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Abstract
The severe acute respiratory syndrome-related coronavirus-2 (SARS-CoV-2) infection displays a wide array of clinical 
manifestations. Although some risk factors for coronavirus disease 2019 (COVID-19) severity and outcomes have been 
identified the underlying biologic mechanisms are still not well understood. The surface SARS-CoV-2 proteins are heavily 
glycosylated enabling host cell interaction and viral entry. Angiotensin-converting enzyme 2 (ACE2) has been identified to 
be the main host cell receptor enabling SARS-CoV-2 cell entry after interaction with its S glycoprotein. However, recent 
studies report SARS-CoV-2 S glycoprotein interaction with other cell receptors, mainly C-type lectins which recognize 
specific glycan epitopes facilitating SARS-CoV-2 entry to susceptible cells. Here, we are summarizing the main findings on 
SARS-CoV-2 interactions with ACE2 and other cell membrane surface receptors and soluble lectins involved in the viral 
cell entry modulating its infectivity and potentially playing a role in subsequent clinical manifestations of COVID-19.
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Introduction

The severe acute respiratory syndrome-related coronavirus-2 
(SARS-CoV-2) has caused a pandemic in 2019 and became 
one of the major threats to human health around the world 
[1, 2]. SARS-CoV-2 is an enveloped virus, and its genome 
consists of a positive-sense single-stranded RNA, which 
encodes four structural proteins, the spike (S) glycoprotein, 
the membrane (M) protein, the envelope (E) protein, and the 
nucleocapsid (N) protein [3]. SARS-CoV-2 is the seventh 
coronavirus (CoV) known to infect humans [4].

CoVs interact with the host cell membrane through a 
homotrimeric S glycoprotein extending from their viral 
envelope. Proteolytic activation of SARS-CoV-2 S glyco-
protein by furin cleavage at S1/S2 site results in the gen-
eration of S1 subunit, containing receptor-binding domain 
(RBD), and S2 subunit, containing cell fusion machinery 
of SARS-CoV-2. Moreover, S1 stabilizes the S2 subunit in 

its pre-fusion conformation [5]. Interaction of RBD with 
SARS-CoV-2 cell entry receptor and proteolytic cleavage at 
S2’ site results in additional conformational changes in S2 
subunit allowing viral and host membrane fusion [6].

Each protomer of the homotrimeric S glycoprotein con-
tains 22 N-glycosylation sites and three O-glycosylation 
sites [4, 7, 8]. Such heavy glycosylation is important for 
host cell recognition, binding, and viral entry [8]. Several 
glycoproteomic studies characterized S glycoprotein gly-
cosylation, but with some contradictory results. Watanabe 
et al. showed that all 22 N-glycosylation sites are occu-
pied most of the time, predominantly with high-mannose 
or complex N-glycans with a low abundance of hybrid gly-
cans [7]. On the other hand, Shajahan et al. observed partial 
N-glycan occupancy on 17 out of 22 N-glycosylation sites 
exclusively with high-mannose and complex-type glycans 
and found no hybrid type N-glycans [9]. Recent in-depth 
N-glycan and O-glycopeptide analysis of S glycoprotein 
mainly detected oligomannose and complex-type glycans 
with relative abundances of individual glycans differing 
between full-length recombinant S glycoprotein, S1 and S2 
domains. Oligomanose N-glycans were mainly detected in 
the full-length S glycoprotein, while most complex glycans 
were core fucosylated and a large portion was neutral with 
N-acetylglucosamine (GlcNAc) or N-acetyllactosamine 
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(LacNAc) as terminal monomers [10]. Differences between 
these data indicate the complexity of glycoproteomic anal-
ysis and more importantly shed light on the importance 
of the origin of S glycoprotein (e.g. expression system, 
culture conditions) on its final glycosylation status and 
consequently structure and function.

S glycoprotein is glycosylated by hijacking the host glyco-
sylation mechanisms after SARS-CoV-2 replication result-
ing in a glycosylation pattern that has a signature of the 
host cells. By using host glycosylation machinery, viruses 
incorporate „self “glycans in their structure enabling them 
to evade the host immune response and potentially influence 
binding to other cell receptors to increase infectivity. On the 
other hand, clusters of glycans, e.g. high-mannose glycans 
on HIV-1 gp120, present glycoepitopes serving as immune 
system targets [11, 12].

Moreover, the binding of SARS-CoV-2 to host cell recep-
tor angiotensin-converting enzyme 2 (ACE2) is facilitated 
by the interaction of glycosaminoglycan heparan sulfate of 
cellular glycocalyx with the RBD of SARS-CoV-2 S glyco-
protein, in a way to shift the spike structure to an open con-
formation [13]. Also, Awasthi et al. found that S glycopro-
tein from SARS-CoV-2 has a sialic acid-binding pocket at 
its N-terminus, indicating that sialic acid-containing carbo-
hydrates play a role in SARS-CoV-2 host cell binding [14].

