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Cell entry by SARS-CoV-2

Ruchao Peng, " Lian-Ao Wu,*® Qingling Wang, ®° Jianxun Qi, "#**

Severe acute respiratory syndrome virus 2 (SARS-CoV-2) invades host cells by
interacting with receptors/coreceptors, as well as with other cofactors, via its
spike (S) protein that further mediates fusion between viral and cellular
membranes. The host membrane protein, angiotensin-converting enzyme 2
(ACE2), is the major receptor for SARS-CoV-2 and is a crucial determinant for
cross-species transmission. In addition, some auxiliary receptors and cofactors
are also involved that expand the host/tissue tropism of SARS-CoV-2. After
receptor engagement, specific proteases are required that cleave the S protein
and trigger its fusogenic activity. Here we discuss the recent advances in
understanding the molecular events during SARS-CoV-2 entry which will
contribute to developing vaccines and therapeutics.

Coronaviruses and COVID-19 pandemic

In late 2019 a novel coronavirus named SARS-CoV-2 emerged in humans, that causes
coronavirus disease 2019 (COVID-19) [1—-4]. This outbreak has rapidly developed into a
worldwide pandemic and has resulted in more than 0.1 billion confirmed cases as of 23
May 2021, including ~3.5 million deaths (www.who.int/emergencies/diseases/novel-
coronavirus-2019). SARS-CoV-2 is the seventh human-infecting coronavirus (HCoV)
identified so far (Box 1), and it is most similar to SARS-CoV which emerged in 2002 [4,5].
However, SARS-CoV-2 exhibits a higher transmission efficiency (see Glossary) compared
to SARS-CoV and other HCoVs [6], although it has a relatively lower mortality rate than
SARS-CoV and Middle East respiratory syndrome coronavirus (MERS-CoV) [6-8]. Although
several candidate vaccines are being distributed in different countries, the global pandemic
situation is far from under control. It is very urgent to promote vaccination among human
populations and to develop effective therapeutics.

SARS-CoV-2 is a positive-sense RNA virus with a large single-stranded RNA genome of
~30 000 nt [9]. The genome encodes three classes of proteins: two large polyproteins, ppia
and pplab, which are cleaved into 16 non-structural proteins (NSPs) that are required for
viral RNA synthesis (and probably other functions); four structural proteins (the spike, envelope,
membrane, and nucleocapsid proteins) that are essential for viral entry and assembly; and
nine accessory proteins that are thought to counteract the host immunity during infection
[10,11]. Viral entry is the first step of infection and one of the most important processes in
the virus life cycle, which is also the key target for vaccines and therapeutics. This process
is executed by the S protein on the envelope of SARS-CoV-2, which recognizes the host
cell receptor and mediates membrane fusion to allow the viral genome to be released into
the cytoplasm [12].

In this review, we summarize the recent functional and structural studies on SARS-CoV-2 entry,
with an emphasis on the S protein-mediated receptor binding and membrane fusion processes,
as well as on other cellular factors and coreceptors that are potentially involved in the viral entry
process (Figure 1).
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Box 1. Coronaviruses and related epidemics/pandemics

Coronaviruses are a group of enveloped viruses whose surface is decorated with spike (S) proteins, resulting in a crown-
shaped morphology. The genome of coronaviruses is a single-stranded positive-sense RNA that can directly serve as an
mRNA for translation of viral proteins [11]. Coronaviruses belong to the order of Nidovirales, the family Coronaviridae, and
are further classified into Orthocoronavirinae and Letovirinae subfamilies. All human-infecting coronaviruses (HCoVs) are
included in the subfamily Orthocoronavirinae, which are further divided into four genera, Alphacoronavirus,
Betacoronavirus, Gammacoronavirus, and Deltacoronavirus [9]. So far, a total of seven HCoVs have been identified.
Among them, the 229E, NL63, OC43, and HKU1 coronaviruses are commonly found in human populations around the
world, resulting in mild symptoms such as common cold and fever. The other three, SARS-CoV, MERS-CoV, and
SARS-CoV-2, are categorized as highly pathogenic coronaviruses which have caused epidemics/pandemics in different
countries.

