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Abstract—The new coronavirus infection (COVID-19) pandemic caused by SARS-CoV-2 has many times
surpassed the epidemics caused by SARS-CoV and MERS-CoV. The reason for this was the presence of sites
in the protein sequence of SARS-CoV-2 that provide interaction with a broader range of receptor proteins on
the host cell surface. In this review, we consider both already known receptors common to SARS-CoV and
SARS-CoV-2 and new receptors specific to SARS-CoV-2.
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INTRODUCTION
Since the beginning of the 21st century, three coro-

naviruses have crossed the interspecies barrier and
caused deadly pneumonia in humans: severe acute
respiratory syndrome coronavirus (SARS-CoV), Middle
East respiratory syndrome coronavirus (MERS-CoV),
and severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) [1]. The first two of these viruses
caused localized epidemics, while the emergence of
SARS-CoV-2 led to a pandemic that has lasted for
about three years. According to the World Health
Organization (https://covid19.who.int), more than
570 million cases of coronavirus infection had been
confirmed worldwide by early August 2022. About
6.4 million people have died. The mortality rate from
COVID-19 has dropped significantly since mass vac-
cination began, but the presence of post-COVID
complications, the so-called post-COVID syndrome,
remains a serious problem. The emergence of more
and more new variants of SARS-CoV-2 continues to
cause great concern and attention worldwide. Accu-
mulation of mutations in the virus genome is caused by
continuous virus replication in the human body
against the background of untimely virion elimination
associated mostly with delayed clinical treatment and
lack of specific and effective drugs. These mutations
can lead to changes in epitopes and to a decrease in the
affinity of the corresponding antibodies generated by
vaccines. Therefore, it is important to develop univer-
sal, specific, and effective drugs against current and
possible future variants of the coronavirus.

A way to protect against coronavirus infection can
be to inhibit the transport of viral particles into cells.
At the first stage of infection, the spike protein (S pro-
tein) of coronavirus binds to receptors on the target

cell membrane, S protein splits into S1 and S2 frag-
ments, and the viral membrane fuses with the cell
plasma membrane or the viral particles are endocyto-
sed [2–4]. SARS-CoV-2 mRNA then gets inside the
cell. The canonical receptor for SARS-CoV-2 is angio-
tensin-converting enzyme 2 (ACE2) paired with the
membrane protease TRMPSS2 [2]. The mechanism of
cell invasion by ACE2 and TRMPSS2 was previously
discovered for the SARS-CoV virus. An analysis of the
pathogenesis of the new coronavirus infection revealed
a paradoxical situation: SARS-CoV-2 lesions of cells
and organs in many cases did not correlate with ACE2
expression in them [5]. This stimulated the search for
SARS-CoV-2-specific receptor and accessory pro-
teins. Studies over the past three years have confirmed
the involvement of SARS-CoV target proteins in
SARS-CoV-2 cell infection, but also discovered new
receptors that account for the higher prevalence of
COVID-19 (Fig. 1). This review briefly characterizes
the targets of SARS-CoV coronavirus on the cell sur-
face and the membrane proteases that activate the
S protein. Their role in infecting different tissues and
cells of the body is brief ly discussed.

