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Abstract: Human coronaviruses present a substantial global disease burden, causing 
damage to populations’ health, economy, and social well-being. Glycans are one of the 
main structural components of all microbes and organismic structures, including viruses— 
playing multiple essential roles in virus infection and immunity. Studying and understanding 
virus glycans at the nanoscale provide new insights into the diagnosis and treatment of 
viruses. Glycan nanostructures are considered potential targets for molecular diagnosis, 
antiviral therapeutics, and the development of vaccines. This review article describes glycan 
nanostructures (eg, glycoproteins and glycolipids) that exist in cells, subcellular structures, 
and microbes. We detail the structure, characterization, synthesis, and functions of virus 
glycans. Furthermore, we describe the glycan nanostructures of different human corona-
viruses, such as human coronavirus 229E (HCoV-229E), human coronavirus OC43 (HCoV- 
OC43), severe acute respiratory syndrome-associated coronavirus (SARS-CoV), human 
coronavirus NL63 (HCoV-NL63), human coronavirus HKU1 (HCoV-HKU1), the Middle 
East respiratory syndrome-associated coronavirus (MERS-CoV), and how glycan nanotech-
nology can be useful to prevent and combat human coronaviruses infections, along with 
possibilities that are not yet explored. 
Keywords: glycan, nanotechnology, glycoproteins, glycolipids, coronaviruses, SARS-CoV 
-2, diagnostics, vaccine

Introduction
Glycan nanotechnology is an integrated approach that combines nanotechnology 
with glycan biology and chemistry.1 Glycans are present in mammalian cells and 
their subcellular structures and in most microbes, in the form of glycoproteins and 
glycolipids. Owing to glycans’ structural diversity, they can store and transmit 
biological information and have essential functions in intercellular recognition, 
signal transduction, infection, immune response, and many other physiological 
and pathological processes. Virus glycans (ie, structural or functional glycans in 
virus particles) play crucial roles in the process of viral infection of host cells, 
including viral attachment, entry into the cell, cleavage of viral proteins, recognition 
and neutralization of virus by host immune system. Therefore, studying glycans at 
the nanoscale will enable biomedical applications such as pathogen detection, drug 
delivery carriers, vaccine development, and biomolecular therapeutics for viruses 
and infectious diseases.2–4

Human coronaviruses cause respiratory tract infection, mainly leading to mild 
symptoms, severe pneumonia, dyspnea, and even death.5 So far, seven human cor-
onaviruses (HCoVs) have spread in different regions of the world, posing a significant 
threat to human health. The outbreak of SARS, MERS, and the very recent emergence 
of SARS-CoV-2 show that coronaviruses can emerge unexpectedly, causing life- 
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threatening infections that spread rapidly and impose 
a challenging threat to public health and economic develop-
ment. Although various approaches have been studied and 
tested for HCoVs treatment, no specific antiviral is available 
to date, and patients mainly receive symptomatic treatment 
and supportive care. In order to better prevent and control 
HCoVs infections, developing new strategies and technolo-
gies to diagnose and treat HCoVs is indispensable.

Glycan Nanostructures in Cells, 
Subcellular Structures, and 
Microbes
Glycans—simple or complex saccharides—together with 
nucleic acid, protein, and lipid constitute all the known 
cellular (eg, mammalian cells, bacteria, algae, and fungi) 
non-cellular (eg, viruses and organelles) life forms. 
Glycans perform various structural and modulatory func-
tions in cells and sub-cellular particles. On the cell surface, 
glycans are widely distributed, allowing highly selective and 
responsive interaction with the surrounding environment 
(uptake nutrients and release of metabolites). Lipid- and 
protein-bound glycans (ie, glycolipids and glycoproteins) 
are also present in the nucleus, mitochondria, ribosomes, 

and cytoplasm and modulate their functions in the synthesis 
and transfer of nucleic acids proteins, and energy production.

Glycoproteins
Proteins (on the cell surface, cellular organelles, and in the 
cytoplasm) are often attached to sugar chains. The carbohy-
drate moieties in cell surface-associated glycoproteins 
include both large hetero- and homo-polysaccharides and 
disaccharides.6 Sialic acid, D-glucose, xylose, glucuronic 
acid, D-mannose, N-acetyl-D-galactosamine (GalNAc), 
N-acetylneuraminic acid, L-fucose, N-acetyl- 
D-glucosamine (GlcNAc), and D-galactose are some of the 
common types of carbohydrate units found in cell surface- 
associated glycoproteins.6 Glycans can be divided into 
N-glycans and O-glycans according to the different connec-
tion modes between glycans and proteins. N-glycans are 
connected to the asparagine (Asn) residues, while 
O-glycans are attached to serine, threonine, or tyrosine resi-
dues (Figure 1). The nascent carbohydrate-protein conjugate 
is modified by removal or re-addition of glucose as part of 
a quality-control process in the endoplasmic reticulum (ER); 
then, the structure moves to the Golgi apparatus for further 
cell-type-specific glycosylation.7 O-glycans are further cate-
gorized into mucin-type O-glycans and non-mucin-type 

