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Abstract: Glycosylation is a major post-translational modification that regulates protein folding, stability, trafficking,
and recognition in biological systems. During viral replication, many viruses exploit host glycosylation machinery
to modify their own proteins and thereby shape virus-host interactions. Among the major forms of protein glycosyl-
ation, N-linked glycosylation has a particularly important role in viral glycoprotein folding, virion assembly, receptor
engagement, membrane fusion, tissue tropism, vector competence, and immune evasion. Current studies have
revealed diverse functions of viral protein glycosylation in the infection processes of several pathogens, including
Zika virus, dengue virus, West Nile virus, Japanese encephalitis virus, duck Tembusu virus, tick-borne encephalitis
virus, and other medically or veterinary important arboviruses. Here, we review the biological significance of N-glyco-
sylation in mediating interactions between arboviruses and their hosts, with emphasis on conserved mechanisms,
virus-specific glycosylation sites and their contributions to viral replication, pathogenesis, host adaptation and im-
mune escape. We also discuss unresolved questions and potential applications of glycosylation-targeted strategies

in antiviral research and vaccine development.

Keywords: Glycosylation, arbovirus, virus-host interaction, Flaviviridae virus

Introduction

Arboviruses (arthropod-borne viruses) are a
group of RNA viruses in biological taxonomy,
mainly classified within the families Flavi-
viridae, Togaviridae, and Bunyaviridae. These
pathogens are ecologically maintained through
complex transmission cycles involving hema-
tophagous arthropod vectors, such as mosqui-
toes, sandflies, fleas, and ticks. In recent
decades, arboviral diseases have shown an
accelerated global dissemination pattern, dri-
ven by a combination of factors including
increased international travel and trade, un-
planned urbanization, and the expansion of
vector geographic ranges induced by climate
change [1]. Therefore, clarifying the relation-
ship between arboviruses and their vectors is
crucial [2], which highlights the urgent need for

novel control strategies for mosquito-borne dis-
eases [3].

As obligate intracellular parasites, viruses
hijack the host cellular machinery to modify
their own proteins and enhance survival and
infectivity. Among all post-translational mo-
difications (PTMs), glycosylation - the covalent
attachment of glycans to proteins - is crucial
for the pathogenic mechanisms of viruses [4].
This evolutionarily conserved process occurs
across all domains of life (eukaryotes, eubac-
teria, archaea) and involves multiple glycosidic
linkage types. The major forms of protein gly-
cosylation are as follows: 1. O-linked glycosyl-
ation: glycan chains are covalently attached to
the hydroxyl moieties of serine (Ser) or threo-
nine (Thr) residues; this modification regulates
protein stability and functional modulation [5].
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2. N-linked glycosylation: glycan chains are
attached to asparagine (Asn) residues of the
proteins. This modification is critical for protein
folding, cell-cell recognition, and signal trans-
duction [6]. 3. C-linked glycosylation: a rare
modification in which mannofuranose is atta-
ched to the C2 position of tryptophan’s indole
ring through a C-C bond, observed in only a
limited number of organisms [7]. 4. Glycosyl-
phosphatidylinositol (GPl) anchor linkage: a
post-translational modification that tethers pro-
teins to the cell membrane by a glycolipid
anchor. The GPI core consists of a conserved
carbohydrate structure linked to the C-terminus
of target proteins, although its sugar composi-
tion varies across species [6]. These diverse
glycosylation mechanisms enable viruses to
manipulate host interactions, immune evasion,
and infection efficiency, highlighting their sig-
nificance for viral biology.

Successful viral invasion of host cells relies
heavily on viral glycoproteins, many of which
are folded, processed, and matured through
the host glycosylation machinery [8]. During
replication, structural and non-structural pro-
teins undergo extensive N-glycosylation, which
can influence receptor binding, membrane fu-
sion, intracellular trafficking, protein secre-
tion, virion assembly, and immune evasion [9].
For example, envelope-protein glycosylation in
West Nile virus and Japanese encephalitis
virus contributes to membrane fusion and viral
infectivity [10], while Zika virus and dengue
virus envelope glycans regulate entry, vector
competence and antibody recognition [11, 12]
(Table 1). Host-derived glycan-binding path-
ways also participate in the viral life cycle by
shaping attachment to lectin receptors, infec-
tion of immune cells, endothelial barrier dys-
function and complement-mediated immune
escape [13]. In this review, we focus on both
individual glycosylation sites and the molecu-
lar mechanisms by which N-glycosylation medi-
ates arbovirus-host interactions.