The first identified HCoVs are 229E and OC43, reported in the 1960s (Figure I) [107,108]. They are often detected at the
same time as other respiratory infections and usually do not lead to severe symptoms. In 2004 the NL63 coronavirus
was discovered in a baby with bronchiolitis in The Netherlands [109]. A year later the HKU1 coronavirus was identified
in Hong Kong, China from an elderly patient with pneumonia [110]. Since then, this virus has been found in human
populations around the world. The first case of SARS-CoV infection was found in Guangdong, China in late 2002 [5].
The epidemic spread to over 30 countries and ended in 2003, resulting in more than 8000 reported cases of infection,
including almost 800 deaths. MERS-CoV was first identified in Saudi Arabia in 2012 and has been found in many Middle
East countries as well as in some Asian countries [111]. So far, more than 2500 confirmed infection cases have been
reported, of which ~850 died from MERS-related disease, and thus has the highest case fatality rate (~35%) of all HCoVs.
SARS-CoV-2 infection cases were first reported in Wuhan, China, in late 2019 [3]. This virus has led to the unprecedented
ongoing global pandemic that affects almost all countries around the world. As of 23 May 2021, more than 0.1 billion
human infection cases have been confirmed, including aimost 3.5 million death cases. The case fatality rate of SARS-
CoV-2 is much lower than those of SARS-CoV and MERS-CoV, but it seems to be more efficient in transmission among
human populations. All three highly pathogenic HCoVs are thought to originate from wild animals, potentially with a com-
mon natural host, bats [2,112].

SARS-CoV SARS-CoV-2

@ Highly-pathogenic HCoVs
2002-2003 2019-present
Common HCoVs >8,000 case! >0.1 billion cases

~800 deaths ~3.5 million deaths

1960 1970 1980 1
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Figure |. Timeline for the identification of human-infecting coronaviruses (HCoVs).

Structure of SARS-CoV-2 S protein

An average of 30-60 S protein trimers protrude from the envelope of SARS-CoV-2 virion, with an
average distance of 15 nm from each other [13-15]. Each trimeric spike is ~10 nmin length with a
long helix stalk hinge that allows the spike to adopt different orientations on the viral envelope
[14,15]. The coronavirus S protein is a typical class | viral fusion protein and is the largest viral fu-
sion machine identified so far, containing more than 1200 amino acid residues.

During the cell entry process, the SARS-CoV-2 S protein undergoes proteolytic cleavage by
cellular proteases into the S1 and S2 subunits which remain associated and further assemble
into trimers of the S1/S2 heterodimer (Figure 2) [16,17]. The S1 subunit can be divided into the
N-terminal domain (NTD) and the C-terminal domain (CTD), of which the latter is responsible for
binding the host receptor angiotensin-converting enzyme 2 (ACE2) and is thus also termed the
receptor-binding domain (RBD) [17-21]. The S2 subunit is the fusogenic portion of the spike and

¢? CellPress

SPresent address: Perelman School of
Medicine, University of Pennsylvania,
Philadelphia 19104, USA

SEqual contributions

*Correspondence:
jxgi@im.ac.cn (J. Qi) and
gaof@im.ac.cn (G.F. Gao).

Trends in Biochemical Sciences, October 2021, Vol. 46, No. 10 849


Image of Figure I

- ¢? CellPress

SARS-CoV-2

Q@«W’i Spike protein

CD147
bbbk

KREMEN-1

L) Furm NRP1 Heparan |ectin 4
sulfate receptor O,
Host cell ?
c?oe. @ Q@Vm,;éd /
. § 23 —
Infection 0 b SH o% s \\%J
> ?“"‘” o Cathepsin

Membrane fusion
Trends in Biochemical Sciences
Figure 1. Schematic diagram of SARS-CoV-2 entry pathways. Multiple molecules at the cell surface are involved in
the entry of SARS-CoV-2, including the major receptor ACE2 [2,19], the membrane protease TMPRSS2, and other potential
alternative/auxiliary receptors or cofactors [25,52,53,62,70,71,75,80]. Membrane fusion can take place either at the cell
surface (left) or in the endosome (right). Both entry pathways are utilized by SARS-CoV-2 [45,46]. Abbreviations: ACE2,

angiotensin-converting enzyme 2; SARS-CoV-2, severe acute respiratory syndrome virus 2; TMPRSS2, transmembrane
serine protease 2.

consists of the upstream helix (UH) region, the fusion peptide (FP), the heptad repeat 1 (HR1), the
central domain (CD), the heptad repeat 2 (HR2), the transmembrane domain (TM), and the cyto-
plasmic tail (CP) (Figure 2A,B). In contrast to most typical class | viral fusion proteins, the FP of co-
ronavirus S protein is not located at the immediate N terminus of the S2 subunit. Instead, it is
shielded by the UH domain which therefore requires a second cleavage event to expose the FP
[22,23]. Proteolysis at the S2' cleavage site to remove the UH domain is crucial for activating the
fusogenic capacity of S protein, and triggers irreversible conformational changes of the S2
fusion machine to initiate membrane fusion [24-26].