Figure 1 Structure of glycoproteins. Glycoproteins are mainly glycosylated with N-linked and O-linked glycans. N-glycans are attached to the asparagine residues, and they 
are processed in the Golgi apparatus to yield oligomannose, hybrid, and complex-type N-glycan structures. The mucin-type O-linked glycosylation mainly contains four 
common O-linked glycan cores. Non-mucin-type O-glycosylations are produced by attaching GlcNAc, mannose, fucose, glucose, galactose, or xylose to the amino acid.
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O-glycans based on the monosaccharide residue attached to 
the amino acid. The former is often found in extracellular 
glycoproteins, and the latter is usually in the intracellular 
glycoproteins of the nucleus and mitochondria.8 The glyco-
sylation site of glycoprotein is determined by the secondary 
and tertiary structures of the polypeptide chain. 
Glycoproteins can vary in the number of the constituent 
units of N- and O-linked glycans and the glycosylation 
sites, where glycans unites are linked to the polypeptide 
chain.8 Analytical techniques such as capillary electrophor-
esis (CE), high-performance liquid chromatography 
(HPLC), electrospray ionization (ESI), mass spectroscopy 
(MS), liquid chromatography-mass spectrometry (LC-MS), 
matrix-assisted laser desorption ionization mass spectrome-
try (MALDI-MS), computational biology, and next-genera-
tion sequencing technologies can be used to isolate and 
analyze the structure of glycan to determine the glycan 
composition, glycan sequence and interglycosidic linkages 
in glycoproteins.9

It is well established that glycans not only affect pro-
tein conformation but also participate in glycoprotein 
recognition and binding.10,11 N-glycans participate in gly-
coprotein folding by mediating ER chaperone interactions 
during biosynthesis. If the nascent carbohydrate–protein 
conjugate is correctly folded, it is processed further in 
the ER and Golgi apparatus, if the glycoprotein is incor-
rectly assembled, it is re-glycosylated.10,11 O-glycans are 
often distributed in clusters on the highly glycosylated 
segments of proteins, helping to stabilize the structure of 
the polypeptide chain. Functionally, the N-glycans located 
in the Fc segment of immunoglobulin G (IgG) on B-cells 
can bind to Fc receptors on natural killer (NK) cells, 
monocytes, macrophages or neutrophils and trigger subse-
quent cytotoxic reactions leading to the release of lytic 
compounds and apoptosis of the target cell. NK cells can 
release perforin and granzymes, pro-inflammatory cyto-
kine like IFN-γ to cause target cell apoptosis. Besides, 
NK cell induces apoptosis through signaling of TNF 
family death receptors and mitochondrial pathway. These 
functional interactions of glycans indicate that the struc-
ture and expression of glycans are related to the occur-
rence of diseases and changes in physiological state. Thus, 
glycans can be used to aid disease biomarker discovery.12

Glycolipids
Glycolipids are widely found in various organisms like 
bacteria, fungi, plants and animals and can be classified 
into glyceroglycolipids, glycosphingolipids, in addition to 

other types with various lipid structures.13 Glycolipids are 
synthesized on the ER by the binding of a monosaccharide 
(glucose or galactose) to the lipid, following which linear 
or branched complex carbohydrate chains are added via 
glycosyltransferase. The carbohydrate structure of glycoli-
pids is variable, and the formed glycolipids can be neutral 
(with one or more uncharged sugars), acidic, basic, or 
amphoteric to play different functions in the cell.14

Glycolipids constitute the backbone of cell membranes, 
providing ion impermeability and sidedness. 
Glycosphingolipids distribute in the outer layer of mem-
brane lipids, playing a critical role in cellular homeostasis 
and necessary cellular activities.15 Lipopolysaccharide 
(LPS) is the most studied glycolipid on the bacterial sur-
face, which creates innate resistance against many 
antimicrobials.16 The composition of glycolipids on cell 
membranes is specific, and they can be used as disease 
biomarkers. For instance, glycosphingolipids are the anti-
genic determinants (ie, A, B, and H determinants) of the 
ABO blood group system. Glycolipids can also act as 
receptors involved in cell recognition and information 
transfer.17 In addition, glycolipids are involved in the 
pathogenesis, development, differentiation, and metastasis 
of tumors.18

Glycan in Cell Organelles
In the ER, N-glycans, called high-mannose glycans, play 
a crucial role in protein quality control mediated by lectins 
and glycan-related enzymes. The trimming status of man-
nose moieties in high-mannose glycans is a signal to 
degrade proteins that fail to correct folding.19 During 
glycoprotein synthesis, the N-glycans are also indispensa-
ble in protein folding, glycoprotein transport, and 
targeting.20 For instance, when the mannose on the lyso-
somal enzyme is phosphorylated as mannose 6-phosphate, 
it can recognize and bind to the mannose receptor on the 
lysosomal membrane so that the lysosomal enzyme can be 
directed to the lysosome.

Glycans of Viruses
Structure
Viruses can be classified into two groups of enveloped and 
non-enveloped viruses. A virus envelope is a lipid bilayer 
membrane, usually modified with virus-encoded glycopro-
teins. Glycoproteins in the envelope of virus particles are 
necessary to initiate a viral infection. N-linked glycans have 
a core formed by three mannose (Man) and two 
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N-acetylglucosamine (GlcNAc) and can be classified into 
high mannose, hybrid, and complex-type. Unlike N-linked 
glycans, O-linked glycans do not have a common core struc-
ture. However, four common O-linked glycan cores have been 
found in the mucin-type O-linked glycosylation.21 In addition 
to envelope glycoproteins, glycans are also present in many 
secreted viral proteins, such as the secreted glycoprotein G of 
herpes simplex virus22 and the secreted GP of Ebola.23

Synthesis
As viruses are obligate parasites, protein glycosylation is 
jointly determined by the viral genome and the host cell. 
N-linked glycans are synthesized in the ER, Golgi apparatus 
and mitochondria, which can be performed simultaneously 

with the synthesis of peptide chains (Figure 2). The initial 
glycan moiety begins with nine mannose (Man), three glu-
cose (Glc), and two N-acetylglucosamine (GlcNAc) resi-
dues. N-acetylglucosamine binds to dolichol phosphate 
(Dol-P) on the bilipid membrane of the ER. N-glycan bio-
synthesis via dolichol intermediates also occurs in the outer 
and inner membrane of mitochondria. Once the formation of 
Dol-P–carbohydrate structure is completed, the carbohydrate 
chain is transferred to the nascent polypeptide chain at an 
Asn-X-Ser/Thr site by oligosaccharyltransferase.24 