The role of N-glycosylation in the Flaviviridae
family

The Flaviviridae family is distinguished by en-
veloped, spherical viruses (approximately 50
nm in diameter), possessing a positive-sense
single-stranded RNA genome (9.5-12.5 kb)
which has a 5’ cap and a 3’ hairpin structure
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at its ends. The proteins encoded by the open
reading frame are classified into three struc-
tural proteins and seven non-structural pro-
teins. The structural proteins include capsid
protein (C), pre-membrane protein (prM), and
envelope protein (E), which mediate viral at-
tachment, membrane fusion, and virion assem-
bly. The non-structural proteins (NS1-NS5) are
indispensable for replication and host immune
modulation [14]. Comprising over 100 mem-
bers divided into four genera, the Flavivirus
genus encompasses zoonotic pathogens (e.g.,
Japanese encephalitis, dengue, and Zika vir-
uses) and non-mammalian viruses (e.g., duck
Tembusu virus) [15]. Most flaviviruses can
infect humans through mosquito or tick bites,
leading to a variety of diseases with clinical
symptoms ranging from mild febrile illnesses
to severe hemorrhagic fever or neurological
manifestations [16].

During the replication and infection cycles of
the Flaviviridae family, utilizing host cell mach-
inery for the post-translational N-glycosylation
of viral proteins represents a highly conserv-
ed and critical evolutionary strategy [4, 7, 8].
Although individual flaviviruses display distinct
heterogeneity regarding specific amino acid
positions, the N-glycosylation of the envelope
(E), pre-membrane (prM), and non-structural
protein 1 (NS1) consistently adheres to shared,
foundational biological mechanisms that gov-
ern virus-host interactions [8, 13]. Specifically,
glycans attached to the surface-exposed E pro-
tein predominantly mediate host cell attach-
ment, receptor binding, membrane fusion, and
tissue tropism, serving as key determinants
for vector competence and neuroinvasiveness
[9, 12, 17]. In contrast, prM protein glycosyl-
ation plays a critical role in structural quality
control of the heterodimer; its presence is es-
sential for stabilizing prM-E heterodimer fold-
ing, preventing premature protein aggregation
and ER stress, and maintaining endoplasmic
reticulum (ER) homeostasis to coordinate effi-
cient virion assembly and release [10, 11, 22].
The highly conserved glycosylation of the multi-
functional NS1 protein not only is essential for
its dimeric/hexameric assembly and cellular
secretion, but also directly drives viral replica-
tion and pathogenesis by interacting with host
endothelial layers and immune components
to modulate viremia and vascular leakage [13,
21, 25]. Comprehending these shared para-
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Table 1. N-glycosylation sites of viral proteins and their reported functions

Virus Viral protein N-glycosylation site

Reported function

ZIKV Envelope Asn-154
prM Asn-69
NS1 Asn-130, Asn-207

DENV  Envelope Asn-67, Asn-153
NS1 Asn-130
Asn 207

JEV Envelope Asn-154
prM Asn-15

WNV Envelope Asn-154

prM Asn-15

NS1 Asn-130, Asn-175, Asn-207
DTMUV Envelope (WT) Asn-154

Envelope (MM1775) Absent (S156P mutation)
NS1 Asn-130, Asn-175, Asn-207

YFV Envelope Asn-152, Asn-154
NS1 Asn-130, Asn-207

TBEV Envelope Asn-154

HCV E1 and E2

SFTSV  Gn Asn-33, Asn-63

Ge Asn-853, Asn-914, Asn-936
RVFV ~ Gn Asn-438

Gc Asn-794, Asn-829,

Asn-1035, Asn-1077

Replication, assembly, neurotoxicity and invasion
Virion production

Regulation of NS1 internalization and endothelial
barrier function

Viral replication, cellular invasion, and survival in
mosquitoes

Viral replication, assembly, and secretion (essential
for viral viability)

Regulation of NS1 endocytosis and endothelial bar-
rier disruption

Viral replication and neurotoxicity
Virion release

Particle assembly, mosquito infection, and neuroin-
vasion in mice

Assembly and release of virus particles

Regulation of NS1 internalization and neuroinvasive-
ness in mice

Viral proliferation, entry, infection, assembly, and
neurotoxicity

Impaired viral attachment, entry, and propagation
Viral proliferation, viremia, and virulence

Not reported

In vitro viral proliferation and neurotoxicity

Virion release and neurotoxicity

Viral assembly, secretion, entry, and immune
response

Immune response
Immune response and membrane fusion
Viral infection and induction of neutralizing antibodies

Viral infection and induction of neutralizing
antibodies

Note: N-linked glycosylation-site positions (e.g., Asn-154) are assigned according to representative reference strains for each
virus (e.g., ZIKV MR766, DENV-2 16681, JEV Nakayama, WNV NY99, and DTMUV MM1775). Numbering may vary among isolates
because of natural sequence variation or deletions. Where multiple glycosylation sites are listed in a single row (e.g., DENV NS1),
the functions reflect the combined roles of those sites, which may vary in essentiality; individual site-specific contributions are

discussed in the corresponding text.

digms provides a unified blueprint for dissect-
ing specific flavivirus features and developing
broad-spectrum antiviral strategies or target-
ed vaccine development [5, 8, 32]. The de-
tailed individual glycosylation profiles of major
family members are characterized below.