Although ACE2 is broadly expressed in different mam-
malian tissues [15, 16] and has been recognized as the main 
host cell receptor for SARS-CoV-2 cell entry [17–19], some 
studies have reported low expression of ACE2 in the respira-
tory system [15, 20, 21] indicating that S glycoprotein could 
interact with other receptors to enter the host cells causing 
systemic infection [10, 22]. Recent NMR studies showed that 
N-glycans of the RBD at glycosylation sites N331 and N343 
bind to macrophage galactose lectin (MGL), human lectins 
galectin-3, -7 and -8, sialic acid-binding immunoglobulin-
type lectin (Siglec)-10 and dendritic cell-specific intercellu-
lar adhesion molecule-3-grabbing non-integrin (DC-SIGN) 
[23]. These lectins recognize specific epitopes in complex-
type glycans, indicating that additional mechanisms could be 
involved in tropism and SARS-CoV-2 binding to host cells 
analogous to SARS-CoV-1 [24].

In this review, we will summarize the main findings on 
SARS-CoV-2 interactions with ACE2 and other cell recep-
tors, primarily lectins which bind to specific glycan epitopes 
on SARS-CoV-2 potentially enabling its cell entry and sub-
sequent infection.

Angiotensin‑converting enzyme 2

ACE2 is a zinc-containing carboxypeptidase in the renin-
angiotensin system that converts angiotensin I to angioten-
sin II regulating heart function, mainly by maintaining fluid 

and electrolyte homeostasis and blood pressure [19]. Several 
research studies have shown that SARS-CoV-2 entries a host 
cell via binding of RBD of its S glycoprotein to a human 
receptor ACE2 (hACE2) [6] by electrostatic interactions 
[25]. The affinity of SARS-CoV-2 to hACE2 was shown to 
be 10–20 times higher compared to SARS-CoV-1 affinity to 
the same receptor [26], while other studies have shown small 
differences in affinity for hACE2 between these two viruses 
[27] and shown different transmission rates [28]. Several 
studies have reported structures of SARS-CoV-2 RBD and 
ACE2 complex revealing their detailed interactions [29–32]. 
It was shown that 17 amino acids in the extended loop of 
RBD, referred to as the receptor-binding motif (RBM), are 
in a network of hydrophilic interactions with 20 amino acids 
in ACE2. Additionally, Lys417 (Val404 in SARS-CoV-1) 
in the core subdomain of SARS-CoV-2 RBD, outside the 
RBM, forms strong ionic interactions with Asp30 of ACE2 
[31, 33, 34].

Glycans of both S glycoprotein and hACE2 affect their 
interactions and this binding occurs by S glycoprotein tran-
siently sampling the hACE2 functional conformation. It 
was demonstrated by molecular dynamic simulations that 
S glycoprotein N-glycans at sites N165 and N234 directly 
modulate the interaction with ACE2 by stabilization of RBD 
conformation [8, 35]. After binding of N-terminal part of S1 
domain to ACE2, receptor transmembrane protease serine 2 
(TMPSRR2) cleaves SARS-CoV-2 S glycoprotein between 
domains S1 and S2. Conformational changes of the S2 
domain after the S1 detachment enable fusion of viral and 
host cell membrane [19].

It was suggested that one of the mechanisms for SARS-
CoV-2 high transmission rates is its binding to receptors 
other than hACE2, mainly human lectins. Previous studies 
have shown that eight glycosylation sites of SARS-CoV-1 
interact with receptors DC-SIGN and liver/lymph node-
specific intercellular adhesion molecule-3-grabbing non-
integrin (L-SIGN), of which six of them are conserved in 
SARS-CoV-2 implicating they might be involved in simi-
lar interactions [10, 24, 36]. Moreover, hACE2 expression 
in lung and upper airway, thymus, spleen, pancreas, liver, 
ileum, and colon was shown to be generally low and is mainly 
restricted to epithelial cells of severe COVID-19 cases. On 
the other hand, mannose receptor (MR) and MGL were 
expressed at a higher level, especially in lung and upper air-
way cells, and mostly restricted to macrophages and dendritic 
cells (DCs), which also produce DC-SIGN but to a lower 
extent. L-SIGN is mostly expressed in epithelial alveolar 
cells, lymphatic tissues in the ileum, endothelial cells in the 
pancreas and liver, and at lower levels in immune cells [10, 
22]. Expression levels of MGL and DC-SIGN were increased 
in severe COVID-19 patients with an elevated amount of 
proinflammatory monocyte-derived macrophages and inflam-
matory cytokines and chemokines (including IL-6, IL-1B, 

612 Glycoconjugate Journal (2021) 38:611–623



1 3

TNF, CXCL10, CXCL8, CCL2, and CCL3) [10]. Moreo-
ver, genetic variants in mannose-binding lectin (MBL) were 
associated with COVID-19 severity [37]. Low expression of 
ACE2 in bronchoalveolar and other innate immune cells, and 
higher expression of C-type lectins (CTLs) indicate that MR, 
MGL, and DC-SIGN might act as alternative receptors and 
entry routes for SARS-CoV-2 [10].