PRIMING OF CORONAVIRUS SPIKE PROTEIN 
AND ENTRY OF SARS-CoV-2 INTO CELLS

S protein belongs to the class I viral fusion proteins,
which are characterized by a trimeric structure [6, 7].
The monomer mass is 180–200 kDa, and a large num-
ber of polysaccharides are attached to the protein [8].
The structure of S protein monomer is shown in Fig. 2.
The peptide chain of SARS-CoV-2 is formed by
1273 amino acid residues (a.a.) and includes a signal
peptide (a.a. 1–13) located at the N-end and frag-
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Fig. 1. Receptors and co-receptors involved in cell infection with the SARS-CoV-2 coronavirus: angiotensin-converting
enzyme 2 (ACE2), neuropilin-1 (NRP-1), CD147 or basigin, CD209L or L-SIGN, asialoglycoprotein receptor 1 (ASGR1),
KREMEN1 (kringle containing transmembrane protein 1) protein, heparan sulfate proteoglycans (HSPG) syndecan and
glypican, receptor tyrosine kinase AXL, high-density lipoprotein type 1 scavenger receptor (SR-B1), GRP78 (glucose-regu-
lated protein 78). Receptor protein domains shown are GD (globular domain), ND (neck domain), MAM (meprin, A-5 pro-
tein, receptor protein-tyrosine phosphatase μ), immunoglobulin domains (D1 and D2), CRD (carbohydrate recognition
domain), KD (kringle domain), WSC (cell wall integrity and stress response component), CUB (complement C1r/C1s, Uegf,
Bmp1), Ig-like (immunoglobulin-like domain), FNIII (fibronectin type III domain), kinase (tyrosine kinase), glycosyl resi-
dues on molecule CD147 and heparan sulfates of syndecans and glypicans. 
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Fig. 2. Structure of the S protein of the SARS-CoV-2 coronavirus. NTD (N-terminal domain), RBD (receptor binding domain),
CTD (C-terminal domain), FP (fusion peptide), TM (transmembrane domain), HR1 and HR2 (heptapeptide repeats 1 and 2),
CTPL (cathepsin L), TMPRSS2 (transmembrane protease, serine 2). Arrows indicate the sites of S protein proteolysis. 

TMPRSS2

RBD CTD

CTSL CTSL

NTD HR1FP HR2TM

S1 S2

259 636 686

Furin
ments S1 (14–685 a.a.) and S2 (686–1273 a.a.). The
S1 sequence has an N-terminal domain (14–305 a.a.)
and a receptor binding domain (RBD, 319–541 a.a.)
that interacts directly with ACE2. RBD can rotate as if
on a hinge, moving from down to an up conformation
and back, hiding or exposing the receptor binding
motif (RBM), which binds to the receptor protein
ACE2 [9]. On the surface of SARS-CoV-2 virion, the
RBD of S protein spontaneously acquires any of the two
conformations, and their ratio may vary [10]. Further,
after the RBD domain, there is the C- terminal domain
and a site connecting S1 and S2. The S2 fragment con-
sists of the fusion peptide (FP) (788–806 a.a.), hepta-
peptide repeats HR1 (912–984 a.a.) and HR2 (1163–
1213 a.a.), the transmembrane TM domain, and the
cytoplasmic domain (1237–1273 a.a.) [8].

For the contents of the SARS-CoV-2 virus particle
to enter the cell cytoplasm, activation of the S protein,
the so-called priming, is required. Proteolytic cleavage
results in the formation of subunits S1 and S2 [11]. The
S1 subunit is responsible for binding to ACE2, while
the S2 subunit is responsible for fusion with the cell
membrane. After priming, the RBD domain acquires
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
an open conformation (“up” position), at which it is
able to bind the receptor [3]. The spatial limiting effect
of S1 on S2 is also eliminated. The available data suggest
that the priming process proceeds as follows (Fig. 3):
the membrane preprotein convertase furin cleaves
protein S into S1- and S2-fragments to the right of the
site containing basic amino acids R-X-(K/R)-R↓ (pro-
teolysis site Q677TNSPRAR-SV687, designated S1/S2).
Furin is expressed ubiquitously in the cells of the body.
The presence of a site accessible for proteolytic cleav-
age by furin is considered a major virulence factor of
highly pathogenic strains of viruses such as HIV, respi-
ratory syncytial virus, and measles virus. SARS-CoV-2
has this site, but it is absent in SARS-CoV [12]. This site
appeared as a result of the insertion of a PRRA fragment
into the polypeptide chain of the coronavirus [11].
S protein is further cleaved by TMPRSS2 protease at
the S2' site (DPSKPSKR↓SFIED) at the N-terminus
of the S2 subunit after furin acts on the S protein [11,
13]. TMPRSS2 cleaves S proteins of both SARS-CoV
and SARS-CoV-2. TMPRSS2 has been shown to
colocalize with ACE2 [14]. Interestingly, TMPRSS2
EMBRANE AND CELL BIOLOGY  Vol. 17  No. 1  2023
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Fig. 3. Priming of S protein of SARS-CoV-2 coronavirus and fusion of viral and cell membranes. HR1 and HR2 are heptapeptide
repeats 1 and 2. 
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also cleaves the peptide chain of ACE2 and thereby
leads to the separation of ACE2 from the membrane.