Zika virus (ZIKV) circulates predominantly be-
tween wild primates and arboreal mosquito
species. Its prM and E proteins contain
N-glycosylation sites that contribute to viral
infectivity and pathogenesis [17]. The E pro-
tein N154 glycan differs among ZIKV lineages;
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some early African isolates lack this site,
whereas most Asian lineage isolates retain it.
This modification can influence viral pathogen-
esis by modulating virion assembly and in vitro
infectivity, enhancing viral entry through inter-
actions with cell-surface lectins, and facilitat-
ing invasion of the mosquito midgut epithelium,
a key determinant of vector competence [18,
19]. However, the biological effect of E N154
is strain- and host-dependent. For example,
loss or mutation of this site may alter replica-
tion and neurovirulence in neonatal mouse
models, indicating that glycosylation affects
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ZIKV-host interactions in a context-dependent
manner [20, 21].

All ZIKV strains contain an N-linked glycosyl-
ation site at Asn-69 in prM. Loss of prM
N-glycosylation leads to protein aggregation
in the endoplasmic reticulum, triggering ER
stress and inducing CHOP nuclear transloca-
tion [22]. Both prM and E glycosylation are
required for efficient E-protein secretion; abla-
tion of prM glycosylation disrupts processing
and causes abnormal accumulation in the
endoplasmic reticulum, thereby impairing gly-
coprotein maturation and productive virion as-
sembly. These findings indicate that prM and
E glycans are functionally non-redundant and
jointly maintain viral glycoprotein folding fideli-
ty, ER homeostasis, and infectious particle
production.

Structural analysis of the prM-E heterodimer
indicates that exposed N-glycans can be posi-
tioned at sites accessible to host receptors
and antibodies. Such surface accessibility sup-
ports a dual role in viral entry and immune eva-
sion. For ZIKV NS1, the two commonly used
mature-protein N-glycosylation sites are N130
and N207"Note: These positions are based on
the mature NS1 protein sequence, correspond-
ing to N924 and N1001 in the viral polyprotein,
respectively. Some studies also describe the
corresponding positions according to polyprot-
ein numbering, but the mature NS1 numbering
is used here for consistency with Table 1 and
common academic usage. Although ZIKV NS1
glycans have been implicated in secretion, en-
dothelial barrier function and immune modula-
tion, their site-specific contributions to host-
pathway activation require further mechanistic
clarification.

Classified under the Flavivirus genus of the
Flaviviridae family, dengue virus encompass-
es four distinct serotypes, namely DENV-1
through DENV-4. This mosquito-borne patho-
gen spreads to humans chiefly through bites
inflicted by Aedes aegypti and Aedes albopic-
tus. Aedes aegypti serves as the principal
urban vector owing to its anthropophilic feed-
ing behavior and extensive distribution in tropi-
cal and subtropical regions.

Clinical symptoms appear 3-14 days after infec-
tion, including high fever, emesis, headache,
myalgia, arthralgia, and a characteristic exan-
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thema. The recovery from dengue fever gener-
ally takes place 2 to 7 days after infection [23,
24]. The fifth serotype of DENV was identified in
2013 [25, 26]. Presently, the four serotypes
DENV-1, 2, 3, and 4 are predominantly preva-
lent, and there is a cross-immune reaction with
ZIKV and JEV [27, 28].

The genome of the dengue virus encodes 3
structural proteins and 7 non-structural pro-
teins as well. Antigenic determinants situated
on the E protein can not only induce the host to
produce protective neutralizing antibodies and
hemagglutination-inhibiting antibodies but may
also be involved in dengue shock syndrome
and the onset of dengue hemorrhagic fever [29,
30]. Many studies have indicated that the E
protein has a significant effect on membrane
fusion, host receptor binding, and viral internal-
ization within cells [19].

Dengue virus envelope protein harbors two
potential N-linked glycosylation sites at as-
paragine residues 67 and 153. The Asnl153
site is highly conserved among most flavivirus-
es, whereas Asn67 exhibits obvious specificity.
Loss of the Asn67 glycosylation site restrains
viral replication and blocks the formation of
infectious virions, making this site indispens-
able for dengue virus transmission [31]. Gly-
cosylation at Asn67 markedly facilitates viral
entry into host cells.

Glycosylation modification at Asn153 contrib-
utes to viral survival in mammalian and mos-
quito cells. During viral infection, N-glycosyla-
tion of envelope protein and NS1 protein exerts
vital effects on virus adsorption, internaliza-
tion, secretion, assembly and maturation [32,
33]. Such modifications can shield neutralizing
epitopes on viral proteins, participate in infec-
tion progression, and modulate viral pathoge-
nicity. Two highly conserved N-linked glycosyl-
ation sites, N130 and N207, are identified on
the NS1 protein.