In addition to CTLs, other receptors like toll-like recep-
tors (TLR), neuropilin-1 (NRP1), and the non-immune 
receptor glucose-regulated protein 78 (GRP78) have been 
reported to interact with SARS-CoV-2 [38].

C‑type lectin receptors

C-type lectin receptors (CLRs) are found on antigen-presenting  
cells (APCs), mainly DCs and macrophages, which are 
widely present in lung tissue and respiratory mucosa. CLRs 
are involved in the detection of carbohydrate molecular 
patterns found on pathogens, and consequently in immune 
response [39, 40]. The expression of a wide variety of CLRs 
on different types of innate immune cells enables fine-tuning 
of immune response after carbohydrate ligand binding [41]. 
Under inflammatory conditions, monocytes that usually 
circulate in the blood, bone marrow, and spleen infiltrate 
mucosal or inflamed tissues where they differentiate into 
DCs or macrophages. While DCs are localized at mucous 
and epithelial interfaces (including nasopharyngeal and 
pulmonary mucosae), macrophages are found in the lung 
alveoli. It was postulated that CLR and APCs play a role in 
SARS-CoV-2 cell attachment and immune system activation 
[41]. Approximately one-third of SARS-CoV-2 S glycopro-
tein N-glycans are of oligomannose type [7] making them 
suitable ligands for DC-SIGN, L-SIGN, and Langerin.

Many enveloped viruses use CLRs and other molecules 
at the host cell surface as means to an end, e.g. for transfer 
to their cell entry receptors that will enable viral and host 
membranes fusion. For example, HIV uses DC-SIGN for 
DCs infection (cis-infection) and T cells infection (trans-
infection) [42]. Enhancement of SARS-CoV-1 infection has 
been associated with DC-SIGN and L-SIGN involvement 
[43–45], while L-SIGN has also been implicated to have 
a protective role in SARS-CoV-1 infection [46]. Earlier 
research has demonstrated the binding of Fc-CLR constructs 
based on MGL and DC-SIGN to a commercial SARS-CoV-2 
RBD domain [47]. Of cautionary note that Fc-CRD con-
structs might have different avidity properties compared to 
the entire CLR ectodomain, and RBD on the other hand 
contains 2 N-glycosylation sites, while 66 N-glycosylation 
sites are found on the whole S glycoprotein, potentially lead-
ing to results that would otherwise not have been found in 
the case of full-structure proteins [41].

Recent research has confirmed that CTLs DC-SIGN, 
L-SIGN, MGL, and Langerin bind glycans of the SARS-
CoV-2 S-glycoprotein via multiple interactions [41]. Interac-
tions of S glycoprotein with DC-SIGN, L-SIGN, MGL, and 
additionally MR have also been reported by another study 
[10]. It was shown that ACE2, DC-SIGN, L-SIGN, MR  
and MGL all bind SARS-CoV-2 S glycoprotein in a dose-
dependent manner, with ACE2 showing the highest affin-
ity; DC-SIGN, MR and MGL strong affinity, and L-SIGN 
moderate affinity [10]. The interaction of DC-SIGN, 
L-SIGN, MGL, and MR with SARS-CoV-2 was shown 
to be Ca2+-dependent and S glycoprotein glycosylation-
dependent [10]. Moreover, it was shown that DC-SIGN and 
L-SIGN promote SARS-CoV-2 transfer to permissive ACE2+ 
Vero E6, as well as Calu-3 cells [41]. Both expressions of 
DC-SIGN and L-SIGN are induced by proinflammatory 
cytokines, e.g. IL-4, IL-6, IL-10, and IL-13, that are over-
expressed in severe COVID-19 patients and SARS [41, 48]. 
It can be speculated that DC-SIGN binding to SARS-CoV-2 
and increased IL-10 levels in severe COVID-19 patients 
serve as an immune-inhibitory mechanism stimulated by the 
rapid accumulation of inflammatory cytokines, via a negative 
feedback loop; while on the other hand, a significant increase 
of IL-10 stimulates the production of other cytokine storm 
mediators potentially leading to hyperactivation of immune 
system exacerbating COVID-19 severity [49]. Also, glycan 
binding by MGL generally suppresses the immune response 
which is characterized by increased IL-10 production and 
induction of regulatory and effector T cells potentially pro-
moting SARS-CoV-2 infection [50, 51].