As a result of proteolysis, the N-terminal hydro-
phobic peptide FP (fusion peptide) of the S2 subunit
unmasks at the S2' site. The FP attaches to the mem-
brane of the infected cell, then the alpha-helical sites
of HR1 and HR2 gluing occurs, the S2 subunit con-
tracts and thus pulls the viral particle to the cell sur-
face; the plasma membrane of the cell fuses with the
membrane of the virus, contact is formed between the
inner contents of the viral particle and the cytoplasm,
and the RNA of the virus enters the cell (Fig. 3). Due
to the trimeric structure, three S2 subunits are
involved simultaneously in “pulling” the virus into the
cell. A bundle of six alpha-helices is formed. The
attachment of the virus to the cell probably involves
not one but several S protein molecules of different
coronavirus spikes.

S protein of SARS-CoV-2 can be cleaved into S1
and S2 subunits by the protease cathepsin L [15]. Zhao
et al. [16] identified conserved sites for proteolysis of S
protein by cathepsin L at positions 259 and 636 (Fig. 2)
present in all variants of SARS-CoV-2 (including
Omicron variant) and showed that proteolysis at these
sites promotes transition of RBD to the activated con-
formation (up position), at which it attaches to ACE2
and infects cells. The SARS-CoV-2 pseudoviral con-
struct was used in cell infection experiments. Accord-
ing to [17], priming of S protein by cathepsin L occurs
after endocytosis of viral particles in contrast to activa-
tion of S protein by TMPRSS2 protease when viral
and plasma membrane fusion occurs. SARS-CoV-2 is
endocytosed via a clathrin-dependent mechanism [4].
It is extremely important in terms of possible treat-
ment of COVID-19 that simultaneous exposure to the
inhibitors of serine and cysteine proteases TMPRSS2
(camostat mesylate or naphamostat mesylate) and to
the inhibitors of cathepsin L (hydroxychloroquine),
which are on the list of known drugs, can synergisti-
cally suppress cell infection by SARS-CoV-2 by block-
ing both virion transport routes into cells [17]. Using
genomic-guided gene set enrichment analysis (GSEA),
estradiol and retinoic acid have also been identified as
possible pharmacotherapies capable of inhibiting
TMPRSS2 and cathepsin L activity and thereby reduc-
ing SARS-CoV-2 transport into cells [18]. Similarly, a
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
network analysis of drug repurposing revealed that
cyclosporine A, estradiol, and calcitriol can also be
considered as potential drugs to inhibit both pathways
of cell infection by coronavirus [19].

SARS-CoV-2 particles enter cells in two ways: as a
result of endocytosis or fusion of the viral membrane
with the cell plasma membrane and the release of viral
mRNA into the cytoplasm [20]. The question of the
role of each of these virion transport mechanisms has
not yet been clearly answered. There is evidence that in
case of SARS-CoV, infection of lung cells through
membrane fusion is 2–3 orders of magnitude more effi-
cient than through the endocytic pathway due to prior
activation of S protein by extracellular proteases trypsin
and thermolysin [21]. The transport of SARS-CoV-2
into cells depends on the expression of proteases on the
plasma membrane [17].