The major receptor ACE2

Soon after the outbreak, several groups promptly identified ACE2 as the major receptor for
SARS-CoV-2, similar to SARS-CoV that emerged in 2002-2003 [2,17,25] (Figure 3). ACE2,
a carboxypeptidase that cleaves polypeptides from the renin/angiotensin system, is essential
for cardiac function and is widely expressed in various tissues and organs, suggesting the po-
tential capacity of SARS-CoV-2 to develop systematic infections in patients [27,28]. The RBDs
of SARS-CoV-2 and SARS-CoV share a high degree of sequence identity (74%) and exhibit
highly similar interaction profiles with ACE2 [19-21]. However, some substitutions in the key
interacting residues in the RBD lead to more atomic contacts between SARS-CoV-2 S protein
and ACE2, potentially resulting in the higher binding affinity compared to SARS-CoV (~fourfold
difference) (Figure 3C,D) [19]. This property may contribute to the highly efficient human-to-
human transmission of SARS-CoV-2 [6,7]. In addition, ACE2 orthologs are widely distributed
in various domestic and wild mammals such as cats, dogs, pigs, camels, horses, pangolins,
and bats, indicating that SARS-CoV2 is likely to have a broad host spectrum [29]. Some closely
related coronaviruses to SARS-CoV-2 have been isolated in pangolins and bats [2,30]. Two
recent studies have shown that the ACE2 orthologs of a wide range of animals can
bind SARS-CoV-2 RBD and mediate the cell entry of S pseudotyped viruses, although the
S-binding interface displays significant diversity (Figure 3E,F) [31,32]. These findings strongly
imply that SARS-CoV-2 may have experienced multiple spillover events in adaptation to the
diverse molecular determinants in different animals, which enabled its host-jump across different
intermediate hosts and finally allowed it to infect humans.
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Glossary

Antigen: a molecule presented on the
outside of a pathogen that can induce
hostimmunity. Antigens can be any form
of pathogen-derived molecules, and can
be recognized by host immune cells to
induce the production of antibodies or
specific T cells.

Efficacy: the capacity of therapeutics to
treat a specific disease — the
effectiveness of therapeutics or drugs.
Epitope: a portion of the antigen that
can be recognize by the immune
system, either antibodies or T cells. For
antibodies, the epitope is the region
within the antigen that directly interacts
with the antibody.

Mortality rate: a measure of the ratio of
deaths within an infected population that
is an indicative parameter of the
virulence of a specific pathogen.
Neutralizing antibody (nAbs): a
group of antibodies that can protect host
cells from invasion by pathogens. nAbs
bind to the pathogen to inactivate its
infectivity.

Pathogenicity: the capacity of a
pathogen to cause a disease in its host.
The term is similar to the virulence of viral
pathogens, and both are indicators of
the potential harm to the infected host.
Positive-sense RNA virus: a group of
viruses with a single-stranded RNA
genome whose sequence is consistent
with that of the mRNA that encodes the
viral proteins.

Small-molecule inhibitor: a group of
inhibitory molecules of low molecular
weight, in contrast large-molecule
inhibitors such as antibodies. They bind
to specific targets to block their activities
or functions.

Transmission efficiency: different
viruses may transmit with different
degrees of efficiency among their hosts.
Generally, a reproductive number (RO) is
used to evaluate the efficiency of
transmission, and indicates the average
number of cases that become infected
from a single infected case.

Tropism: a biological term describing
the permissive host cell types of viruses.
Different viruses only infect specific types
of host cells within their spectrum of
tropism.
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Figure 3. Interactions between SARS-CoV-2 spike (S) protein and ACE2. (A) Overall structure of a trimeric S bound to ACE2 (PDB: 7KNB). ACE2 binds to the
RBD of S in the open conformation, while the other two closed RBDs are inaccessible by the receptor. (B) Close-up view of the S-ACE2 contacting interface (PDB: 6L.ZG).
The key interacting residues are shown as sticks. Hydrogen bonds and salt bridges are represented by dashed lines. (C,D) The S-binding footprint on ACE2 for SARS-CoV-
2 (C; PDB: 6L.ZG) and SARS-CoV (D; PDB: 2AJF). The interaction between SARS-CoV-2 (green) and ACE2 involves more atomic contacts than for SARS-CoV (magenta)
[19-21,28]. (E) Conservation of the S-binding interface on ACE2. The interface for SARS-CoV-2 S binding displays a high degree of variation among ACE?2 orthologs from
different animal species. (F) A list of animals tested whose ACE2 can (yellow) or cannot (grey) bind to the RBD of SARS-CoV-2 S protein [29,31,32]. Abbreviations: ACE2,
angiotensin-converting enzyme 2; RBD, receptor-binding domain; SARS-CoV-2, severe acute respiratory syndrome virus 2.