Subsequently, the N-glycan is extensively modified and 
trimmed by glycosidases and glycosyltransferases; then, the 
structure is transported to the Golgi apparatus for further cell- 
type-specific glycosylation.25 However, not all viral 

Figure 2 N-linked glycosylation of proteins in the ER and Golgi apparatus. 
Notes: After mRNA synthesis, the mature tri-glucosylated N-linked glycan precursor of dolichol-P-Pglycan is transferred en bloc by oligosaccharyltransferase to the 
asparagine residue of an Asn-X-Ser/Thr sequon on anascent polypeptide chain. Following transfer of the precursor glycan to the protein, glucosidases in the endoplasmic 
reticulum (ER) remove the three glucose residues while the protein folds in the Calnexin/Calreticulin cycle. Then, aseries of ER and Golgi mannosidases subsequently cleave 
mannose residues down to the Man5GlcNAc2 glycan. The action of GlcNAc transferase-I (GlcNAcT-I) initiates the first branch of the N-glycan. Once α-Mannosidase II 
removes the two remaining outer mannose residues, other glycan processing enzymes such as galactosyl-, fucosyl- and sialyl-transferases, can act to construct ahuge 
assortment of complex-type glycans. Reprinted with permission from Watanabe Y, Bowden TA, Wilson IA, Crispin M.Exploitation of glycosylation in enveloped virus 
pathobiology. Biochim Biophys Acta Gen Subj. 2019;1863(10):1480–1497.21 Creative Commons (https://creativecommons.org/licenses/by/4.0/legalcode).
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glycoproteins are synthesized in this way, eg, hepatitis 
C virus traffic directly from the ER to the plasma 
membrane.26

The synthesis of O-linked glycans is performed after 
the synthesis of the polypeptide chain and does not require 
a glycan carrier. The O-linked GlcNAc is formed by 
a monosaccharide GlcNAc linked to nucleus and cyto-
plasm proteins. The GalNAc monosaccharide residue is 
attached to a serine, threonine, or tyrosine residue of 
a nascent polypeptide chain by GalNAc-transferases. 
Then O-linked glycans can be further elongated by com-
peting glycosyltransferases.

Assembly and Characterization
The maturation step of virus glycoproteins takes place in 
the ER and starts with the removal of glucose residues 
from the N-linked glycan precursor by ER α-glucosidases 
I and II; then the glycoprotein bearing monoglucosylated 
glycans are retained in the ER bound to ER chaperones, 
calnexin and calreticulin.21 If the glycoprotein is appro-
priately folded, the final glucose residue is cleaved off by 
α-glucosidase II, and the glycoprotein is transplanted to 
the Golgi compartments to acquire modifications. 
However, the improperly folded glycoprotein is re- 
glycosylated by glycoprotein glucosyltransferase (UGGT) 
located in the lumen of the ER.27 Re-glycosylated glyco-
proteins are re-folded into the correct formulation order- 
glycosylated and degraded. During this process, glycan 
contributes a lot to glycoprotein folding and assembly.

Advances in structural biology techniques, particularly 
mass spectrometry, have enabled us to study and analyze 
glycoproteins at different levels.28 In addition to confirm-
ing the glycan sequences and precise structures it is also 
possible to confirm the positions of glycans on viral envel-
ope glycoproteins.29 This information uncovered various 
details on the differences of glycosylation in different 
viruses, which paved the way for studies on the functions 
of glycosylation on the virus.

Function
Viral glycans are not only required for structural and 
stability but also play functional roles in signaling, attach-
ment, and shielding. During the process of protein folding, 
the molecular chaperone, calnexin, and calreticulin, recog-
nize and bind the glycan to help the protein fold correctly, 
allowing the misfolded protein to enter the degradation 
system.20 The importance of N-linked glycosylation has 

been studied in HIV-1, which suggested integral glycans 
necessary for correct gp160 folding and incorporation into 
virions.30 Glycans often protrude on the surface of virus 
particles and may play a structural role by restricting the 
conformational freedom of the polypeptide chains con-
nected to them. O-linked glycans often distribute in clus-
ters on highly glycosylated segments of proteins, helping 
to stabilize the structure of the polypeptide chain. Also, 
glycans can help glycoprotein to sort, traffic, and release. 
Another significant role of enveloping glycans lies in virus 
entry into its susceptible target cells and efficiently trans-
mits the pathogen. For example, Hemagglutinin (HA) is an 
N-glycoprotein on the surface of the influenza virus, play-
ing a role in the early infection of host cells by the virus. 
Glycosylation not only regulates the binding ability and 
specificity between influenza virus and host cell surface 
receptors but also has an effect on virulence and evolution. 
The virulence and pathogenicity of rabies virus are also 
closely related to glycosylation of glycoproteins, which 
can be applied to the prevention and treatment of 
rabies.31 Many other pathogens, including noroviruses,32 

polyomaviruses,33 and coronaviruses,34 also possess sialic 
acid and glycan recognition. Sialyllactose-containing gly-
colipids on the HIV-1 viral membrane have been reported 
to bind siglec-1 on dendritic cells, thereby mediating the 
trans-infection of T cells.35 Moreover, it has been shown 
that the high levels of glycosylation on the envelope of 
viruses is served as a protective shield from the immuno-
logical surveillance of the host.36 Viruses use glycan 
shielding to limit their recognition by the immune system. 
Strong evidence for which has been reported for simian 
immunodeficiency virus (SIV) mutants lacking glycans in 
the V1 region of Env.37 Other trimeric class I fusion 
proteins from Influenza,38 Coronavirus39 have also been 
shown to be quite useful in allowing the virus to thwart the 
immune system.

