacy, Shandong University of Traditional Chinese Medicine, Jinan 250355, China
bQingdao Academy of Chinese Medicinal Sciences, Shandong University of Traditional Chinese Medicine, Qingdao
266122, China
cExperimental Center, Shandong University of Traditional Chinese Medicine, Jinan 250355, China
dDepartment of Microbiology and Immunology, College of Medicine, University of Illinois at Chicago, Chicago, IL
60612, USA
Received 17 March 2021; received in revised form 21 April 2021; accepted 29 April 2021
KEY WORDS

SARS-CoV-2;

Cell entry;

Spike protein;

Antiviral development;

Post-pandemic
*C

E-
yTh

Peer

https:

2211-

by El
orresponding authors.

mail addresses: lijun@uic.edu (Liju

ese authors made equal contribution

review under responsibility of Chine

//doi.org/10.1016/j.apsb.2021.05.007

3835 ª 2021 Chinese Pharmaceutic

sevier B.V. This is an open access a
Abstract Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent of the

pandemic coronavirus disease 2019 (COVID-19), which threatens human health and public safety. In the

urgent campaign to develop anti-SARS-CoV-2 therapies, the initial entry step is one of the most appealing

targets. In this review, we summarize the current understanding of SARS-CoV-2 cell entry, and the devel-

opment of targeted antiviral strategies. Moreover, we speculate upon future directions toward next-

generation of SARS-CoV-2 entry inhibitors during the upcoming post-pandemic era.
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1. Introduction

At the end of 2019, an unusual pneumonia outbreak occurred and
intense attention was raised internationally1. Immediate investi-
gation indicated that the disease was caused by a novel corona-
virus2, designated as severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) on the basis of a phylogenetic
analysis of related coronaviruses3. This novel coronavirus disease,
also known as coronavirus disease 2019 (COVID-19), has spread
fast all over the world4,5. As of March 4, 2021, more than 114.43
million COVID-19 cases have been confirmed with 2.54 million
deaths globally.

Coronaviruses are a diverse group of viruses infecting many
different animals, and four coronaviruses, including HCoV-229E,
HCoV-NL63, HCoV-OC43, and HCoV-HKU1, usually cause mild
human infections, while severe acute respiratory syndrome coro-
navirus (SARS-CoV) and Middle East respiratory syndrome
coronavirus (MERS-CoV) can cause fatal respiratory illness in
humans and have caused large-scale pandemics in 2002 and 2012,
respectively6. SARS-CoV-2 is the seventh known coronavirus that
infect humans, and genomic sequencing showed that the SARS-
CoV-2 viral genome has about 79% homology to the genome of
SARS-CoV and about 52% homology to that of MERS-CoV.

Thanks to the decade-long studies of SARS-CoV and MERS-
CoV, investigations on the novel SARS-CoV-2 have been greatly
facilitated, and our knowledge on this novel virus burst unprece-
dentedly. More encouragingly, 12 COVID-19 vaccines developed
from different strategies have been approved and globally available
(https://covid19.trackvaccines.org/vaccines/). Notably, increasing
evidence suggest that emerging SARS-CoV-2 variants could evade
Figure 1 Characteristics of SARS-CoV-2 Spike (S) protein. (A) Schem
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immune responses triggered by either vaccines or previous in-
fections, arousing worries on vaccine effectiveness loss in future7,8.
And there is still a pressing need to discover effective antivirals for
the treatment of SARS-CoV-2 infection.

Virus entry is the initial step during virus infection and is an
extremely attractive therapeutic intervention point. In this review,
we summarize the current understanding of the SARS-CoV-2
entry as well as potent therapeutic interventions. Furthermore, we
will speculate upon future directions toward novel SARS-CoV-2
entry inhibitors.
2. Mechanism of SARS-CoV-2 cell entry

Coronavirus entry into host cells is mediated by a densely gly-
cosylated spike (S) protein. The S of SARS-CoV-2 is 79.6%
identical in amino acid sequence to that of SARS-CoV but pos-
sesses several notable features2. By using SARS-CoV as a refer-
ence to better understand the complex process of SARS-CoV-2
entry into susceptible cells, the scientific community has to make
clear of these unique features besides addressing common issues.