Conformational dynamics of SARS-CoV-2 S during virus entry

Cryogenic electron microscopy (cryo-EM) studies have determined the structures of SARS-CoV-2
S protein in various conformations, both before and after membrane fusion [17,18,26], as well as its
complex with the receptor ACE2 [33-35]. These structural snapshots enable the deduction of a
complete scenario for the conformational changes of S protein during SARS-CoV-2 entry
(Figure 4). The RBD of S protein can adopt different conformations at the prefusion state in
which the receptor binding interface is buried by the adjacent protomer (closed conformation) or

Figure 2. Structure of SARS-CoV-2 spike (S) protein. (A) Schematic diagram of the domain organization of S protein. Each domain is represented by a unique color.
The signal peptide (SP) and the unresolved region at the C terminus are transparent with dashed outlines. (B) Architecture of an S protomer (PDB: 6VXX and 6VYB). The
structure is shown in cartoons and colored by domains as in (A). The unresolved regions are represented by broken lines. (C) Structures of the SARS-CoV-2 S trimer in
different conformations. The RBD can adopt different conformations (closed or open) in the S trimer, and only the open conformation is competent for binding to the
receptor ACE2 [17,18,26]. Abbreviations: ACE2, angiotensin-converting enzyme 2; CD, central domain; CP, cytoplasmic region; CR, connecting region; CTD, C-terminal
domain; FP, fusion peptide; HR1, heptad repeat 1; HR2, heptad repeat 2; NTD, N-terminal domain; RBD, receptor-binding domain; SARS-CoV-2, severe acute
respiratory syndrome virus 2; S1/S2 and S2', cleavage sites within S protein; SD1, subdomain 1; SD2, subdomain 2; TM, transmembrane region; UH, upstream helix.
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Figure 4. Model of the SARS-CoV-2 entry process. (A) The trimeric spike on viral envelope can adopt different conformations (PDB: 6VXX and 6VYB). The RBD
undergoes dynamic transition between the closed and open conformations. The SARS-CoV-2 S protein is prone to be cleaved into the S1 and S2 subunits during
biosynthesis or cell entry process, and the two subunits remain noncovalently associated to form trimeric spikes [16,17,45]. (B) Only the RBD in the open conformation
can bind to the receptor ACE2 (PDB: 7KNB and 6M17). Binding of ACE2 can promote the transition of adjacent RBDs to the open conformation, and thus may
facilitate the binding of more ACE2 molecules [33-35]. (C) ACE2 binding induces conformational changes that destabilize the interactions between S1 and S2 subunits,
thus probably triggering the dissociation of the S1 head [33]. The second proteolysis event at the S2' site, by TMPRSS2 and other proteases [25,52], produces a free
N terminus for the FP and triggers conformational changes to expose the FP for cellular membrane targeting. The question mark indicates the fusion intermediate
structures that are not well understood. It is thought that the central domain will refold to form an elongated helix stalk with the HR1 helix, which facilitates FP reaching
the target membrane [26]. (D) The HR2 helices then fold upwards to contact the elongated HR1 stalk helices, transforming into the six-helix bundle postfusion
conformation [24,26]. This rearrangement draws the viral and cellular membranes into close proximity and induces fusion. Abbreviations: ACE2, angiotensin-converting
enzyme 2; B°AT1, sodium-dependent amino acid transporter 1, also known as SLC6A19; FP, fusion peptide; HR1, heptad repeat 1; HR2, heptad repeat 2; RBD,
receptor-binding domain; SARS-CoV-2, severe acute respiratory syndrome virus 2; TM, transmembrane region.

exposed for the access by ACE2 (open conformation) (Figures 2C and 4A), similar to other known
coronavirus S proteins [17,18,36]. The three RBDs within a trimeric spike are not synchronized, im-
plying asymmetric interactions with the receptor. A recent study revealed that binding of ACE2 to
an open RBD can promote the conformational transition of the other closed RBDs to make them
accessible by the receptor (Figure 4B) [33]. Therefore, a trimeric spike can bind to 1-3 copies of
ACE2, depending on the conformation of each individual RBD [33,35]. The binding of ACE2 mod-
ulates the local conformation of S1 subunit to disrupt its interactions with the S2 fusion core, which
involves a key salt bridge contributed by residue D614 [33]. Progressive interactions with ACE2
molecules will lead to dissociation of the S1 head from the fusogenic S2 stalk, which facilitates fu-
sion activation by further proteolysis at the S2' site (Figure 4C) [33]. Of note, a SARS-CoV-2 variant
harboring a D614G substitution in S protein was identified in Europe in mid-2020. This mutation
makes the RBD much more flexible, and increases the probability of adopting the open
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conformation so as to be accessible by the receptor, and reduces the stability of the prefusion
structure of S trimer, thus facilitating fusion activation [33,37,38]. This may explain the higher
transmission efficiency of the variant strain compared to the earlier isolates [39,40]. In addition,
the S protein is extensively decorated by glycans on both the S1 and S2 subunits (Figure 2C).
The glycan shield not only changes the antigenicity of S protein but may also alter the conformation
of specific domains. It has been shown that the N-linked glycans at residues N165 and N234 may
modulate the conformational dynamics of the RBD, thus affecting the interactions with the receptor
[41,42]. In addition, removal of the glycans on SARS-CoV-2 S renders it more sensitive to proteol-
ysis during biogenesis in cells and thus compromises its stability, which would reduce the number
of functional spikes presented on the viral envelope and thus inhibit viral infectivity [43].