N207 glycosylation site

Research indicates that NS1 damages the
endothelial glycocalyx layer and triggers vascu-
lar leakage. Furthermore, NS1-induced endo-
thelial hyperpermeability has been associat-
ed with cellular internalization processes and
may be influenced by N-linked glycosylation
[34]. Mutation at the N207 glycosylation site of
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NS1 impairs its cellular internalization and
endosomal trafficking, thereby attenuating its
ability to disrupt the endothelial glycocalyx
and compromise barrier integrity. This role dif-
fers from that reported for WNV and ZIKV NS1,
in which glycosylation at the corresponding
site contributes to NS1-mediated pathogenic
effects through mechanisms that appear dis-
tinct from those in DENV. Notably, mutation
at Asn-207 has only limited effects on viral
replication.

N130 glycosylation site

In contrast, the N130 glycosylation site is
essential for viral replication and particle pro-
duction, since its mutation in DENV-1 and
DENV-2 abolishes the generation of infectious
virions in both mosquito and mammalian cells
(Somnuk et al., 2019). Similarly, the N130 mu-
tation of DENV-4 suppresses viral replication
in C6/36 cells and mammalian cells.

Furthermore, NS1 is a critical diagnostic mark-
er, It is found circulating in the blood of pa-
tients experiencing primary or secondary DENV
infections [35].

Through reverse genetics approaches, resear-
chers can generate N-glycosylation site dele-
tion mutants of the NS1 protein. These engi-
neered variants enable the selection of gene-
tically stable dengue virus strains with attenu-
ated virulence. This molecular strategy pro-
vides a critical basis for developing both: (1)
attenuated dengue vaccine vectors and (2)
chimeric dengue vaccine candidates, offering
promising directions for vaccine development.
Nevertheless, the function of prM glycosylation
has not been extensively investigated.

The prM protein plays a key role in the proper
folding, membrane localization, and final as-
sembly of Japanese encephalitis virus E protein
[36]. The biological function of prM was inve-
stigated in 1995, and it was found to be an
important synergistic component of the virus in
inducing protective immunity in the organism.
The E protein serves as the primary structural
protein of the Japanese encephalitis virus. It is
generally accepted that the E protein promot-
es the fusion of the virus with the cell mem-
brane and the entry of the virus. The virulence
of the virus largely depends on this protein.
Substituting some of its key amino acids may
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lead to the loss of neurovirulence and inva-
siveness. In the Japanese encephalitis virus,
the prM protein possesses an N-linked glyco-
sylation site at Asn-15, while the E protein har-
bors an N-linked glycosylation site at Asn-154.
[37, 38]. In animal experimental models, JEV
has an N-glycosylation site N15-X16-T17 on
prM. After removing this site, when JEV rein-
fects mice, the virus virulence was found to
decline significantly. Through mutation of this
site, prM mutants (N15A, T17A, and N15A/
T17A) are obtained. The proliferation of these
mutants is specifically restricted by cell type.
In a JEV DNA vaccine study, immunization of
mice with a prME protein carrying the N154A
mutation increased IL-4 secretion, induced
IgG1 isotype antibodies, yielded higher anti-JEV
titers, and provided comprehensive protection
against virus challenge. Moreover, the N-link-
ed glycosylation pattern of the E protein might
exert an influence on the interaction between
the virus and cell lectins, and play a role in
virus replication and pathogenesis. In compari-
son to the wild-type Japanese encephalitis
virus (which possesses a native N-glycan at
Asn-154), recombinant variants lacking this
site (non-glycosylated), or those with an artifi-
cially introduced glycan at Asn-67 show sub-
optimal growth in mice. Also, their neurovi-
rulence and neuroinvasiveness are reduced.
Compared to the wild-type strains, viruses with
glycosylation at both N67 and N154 sites show
replicability and neurovirulence in cell culture,
but they exhibit diminished neuroinvasiveness
during in vivo experiments. During the evolu-
tionary process, the neurotropic flavivirus E
protein, which has only one glycosylation site
at N153, may confer a selective advantage in
traversing the blood-brain barrier. The afore-
mentioned study also confirms the significant
role of polysaccharides on the E protein of fla-
viviruses during virus infection and their influ-
ence on virus tropism.

The West Nile virus (WNV), a member of the
Flavivirus genus within the Flaviviridae family,
was first isolated in Uganda in 1937 [39, 40].
Culex mosquitoes serve as its primary trans-
mission vectors, while birds are susceptible to
this virus and act as amplifiers. Following WNV
infection, the majority of animals and humans
do not display clinical symptoms. A small pro-
portion of mild cases present with fever and
headache, and severe cases manifest as en-
cephalitis and may result in death.
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The entire genome of WNV encodes 10 pro-
teins, including three structural proteins and
seven non-structural proteins. The prM protein
has an N-linked glycosylation site; however, not
all strains contain an N-linked site on the E pro-
tein. The N-linked glycosylation motif of the
West Nile virus (WNV) envelope protein is situ-
ated between amino acid positions 154 and
156, with the glycosylation site being Asn-154
[41, 42]. WNV strains undergoing glycosylation
on their E protein exhibit enhanced infectivity
in both mammalian and mosquito hosts. Con-
versely, E protein-unglycosylated WNV variants
demonstrate significantly impaired ability to
replicate and spread effectively in mosquito
cells [43]. This underscores the critical role of
E protein glycosylation in the viral lifecycle with-
in the arthropod vector [44]. Glycosylation of
the E protein promotes the assembly of WNV
and significantly enhances its infectivity.