2.1. Characteristics of the S protein

Like SARS-CoV, the virions of SARS-CoV-2 are surrounded by a
lipid bilayer, enclosed containing a large nucleoprotein-encapsidated
positive-sense RNA genome9. The S proteins protrude from the viral
lipid envelop as trimers (Fig. 1A)9. During SARS-CoV-2 entry, S
protein is obligate to receptor binding and subsequent fusion
process10.
atic representation of structure of SARS-CoV-2 virions. (B) Crystal
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The S protein comprises two functional subunits, the distal S1
subunit contains an N-terminal domain (NTD) and a receptor
binding domain (RBD), while the membrane-anchored S2 subunit
contains the fusion machinery (Fig. 1B)10. A prime cleavage at the
boundary between the S1 and S2 subunits (S1/S2) is required to
convert the S protein into a fusion competent form, where S1
remains non-covalently bound to S2 and contributes to stabilize
the prefusion conformation (Fig. 1C)11e14. A second cleavage at
the so-called S2’ site, which located immediately upstream of the
fusion peptide, is further required to activate the protein for
membrane fusion via extensive irreversible conformational
changes (Fig. 1C)11e14.

2.2. SARS-CoV-2 utilizes angiotensin-converting enzyme 2
(ACE2) as main entry receptor

ACE2 is known to be a host receptor for SARS-CoV15. Thus one
straightforward question is raised if SARS-CoV-2 also uses ACE2
as cellular entry receptor. As a promote response, shortly after the
identification of SARS-CoV-2, ACE2 was validated as an entry
inhibitor of SARS-CoV-2 by different laboratories around the
world2,10,16e19. Of note that several other coronavirus receptors,
such as aminopeptidase N (APN) and dipeptidyl peptidase 4
(DPP4) were also tested, and SARS-CoV-2 does not use these
receptors2,16.

The virusereceptor interaction not only regulates virus infec-
tion, but also determinates tissue tropism, pathogenesis, and cross-
species transmission. To better understand the receptor recognition
mechanism, crystal structure of the RBDbound to ACE2 was
determined20e23. These structural studies featured a higher affinity
of SARS-CoV-2 RBD to ACE2 than SARS-CoV RBD21,22,24. This
enhanced receptor binding property may have facilitated the
SARS-CoV-2 to transmit from bats, the probable origin, to
humans, and can partially explain the unusual transmissibility of
SARS-CoV-221,22.

Although the role of ACE2 as a receptor for SARS-CoV-2 is
clear, extensive studies have demonstrated that the expression of
ACE2 is tissue- and cell-type specific25,26, and SARS-CoV-2 ap-
pears to infect tissues that are negative for ACE227. For example,
ACE2 expression in human lung and respiratory tract is extremely
low and limited in the epithelium25,28e30, however, it’s well
studied that SARS-CoV-2 preferentially infects cells of the res-
piratory tract31, and SARS-CoV-2 can successfully infect human
H522 lung adenocarcinoma cells despite complete absence of
ACE232. The existence of alternative host receptors for SARS-
CoV-2 entry was therefore speculated. Interestingly, Wang
et al.33 recently identified the tyrosine-protein kinase receptor
UFO (AXL) as a candidate receptor that promoting SARS-CoV-2
infection of the human respiratory system. Based on their study,
the NTD rather than RBD of SARS-CoV-2 S is responsible for
AXL recognition, highlighting the importance of NTD during
SARS-CoV-2 infection33. Meanwhile, Amraei et al.34 demon-
strated that CD209L/L-SIGN and CD209/DC-SIGN may also
serve as alternative receptors for SARS-CoV-2 in disease-relevant
cell types, including the vascular system.