Glycans of Coronaviruses
Human coronaviruses (CoVs) are the largest single-stranded 
RNA viruses. Currently, seven human CoVs have been 
reported, including HCoV-229E, HCoV-OC43, HCoV- 
NL63, HCoV-HKU1, SARS, MERS, and SARS-CoV-2. 
According to the structural characteristics of serology and 
genome, coronaviruses are usually divided into four groups: 
alphacoronaviruses, betacoronaviruses, gammacorona-
viruses, and deltacoronaviruses. HCoV-229E, HCoV-NL63 
belong to alpha-CoV, and HCoV-OC43, SARS-CoV, HCoV- 
HKU1, MERS-CoV, SARS-CoV-2 belong to beta-CoV. All 
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HCoVs are associated with respiratory and gastrointestinal 
infections, leading to mild, self-limiting symptoms or severe 
respiratory disease (Figure 3).40 Early diagnosis of 
a coronavirus infection requires not only clinical manifesta-
tions but also specific testing. The current diagnostic algo-
rithm for coronaviruses combines various diagnostic criteria 
that expand from the patient’s history and the possibility of 
exposure to the virus to precise laboratory-based nucleic 
acid testing (Table 1).

The coronaviruses have four structural proteins 
E (envelope protein), M (membrane protein), 
N (nucleocapsid protein), and S (spike protein) (Figure 4). 
The S glycoprotein of CoV is a highly glycosylated trimeric 
class I viral fusion protein, composed of three parts: extra-
cellular domain, a transmembrane domain, and cytoplasmic 
domain.39 The extracellular domain can be cleaved by 
enzymes into two subunits of S1 and S2. S1 subunit con-
tains four domains: A, B, C, and D, of which domain A or 
B often serves as the receptor-binding domain (RBD), and 
S2 is responsible for the fusion of viral envelope with the 
host cell membrane. During entry, S protein is further 
cleaved by the host protease at the S2′ site which activates 
the S protein through extensive irreversible conformational 
changes for membrane fusion. Three-dimensional (3D) 
classification of the cryo-electron microscopy (EM) data 
revealed that there are multiple, distinct conformational 

states of S trimer resulting from RBD structure changes in 
SARS-CoV,41 MERS-CoV42 and SARS-CoV-2.43 RBD can 
transit between “down” and “up” conformations. The “up” 
conformation is the domain accessible to the host receptor 

Figure 3 The symptoms of coronaviruses infection. 
Notes: COVID-19 symptoms are similar to other respiratory diseases, such as 
influenza, SARS, and MERS. However, influenza initiates with cough, whereas 
COVID-19, like other coronavirus-related diseases initiates with fever.86 Also, 
COVID-19 differs from SARS and MERS in the order of gastrointestinal symptoms, 
where upper gastrointestinal symptoms are seen last after fever and respiratory 
symptoms. Results supported the use of fever as screen for entry into facilities; 
however rapid highly sensitive methods for viral confirmation are needed. 
Illustration reprinted with permission from Chen B, Tian EK, He Betal Overview 
of lethal human coronaviruses. Signal Transduction and Targeted Therapy. 2020;5(1):1– 
16.113 Creative Commons Attribution 4.0 International License (http://creativecom 
mons.org/licenses/by/4.0/).

Table 1 The Current Diagnostic Algorithm for Coronavirus 
Infection

Diagnostics of the 
Coronaviruses

Manifestations

Epidemiological 
exposure

History of contact with probable or 

confirmed cases; a history of travel or 
residence within the high-risk areas

Symptoms Fever, cough, chills, malaise, and myalgia

Chest imaging Radiographic features of pneumonia

Precise laboratory 
tests

Positive tests for by at least one assay, 

such as positive tests by a PCR-based 
detection method using respiratory 

samples or by serological tests

Other relevant 
clinical examinations

Complete blood counts (CBC), 

C-reactive protein (CRP), inflammatory 

markers

Figure 4 Comparison of different genome structures of coronaviruses. 
Notes: Reprinted from:Artika IM, Dewantari AK, Wiyatno A. Molecular biology of 
coronaviruses: current knowledge. Heliyon. 2020;6(8):e04743.118 Creative 
Commons CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/). 
Abbreviations: UTR, untranslated region; ORF, open reading frame; S, spike 
protein; E, envelope protein; M, membrane protein; N, nucleocapsid protein.
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and is in an unstable and active state. However, when RBD 
is in the “down” conformation, the S protein enters a static 
and stable state. Glycans on the trimer can affect the con-
formational changes of RBD, thereby affecting the expo-
sure of receptor-binding sites.44 N-terminal domain (NTD) 
glycans near the RBD can influence these RBD states’ 
conformational equilibrium, which affects the viral escape 
and vaccine design.45 However, only closed S trimers have 
been observed for the four other human-infecting corona-
viruses: HCoV-NL63,39 HCoV-229E,46 HCoV-HKU1,47 

and HCoV-OC43.48 Studies have shown that the overall 
density of glycan shielding in seven coronaviruses was 
significantly different (Figure 5).49 In addition, viruses 
belonging to lineage A of the betacoronaviruses also encode 
a protein called hemagglutinin esterase (HE). The HE pro-
tein is also a type I transmembrane glycoprotein that med-
iates the binding of virus particles to O-acetylated sialic 
acid through the functions of lectins and receptor destroying 
enzymes.50 The M protein is the most widespread structural 
protein in coronaviruses, which is often glycosylated on its 
amino-terminal domain. Different coronaviruses have dif-
ferent types of glycosylation of M protein; some M proteins 
are modified with O-linked sugars, whereas some 
M proteins are N-glycosylated. The M protein determines 
the budding site of the coronavirus, and binding with the 
S protein can trigger the assembly of virus particles.51 

Although all human coronaviruses share many common 
features, there exist differences among them in the target 
cell receptor and the involved glycans in the virus attach-
ment and entry (Table 2).