ANGIOTENSIN CONVERTING 
ENZYME 2 (ACE2)

The role of ACE2 as a receptor for coronavirus
S protein was originally shown for SARS-CoV [22, 23]
and later also for SARS-CoV-2 [2, 24, 25]. The RBD
domain of S1 subunit binds to the N-terminal pepti-
dase domain of ACE2 [26]. ACE2 was discovered in
2000, its transcripts were found in the heart, kidneys,
and testes, and histochemical analysis showed expres-
sion in the endothelium of coronary and renal vessels
and in the tubular epithelium of the kidneys [27, 28].
According to the human protein atlas, ACE2 is
expressed in the highest amounts in the intestine, kid-
neys, and testes and in lower concentrations, in the
lungs and heart [29]. In the vascular system, the high-
est expression of ACE2 has been detected in the endo-
thelium of lung microvessels and the lowest, in the
endothelium of lymphatic vessels [30]. Although
SARS-CoV-2 infection mainly manifests as symptoms
of respiratory system lesions, sequencing of mRNA of
individual cells shows low ACE2 expression in lung
and bronchial tissues and, in contrast, high expression
levels in cells of kidneys and digestive system [5, 31].
This suggests that in addition to ACE2, there are other
SARS-CoV-2 targets in cells through which infection
occurs. This view is also supported by data on the
presence of neutralizing antibodies that bind to
EMBRANE AND CELL BIOLOGY  Vol. 17  No. 1  2023



4 AVDONIN et al.
SARS-CoV-2 at a site or sites other than the RBD
domain in COVID-19 survivors [32, 33].

NEUROPILIN
The membrane protein neuropilin-1 (NRP1) was

found to be involved in coronavirus entry into cells. It
functions as a co-receptor (host factor) of ACE2 in
SARS-CoV-2 infection [34]. NRP1 is a glycoprotein
with a molecular weight of about 130 kDa that per-
forms multiple functions in the nervous system and
other organs and tissues. It was discovered as a factor
necessary for formation and directed growth of nerve
fiber bundles [35]. This is due to the binding to NRP1
of class 3 semaphorins, which are neuronal chemore-
pellants [36]. In addition, the role of NRP1 in cell
adhesion through heterophilic molecular interaction
has been established [37]. In endothelial cells, NRP1
acts as a receptor for vascular endothelial growth factor
VEGF165, but not VEGF121, and regulates angiogen-
esis [38]. The extracellular part of NRP1 (Fig. 1) con-
tains domains present in a number of proteins but
forming a combination not typical of other membrane
receptors [37]. In particular, a1/a2 have common
sequences with complement components C1r and
C1s, b1/b2-like domains are present in blood clotting
factors V and VIII, domain MAM (Meprin, A-5 pro-
tein, receptor protein-tyrosine phosphatase µ) is con-
tained in the metalloendopeptidases meprins and
receptor protein-tyrosine phosphatase. Semaphorins
have been shown to bind to the a1/a2 and b1/b2
domains, VEGF165 binds to b1/b2, and they also
ensure cell adhesion [37].

Binding of VEGF165 and semaphorins 3 to the
b1 domain is performed via pentabasic sequence
Arg/Lys-X-X-Arg/Lys (C-end Rule motif – CendR)
present in these proteins at the C-end. The viral parti-
cle of SARS-CoV-2 was found to attach to NRP1 at
the same site [34]. In the case of SARS-CoV-2, furin
cleaves S protein into S1 and S2 proteins, so that the
Arg-Arg-Ala-Arg (RRAR) sequence is exposed at the
C end of S1 protein to interact with NRP1. Binding to
NRP1 facilitates the entry of viral particles into cells.
This apparently occurs because of stabilization of the
C-end terminus (residues 640–685) of the S1 mole-
cule, which facilitates the release of the N-terminal
fragment (686–700 a.a.) of the S2 subunit and subunit
separation [39].

NRP1 initiates SARS-CoV-2 infection of olfactory
epithelial cells despite the low level of ACE2 expres-
sion in these cells [40]. Experiments on rhesus
macaques have shown that infection of the central
nervous system (CNS) with SARS-CoV-2 involves a
positive feedback mechanism: expression of NRP1
increases in the cerebral cortex, enhancing the immune
response with release of inflammatory factors and the
development of viral encephalitis [41]. In the Omicron
variant, mutations that occurred next to the CendR
motif in S1 made the binding of S1 to NRP1 more
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
energetically advantageous [42]. This may account for
an enhanced infectivity of Omicron. NRP1 is consid-
ered as a target for low-molecular weight anticoagulants
acting on the CendR binding site of S1 protein [43].