Langerin is a CLR of Langerhans’ cells, a type of DCs 
present in all stratified squamous epithelium of mammals 
[52], specific for high-mannose and sulfated glycans [53]. 
Although it binds SARS-CoV-2 S glycoprotein glycans 
(with at least one order of magnitude lower affinity than 
DC-SIGN, L-SIGN, and MGL) it doesn’t mediate trans-
infection of SARS-CoV-2 pseudovirions in a T-lymphocyte 
cell line [41]. Its role in SARS-CoV-2 infectivity remains 
inconclusive.

It was suggested by Gadanec et al. [38] that another CLR, 
C-type lectin-like receptor 2 (CLEC2), could bind SARS-
CoV-2 via its O-glycans facilitating SARS-CoV-2 capture 
and transfer between platelets since it was previously shown 
that it binds sialylated O-glycans [54]. However, no study 
has confirmed this yet.

Although recent studies didn’t find any evidence of 
SARS-CoV-2 binding to other CTL receptors like Dectin- 
1 [47] and Dectin-2 [10], their potential interaction with 
SARS-CoV-2 S glycoprotein and role in COVID-12 
remains an open question. It is known that Dectin-1 can 
associate with some TLRs resulting in receptor synergism 
and amplification of inflammatory response induced by 
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TLRs, and TLR2 has been reported to sense SARS-CoV-2 
E protein leading to murine lung inflammation [55].

Mannose‑binding lectin

The MBL binds to carbohydrates on the surface of viruses, 
bacteria, fungi, and protozoa and activates the complement 
[56, 57]. MBL gene polymorphisms have been reported 
to associate with susceptibility to SARS-CoV-1 infection 
[58] and SARS-CoV-2 infection severity [37]. A single 
N-glycosylation site on SARS-CoV-1 S glycoprotein is 
critical for interaction with MBL facilitating inhibition of 
SARS-CoV-1 cell entry [59]. Moreover, MBL can interfere 
with RBD/ACE2 interaction blocking SARS-CoV-1 attach-
ment to the receptor [60].

In the case of SARS-CoV-2, MBL was shown to bind 
to the recombinant S glycoprotein trimer from different 
sources, but not to a non-covalent trimer of S glycoprotein 
or individual S1 and S2 subunits [37]. It was indicated that 
this interaction is dependent on SARS-CoV-2 S glycoprotein 
glycosylation since GlcNAc and D-mannose, MBL ligands, 
inhibited MBL binding to the S glycoprotein. Molecular 
modeling results suggested that MBL interacted with gly-
cans on the sites N603, N709 and N1074 (with N709 on a 
different chain) or N603, N801 and N1074 bridging the S1 
and S2 subunits, possibly preventing the S1 detachment and 
inhibiting SARS-CoV-2 cell entry [37]. Moreover, MBL rec-
ognized SARS-CoV-2 variants of concern, showed antiviral 
activity as well as activated the complement lectin pathway 
[37].

The SARS-CoV-2 N protein binds to mannose-binding 
protein-associated serine protease 2 (MASP-2), the key ser-
ine protease in the MBL pathway of complement activation. 
This binding of N protein and MASP-2 results in aberrant 
complement activation and aggravated inflammatory lung 
injury [61].

These results suggest that in the early stage of SARS-
CoV-2 infection MBL may block the virus entry to the cells, 
while in the later stages of COVID-19 it may contribute to 
uncontrolled inflammation via complement activation [37]. 
Despite these studies, detailed mechanisms remain to be 
elucidated.

DC‑SIGN

DC-SIGN was characterized as a receptor for SARS-CoV-1 
S glycoprotein [44] increasing viral cell entry by DC trans-
fer to ACE2+ pneumocytes [45] and recently identified as a 
mediator of genetic risk in COVID-19 through ABO locus 
[62]. It recognizes high-mannose glycans as well as ligands 
containing fucose (some Lewis-type glycans).

Recent research has suggested that both DC-SIGN and 
L-SIGN bind to S glycoprotein via oligomannose and 
complex N-glycans [10]. This binding was specific to the 
full-length recombinant S glycoprotein and S1 domain 
usually involved in hACE2 recognition, while neither of 
these two lectins bound to the recombinant S2 domain 
involved in cell fusion [10]. In the same study, it was 
shown by N-glycan microarray analysis that core fucose 
significantly attenuates DC-SIGN and L-SIGN binding 
of GlcNAc-terminating S glycoprotein N-glycans, mak-
ing them unlikely ligands for DC-SIGN and L-SIGN [10]. 
Moreover, Lewis A/X epitope was quantified to be rela-
tively highly abundant in the full-length S glycoprotein 
and S1 domain potentially serving as a ligand of DC-SIGN 
and L-SIGN, while N,N’-diacetyllactosamine (LacdiNAc) 
epitope was most abundant in both S1 and S2 domain 
potentially serving as a ligand of MGL [10].