Human Coronavirus 229E 
(Alphacoronavirus)
HCoV-229E was first identified in 1966, causing the com-
mon cold, but the elderly and immune-compromised peo-
ple can suffer from a severe respiratory health condition. 
HCoV-229E uses human aminopeptidase N (hAPN/CD13) 
as a receptor, which is different from other 
coronaviruses.52 Immune pressure caused by glycans can 
affect the APN recognition mode or the conformation of 
RBD, thus affecting the virus entry into the cell.53 The 
HCoV-229E S-protein contains as many as 30 predicted 
N-glycosylation sites. The ~60 residue HR2 region is the 
most highly glycosylated region, which may play a role in 
the transition from the pre-fusion to the post-fusion 
conformation.54

Human Coronavirus OC43 
(Betacoronavirus, Lineage A)
HCoV-OC43 emerged as a zoonotic disease. In addition to 
causing the common cold in adults, it can also cause asymp-
tomatic infections and occasionally serious lower respiratory 
tract infections. The receptor binding is related to S protein 
and hemagglutinin esterase (HE). HCoV-OC43 uses 
9-O-acetylated sialic acid as a receptor, and the sialic acid 
glycan-binding site is located in the groove on the surface of 
S protein domain A. The HE protein can mediate the binding 
of S protein to the receptor, but this ability will disappear 
after the mutation of the HE protein domain.55 The cryo-EM 
reconstruction resolves 14 N-linked glycans extending from 
the surface of each protomer. It reveals that the HCoV-OC43 

Figure 5 The difference in the glycans on the virus particles of coronaviruses. 
Notes: Reprinted with permission from Watanabe Y, Berndsen ZT, Raghwani Jet al Vulnerabilities in coronavirus glycan shields despite extensive glycosylation. Nat Commun. 
2020;11(1):2688.49 Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). 
Abbreviations: HKU1 S, spike protein of human coronavirus HKU1; SARS S, spike protein of severe acute respiratory syndrome-associated coronavirus; MERS S, sike 
protein of the Middle East respiratory syndrome-associated coronavirus; LASV GPC, glycoprotein complex of Lassa virus; H3N2 Vic11 HA, haemagglutinin of Victoria-2011 
(Vic-11) strain of H3N2 subtype influenza Avirus; HIV-1 Env, envelope protein of human immunodeficiency virus 1; SIV Env, envelope protein of Simian immunodeficiency 
virus.
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S oligosaccharide density is comparable to SARS-CoV 
S and MERS-CoV S.48

SARS-CoV (Betacoronavirus, Lineage B)
SARS-CoV began in November 2002 in Guangdong 
Province, China, and lasted for about seven months. The 
main clinical manifestations of SARS are fever, cough, 
progressive dyspnea and hypoxemia, and severe cases 
develop into acute respiratory distress syndrome. SARS- 
S uses ACE2 as the infection receptor, and C-type lectin 
DC-SIGN has also been found to be a selective receptor 
for SARS-CoV.56 The SARS-CoV S glycoprotein has 23 
potential N-linked glycosylation sites, and 12 have been 
considered to be effectively glycosylated (Figure 6).57 

Major glycans consist of high-mannose (Man5– 
9GlcNAc2), hybrid and bi-, tri-, and tetra-antennary com-
plex with and without both bisecting GlcNAc and core 
fucose.58 The antibody 5H10 targets the S protein of 
SARS-CoV and has been shown to neutralize SARS-CoV 
and may be used for prevention and treatment.59 Besides, 
a glycosylated hydrophobic protein with a single potential 
N-glycosylation site and three potential O-glycosylation 
sites were found in SARS-M.

Human Coronavirus NL63 
(Alphacoronavirus)
Human coronavirus NL63 was first discovered in 2004 in 
a child with bronchiolitis in the Netherlands.60 It can lead 
to respiratory and digestive diseases in children and adults, 
and in severe cases, pneumonia and acute gastroenteritis. 

HCoV-NL63 also uses angiotensin-converting enzyme 2 
(ACE2) as a receptor for infecting target cells. It has been 
found that heparan sulfate proteoglycan acts as the adhe-
sion receptor of HCoV-NL63, enhancing the affinity of 
S protein and receptor ACE2. The adhesion of HCoV- 
NL63 and heparan sulfate proteoglycan enhances the abil-
ity of virus infection.61 The HCoV-NL63 S trimer is cov-
ered by 102 N-linked oligosaccharides, and the S2 subunit 
has a higher glycan density than the S1 subunit. Alexandra 
et al reported that a glycan linked to Asn358 could mask 
the receptor-binding loops and prevent neutralizing anti-
bodies from functioning.39 The N-terminal part of the 
S protein of HCoV-NL63 contains a unique 179-amino- 
acid domain where several potential glycosylation sites 
exist.62 It has high variability and may play a role in 
immune evasion.