In addition, several other host factors including neuropilin-1,
high-density lipoprotein (HDL)-scavenger receptor B type 1
(SR-B1), and cellular heparan sulfate have been reported as co-
receptors that may facilitate ACE2-dependent SARS-CoV-2
entry19,35,36. Moreover, a recent genome-wide CRISPR
screening discovered additional proviral host factors for SARS-
CoV-2 infection, such as TMEM106B, PIK3C3, and so on37.
2.3. S mediated fusion process is driven by diverse host
proteases

In addition to receptor binding, host protease activators for SARS-
CoV-2 entry have also been examined. Similar to SARS-CoV, cell
surface serine protease transmembrane protease serine 2
(TMPRSS2) and endosomal protease cathepsin L are both
important for SARS-CoV-2 entry16,17. In brief, TMPRSS2 cleav-
age can trigger SARS-CoV-2 S mediated fusion at plasma mem-
brane (Fig. 2A), while in TMPRSS2 negative cells, the fusion
process can be triggered by cathepsin L in endosomes after
clathrin-dependent endocytosis (Fig. 2B)38.

Of particularly note, compared to SARS-CoV, the SARS-CoV-2
S protein displays a multibasic sequence at the S1/S2 junction,
which can be recognized by furin or related proprotein con-
vertases39e41. Considering the furin-like proteases are commonly
found in the secretory pathway of most cell lines, the SARS-CoV-2
S protein can be primed during the S maturation process
(Fig. 2)42,43. As a result, SARS-CoV-2 virions harbor cleaved S
proteins, in contrast to SARS-CoV incorporating S proteins largely
uncleaved10,16,17. In avian influenza viruses, furin-like cleavage site
in the surface glycoprotein is a hallmark of high pathogenesis44. It
seems that this is not the case of SARS-CoV-2, although furin
cleavage of S can promote SARS-CoV-2 infection and cellecell
fusion, its role is not essential10,45. On the other hand, due to the
near-ubiquitous distribution of furin-like proteases, the additional
polybasic cleavage site could putatively expand the tropism of
SARS-CoV-2 and/or enhance its transmissibility compared with
SARS-CoV10,46.
3. Antiviral therapies against SARS-CoV-2 cell entry

As the earliest response, “repurposing” of existing drugs to treat
the emerging SARS-CoV-2 infection was proposed. Interestingly,
chloroquine and arbidol among these repurposed drugs were
confirmed to act by blocking SARS-CoV-2 entry47e50. However,
the clinical effect of both chloroquine and arbidol is not sat-
isfactory51e55. Later as our knowledge on the emerging SARS-
CoV-2 accumulates, developments of novel drugs specifically
targeting SARS-CoV-2 entry followed closely.

3.1. Therapeutic neutralizing antibodies

Antibody-based therapy can be effective during outbreak of an
emerging virus disease. For example, neutralizing antibodies
mAb114 and REGN-EB3 have proved their potential therapeutic
uses for the treatment of Ebola virus infections56e58.

Considering the close relativity between SARS-CoV-2 and
SARS-CoV, primary studies were focused on searching for cross-
protective ones from SARS-CoV neutralizing antibodies22,59.
However, limited antibody cross-reactivity was observed and
SARS-CoV-specific monoclonal antibodies (mAbs) seldom
recognize SARS-CoV-2, and only a few mAbs such as CR3022
and S309 bind potently with SARS-CoV-2 RBD59,60. Meanwhile,
early signals of efficacy from convalescent plasma therapy have
encouraged isolation of multiple neutralizing SARS-CoV-2
mAbs61e70. Up to date, several single and combination mAb
therapeutics have received emergency use authorization
(EUA)71e73, including CT-P59 (granted in South Korea)74, LY-
CoV555 alone or its cocktail with LY-CoV016 (granted in
USA)71,75,76, and REGN-COV2 cocktail (granted in USA)77,78.



Figure 2 Host cell proteases involved in SARS-CoV-2 entry and release. Upon binding to host receptor ACE2, the SARS-CoV-2 S protein can

be activated by TMPRSS2 cleavage at cell surface, resulting in fusing with plasma membrane (A). Alternatively, the virions enter cells via

clathrin-dependent endocytosis, and the fusion process can be primed by endosomal cathepsin L (B). Notably, due to the polybasic insertion at S1/

S2 boundary of SARS-CoV-2 S, cleavage of S1/S2 can be processed by furin during release of progeny virions through secretory pathways.
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Although the EUA of LY-CoV555 alone has been revoked by the
US Food and Drug Administration (FDA) due to the sustained
increase of resistant SARS-CoV-2 viral variants79, there are more
candidates in the pipeline80.