In kinetic studies, it was shown that the formation of 
the complex between DC-SIGN and SARS-CoV-2 S gly-
coprotein is fast with several areas interacting with DC-
SIGN, while the complex of L-SIGN and SARS-CoV-2 
S glycoprotein might be more stable [41]. After strong 
binding of recombinant SARS-CoV-2 S glycoprotein by  
DC-SIGN+ cells virus was internalized by the cells. The 
same result was obtained with L-SIGN + cells but to a 
lesser extent [10]. Binding of DC-SIGN, L-SIGN, and 
MR was confirmed for native SARS-CoV-2 S glycopro-
tein expressed by SARS-CoV-2-infected Vero E6 cells, 
while MGL didn’t bind native S glycoprotein from Vero 
E6 cells contrary to its binding to recombinant S glycopro-
tein expressed in HEK293 cells [10]. This finding supports 
the fact that glycosylation of SARS-CoV-2 S glycoprotein 
largely depends on the expression system like it was shown 
for previous studies reporting different results on SARS-
CoV-2 S glycoprotein glycosylation pattern [7–9, 27]. 
Additionally, differential glycosylation of SARS-CoV-2 
S glycoprotein can modulate its binding to different cell 
surface receptors, primarily CTLs, potentially influencing 
infectivity.

Moreover, DC-SIGN promoted efficient SARS-CoV-2 
trans-infection from monocyte-derived dendritic cells 
(MDDCs) to susceptible Vero E6 cells, the reference 
ACE2 + cell line for SARS-CoV-2 cell culture, as well as 
human lung cell line Calu-3 [41]. This SARS-CoV-2 trans-
infection of Vero E6 and Calu-3 cells mediated by DC-SIGN 
was blocked by a DC-SIGN glycomimetic antagonist—
PM26, which inhibits the interaction of the lectin receptor 
and S glycoprotein [41]. Both DC-SIGN and L-SIGN were 
shown to mediate trans-infection of SARS-CoV-2 pseudovi-
rions in a T-lymphocyte cell line. However, this was not the 
case for Langerin [41]. Raji B cell line transfected with DC-
SIGN didn’t capture SARS-CoV-2 effectively, while trans-
fection with Siglec-1 enabled SARS-CoV-2 capture [63].
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L‑SIGN

L-SIGN is expressed in endothelial cells and type II alveo-
lar cells in human lungs. Like DC-SIGN, it was character-
ized as a receptor for SARS-CoV-1 S glycoprotein [43] 
and it is highly specific for high-mannose glycans.

The role of L-SIGN has been investigated in the SARS-
CoV-1 and it was shown that L-SIGN mediates trans- but not 
cis-infection with SARS-CoV-1 [46]. This was confirmed 
by Jeffers et al. who have also shown that L-SIGN is a less 
efficient SARS-CoV-1 receptor than ACE2 [43]. Therefore, 
in addition to ACE2 and DC-SIGN, L-SIGN may be a recep-
tor facilitating the cellular entry of SARS-CoV-2.

Currently, there are two under review manuscripts that 
studied the role of L-SIGN as receptors for SARS-CoV-2 
cell entry. Gao et al. showed that L-SIGN can recognize 
SARS-CoV-2 leading to its internalization stimulating 
infectivity. In the same study, it was determined that 
ACE2 had the highest binding affinity for SARS-CoV-2, 
followed by DC-SIGN, while L-SIGN had a lower affinity 
for SARS-CoV-2 [10]. Amraei et al. showed that L-SIGN 
binds to the RBD of SARS-CoV-2 to mediate cell entry 
as well as interacts with ACE2, when both are present, 
suggesting that heterodimerization of L-SIGN and ACE2 
has a role in SARS-CoV-2 cell entry and infection [22]. 
Furthermore, soluble L-SIGN-Fc neutralized viral entry 
by 48%, while overexpression of L-SIGN in HEK293 cells 
increased SARS-CoV-2 viral replication [22].

A study published by Thépaut et al. [41] demonstrated 
that L-SIGN promoted efficient trans-infection of Vero 
E6 and Calu-3 cells which was significantly inhibited 
by anti-DC/L-SIGN antibody. These results suggested a 
role of L-SIGN in the pathogenesis and cellular entry of 
SARS-CoV-2.

Macrophage galactose type C‑type lectin 
(MGL)

Second macrophage membrane C-type lectin, MGL has 
been shown to play a role in viral pathology [64] and it has 
been suggested as a potential receptor for SARS-CoV-2 
cell entry. MGL is expressed in DCs and macrophages in 
human lungs and upper airway tissue [64]. It recognizes 
glycans bearing terminal galactose or GlcNAc residues 
and it was shown to interact with SARS-CoV-2 S glyco-
protein [41], indicating that complex N-glycans can anchor 
SARS-CoV-2 S protein to the cell surface via different 
receptors, including MGL [64].