Mice infected solely with West Nile virus har-
boring glycosylated E protein demonstrate neu-
roinvasiveness, suggesting that the glycosyl-
ation of the E protein serves as a molecular
determinant of the virus’s neuroinvasiveness
[45]. Additionally, The N-linked glycosylation
site within the WNV prM protein exerts a crucial
influence on the regulation of viral assembly
and release. However, the elimination of glyco-
sylation on either the E or prM protein will lead
to a decrease in the release of subviral parti-
cles [46].

The NS1 protein of WNV harbors three N-link-
ed glycosylation sites at asparagine residues
N130, N175, and N207. Prior studies have
demonstrated that the elimination of these
glycosylation sites in WNV, accomplished by
substituting asparagine with alanine, leads to
an attenuation of mouse neuroinvasiveness
[47]. Nevertheless, complete attenuation is
not attained, and the virus still manifests a
neurovirulence phenotype. After the removal of
all N-glycosylation sites in the NS1 protein of
WNYV, the attenuated virus completely loses
its neurovirulence to mice while retaining ben-
eficial immunogenicity.

Duck Tembusu virus (DTMUV) belongs to the
genus Flavivirus and is an emerging avian
pathogen [48]. Since its detection in duck
farms in southeastern China in 2010, DTMUV
has spread widely across several provinces
[49]. Its natural hosts include Culex mosqui-
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toes, avian species and waterfowl, and Culex
mosquitoes are considered an important com-
ponent of the DTMUV transmission cycle [50,
51]. DTMUV encodes three structural proteins
and seven non-structural proteins. The E pro-
tein is the major surface glycoprotein involved
in viral attachment, entry, assembly and dis-
semination [52, 53]. Most DTMUYV isolates con-
tain the E N154 glycosylation site; however,
the prototype strain MM1775 lacks this glycan
because the S156P substitution disrupts the
N-linked glycosylation motif. Reverse-genetics
studies have shown that disruption of E N154
glycosylation attenuates viral attachment, inva-
sion, and infectivity in duck embryo fibrob-
last (DEF) cells and C6/36 mosquito cells, and
reduces viral assembly and release [54-56].
Mutation of this site also decreases tissue
viral loads and alleviates brain injury and neu-
roinflammation in vivo [57]. Thus, DTMUV E
glycosylation appears to connect viral propa-
gation in avian and mosquito cells with tissue
tropism and virulence. DTMUV NS1 contains
the same three mature-protein N-glycosylation
sites as WNV NS1, namely N130, N175 and
N207, and these glycans contribute to viral
propagation, viremia and virulence [58, 59].
Nevertheless, the host determinants and sig-
naling pathways linking DTMUV E/NS1 glycosyl-
ation to avian pathogenicity and neurovirulen-
ce remain incompletely defined.

Yellow fever virus (YFV) serves as the etiologi-
cal agent of yellow fever, which stands as the
first documented viral hemorrhagic fever in his-
tory [60]. In the seventeenth century, it spread
from West Africa to the Americas and is trans-
mitted through the bites of Aedes mosquitoes.
Its clinical manifestations include high fever,
headache, jaundice, and proteinuria [61, 62].
Analogous to other members of the Flaviviri-
dae family, the yellow fever virus (YFV) encom-
passes 10 protein-encoding genes. The NS1
and E proteins of YFV feature glycosylation
sites. Deletion of the N130 site or both N130
and N207 sites affects in vitro proliferation
and substantially reduces neurovirulence in
mice [63]. Moreover, the elimination of the ini-
tial glycosylation site in the NS1 of YFV also
leads to a reduction in virus titer.

Based on studies of the E protein of the YFV
17DD strain and the 17D-213 strain, it was
discovered that the primary disparity between
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these two viral strains resides in their poten-
tial N-linked glycosylation sites [64].

Tick-borne encephalitis, a severe viral disorder
attacking the human central nervous system,
is caused by tick-borne encephalitis virus
belonging to the Flavivirus genus of the Fla-
viviridae family. This virus consists of three
structural and seven non-structural proteins.
Its envelope protein carries only one N-gly-
cosylation site at Asn-154. Glycosylation of
envelope protein enhances viral infectivity and
plays essential roles in virion assembly, viru-
lence, and pathogenicity [65-69]. Deglycosy-
lation of the envelope protein does not signifi-
cantly affect the in vitro infectivity of TBEV;
however, it leads to a marked reduction of in
vivo virulence in mouse models, suggesting
that the N-glycan at Asn-154 is critical for viral
pathogenicity rather than for basic replication
[70]. In-depth investigations have shown that in
mutants with glycosylation at positions 66 and
154 of the E protein, the secretion level of the
E protein is fourfold higher than that of the
wild-type [71]. The glycosylation site Asn-154
of the TBEV E protein can promote the release
of virus-like particles by TBEV in mammalian
cells and plays a significant part in the process
of inducing neurotoxicity [72]. According to the
prediction by the NetNGlyc 1.0 server, there
is another N-linked glycosylation site, N641, in
TBEV; however, the residue following aspara-
gine is proline. It is well-established that pro-
line can hinder the glycosylation of the preced-
ing residue. The specific function of this site
has not been further clarified. Research on the
glycosylation site of the TBEV may contribute
to the understanding of the biological charac-
teristics of TBEV in mammals and ticks. It may
also contribute to the development of highly
efficacious antiviral drugs against TBEV.