Binding of ACE2 to S protein induces endocytosis of the virion, after which the viral envelope
fuses with the endosomal membrane to enable the release of the viral genome into the cytoplasm
[44-46]. Alternatively, membrane fusion can also occur at the plasma membrane after receptor
engagement. Both entry mechanisms have been reported for SARS-CoV-2, probably with a
preference for the endosomal pathway (Figure 1) [45]. This evidence also suggests that the
low-pH environment is not a crucial determinant for the entry of SARS-CoV-2, similar to the pre-
vious observations on SARS-CoV, MERS-CoV, and mouse hepatitis virus (MHV) [12]. After re-
ceptor engagement, the cleavage at the S2’ site will induce the exposure of the FP and initiate
conformational changes in the S2 subunit to form a long HR1 for membrane targeting [26,33].
Once activated, the HR2 helices will fold back to contact the HR1 helix stalk, generating a six-
helix bundle hairpin which, as a result, draws the viral envelope and the host membrane into
close proximity and induces fusion (Figure 4D) [26].

The cofactors TMPRSS2 and furin proteases

A remarkable feature of SARS-CoV-2 S protein is the insertion of a polybasic residue motif at the
boundary between the S1 and S2 subunits, which renders it prone to be cleaved by furin/furin-
like proteases during biogenesis and cell entry [17,47]. The trimeric spikes on the viral envelope
are thus mostly cleaved S1/S2 complexes, in contrast to the uncleaved SO form observed
in SARS-CoV and other SARS-CoV-related viruses [17,25]. This property suggests that
SARS-CoV-2 S protein may be more readily primed for membrane fusion than SARS-CoV S be-
cause the latter requires two proteolytic events after receptor binding. Because furin-like proteases
are almost ubiquitously distributed in different tissues and organs, the presence of furin-type
cleavage sites in viral fusion proteins may be related to the broad cell tropism and even the high
pathogenicity of related viruses [48,49]. This may partially explain the highly efficient transmissibility
of SARS-CoV-2 among human populations that has resulted in the unprecedented global pandemic
of coronavirus. In line with this hypothesis, a recent study reported that mutations in this furin
cleavage site in SARS-CoV-2 S led to reduced viral replication in a human respiratory cell line
and attenuated its pathogenesis in both hamster and mouse models [50].

Following receptor engagement, the second step of proteolysis of SARS-CoV-2 S is thought to
be executed mainly by the transmembrane serine protease 2 (TMPRSS2), which cleaves the
S2 fusion machine at the S2' site to expose the FP [51]. The TMPRSS2 is a primary serine
protease expressed in many epithelial cells, and has also been shown to be an ideal antiviral tar-
get for inhibiting SARS-CoV-2 entry [25]. In addition to furin/furin-like proteases and TMPRSS2,
other proteases may also be involved in the SARS-CoV-2 entry process, such as serine
endoprotease proprotein convertase 1 (PC1), trypsin, matriptase (trypsin-like integral membrane
serine peptidase), and cathepsins [52-54] (Figure 1). The broad spectrum of protease usage by
SARS-CoV-2 may significantly facilitate its infectivity and transmissibility among humans and
other hosts, and may lead to systematic multi-organ infections in infected patients [55].
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Alternative receptors, coreceptors, and cofactors

The alternative receptors AXL, KREMEN1, and ASGR1

Although both SARS-CoV and SARS-CoV-2 utilize ACE2 as the main receptor for cell entry,
cells in the main target organs (e.g., the lungs and bronchi) display low levels of ACE2 ex-
pression as revealed by single-cell sequencing analyses [56,57]. Moreover, SARS-CoV-2
can also efficiently infect the upper respiratory tract and other tissues/organs, including
the pharynx, heart, liver, brain, kidneys, and the gastrointestinal tract [55,58]. This evidence sug-
gests that other molecules are involved in the SARS-CoV-2 entry process (Table 1). As an expla-
nation for the paradox, Wang et al. identified AXL (tyrosine-protein kinase receptor UFO) as a
potential receptor for SARS-CoV-2 entry in lung and bronchial tissues [59], and Gu et al. reported
that KREMENT (Kringle-containing protein marking the eye and the nose protein 1) and ASGR1
(asialoglycoprotein receptor 1) may contribute to multiple organ invasion in COVID-19 patients
[60] (Figure 1). Each of the three molecules may potentially mediate SARS-CoV-2 entry indepen-
dently of ACE2 [59,60], providing alternative pathways for SARS-CoV-2 infection in different
tissues. Even though knocking out AXL significantly inhibited SARS-CoV-2 entry in human pulmo-
nary cell lines, it only moderately reduced viral replication in lung organoids [59]. Besides, overex-
pression of KREMEN1 or ASGR1 in ACE2-knockout cells only partially restored the infectivity
of SARS-CoV-2, with a lower efficiency compared to ACE2-expressing cells [60]. Therefore, the
exact contributions of these three candidate receptors to SARS-CoV-2 entry into human cells re-
main to be established. Biochemical data reveal that AXL binds to the NTD of S protein, whereas
KREMEN1 and ASGR1 interact with both the NTD and RBD [59,60]. These observations provide a
compelling explanation for the underlying mechanisms of some protective neutralizing
antibodies (nAbs) that target the NTD but do not interfere with ACE2-S interactions, and imply
that the NTD of SARS-CoV-2 S is a potent antigen for developing vaccines and therapeutic
antibodies [61].