Human Coronavirus HKU1 
(Betacoronavirus, Lineage A)
The human coronavirus HKU1 was first discovered in 2005 
in a 71-year-old pneumonia patient in Hong Kong.63 HCoV- 
HKU1 mainly causes mild upper respiratory tract infections, 
with symptoms such as fever, cough, runny nose, and wheez-
ing. It can lead to severe pneumonia and even death in the 
elderly and patients with underlying diseases. The S protein 
of HCoV-HKU1 uses 9-O-Ac-Sia as the attachment receptor, 
and HE is used as the receptor destroying enzyme.64 The 
S protein has 28 potential N-linked glycosylation sites (18 in 
S1 ectodomain and 10 in S2 endodomain). RBD is the 
domain A of the S protein, and the S2 domain is a hybrid 

Table 2 Comparison of the Surface Receptors Involved in Human Coronavirus Infection

Name Family Receptora Receptor-Binding 
Glycoproteinb

Glycosite Reported

HCoV-229E Alphacoronavirus APN S protein

HCoV-OC43 Betacoronavirus 9-O-acetylated sialic acid S protein, HE protein N133

SARS-CoV Betacoronavirus ACE2, Heparan sulfate 

proteoglycans

S protein, DC-SIGN 330NAT, 357NST, 783NFS, N158, 

N227

HCoV-NL63 Alphacoronavirus ACE2, Heparan sulfate 
proteoglycans

S protein Asn 358

HCoV-HKU1 Betacoronavirus 9-O-acetylated sialic acid S protein, HE protein Asn171, N132, N19

MERS-CoV Betacoronavirus DPP4, sialic acid S protein N155, N166, N236

SARS-CoV-2 Betacoronavirus ACE2 S protein N343, N234, N165, 801NFS, 331NIT

Notes: aAPN, aminopeptidase N; ACE2, angiotensin-converting enzyme 2; DPP4, dipeptidyl-peptidase 4. bS protein, spike protein; DC-SIGN, dendritic cell-specific 
intracellular adhesion molecule-3-grabbing nonintegrin; HE, hemagglutinin-esterase.
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typed N-linked glycan containing minor terminal mannose 
residues.65 Removal of the glycan attached to Asn171 has 
been reported to lower the binding affinity of HKU1 S1A, 
possibly by affecting protein folding.66

The Middle East Respiratory Syndrome 
Coronavirus (Betacoronavirus, Lineage C)
MERS-CoV was first found in 2012 as a lethal zoonotic 
virus in humans in Saudi Arabia and Jordan.67 The clinical 
characteristics of MERS-CoV infection vary widely, ranging 
from asymptomatic to influenza-like syndrome, pneumonia, 

and acute respiratory distress syndrome. The most common 
symptoms are fever, cough, and difficulty breathing. The 
RBD of MERS-CoV has a high structural similarity with 
SARS-CoV in core subunits. Dipeptidyl peptidase 4 (DPP4)/ 
CD26 is the functional receptor of MERS-CoV, which is 
a multifunctional type II transmembrane glycoprotein that 
exists on the cell surface as a dimer.68 In addition to DPP4, 
the S1 subunit of MERS-CoV binds to sialic acid (Sia) to 
enter the host cell. The MERS-CoV S protein has 25 poten-
tial N-linked glycosylation sites (Figure 6). Glycosylation 
variable regions are mainly located on the S1 subunit.

Figure 6 N-linked glycans on the middle east respiratory syndrome-associated coronavirus (MERS) and severe acute respiratory syndrome (SARS)-associated coronavirus 
S proteins. Reprinted with permission from Watanabe, Y et al Vulnerabilities in coronavirus glycan shields despite extensive glycosylation. Nat Commun. 2020;11(1): 2688.49 

Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). 
Abbreviations: DPP4, dipeptidyl-peptidase 4; ACE2, angiotensin-converting enzyme 2.
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SARS-CoV-2 (Betacoronavirus, Lineage B)
A previously unknown coronavirus, named SARS-CoV-2, 
was discovered in December 2019 in Wuhan, Hubei pro-
vince of China. It spreads rapidly from person to person and 
poses a major threat to global public health. Fever, cough, 
headache, fatigue, dyspnea, and other symptoms are the 
main clinical manifestations. SARS-CoV-2 S uses ACE2 
to enter cells and might interact with other host targets 
such as CD26, Ezrin, cyclophilins.69 Unlike other corona-
viruses, there is a furin cleavage site at the S1/S2 boundary 
of SARS-CoV-2, RARR (682–685) site, which can cleave 
the virus envelope glycoprotein and enhance the fusion of 
virus and host cell membrane.70 Using liquid chromatogra-
phy–mass spectrometry technology and cryo-EM, studies 

have revealed the glycan structure of SARS-CoV-2 
S protein. A total of 22 N-glycosylated sites were reported, 
which are modified by high mannose, hybrid and complex- 
type glycans (Figure 7). Among them, eight are located in 
the N-terminal domain, two (N331 and N343) are located in 
the receptor-binding domain, three are located in the S1 
subunit, and nine are located in the S2 subunit.71 Glycan 
can regulate the up-down transformation of RBD conforma-
tion (Figure 8). Lorenzo et al found that the removal of N234 
and N165 glycan by mutation would destabilize the “up” 
conformation of RBD, which is not conducive to the binding 
of SARS-CoV-2 to the receptor (Figure 9).72 Besides, 
O-glycosylation has been shown to exist at Thr323 and 
Ser325 sites in the RBD domain and may play a role in 

Figure 7 SARS-CoV-2 S N-linked glycans. 
Notes: Reprintedfrom Zhao X, Chen H, Wang H. Glycans of SARS-CoV-2 Spike Protein in Virus Infection and Antibody Production. Front Mol Biosci. 2021;8:629873 .119 