Although Hepatitis C Virus (HCV) belongs to
the family Flaviviridae, it is a classic non-arth-
ropod-borne virus that is primarily transmitted
through blood exposure and contaminated
medical products, distinguishing it from typical
arboviruses [73-75]. Nevertheless, as a promi-
nent member of the same viral family, the
N-glycosylation profile of HCV envelope glyco-
proteins serves as an invaluable compara-
tive model to understand the evolutionary and
functional modification strategies within the
Flaviviridae family. The HCV envelope glycopro-
teins, E1 and E2, are heavily glycosylated, typi-
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cally possessing 4 and 11 N-linked glycans,
respectively [76]. Mutations at specific glyco-
sylation sites, including EAIN1, E2N3, E2N7,
E2N8, E2N10, and E2N11, are deeply detri-
mental to viral particle assembly, secretion,
and cell entry [76]. Specifically, modification at
the E2N7 site is critical for maintaining infec-
tivity, while glycans at E2N2 and E2N4 are
essential for the internalization mediated by
envelope proteins [77]. Furthermore, glycans
at positions E2N1, E2N2, E2N4, E2N6, and
E2N11 function to shield key epitopes from
neutralizing antibodies and modulate the bind-
ing affinity between E2 and the host receptor
CD81, revealing a sophisticated mechanism
of immune evasion [77]. Therefore, while HCV
lacks an arboviral transmission route, its struc-
tural glycosylation studies offer essential re-
ference value for elucidating conserved virus-
host interactions across related pathogens.
Alkhumra hemorrhagic fever virus (AHFV) is
also classified within the genus Flavivirus of
the family Flaviviridae [78]. AHFV is a relatively
new virus, which was discovered merely 28
years ago. Initially, this virus was isolated from
a butcher in Jeddah, Saudi Arabia [79]. Phy-
logenetic analyses based on the NS5 sequen-
ce have demonstrated that the virus clusters
within the tick-borne encephalitis virus sero-
complex. It shows a high level of similarity to
another tick-borne virus, the Kyasanur forest
disease virus. However, the latter was first
identified in India in the late 1950s [80].
Analogous to other flaviviruses, the AHFV and
KFDV viruses are cleaved by host proteases
into three structural proteins and eight non-
structural proteins [81]. In AHFV, two N-linked
glycosylation sites (amino acids 145 and 862)
are present. In Kyasanur Forest disease virus
(KFDV), only one N-linked glycosylation site
(located at the 145th amino acid position) has
been recognized, which is located at the same
position as that in Alkhurma hemorrhagic fever
virus (AHFV) [82]. However, the functions of
the glycosylation sites in AHFV and KFDV
remain unreported. Additionally, certain other
viruses, such as SLEV and MVEV, possess a
third glycosylation site at amino acid position
175, in addition to the N103 and N207 sites
on the NS1 protein [83].

The role of 3N-glycosylation in the Bunyaviri-
dae family

The Bunyaviridae family is the most extensive
virus family, comprising five genera and over 30
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serogroups [84]. Among these, four are cla-
ssified as animal virus genera, specifically
Bunyavirus, Nairovirus, Phlebovirus, and Han-
tavirus [85]. One genus pertains to plant virus-
es, with a total of approximately 350 viruses
[86]. Among the four animal virus genera,
except that the primary reservoir of the Han-
tavirus genus is Apodemus agrarius, nearly all
members of the Bunyaviridae family are arbo-
viruses, mainly presenting three transmission
modes: mosquito-borne, tick-borne, and sand-
fly-borne. Some viruses can be transmitted
through eggs, mating, or during the embryonic
stage in their arthropod vectors [87]. The major-
ity of viruses in this family exhibit a spherical
morphology, having a diameter in the range
of 80 to 120 nm and an envelope. This virus
has a genome comprising three negative-sense
RNA segments (L, M and S) with unidirectional
or bidirectional transcription, whose lengths
vary among different genera. The L segment
encodes the L protein, the M segment produc-
es two glycoproteins and one non-structural
protein, and the S segment expresses the
nucleocapsid protein plus another non-struc-
tural protein [88].