S protein is the primary antigenic target of neutralizing anti-
bodies. Collectively, most of the aforementioned cross-reactive
SARS-CoV mAbs and SARS-CoV-2 specific mAbs bind to the
RBD of S, preventing its binding to ACE2 receptor. Interestingly,
some of them were also defined to recognize the NTD of S,
emphasizing the importance of the NTD as a promising target for
therapeutic mAbs against COVID-1968,69. Moreover, the NTD-
targeting mAbs may be useful to combine with RBD-targeting
ones in therapeutic cocktails69.

Of particular interest, a series of single-domain antibodies
(sdAbs) with potent SARS-CoV-2 neutralizing activities have
been reported81e86. SdAbs are small, compact, and thermostable
immunoglobulin elements capable of binding target epitopes with
subnanomolar affinities87. The advances of phage- or yeast-
display sdAb libraries greatly facilitated the discovery of SARS-
CoV-2-neutralizing sdAbs. Notablely, Wu et al.86 found two
sdAbs, n3088 and n3130, which can neutralize SARS-CoV-2 by
targeting a “cryptic” epitope located in the spike trimeric inter-
face. Although a previously described mAb CR3022 also recog-
nizes this epitope, it cannot neutralize SARS-CoV-2, suggesting
the advantage of small-size sdAbs to target cryptic eptiopes86.
Moreover, the high prophylactic and therapeutic efficacy of a
bivalent sdAb, VH-Fc ab8, was validated using a hamster model
of SARS-CoV-2 infection, with a dose as low as 2 mg/kg88. A
novel COVID-19 therapy can be therefore anticipated once a
SARS-CoV-2 sdAb successfully makes it through preclinical and
clinical testing regimens.
3.2. Protein or peptide-based SARS-CoV-2 entry inhibitors

The essential role of SeACE2 interaction during initiation of
SARS-CoV-2 entry raised a therapeutic consideration to use sol-
uble ACE2 to inactivate SARS-CoV-289e91. Moreover, Guo
et al.92 engineered a trimeric ACE2 exhibiting enhanced binding
affinity with S trimers, and the antiviral activity was increased
significantly. However, soluble ACE2 shows a short half-life
in vivo and no active transport mechanism from the circulation
into the alveolar spaces of the lung89. To overcome these limita-
tions, further engineering was conducted by fusing ACE2 to the Fc
region of the human immunoglobulin IgG1, in order to increase its
plasma stability93,94. Alternatively, the N-terminal helix of ACE2
which contains most of the contacting residues at the binding site
was mimicked, and the designed peptides exhibit high anti-SARS-
CoV-2 activity in vitro95e97. Vice versa, a SARS-CoV-2 RBD-
derived hexapeptide YKYRYL has also been proposed to possess
inhibitory effect against virus entry by interfering with
RBDeACE2 interaction98.

S2 subunit of SARS-CoV-2 S protein plays a key role in
mediating membrane fusion process, in which the heptad repeat 1
(HR1) and heptad repeat 2 (HR2) can interact to form six-helical
bundle (6-HB), bringing viral and cellular membranes in close
proximity. Using S-HR1 as target, several potent inhibitors have
been designed and developed against both SARS-CoVand MERS-
CoV99,100. Similar strategies were adopted and a peptidic fusion
inhibitor targeting SARS-CoV-2 S-HR1 was designed and able to
block SARS-CoV-2 entry101,102. Interestingly, Xia et al.103 pre-
viously found that peptide OC43-HR2P, derived from the HR2
domain of HCoV-OC43, exhibits broad fusion inhibitory activity
against multiple HCoVs. The authors further developed an



Table 1 Small molecule inhibitors of SARS-CoV-2 entry.