Copyright © 2021 Zhao, Chen and Wang. Creative Commons Attribution License (CC BY; https://creativecommons.org/licenses/by/4.0/legalcode). 
Abbreviations: ACE2, angiotensin-converting enzyme 2; RBD, recognition-binding domain.
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the binding of the virus to ACE2. The S309 MAb targeting 
the glycopeptide sequence located on the N343 glycosite can 
not only neutralize SARS-CoV-1 but also SARS-CoV-2.71

Glycans in the Diagnosis and 
Treatment of Viral Infections
Glycan can be used for the diagnosis and treatment of 
viruses (Figure 10). Conventional methods for the detec-
tion of viruses mainly include serological and molecular 
biology techniques including immunoassay methods to 
detect viral antigens or antibodies (eg, ELISA), polymer-
ase chain reaction (PCR)-based techniques, isothermal 
DNA amplification techniques (eg, loop-mediated isother-
mal amplification), and next-generation sequencing. These 
techniques are extremely useful but can be time consum-
ing, expensive, susceptible to false positives and need 
technical and infrastructure requirements that limit its 
applications.73 Glycan-based virus diagnostics can repre-
sent a potential alternative by detecting structural glyco-
proteins, early glycoprotein antigen, or the titers of glycan- 
specific antibodies. In comparison to the existing technol-
ogies, this could be cost effective with high specificity and 

sensitivity. Already, glycoprotein-based IgM and IgG ser-
ology have been used to diagnose primary rubella virus 
infections and SARS.73

Viral protein glycosylation is involved in multiple 
stages of the viral life cycle, and thus targeting virus 
glycan structures can be a potential therapy option. 
Carbohydrate-binding agents (CBAs) that interact with 
the viral-envelope glycans have been reported to be 
effective antivirals. On the one hand, CBAs can bind 
to glycans on the surface of the virus and block the 
virus from entering the host cell. On the other hand, it 
can make the glycans lose their shielding effect and 
induce the body’s immune response.74 For example, 
high doses of mannose-binding lectin are effective 
against the Ebola virus75 and a lectin isolated from 
banana fruit called BanLec was identified to interact 
with HIV-1.76 Other drugs like iminosugars and 
2-deoxy sugar derivatives of uridine are used to treat 
influenza by impairing the production of glycans.77 

Tunicamycin can inhibit N-glycans, and it has been 
reported to affect the synthesis and function of S and 
M and may be used to treat the SARS-CoV-2. 

Figure 8 Glycan structure of the spike protein of SARS-CoV-2. 
Notes: Reprinted with permission from AAAS. Watanabe Y, Allen JD, Wrapp D, McLellan JS, Crispin M. Site-specific glycan analysis of the SARS-CoV-2 
spike. Science. 2020;369(6501):330–33.115 Available from: https://science.sciencemag.org/content/369/6501/330. 
Abbreviation: N, Sprotein N-glycosylation site.
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Figure 9 Mutations in the S protein N-glycosylation sites of N234A and N165A show increased instability of RBD-A in the “up” state (A–D). 
Notes: Reprinted with permission from Casalino LGaieb Z, Goldsmith JA etal Beyond Shielding: The Roles of Glycans in the SARS-CoV-2 Spike Protein. ACS Cent Sci. 
2020;6(10):1722–1734.72 Copyright © 2020 American Chemical Society. Further permissions related to the material excerpted should be directed to the ACS. Available 
from: https://pubs.acs.org/doi/10.1021/acscentsci.0c01056.

Figure 10 Applications of glycans in the diagnosis and treatment of viral infections.
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Competitive inhibitors against the glycan-binding sites 
of glycoproteins may also be an effective option.78

Neutralizing antibodies toward spike proteins play 
a critical role in protective immunity. Some monoclonal 
antibodies (mAbs) against protein epitopes have been 
reported, and more attention should be paid to the glycans 
attached to them.79,80 mAbs targeting the N-glycan portion 
on the Env protein surface have been designed, which can 
resist the glycan shielding effect.81 In addition, antibodies 
that bind both peptide and sugar portions of spike glyco-
peptides have also been reported.82

Vaccines are one of the most effective means of 
controlling the spread of infectious diseases. There are 
several types of vaccines, including, the whole virus, 
inactivated vaccines, live attenuated vaccines, subunit 
vaccines, nucleic acid vaccines, and viral vector vac-
cines. Considering the immunogenicity, safety, produc-
tion cost, time, and other factors, each vaccine has its 
own advantages and disadvantages. For example, subunit 
vaccines have the problem of low immunogenicity. 
Glycosylation can affect the immunogenicity of viral 
proteins.83 Using different glycoprotein expression sys-
tems and genetic engineering tools, glycan-based self- 
adjuvanted vaccines can be designed to enhance immu-
nogenicity and vaccine response. Although no viral car-
bohydrate-based vaccines have been designed yet, it has 
been reported that several antibodies directed against 
viral glycan structures have been isolated.84

Glycans, Nanoparticles, and the 
Coronavirus Infections
To reduce the impact of coronavirus infections, rapid 
diagnostics are necessary. Currently, there is a wide variety 
of tests available for the diagnosis of coronavirus infec-
tions based on a limited array of detection methodologies 
that greatly vary in levels of specificity and sensitivity, 
detection time, and market distribution. A 2020 systematic 
review of patents revealed that most of the technologies 
available to clinicians, and indirectly to the public, for the 
detection of SARS-CoV, MERS-CoV, and SARS-CoV-2 
are primarily based on the use of RT-PCR and/or isother-
mal amplification principles, which focus on identifying 
the presence of viral nucleic acids in bodily samples.85 

The remaining available technologies are based on the use 
of ELISA methods that identify either the presence of 
human serum antibodies against defined or undefined 

viral proteins or the presence of such viral proteins in 
bodily samples containing such viral particles.