The severe fever with thrombocytopenia syn-
drome virus (SFTSV), belonging to the Bun-
yavirus genus, is capable of being transmitt-
ed by Haemaphysalis longicornis [89]. SFTSV
genome comprises L, M and S three segments
[90]. Following cleavage and modification by
proteases within host cells, it generates two
envelope glycoproteins, namely Glycoprotein C
(Ge) and Glycoprotein N (Gn). These two glyco-
proteins exert a significant influence on the
formation of virus particles, virus assembly,
and attachment to target cells. Certain resear-
ch also indicates that the two glycoproteins Gn
and Gc may play a crucial role in mediating
phagocytosis and the invasion of SFTSV into
the nervous system. In ferret SFTSV DNA vac-
cine experiments, these glycoproteins prima-
rily induce SFTSV-specific neutralizing antibod-
ies [91]. The subdomain of Gn encompasses
two N-linked glycosylation sites, namely Asn-
33 and Asn-63. The extracellular domain of
Gc comprises three N-linked glycosylation
sequences, specifically Asn-853, Asn-914, and
Asn-936 [92].

Rift Valley fever (RVF), a mosquito-borne zoo-
notic viral disease, is widely prevalent across
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Africa. It has the capacity to lead to increas-
ed abortion rates, teratogenic rates, and neo-
natal mortality in cattle, goats, and sheep [93].
Humans are infected with this disease through
exposure to the bodily fluids of infected ani-
mals or bites from mosquitoes harboring the
virus [94]. Rift Valley fever virus (RVFV) is a
tripartite negative-sense RNA virus belonging
to Phlebovirus of Bunyaviridae [95]. In addition
to causing hemorrhagic fever and hepatitis,
RVFV is also recognized for its potential to
cause severe neurological complications in
both humans and animals [96]. The viral
genome includes L, M and S segments. The M
segment encodes NSm, Gn and Gc proteins. Gn
has one N-glycosylation site at N438, and Gc
contains four such sites at N794, N829, N1035
and N1077. Mutagenesis replacing aspara-
gine with glutamine revealed that N438Q and
N1035Q mutants exhibited impaired infectivity.
In contrast, the dual N438Q/N1035Q muta-
tion had nearly no effect on viral infection in
these cells. The experiment further demon-
strated the presence of N-glycosylation at the
N794, N1035, and N1077 sites of Gc, while
the N829 site did not show such glycosylation.
Notably, G¢ N1077 displayed heterogeneous
N-glycosylation patterns. Glycosylation modifi-
cations at the N438 site of the RVFV Gn pro-
tein or the N1077 site of the Gc protein are
crucial for DC-SIGN-mediated viral infection.
Additionally, the RVFV Gn and Gc glycoproteins
play a significant part in inducing neutralizing
antibodies and vaccine development [97, 98].

The role of 4N-glycosylation in Togaviridae

The Togaviridae family is primarily classified
into the Alphavirus genus and the Rubivirus
genus based on serological reactions [99].
The Alphavirus genus encompasses numerous
members, and the transmission and spread
links are more intricate. Nearly all alphaviruses
are transmitted by mosquitoes and can infect
arthropods and vertebrates, causing diseases
in humans and livestock [100]. Except for the
Getah virus reported in Taiwan, Province of
China, currently, only some arboviruses of re-
latively less significance in veterinary medicine
in China remain in this family [101]. The virus
particles of this family are spherical, with a
diameter spanning from 40 to 70 nm, and pos-
sess an envelope and fine membrane particles.
The membrane particles consist of 80 trimers,
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Table 2. Functional divergence of N-glycosylation across major arbovirus families

Virus family Representatlve Dominant gly'co— Major functional implications
viruses sylated proteins
Flaviviridae ZIKV, DENV, JEV, E, prM and NS1 Protein folding, virion maturation, receptor/lectin-medi-
WNYV, DTMUV, YFV ated entry, vector competence, endothelial dysfunction,
immune evasion and neurovirulence
Bunyaviridae SFTSV and RVFV Gn and Gc Host entry, tissue tropism, membrane fusion, immune

Togaviridae GETV, RRV, CHIKY, El and E2
VEEV, MAYV and SINV

recognition and induction of neutralizing antibodies

Glycoprotein-capsid interaction, virion assembly, struc-
tural stability, pH-dependent fusion and pathogenicity

and each trimer is composed of two glycopro-
teins, E1 and E2 [102, 103].