It was demonstrated that MGL binding to SARS-CoV-2 
S glycoprotein is attenuated by sialic acid since neurami-
nidase treatment slightly increases MGL binding to S 

glycoprotein [10]. Chiodo et al. suggest that O-glycans 
located at Thr323 or Ser325 on the S glycoprotein are 
involved in MGL binding to SARS-CoV-2 [47] while Gao 
et al. have identified Thr323 as the only O-glycosylation 
site containing Tn antigen (N-acetylgalactosamine, Gal-
NAc) which is a ligand for MGL [10]. These findings indi-
cate that both N-glycans and O-glycans of SARS-CoV-2 
are involved in MGL binding.

Mannose receptor

The MR is a glycoprotein CLR expressed on DCs and mac-
rophages [65]. Recent research has suggested that MR binds 
to the highly mannosylated regions of the SARS-CoV-2 S 
glycoprotein with a strong affinity in HEK293 cells [10]. 
Also, it was shown that during fungal infection, human 
monocytes cooperate between TLR2, TLR4, and MR, indi-
cating that receptor synergism between MR and TLR2 and 
TLR4 may account for the severe inflammation [66]. Alto-
gether, this indicates that the level of COVID-19 severity 
may at least in part be a consequence of the heavily glyco-
sylated mannose regions of the S glycoprotein binding to 
MR and synergism with TLRs.

Lectin‑like oxidized low‑density lipoprotein 
receptor‑1

Lectin-like oxidized low-density lipoprotein receptor-1 
(LOX-1) is expressed on DCs [67], and so far, there are no 
studies that show LOX-1 as a direct receptor for the SARS-
CoV-2 S glycoprotein. It was only shown that LOX-1 
enhances the expression of DCs, as well as DC-SIGN and 
L-SIGN, to aid in SARS-CoV-2 cellular entry [38]. Also, 
LOX-1 can trigger intracellular signaling and increase cel-
lular processes linked to an increased risk of cardiovascu-
lar disease [68]. Combadiere et al. showed that COVID-19 
patients with severe symptoms have increased expression of 
LOX-1 compared to those with mild symptoms, indicating 
that LOX-1 may be a plausible characteristic to identify [69].

Although there are no studies up to this date that investi-
gate the role of LOX-1 as a receptor mediating SARS-CoV-2 
cell entry, it is possible that LOX-1 may help other receptors 
involved in SARS-CoV-2 entry.

Liver and lymph node sinusoidal endothelial 
cell C‑type lectin

Liver and lymph node sinusoidal endothelial cell C-type 
lectin (LSECtin) is a glycan-binding receptor expressed in 
hepatic and lymph node sinusoidal endothelial cells, DCs, 
macrophages and Kupffer cells [65]. LSECtin identifies 
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carbohydrate motifs and glycoprotein structures that contain 
(N-acetyl-)glucosamine, fucose, and mannose [65]. It has 
been shown to play a role during a viral invasion, recogni-
tion of self- and pathogenic-glycoprotein and carbohydrate 
signatures present on pathogens [70], clearance of apoptotic 
cells by macrophages [71], antigen capture and pathogen 
binding [72] as well as inhibition of T cell activation [73]. 
Also, it has been shown that LSECtin directly associates 
with glycans present on the surface of SARS-CoV-1 S glyco-
protein, by acting as a co-receptor in conjunction with ACE2 
to promote viral entry into host cells [74].

Although the role of LSECtin in human SARS-CoV-2 
infection is poorly investigated, studies involving ferrets, 
intranasally inoculated with SARS-CoV-2, suggest that 
LSECtin may be potentially involved in viral infection and 
may utilize additional receptors for infectivity [75]. There-
fore, LSECtin has been proposed as a possible receptor 
employed by SARS-CoV-2 to infect cells through recog-
nition of mannosylated N-glycan and O-glycan moieties 
present on SARS-CoV-2 S glycoprotein [9, 35]. However, 
further studies are needed.

Toll‑like receptors (TLRs)

TLRs are transmembrane type I glycoproteins expressed 
in innate immune cells consisting of three structural com-
ponents [76]. They provide host surveillance by detect-
ing foreign- and self-molecular signatures and identify 
pathogen-associated molecular patterns (PAMPs) through 
inflammatory response to eliminate invading pathogens 
[38, 77]. TLRs are expressed in the nasal cavity (TLR1-
7, TLR9) [78], macrophages (TLR1-9) [79], natural killer 
cells (TLR1, TLR2, TLR4, TLR5, TLR6) [80], neutrophils 
(TLR1, TLR2, TLR4, TLR5, TLR9) [81], airway epithelial 
cells (TLR1-10) [82] and in other cell populations [82–85]. 
It was suggested that TLRs located on the membranes of 
intracellular organelles that recognize pathogenic nucleic 
acids could facilitate viral clearance of SARS-CoV-2 [38]. 
Also, a recent study reported increased expression of TLR2 
with COVID-19 severity and significantly increased expres-
sion of TLR1, TLR4, TLR5, TLR8 and TLR9 in severe and 
critical COVID-19 patients [55].