CD147 (BASIGIN)

The transmembrane glycoprotein basigin (basic
immunoglobulin; other names are CD147 and EMM-
PRIN, extracellular matrix metalloproteinase inducer)
belongs to the immunoglobulin superfamily. It is rep-
resented by two isoforms that differ in the number of
immunoglobulin domains in the extracellular part of
the polypeptide chain. Basigin-1 has three domains;
it is localized in the retina and serves as a receptor for
the retinal rod trophic protein (RdCVF) secreted by
cones [44]. The more common isoform, basigin-2,
which is actually called basigin, or CD147, has two
immunoglobulin domains [45]. CD147 acts as a recep-
tor for cyclophilins, the S100A9 protein, and platelet
glycoprotein VI. The immunoglobulin domains have
glycosylated sites that bind CD147 to lectins such as
E-selectin and galectin [45, 46].

CD147 (basigin) is known as a protein that ensures
the entry of malaria plasmodium into erythrocytes
[47]. In addition, it acts as a receptor protein when
cells are infected with human immunodeficiency virus
type 1, hepatitis C and B viruses, Kaposi sarcoma-
associated herpes virus, and SARS-CoV virus [48].
When cells become infected with HIV-1, it is due to
the formation of a triple complex of the virus with
cyclophilin A and CD147 [46].

There are studies indicating the participation of
CD147 (basigin) in cellular reception of SARS-CoV-2.
In the work of a large team of Chinese researchers [49]
it was shown that the antibody against CD147 (basi-
gin) meplazumab suppresses coronavirus amplifica-
tion in cell lines Vero E6 and BEAS-2B. Viсe versa,
expression of CD147 in BHK-21 cells resistant to
SARS-CoV-2 promoted entry of the virus into these
cells. Meplazumab suppressed infection of Vero E6
cells with the initial Wuhan variant of SARS-CoV-2
and its subsequent variants alpha, beta, gamma, and
delta [50]. siRNA induced suppression of CD147
expression in CaLu3 cells (human epithelial cells from
HTB-55™ lung adenocarcinoma) 2–3-fold reduced
infection, as determined by SARS-CoV-2 mRNA
synthesis [48]. Xu et al. [51] used pseudotyped
SARS-CoV-2 virus grown in cells with serum-free
medium and showed that it can infect A549 cells with
low hACE2 levels with participation of CD147. In
addition, mice hCD147KI-NSG, in which human
CD147 was expressed, were more susceptible to infec-
tion with the coronavirus compared with wild-type
WT-NSG littermates [52]. CD147 is classified as an
oncomarker, which suggests that it may be an addi-
tional important target in the treatment of COVID-19
in cancer patients [53].
EMBRANE AND CELL BIOLOGY  Vol. 17  No. 1  2023
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Despite strong evidence of an important role for
CD147 in new coronavirus infection, it remains unclear
how viral particles interact with CD147. Thus, the stud-
ies of Shilts et al. [54] did not reveal direct binding of
recombinant peptide S1 and full trimeric S protein
SARS-CoV-2 to CD147. In the experiments described
in [55], no effect of polyclonal antibodies against
CD147 on infection of Vero E6 cells with coronavirus
was found. These researchers also found no direct inter-
action of the S protein and RBD-domain with CD147.
It is possible that additional proteins are involved in
the interaction between CD147 and viral particles.
Thus, cyclophilin A is involved in the infection of cells
with SARS-CoV, as in the case of HIV. Cyclophilin A is
expressed in the cytoplasm and is also secreted into the
extracellular environment. However, Fenizia et al. [48]
showed that in contrast to SARS-CoV, CD147 com-
plex with cyclophilin A is not involved in cell infection
with SARS-CoV-2 coronavirus. According to these
authors, suppression of CD147 expression by siRNA
leads to a decrease in ACE2 levels, and this is consid-
ered as one of the possible mechanisms of CD147-
mediated effect of SARS-CoV-2. In Vero E6 and
Huh-7 cells infected with SARS-CoV-2 pseudo virus,
S protein colocalizes with CD147 and Rab5a, suggest-
ing CD147-mediated endocytosis of viral particles
[56]. CD147-mediated endocytosis of SARS-CoV-2
occurs via an Arf6-dependent mechanism.