To further advance current predictive mathematics (eg, 
on the order of early symptoms onset86 or speed of 
dissemination87), engineering,88 barrier,89,90 

educational,91,92 or pharmacological93 efforts to control 
the spread of coronavirus, and to advance the effectiveness 
of treatment initiatives, it is of utmost importance to pro-
mote the early diagnostic identification of virus-carriers. 
Despite the progress94 and the increasing availability of 
rapid antibody/nucleotide-base tests (eg, novel colloidal 
gold nanoparticle membranes and monoclonal 
antibodies),95 it is desirable to further develop highly 
sensitive technologies and alternative strategies that do 
not rely on the mounting of immune responses by the 
host, which require variable time intervals to develop 
across populations. Delayed effective diagnosis increases 
the opportunity for (high-risk) asymptomatic viral shed-
ders to disperse viral particles within the community. 
Lastly, it is important that new technologies improve the 
level of sensitivity of current methodologies and be more 
decentralized and readily implementable by the public. 
Our understanding of glycan biology and how glycosyla-
tion defects (such as inflammatory bowel diseases96) or the 
modulation of glycan metabolism by commensal 
microorganisms97 or drugs (eg, chloroquine, antimalarial 
with anti-COVID-19 effect by increasing the endosomal 
pH required for the virus, cell fusion and interfering with 
glycosylation of cell receptors98) affect human susceptibil-
ity to viral colonization and infections represent a nascent 
opportunity for diagnostics and therapeutics.

Nanoparticles are widely tested and reported to control 
viral infections, including coronaviruses.99–104 Metallic 
nanoparticles (particularly silver and gold nanoparticles), 
and nanoparticles prepared with antiviral drugs (such as 
ivermectin) and biomolecules (such as lactoferrin, biliru-
bin) have shown their ability to inhibit viral entry and 
replication. Silver and gold nanoparticles interact with 
the structural proteins or glycan on the surface of viruses, 
or damage the surface proteins or glycan to affect the 
structural integrity of virions, thereby inhibiting 
infection,105,106 while the antiviral activity of other metal 
nanoparticles, prepared of cerium oxide (ie, nanoceria), is 
attributed to their enhanced activity in preventing systemic 
inflammatory complications.107 Recent research studies 
have proved the efficiency of lactoferrin (LF) to bind to 
cell surface receptor heparan sulfate proteoglycans 
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(HSPGs), and interfere the entry of coronavirus.108,109 

Also, ivermectin-loaded nanoparticles are shown to target 
glycans to decrease expression of viral spike protein and 
the angiotensin-converting enzyme 2 (ACE2) receptor.110

Glycan-based approaches further provide great oppor-
tunities for the design and the development of advanced 
viral therapies. Targeting glycans holds the promise for 
drug delivery with more specificity and affinity. 
However, off-target effects remain a challenge for 
in vivo applications caused by cross-reactivity with 
other glycan structures that is relatively abundant in 
most of the biological systems, resulting in possible 
toxic effects due to the generation of reactive oxygen 
species and nitric oxide in healthy tissues. Nanoparticles 
can be used to improve the targeting of glycan structures 

by increasing the loaded concentration of the targeting 
moieties. It is worth mentioning that the physicochemical 
properties of the glycan structures, such as size, shape, 
and surface charge, can influence their biological activity 
and functions, and performing more inclusive studies are 
needed to evaluate the potential use of these properties to 
enable efficient targeting of glycans and viral drug 
delivery.111 In addition, multivalent nanomedicines 
approaches could provide a relatively novel strategy for 
the development of glycan-based nanoparticles therapeu-
tics for viral infections. Compared with traditional nano-
medicine approaches, such approaches have lower 
cytotoxicity, lower immunogenicity, and higher targeting 
(Figure 11). Multivalent NPs can be used as an antiviral 
by blocking the attachment, and entry of the virus 

Figure 11 Idealistic versus realistic view of active targeting nanomedicines. 
Notes: (A) Schematic presentation of an idealistic view of targeting using nanoparticles. Nanoparticle interacts exclusively with targets on the diseased cells. (B) Schematic 
presentation of arealistic view of targeting using nanoparticles. The target cell receptor is expressed in the diseased and healthy cells, leading to off-targeting side effects. 
Reprinted with permission from Woythe L, Tito NB, Albertazzi L.Aquantitative view on multivalent nanomedicine targeting. Adv Drug Deliv Rev. 2021;169:1–21.117 Creative 
Commons Attribution-NonCommercial-NoDerivatives 4.0 International (https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode).
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particles into host cells, inhibiting viral replication, or 
selectively triggering the production of reactive oxygen 
species in the diseased cells.112 Compared with standard 
monovalent drugs, multivalent NPs can form multivalent 
ligand receptor pairs and convert inactive NPs into multi-
valent conjugates. The easy functionalization and biocon-
jugation of NPs with targeting ligands such as viral 
receptors, antibodies, peptides, glycan, or proteins can 
considerably enhance their affinity and tropism for their 
target, thereby reducing the toxicity and adverse 
reactions.

Conclusions
Glycans are complex carbohydrate structures that possess 
several characteristics and advantages over other biomole-
cules. We have showcased the varied functional and structural 
features of viral glycans and discussed the particular role of 
glycans in coronaviruses, including HCoV-229E, HCoV- 
OC43, HCoV-NL63, HCoV-HKU1, SARS, MERS, and 
SARS-CoV-2. Glycan-based virus diagnostics and therapeu-
tics have great potential to replace the current methods and 
provide better options by targeting glycan structures in the 
viruses. In conclusion, glycans have large and currently under-
exploited potential applications and studying their nanostruc-
ture can lead to novel methods for virus control and 
eradication.
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