Although the role of TLR1 and TLR6 together with TLR2 
is known in fungi [86], gram-positive bacteria [87], and 
mycobacteria [88], their role during COVID-19 infection 
still begins to unravel. Choudhury et al., demonstrated by in 
silico studies that SARS-CoV-2 S glycoprotein could bind 
to TLR1, TLR4, and TLR6 through hydrogen bonding and 
hydrophobic interactions, of which, TLR4 would have the 
highest affinity for the S glycoprotein S1 domain as deter-
mined by the molecular docking approach [89]. Also, the 
association between TLR1 and TLR6 could be facilitated 

by SARS-CoV-2 S glycoprotein oligomannose-type gly-
cans [38]. Moreover, it was recently reported that TLR2 
senses the SARS-CoV-2 E protein leading to induction of 
TLR2-dependent signaling and production of inflammatory 
cytokines, including TNF-α and INF-γ. On the other hand, 
blocking TLR2 signaling in vivo protected against SARS-
CoV-2-induced lethality [55].

TLR4 endocytosis of microbial products has been 
reported during bacterial infection and although it hasn’t 
been investigated in viral infection it has been proposed by 
Gadanec et al. that after interaction of surface glycans on 
the S1 domain of SARS-CoV-2 with TLR4 the virus gets 
internalized [38]. This pathway would be another alternative 
route for SARS-CoV-2 cell entry independently of ACE2 
expression.

Neuropilin‑1

NRP1 is a transmembrane polypeptide [90] mostly expressed 
in the epithelial surface layer of the human respiratory and 
olfactory epithelium [91], which acts as a co-receptor for 
different growth factors [92], and facilitates the regulation 
of biological processes, including angiogenesis, ganglion 
genesis [93], and vascular permeability [94]. Recent studies 
report that NRP1, as a host receptor, mediates cellular entry 
and infectivity of SARS-CoV-2 [90]. The SARS-CoV-2 S 
glycoprotein contains a polybasic cleavage site (RRARS) 
between the S1 and S2 subunits enabling cleavage by furin 
and other proteases [91, 95]. NRP1 located on the cell sur-
face, on the other hand, is known to bind and is activated by 
furin-cleaved substrates [91]. Cleavage at the S1/S2 junction 
has been suggested as an important role for viral infectivity 
and SARS-CoV-2 pathogenicity [91].

Cantuti-Castelvetri et al. showed that NRP1 alone did 
not increase HEK293 cell susceptibility to viral infectiv-
ity, compared to ACE2. However, NRP1 in co-expression 
with ACE2, or ACE2 and transmembrane protease serine 2 
(TMPRSS2), significantly increased wild type SARS-CoV-2 
(containing furin-cleavage site) infectivity [91] suggesting 
that NRP1 acts in concordance with other host factors, such 
as ACE2 and TMPRSS2.

Glucose‑regulated protein 78 (GRP78)

GRP78 is a non-immune receptor and essential endoplas-
mic reticulum chaperone protein that controls the unfolded 
protein response initiated by the accumulation of incorrectly 
folded or unfolded proteins [38]. Upon accumulation of mis-
folded and unfolded proteins, GRP78 releases from its recep-
tors and translocates to the plasma membrane where it can 
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interact with viruses via its substrate-binding domain and 
mediate their cell entry [38].

It was shown that COVID-19 patients have increased gene 
expression and serum concentrations of GRP78 suggesting 
its release by damaged airway epithelial cells in response to 
pulmonary trauma and injury during SARS-CoV-2 infec-
tion [96]. Recent predictive in silico study has investigated 
GRP78 affinity to SARS-CoV-2 S glycoprotein and demon-
strated preferred potential binding of RBD regions III and 
IV of S glycoprotein to substrate-binding domain-beta of 
GRP78 [97]. However, glycosylation involvement in this 
modeled interaction hasn’t been studied and remains to be 
investigated.

Siglecs

Siglecs are a family of carbohydrate receptors expressed 
on almost all immune cells that bind sialylated glycans and 
play critical roles in immune cell signaling [47, 98]. Siglec-1 
has been reported to participate in HIV-1 trans-infection by 
mature DCs [99] and is shown to be upregulated on APCs 
in SARS-CoV-2 infected individuals [100]. It is highly 
expressed on pulmonary macrophages and activated myeloid 
cells and was recently shown to recognize different SARS-
CoV-2 variants of concern via interaction with ganglioside 
GM1 containing sialyllactose anchored on the viral mem-
brane [63]. Moreover, Siglec-1-mediated transfer of SARS-
CoV-2 to susceptible cells was shown to be more effective 
than DC-SIGN-mediated trans-infection and was success-
fully blocked by anti-Siglec-1 monoclonal antibodies [63]. 
While Siglec-1 expressed on DCs facilitated SARS-CoV-2 
trans-infection of target cells, Siglec-1 on macrophages 
resulted in the higher release of cytokines compared to DCs 
after viral capture triggering proinflammatory responses and 
potentially participating in a cytokine-storm associated with 
severe COVID-19 [63].