Inhibitor Target Chemical structure EC50/CC50 Ref.

Chloroquine Viral fusion through endocytosis 1.13 mmol/L/>100 mmol/L 47

Arbidol Viral fusion 4.11 mmol/L/31.79 mmol/L 50

Camostat mesylate TMPRSS2 87 nmol/L/>100 mmol/L 16

Nafamostat mesylate TMPRSS2 5 nmol/L/>100 mmol/L 106

Bromhexine hydrochloride TMPRSS2 �/� 107

E-64d Cathepsin L w0.1 mmol/L/>25 mmol/L 16,108

K11777 Cathepsin L 0.68 nmol/L/>100 mmol/L 109

SID26681509 Cathepsin L �/� 110

Naphthofluorescei Furin 9.03 mmol/L/57.44 mmol/L 111

Decitabine S-RBD/ACE2 interaction 113.24 mmol/L/>1000 mmol/L 118

Salvianolic acid C S protein fusion machinery 3.42 mmol/L/>100 mmol/L 119

� Not detected.
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optimized form of OC43-HR2P, EK1, which shows substantially
improved pan-CoV fusion inhibitory activity and pharmaceutical
properties103. The pan-coronavirus fusion inhibitor EK1 can also
block SARS-CoV-2 entry, moreover, its antiviral activity could be
further effectively improved by lipidation104. More encouragingly,
by using similar strategies as discussed above, de Vries et al.105

designed a highly stable lipopeptide and tested its performance
as a preexposure prophylactic in a ferret-to-ferret transmission
model. As a result, intranasal administration of the peptide 2 days
before cohousing with an infected ferret for 24 h can completely
protect animals from infection, suggesting promising potency of
translation into safe and effective intranasal prophylaxis to reduce
transmission of SARS-CoV-2105.
3.3. Small molecule entry inhibitors and others

The development of small molecule entry inhibitors of SARS-
CoV-2 fall behind. Besides the aforementioned chloroquine and
arbidol, several small molecule inhibitors targeting host proteases
have been explored to inhibit SARS-CoV-2 entry, including
TMPRSS2 inhibitors camostat mesylate16, nafamostat mesy-
late106, and bromhexine hydrochloride107, cathepsin L inhibitors
E-64d16,108, K11777109, and SID26681509110, and furin inhibitor
naphthofluorescein111. In general, targeting cellular factors may
result in substantial advantages such as a broader range of thera-
pies and reduced chances of developing drug resistance, however,
the translational potential of these host protease inhibitors might



Figure 3 Strategies to develop novel inhibitors targeting S. (A) and (B) Immunofocusing strategies to induce S2 specific antibody response by

using S immonogens with S1 subunit hyperglycosylated (A) or removed (B). (C) A putative druggable cavity formed by the three monomers from

S homotrimer. Small molecule inhibitors targeting to these potent druggable pockets within SARS-CoV-2 S can be anticipated by rational design.

The three S monomers were colored by red, blue, and cyan, respectively.
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be limited. For example, the TMPRSS2 can at least partially
compensate the furin deficiency, while TMPRSS2 and cathepsin L
can compensate the function of each other during SARS-CoV-2
entry, therefore the inhibitory effect of one single inhibitor is
typically cell-type dependent and become less potent in vivo.
Although a composition comprising of all classes of protease in-
hibitors can achieve considerable therapeutic efficacy, increased
toxicity should be accompanied.

The viral S protein remains the most ideal target for specific
small molecule drug development against SARS-CoV-2 entry.
Since the outbreak of SARS-CoV-2, large scale in silico studies
have shortlisted hundreds of possible inhibitors targeting SARS-
CoV-2 S; however, none of them got validated so far to our
knowledge112e117. Recently, Lin et al.118 established an
AlphaScreen system to screen for inhibitors specifically targeting
SARS-CoV-2 S-RBD/ACE2 interaction. From 3581 small mole-
cule compounds, the authors identified ceftazidime as an effective
SARS-CoV-2 entry inhibitor. In addition, by utilizing the cellecell
fusion assay mediated by SARS-CoV-2 S protein, a traditional
Chinese medicine monomer library was screened, and salvianolic
acid C from Danshen was identified to potently inhibit SARS-
CoV-2 entry by blocking the formation of 6-HBcore of S pro-
tein119 (Table 116,47,50,106e111,118,119).
4. Future perspectives