HEPARAN SULFATE

Heparan sulfate (HS) is a linear polysaccharide
whose structural unit is sulfated D-glucuronic or
L-iduronic acid coupled to N-acetylglucosamine. HS
is attached to the core protein and forms heparan sul-
fate proteoglycans expressed on the surface of almost
all mammalian cells and in the extracellular matrix.
There are two types of membrane heparan sulfate pro-
teoglycans, syndicans and glypicans [57]. Syndicans are
bound to the membrane by a transmembrane C-end
fragment, whereas glypicans are covalently attached to
the phospholipid glycosylphosphatidylinositol (Fig. 1).
HS acts as an ACE2 coreceptor in the binding of
SARS-CoV-2 viral particles to the cell membrane.
Clausen et al. [58] showed that HS binds to S protein
in the RBD domain located near the ACE2 binding
site. According to the molecular docking data, a triple
complex is formed, with heparan sulfate promoting
the unfolding of the ACE2 binding site. Sulfated poly-
saccharides competitively inhibit binding of S protein
to heparan sulfate. Heparin and enoxaparin (low
molecular weight heparin, mol. mass about 4500 Da)
have been shown to suppress entry of pseudotyped
SARS-CoV-2 virus into HEK293T cells with IC50 of
5.99 and 1.77 μg/L, respectively [59].
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
CD209L (L-SIGN) and CD209/DC-SIGN
CD209L glycoproteins, also referred to as L-SIGN

(Liver/Lymph node-Specific ICAM-3 Grabbing Non-
integrin) and CD209/DC-SIGN (Dendritic Cell-Spe-
cific Intrcellular Adhesion molecules (ICAM)-3
Grabbing Non-integrin), are C-type lectins. They
directly recognize a wide range of microorganisms –
HIV-1, Ebola, hepatitis C viruses, Mycobacterium
tuberculosis, the parasitic microorganism Leishmania
pifanoi, and several others (see review [60]). The role
of CD209L and CD209 in cellular infection by coro-
naviruses was initially established for SARS-CoV [61]
and subsequently confirmed for SARS-CoV-2 [62,
63]. CD209L and CD209 act as ACE2 co-receptors in
S protein binding. Thepaut et al. [64] showed that lectin
CD209L by itself does not induce infection of Vero E6
cells that do not express ACE2 but promotes virus
transfer into ACE2+ Vero E6 cells after virus capture.
CD209L acts as an ACE2 co-receptor, forming a het-
erodimer with it [63]. The same authors showed that
SARS-CoV-2 can infect human vascular endothelial
cells (ECs), with CD209L knockdown or addition of
soluble CD209L reducing infection. The contribution
of CD209L is particularly pronounced in cells in
which the level of ACE2 expression is low and
CD209L expression, in contrast, is high. This refers to
human liver sinus ECs and lymph node endothelial
cells [30, 65]. By confocal microscopy, viral particles
were detected in the liver sinus ECs in autopsy mate-
rial from COVID patients [65]. The liver sinus ECs are
the main sources of Willebrand factor (vWF) and clot-
ting factor VIII (FVIII). Infection of these ECs with
coronavirus seems to be one of the causes of increased
blood clotting and thrombosis during coronavirus
infection. In myeloid cells, SARS-CoV-2 enhances
proinflammatory responses through CD209 and other
C-type lectins—secretion of interleukins 1b and 8,
cytokines CCL2/3, and chemokine CXLC10 [66].
The specific antagonists of CD209L, PolyMan26 and
other mannoside glycomimetics, inhibit S protein
binding and cell infection [67]. There is evidence of
involvement of CD209L and other C-type lectins in
SARS-CoV-2-induced activation of proinf lamma-
tory cytokine and chemokine secretion by myeloid
cells [66].