Table 1. Receptors, coreceptors, and cofactors involved in SARS-CoV-2 entry

Molecule Category Functional annotation Refs
ACE2 Receptor The major entry receptor [2,19]
AXL Receptor A potential alternative receptor independent of ACE2 [59]
KREMEN1 Receptor A potential alternative receptor independent of ACE2 [60]
ASGLA Receptor A potential alternative receptor independent of ACE2 [60]
CD147 Receptor A potential alternative receptor independent of ACE2 [80]
Heparan sulfate Coreceptor  Auxiliary attachment receptor, dependent on ACE2 [62]
Sialic acid Coreceptor  Auxiliary attachment receptor, dependent on ACE2 [65,66]
Lectin Coreceptor  Auxiliary attachment receptor, dependent on ACE2 [64]
receptors

Neuropilin 1 Coreceptor  Auxiliary attachment receptor, dependent on ACE2 [70,71]
CD4 Coreceptor  Potential auxiliary attachment receptor, dependent on ACE2 [81]
SR-B1/ Cofactor The S protein binds to cholesterol, and SR-B1 increases virion  [75]
cholesterol endocytosis by promoting cholesterol uptake

Furin Cofactor Proteolysis of S protein at the S1/S2 site [17,25,45,53]
PC-1 Cofactor Proteolysis of S protein at the S1/S2 site [62,53]
Trypsin Cofactor Proteolysis of S protein at the S1/S2 site [62-54]
Matriptase Cofactor Proteolysis of S protein at the S1/S2 site [62-54]
Cathepsins Cofactor Proteolysis of S protein at the S1/S2 and S2’ sites [45,54]
TMPRSS2 Cofactor Proteolysis of S protein at the S2' site [25]
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The coreceptors heparan sulfate (HS), sialic acid, and lectin receptors

A recent study reported that HS is a necessary attachment receptor that promotes SARS-CoV-2
infection in various target cells [62]. Biochemical assays revealed that HS interacts with the RBD
of SARS-CoV-2 S protein at a non-overlapping site with the ACE2 contacting interface. The bind-
ing of HS significantly promotes the structural transition of SARS-CoV-2 S from the closed con-
formation to the open conformation, which increases the accessibility of the RBD for ACE2
engagement [62]. This interaction is essential for SARS-CoV-2 entry into many target cells. The
therapeutic unfractionated heparin (UFH), non-anticoagulant heparin, and heparan sulfate pro-
teoglycans (HSPGs) derived from human lung and other tissues can effectively block the cell
entry of S-pseudotyped virus and authentic SARS-CoV-2 [62,63]. Further, because the S protein
is extensively decorated by glycans, some lectin receptors have been shown to promote SARS-
CoV-2 infection by interacting with the glycan shield, serving as non-specific attachment recep-
tors for viral infections [64]. In addition, the NTD of SARS-CoV-2 S protein contains a sialic
acid-binding pocket that can mediate viral attachment by interactions with various sialoproteins,
glycoproteins, and gangliosides on the cell membrane [65,66]. This feature has been observed in
many other coronaviruses and might indicate a universal mechanism for coronavirus entry using
sialic acid receptors [67-69]. This evidence underscores the importance of these ubiquitous non-
specific molecules which facilitate the attachment of SARS-CoV-2 to the cell surface to promote
interactions with the major entry receptor ACE2, thus increasing the efficiency of virus entry
(Figure 1).