Another study has also explored the binding of Siglec-3, 
-5, -7, -9 and -10 to SARS-CoV-2 S glycoprotein and shown a 
specific binding of SARS-CoV-2 S glycoprotein to Siglec-3, 
Siglec-9 and Siglec-10 expressed on myeloid immune cells 
[47]. Siglec-3 is highly expressed on monocytes and mac-
rophages and predominantly interacts with α2,6 linked sialic 
acids. Siglec-9 is highly expressed on monocytes, neutro-
phils, DCs, NK and T cells and predominantly binds to α2,3 
linked sialic acids on fucosylated or sulfated oligosaccha-
rides, while Siglec-10 is highly expressed on monocytes, 
B cells and eosinophils and predominantly recognizes α2,6 
linked sialic acids. These results suggest a role of Siglecs 
in the modulation of monocytes, macrophages, neutrophils, 
eosinophils and B cells function in COVID-19 hypothetically 
leading to immune suppression [47].

Galectins

Galectin-3 is a β-galactoside-binding protein expressed 
on epithelial cells and various inflammatory cells, includ-
ing DCs, macrophages and Kupffer cells. It’s involved in 
cell–cell and cell-extracellular matrix interactions and 
activates various types of cells, e.g. recruits APCs and 
inflammatory cells to affected sites modulating biological 
response [101]. Galectin-3 promotes the release of several 
cytokines (e.g. IL-6, TNF-α) driving a proinflammatory 
response contributing to airway inflammation. Recently, 
it was recognized as a potential prognostic biomarker of 
severe COVID-19, with improved classification perfor-
mance when used in combination with CRP and albumin, 
regardless of initial disease severity [102]. Galectin-3 also 
interacts with neutrophils, whose mobilization is essen-
tial in the innate immune response, further driving a pro-
inflammatory response. Inhibitors of galectin-3 have been 
suggested as a potential therapy to attenuate the hyperin-
flammation in COVID-19 infection [103].

Another galectin, galectin-9 has been identified as a 
potential biomarker of COVID-19 since it can differen-
tiate SARS-CoV-2 infected and healthy individuals with 
high specificity/sensitivity [104]. It is secreted by different 
immune and nonimmune cells and mediates various bio-
logical processes, e.g. induces chemotaxis, activates eosin-
ophils, promotes DC maturation, enhances the function of 
DCs and NK cells, etc. Plasma galectin-9 in COVID-19 
patients was positively correlated with a wide range of 
proinflammatory biomarkers (e.g. IL-6, TNF-α) whose 
expression and production by immune cells of COVID-
19 patients was enhanced by galectin-9 treatment in vitro. 
Moreover, galectin-9 was downregulated in neutrophils in 
COVID-19 [104].

Conclusions

Recent research has demonstrated the capabilities of other 
receptors, in addition to hACE2, to bind to SARS-CoV-2 
S glycoprotein enabling trans-infection of susceptible cells  
potentially facilitating viral transmission. Interaction of 
SARS-CoV-2 S glycoprotein with additional receptors could 
emphasize severe inflammation and cytokine release (lead-
ing to cytokine storm). While Amraie et al. [22] suggested 
CLRs could serve as alternative receptors to hACE2 in non-
susceptible cells, this hasn’t been confirmed by Thépaut et al. 
[41]. Detailed trans-infection mechanism and SARS-CoV-2  
fate after interaction with CLRs remain an open question.

These late results on glycosylation-mediated CTL inter-
actions with SARS-CoV-2 indicate that SARS-CoV-2 
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glycosylation possibly determines the immune receptors 
with which SARS-CoV-2 interact potentially leading to 
SARS-CoV-2 clearance or resulting in its spread to other 
organs, and/or other hosts. Moreover, interactions of 
SARS-CoV-2 with CTLs and subsequent internalization 
suggest a possible mechanism for asymptomatic COVID-
19 clinical manifestation as a result of decreasing the 
available titer of free SARS-CoV-2 via endocytosis by 
resident innate immune cells in the lung [10].

In addition to CTLs, other receptors like TLRs, NRP1, 
GRP78, LOX-1 etc., have been implicated to interact with 
SARS-CoV-2 and/or potentially facilitate its cell binding 
and infectivity, although their exact role still has to be 
investigated.
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