GRP78 (GLUCOSE-REGULATED PROTEIN 78)
GRP78 (Glucose-Regulated Protein 78) is a heat

shock protein, a chaperone that in normal cells per-
forms protein refolding in the endoplasmic reticulum
or directs unfolded proteins to cellular degradation
systems [68]. Endoplasmic reticulum stress results in
overexpression and translocation of GRP78 to the cell
membrane [69], where it also handles a large number
of unfolded proteins. However, GRP78, exposed on
the plasma membrane, in addition to its restorative
work on protein refolding, promotes the entry of
pathogens, such as viruses, bacteria, and fungi, into
EMBRANE AND CELL BIOLOGY  Vol. 17  No. 1  2023
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the cell. Hyperexpression of GRP78 is observed on the
membranes of various cancer cells, which increases
the aggressiveness of cancer. Molecular docking
revealed a putative interaction between GRP78 and
the receptor-binding domain (RBD) of S protein of
SARS-CoV-2 [70]. GRP78 can form a complex with
S protein and ACE2 on the surface and in the perinu-
clear region characteristic of the endoplasmic reticu-
lum in VeroE6-ACE2 cells; the substrate-binding
domain of GRP78 was shown to be crucial for this
interaction [71]. To investigate the role of GRP78, the
authors of the cited work performed a GRP78 knock-
down in VeroE6-ACE2 cells. Loss of GRP78 mark-
edly reduced ACE2 expression on the cell surface. It
was concluded that GRP78 is an accessory factor for
SARS-CoV-2 entry into cells [71].

RECEPTOR TYROSINE KINASE AXL
According to Wang et al. [5], the receptor tyrosine

kinase AXL specifically interacts with the N-terminal
domain of the S1 subunit of S protein of the coronavi-
rus SARS-CoV-2. Overexpression of AXL in HEK-
293T cells promoted SARS-CoV-2 entry as efficiently
as overexpression of ACE2. In H1299 lung cells and
primary human lung epithelial cells, where ACE2 lev-
els are low and AXL levels are high, knockout of the
latter significantly reduced SARS-CoV-2 infection.
The soluble human recombinant tyrosine kinase AXL
blocked SARS-CoV-2 infection in cells expressing
high levels of AXL. The authors of this article showed
that AXL expression levels correlated well with the
SARS-CoV-2 S protein levels in bronchoalveolar
lavage f luid cells from patients with COVID-19. Based
on these data, it was concluded that AXL is a novel
receptor for SARS-CoV-2, which may play an import-
ant role in the spread of coronavirus infection of the
human respiratory system. The ligand of AXL is the
GAS6 protein, which serves as a bridge connecting the
phosphatidylserine of the viral membrane to AXL [72].
A number of viruses, in particular Dengue, West Nile,
and Ebola, infect cells in this way. In [5], the authors
based on their own data, suggest that in the case of
SARS-CoV-2, an alternative mechanism is involved.

ASGR1 and KREMEN1
Two new receptors that specifically bind S protein

of SARS-CoV-2 have recently been identified [73].
These proteins are ASGR1 (asialoglycoprotein recep-
tor-1) and KREMEN1 (Kringle Containing Transmem-
brane Protein 1). To identify receptors, 5054 human
membrane proteins (91.6% of the total number of
putative membrane proteins) were tested for their abil-
ity to bind S protein. Each of these proteins was indi-
vidually expressed in HEK293E cells with ACE2
knockout, and the binding of the extracellular S pro-
tein fragment of SARS-CoV-2, SARS-CoV, and
MERS viruses to these cells was determined. This
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
screening identified 12 proteins capable of specifically
binding the S protein of SARS-CoV-2 with high affin-
ity (Kdis < 525 nM); among these proteins were the
already known receptors ACE2 and CD209L (L-SIGN).
The dissociation constants Kdis of the SARS-CoV-2 S
protein for ASGR1 and KREMEN1 were 94.8 and
19.3 nM respectively, which is comparable to the Kdis
for ACE2 (12.4 nM). The authors showed that
KREMEN1 binds to the RBD, NTD, and S2 domains
of the extracellular portion of the S protein with the
highest affinity for RBD, while ASGR1 binds efficiently
to the RBD domain and with lower affinity, to the NTD
domain. The S proteins of SARS-CoV and MERS
viruses did not bind to ASGR1 and KREMEN1.