The coreceptor neuropilin 1 (NRP1)

Two additional studies reported that the membrane protein NRP1 promotes SARS-CoV-2 entry
[70,71] (Figure 1). Neuropilins are a family of membrane-anchored coreceptors for a panel of mol-
ecules such as vascular endothelial growth factors (VEGFs) and semaphorins [72]. Both NRP1
and NRP2 bind to furin-cleaved C-terminal peptides of VEGFs, which are accommodated within
a pocket in the b1 domains of the NRPs [73]. This C-terminal motif generally follows the rule Arg/
Lys-X-X-Arg/Lys (R/K-XX-R/K, where X is any amino acid) [74]. Interestingly, proteolysis of SARS-
CoV-2 S by furin/furin-like proteases generates a polybasic Arg-Arg-Ala-Arg motif at the C termi-
nus of the S1 subunit, which conforms to the rule for interactions with NRPs [17,53]. Structural
and biochemical evidence has demonstrated that the S1 C-terminal motif of SARS-CoV-2 di-
rectly binds to NRP1 [70,71]. Downregulating the expression of NRP1 by RNA interference or
blockade of NRP1-S interactions by inhibitors can effectively reduce the cell entry and infectivity
of SARS-CoV-2 [70,71]. Therefore, NRP1 serves as a coreceptor for SARS-CoV-2 infection that
may complement the low expression levels of ACE2 in some target cells.

The cofactor scavenger receptor B type 1 (SR-B1)

In the sequence of SARS-CoV-2 S protein, some putative cholesterol recognition consensus mo-
tifs were identified in both the NTD and CTD of S1 subunit. Biochemical studies confirmed that
SARS-CoV-2 S protein and RBD can directly bind cholesterol, and potentially high-density lipo-
protein (HDL) components [75]. These interactions may promote the endocytosis of SARS-
CoV-2 virion via SR-B1-mediated cholesterol uptake (Figure 1). Thus, the expression of SR-B1
can enhance the internalization of SARS-CoV-2, which further increases the efficiency of viral
entry via an ACE2-dependent mechanism [75]. Because the binding of HDL to SARS-CoV-2 S
involves both the NTD and RBD, NTD-targeting monoclonal antibodies that block the
cholesterol-binding site on SARS-CoV-2 S can significantly inhibit HDL-enhanced SARS-CoV-
2 infection. A similar inhibitory effect can also be observed by treatment with SR-B1 antagonists
which impair cholesterol uptake [75]. Because SR-B1 is coexpressed with ACE2 in human pul-
monary tissue and several extrapulmonary tissues, SR-B1 may play an important role in the
multi-organ damage resulting from SARS-CoV-2 infection [76,77].
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The complementary receptor CD147 and auxiliary receptor CD4

In addition to visceral organs, SARS-CoV-2 has also been shown to invade the immune cells and
neurons [78,79]. Some of these cells do not express ACE2, and thus might be infected via other
alternative receptors. Two recent studies reported that the SARS-CoV-2 S protein may also bind
CD147 [80] and CD4 [81] molecules (Figure 1). CD147 is a type | transmembrane protein that in-
teracts with several extracellular and intracellular molecules, and plays crucial roles in the infection
of Plasmodium falciparum and SARS-CoV [82,83]. It is expressed in many cells including
epithelial, neuronal, lymphoid, and myeloid cells, which may facilitate SARS-CoV-2 invasion of
the immune and nervous systems. Indeed, Wang et al. showed that CD147 directly binds to
the RBD of SARS-CoV-2 S protein with a high affinity [80]. The expression of human CD147
allows SARS-CoV-2 to infect the non-permissive BHK-21 cells, and loss of CD147 or treatment
with anti-CD147 antibody or soluble CD147 extracellular domain inhibits SARS-CoV-2 replication
[80]. These observations suggest that CD147 may be a potential alternative receptor for SARS-
CoV-2 entry, which may further expand the tissue tropism of the virus [84,85]. Of note, a recent
study reported contradictory findings that CD147 does not interact with S protein and plays no
roles in SARS-CoV-2 entry [86]. Further studies will be necessary to verify the functions of
CD147 in SARS-CoV-2 infection.

In contrast to other fully functional receptors, the CD4 molecule may be insufficient to mediate
SARS-CoV-2 infection on its own. It potentially interacts with the RBD of S protein to assist
viral attachment, facilitating the virus to infect CD4™ T helper cells through an ACE2/TMPRSS2-
dependent mechanism [81]. The vulnerability of CD4" T cells for SARS-CoV-2 infection may ex-
plain the poor adaptive immune responses of many COVID-19 patients [87,88]. In addition,
KREMEN1 and ASGR1 are also well expressed in some immune cell populations, which may
also contribute to immune invasion during SARS-CoV-2 infections [60].