Although it still may require several months to achieve commu-
nity protection by large-scale vaccination globally, the scientific
community better change their mind in advance. Since most drugs
developed for emergency use are suboptimal, the following
important issues require more attention during development of
more valuable SARS-CoV-2 entry inhibitors in the soon-coming
post-pandemic era.
4.1. Broad-spectrum neutralizing antibodies

Currently, almost all reported SARS-CoV-2 neutralizing mAbs are
directed at S1 subunit of S protein61e70. However, the high plas-
ticity of S1 makes it easy for the virus to escape immune pressure,
and SARS-CoV-2 variants have already emerged, including an
early D614G variant and the most recent SARS-CoV-2 variants
B.1.1.7 in the UK and B.1.351 in South Africa8,120,121. These
variants are of concern because of their purported ease of trans-
mission and higher virulence. Moreover, due to extensive muta-
tions in the spike protein of these variants, their resistance to
antibody neutralizing significantly increased122e124. As more
escape variants might emerge and circulate around the world, the
mAbs elicited by the original SARS-CoV-2 strain may totally lose
their neutralizing abilities eventually.

The least variable S2 subunit of S is an attractive target for a
broad-spectrum neutralizing mAb. Although most currently
identified antibodies induced by natural S2 unit were found to
have no neutralizing activities125, more efforts should be engaged
to search for potent S2-targeted neutralizing mAbs, either from
convalescent COVID-19 patients or screen of sdAb libraries.
Alternatively, various immune-focusing strategies can be used to
prepare S2-based immunogens and elicit antibodies targeting
potent neutralizing epitopes that are of low immunogenicity or
cryptic within natural S proteins126. For example, the epitopes in
S1 subunits can either be shielded by hyperglycosylation or
removed, so that enhanced antibody response specifically direct-
ing to the S2 domain can be anticipated (Fig. 3A and B)127e130.
4.2. Design for small molecule SARS-CoV-2 entry inhibitors

Compared to peptides and protein chimeras, small molecules are
still the preferred modality for a drug, mainly due to their
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improved pharmacokinetics, stability, and dosage logistics131.
However, according to our experience to discover potent entry
inhibitors using high-throughput screening approaches against
diverse emerging and re-emerging viruses, including Ebola virus,
Marburg virus, high-pathogenic influenza H5N1/H7N3 viruses,
Lassa virus, as well as SARS-CoV and SARS-CoV-2, the hit rate
for SARS-CoV/SARS-CoV-2 entry inhibitors is extremely
low132e134. In fact, we have screened a 10,000 small molecule
library (Chemdiv, USA) and a 2579 natural product library (MCE,
USA) against pseudotyped virus entry of both SARS-CoV and
SARS-CoV-2, no specific hit was identified. Although multiple
factors are to blame for those negative data, we speculate that
there are relatively less druggable pocket in SARS-CoV-2 S that a
putative inhibitor can reach and occupy.

Previously, Kalathiya et al.135 proposed a large cavity formed
by the three monomers from S homotrimer, providing a potential
target that might assist in future drug discovery programs
(Fig. 3C). By exploring more potential druggable pocket in SARS-
CoV-2 S followed by rational design or virtual screen, specific
entry inhibitors can be anticipated.
5. Conclusions

COVID-19 is the third coronavirus-related pandemic in the
twenty-first century and has changed the world like never
before136. Although vaccine development was fast tracked and
there are various effective COVID-19 vaccines available now, the
virus is always involving and resistant variants may keep circu-
lating in humans. Moreover, newly-evolved coronavirus may cross
the species barrier and attack humans again and again in the
future. Combating the coronavirus-related disease is a long-term
job, which requires efforts of the scientist community to
continue focusing on both basic virology and antiviral
development.
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