It was further investigated, the expression of which
proteins among the identified receptors of the extra-
cellular S protein fragment of the coronavirus made
cells not expressing ACE2 susceptible to infection with
SARS-CoV-2 virus. It appeared that ACE2-indepen-
dent infection occurs only with ASGR1 and
KREMEN1. This result does not contradict previous
findings that CD209L (L-SIGN) is involved in coro-
navirus transport into cells together with ACE2 [64]. It
is possible that other S protein binding membrane pro-
teins from the list given in [73], including other C-type
lectin related to CD209L, CD207, also function as
coronavirus receptors in conjunction with ACE2.
Although ASGR1 and KREMEN1 can function as
independent transporters of SARS-CoV-2, their co-
expression with ACE2 synergistically increased the
ability of SARS-CoV-2 to infect cells [73].

The structures of ASGR1 and KREMEN1 are
schematically represented in Fig. 1. There are three
domains in the extracellular part of KREMEN1: Krm
(Kringle domain), WSC, and CUB [74]. The CUB
domain in KREMEN1 plays the main role in S pro-
tein binding. In ASGR1 binding occurs to the C-type
lectin domain. KREMEN1 in the organism functions
as a high-affinity receptor of DKK1, an antagonist of
Wnt-signaling pathway [74, 75] and, in addition, is a
carrier/transporter of some enteroviruses into cells [76].
ASGR1 is expressed predominantly in hepatocytes and
regulates glycoprotein concentration in blood plasma by
endocytosis of desialated glycoproteins [77]. ASGR1 is
known to act as a receptor for hepatitis C virus [78].

SCAVENGER RECEPTOR CLASS B TYPE 1, 
HIGH-DENSITY LIPOPROTEIN RECEPTOR

The work of Wei et al. [79] showed that the high-
density lipoprotein (HDL) scavenger receptor B type 1
(SR-B1) promotes ACE2-dependent penetration of
SARS-CoV-2 into cells. SR-B1 facilitates SARS-CoV-2
entry into cells by enhancing virus attachment to the
membrane. The authors show that the S protein is able
to bind cholesterol and HDL, which possibly enables
coronavirus attachment to SR-B1 receptors.
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Another known pathogenetic role of SR-B1 is that
it carries hepatitis C and Dengue viruses into hepato-
cytes. [80]. SR-B1 is mostly expressed in the liver and
in steroidogenic cells, where it provides cholesterol
entry for the synthesis of bile acids and steroid hor-
mones, respectively [81].

NONMUSCLE MYOSIN HEAVY CHAIN IIA
Nonmuscle myosin heavy chain IIA (NTG-IIA) has

been identified as another protein contributing to the
infection of human lung cells by SARS-CoV-2 corona-
virus [82]. The NTG domain of the S1 subunit and the
S2 subunit have been shown to interact directly with the
C-end domain of the heavy chain. Genetic deletion of
NTCM IIA significantly reduced SARS-CoV-2
pseudovirus infection in wild-type (WT) A549 and
Calu-3 cells, while overexpression of NTCM IIA
enhanced it.

CONCLUSIONS
Intensive studies of SARS-CoV-2 coronavirus has

shown that its mechanisms of action on human cells
are more diverse and complex than originally imag-
ined. Data have been obtained on the presence in cells
of additional receptors for the S-protein in addition to
ACE2, the concept of proteolytic priming of the coro-
navirus has been expanded, and new information has
appeared on its effect on cell signaling systems. The
study of these issues is of crucial importance since the
course of new coronavirus infection in people of dif-
ferent ages, particularly in adults and children, and in
people with different comorbidities exhibits essential
features which may be due to the nature of expression
and activity of certain SARS-CoV-2 coronavirus
receptors and accessory proteins involved in cell infec-
tion. The study of molecular mechanisms of virus–cell
interactions should also contribute to understanding
why the existing and new emerging strains of corona-
virus may differ in cell and organ specificity and in the
severity of their impact on the human body.
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