Antibodies, vaccines, and inhibitors

Given the crucial role of S protein for virus entry, it is a very important target for antiviral in-
tervention and is also the major antigen for developing vaccines. Many nAbs targeting differ-
ent epitopes of SARS-CoV-2 S protein have been reported, and some of them have shown
promising efficacies in clinical trials [61,89-92]. Most of potent nAbs target the RBD of S
protein, making it a hotspot for eliciting antibodies and an ideal molecular entity for develop-
ing subunit vaccines [91,93,94]. Some antibodies targeting the NTD can also achieve effec-
tive neutralization by different mechanisms [61,75], such as causing steric hindrance for
receptor engagement by the RBD or by impairing interactions with potential (co)receptors/
cofactors that bind to the NTD. In addition, some antibodies may target the S2 subunit or
the S1/52 interface to prevent the conformational changes of S protein for membrane fusion
[93]. More alternative or auxiliary mechanisms for SARS-CoV-2 entry are being discovered,
and the number of candidate nAbs intercepting different steps of SARS-CoV-2 entry will
continue to increase, which thus increases the likelihood of identifying highly potent thera-
peutic antibodies for clinical application.

Apart from antibodies, some small-molecule inhibitors are also promising drug candidates
for blocking SARS-CoV-2 entry. For example, the anti-influenza drug Arbidol was able to neu-
tralize SARS-CoV-2 by interfering with viral attachment to host cells, and has been used for
clinical treatment of COVID-19 in China [95]. Molecular dynamics simulation analyses revealed
that Arbidol may bind to both RBD and ACE2 at the contacting interface, with a higher affinity for
RBD. The presence of Arbidol may impair the interactions between S and ACE2 to prevent viral
entry [96]. Moreover, several fusion-inhibitory peptides have been developed with potent antiviral
efficacies in vitro which bind to the HR1 domain of S2 subunit and prevent the conformational
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changes required for membrane fusion [97-102]. In addition, developing inhibitors for the host pro-
teases that proteolytically activate the S protein, such as furin and TMPRSS2 inhibitors, is also a
promising strategy to block SARS-CoV-2 infection of various susceptible cells [25,103-105].

Concluding remarks

The entry of SARS-CoV-2 into host cells is a complex process and involves a panel of different
molecules that may constitute multiple pathways for viral infection. The diversity of receptors,
coreceptors, and regulatory cofactors is likely to greatly expand the host/tissue tropism of
SARS-CoV-2, which may explain its high efficiency of transmission among humans and potentially
other intermediate hosts. In addition to the aforementioned (co-)receptors/cofactors, a panel of
other molecules have also been reported to interact with SARS-CoV-2 S protein, including CD207,
leukocyte immunoglobulin-like receptor B2 (LILRB2), epidermal growth factor receptor (EGFR),
low-density lipoprotein receptor (LDLR), and multiple innate immune receptors [59,60,106], but
lack virology-related evidence to demonstrate their roles in SARS-CoV-2 infection. This evidence sug-
gests the SARS-CoV-2 is well adapted to different cell types and that this may maximize its propaga-
tion and transmission among the various host populations. Therefore, continuous and extensive
surveillance for SARS-CoV-2 and related coronaviruses is of particular importance for the prevention
and control of the potential outbreaks. In spite of remarkable advances, several unresolved issues
remain (see Outstanding questions) for achieving a comprehensive understanding in the mechanisms
of SARS-CoV-2 entry. These insights would provide valuable clues for developing potent therapeutics
and vaccines to counteract the raging global pandemic.
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Outstanding questions

How many alternative receptors or
coreceptors, beyond the major receptor
ACE2, exist for SARS-CoV-2 entry?

Are ACE2/TMPSS?2 alone sufficient to
mediate SARS-CoV-2 infection? Are
other coreceptors/cofactors neces-
sary to facilitate ACE2-dependent viral
entry?

What is the role of CD4 in mediating
SARS-CoV-2 entry into T helper cells
in cooperation with ACE2? How does
CD4 interact with S protein?

How is CD147 involved in SARS-CoV-2
entry, and what is its specific function?

How many copies of ACE2 actually
bind to a S trimer during the authentic
viral entry process? Are the different
ACE2 molecules in sufficient close
proximity to allow simultaneous inter-
actions with a trimeric spike?

How many trimeric spikes are required
for producing the fusion pore, further
triggering a productive fusion event?

What is the trigger signal for S1 head
dissociation — the binding of multiple
ACE2 molecules, or proteolysis at the
S2' site, or both?

How do the NTD-interacting receptors
(e.g., AXL) modulate the conformation
of S protein and induce membrane
fusion?

What is the host spectrum of SARS-
CoV-2 in various domestic and wild
animals?

How many SARS-CoV-2 related
coronaviruses are there in animal res-
ervoir, and what is their potential to in-
fect humans?

What are the key determinants for the
host-jump of SARS-CoV-2, and po-
tentially related viruses, that enable
human infection?

How can we design antibodies and
vaccines to counteract the emerging
SARS-CoV-2 variants?

Can we develop broad-spectrum co-
ronavirus inhibitors or vaccines based
on the S proteins?
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