Getah virus (GETV), a poorly studied mosqui-
to-borne alphavirus in the Togaviridae family,
encodes four non-structural proteins (nsP1-
nsP4) and five structural proteins (CP, E3, E2,
6K, E1) [104, 105]. Structural proteins mainly
mediate viral adsorption, assembly and bud-
ding, while non-structural proteins participate
in viral RNA replication. Envelope glycoproteins
E1 and E2 form viral spikes to bind cellular
receptors and induce membrane fusion [106,
107]. The NetNGlyc 1.0 server forecasts that
the E1 protein possesses one N-glycosylation
site (residues 141-143, NQT), and the E2 pro-
tein has two N-glycosylation sites (200 NCT
202 and 262 NST 264). This is consistent with
the presence of two N-glycosylation sites on
the E2 protein (N200 and N262) [108]. The gly-
cosylation modification of GETV glycoproteins
E1 and E2 promotes the replication and assem-
bly of the virus within cells. Once removed, the
replication capacity and assembly efficiency of
the virus will decline, and the virus titer will
decrease by 10 to 100 times [109]. The glyco-
sylation modification at the E1 N141 and E2
N200 sites facilitates the assembly of glycopro-
teins and capsids during the virus assembly
process. After removal, the expression of struc-
tural protein E2 is reduced, resulting in a de-
crease in the interaction opportunities between
the basically normally expressed CP protein
and the E2 protein. Eventually, fewer viruses
are assembled, which indirectly leads to a large
accumulation of CP protein in the cytoplasm
[110].

Furthermore, N-glycosylation at comparable
sites has been reported in several other alpha-
viruses, such as RRV, CHIKV, VEEV, MAYYV, and
SINV [111]. The glycosylation at E1 N141 of
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RRV and SINV has been demonstrated to be
associated with virulence [112]. The glycan
attached to E2 N200 may stabilize the fusion
loop of E1 through the formation of hydrogen
bonds and may participate in the pH-depen-
dent conformational changes and membrane
fusion of E1. E2 N262 shows a high level of
conservation among multiple arthritogenic
alphaviruses, and this site may be related to
the pathogenicity of alphaviruses [113]. Among
all alphaviruses, the E1 protein exhibits rela-
tive conservation, whereas arthritogenic and
encephalitic alphaviruses display notable dis-
parities in their E2 proteins. This implies that
the E1 protein may serve as a target for the
development of a universal subunit vaccine
against all alphaviruses.

Table 2 summarizes the functional divergence
of N-glycosylation across major arbovirus fami-
lies. In flaviviruses, N-glycosylation is closely
associated with protein folding, virion matura-
tion and immune shielding; in bunyaviruses, it
is more prominently linked to host entry and
tissue tropism; and in togaviruses, it contrib-
utes to virion assembly, structural stability, and
pathogenicity.

Molecular mechanisms of host-virus interplay
mediated by N-glycosylation

Beyond their structural role in maintaining the
integrity of viral glycoproteins, N-glycans serve
as a critical molecular interface for host-virus
interplay. The interaction between viral glycans
and host factors orchestrates the viral life cycle
through several refined mechanisms.

Arboviruses exploit host C-type lectin recep-
tors (CLRs), such as DC-SIGN and L-SIGN, to
enhance entry into dendritic cells and macro-
phages. The mannose-rich N-glycans on viral
envelope proteins act as high-affinity ligands
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for these receptors, effectively stabilizing viral
attachment to the cell surface and facilitating
receptor-mediated endocytosis [114]. This gly-
can-lectin interaction not only boosts infection
efficiency but also determines the virus’s spe-
cific tissue tropism, enabling the pathogen to
selectively target immune cells that facilitate
systemic dissemination.

Furthermore, N-glycans function as a “glycan
shield” that physically masks conserved immu-
nogenic epitopes from neutralizing antibody
recognition. During acute or chronic viremia,
the dense glycan coverage on envelope pro-
teins limits the binding accessibility of host
antibodies [115]. Simultaneously, certain viral
N-glycans interact with host mannose-binding
lectin (MBL) to modulate the activation of the
complement system [116]. By hijacking these
host regulatory pathways, arboviruses delay or
suppress the early host innate immune re-
sponse, providing a window for rapid replica-
tion.

The processing of viral N-glycans within the
host endoplasmic reticulum (ER) also influenc-
es the host’s unfolded protein response (UPR).
The improper folding or premature processing
of viral glycoproteins can trigger cellular stress
responses, which subsequently modulate host
infammatory signaling pathways, such as the
NF-kB or MAPK pathways [117]. This crosstalk
suggests that N-glycosylation is not an isolated
post-translational modification but a dynamic
trigger that signals the host cell to alter its
internal environment, including lipid metabo-
lism or redox balance, to favor viral assembly.

Finally, the variation in glycosylation sites ob-
served among different strains, such as the
loss of Asn-154 in the DTMUV MM1775 strain
[118], highlights a rapid evolutionary adapta-
tion. As host immune pressure increases, the
virus may evolve to shed or gain specific glycan
sites to recalibrate the balance between in-
fectivity and immune evasion. This dynamic
evolutionary process underscores the high-lev-
el dependence of arboviruses on host glycosyl-
ation machinery to maintain their ecological fit-
ness across diverse host species.

Summary and outlook

Glycobiology is an essential area of cell biology
and virology. N-linked glycosylation of viral pro-
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teins contributes to viral survival, infectivity, tis-
sue tropism, virulence, and immune evasion,
and has therefore become an important fo-
cus in arbovirus research [119]. Enveloped
viruses exploit the host glycosylation machin-
ery to modify their own glycoproteins, thereby
improving protein folding, facilitating viral en-
try, mediating membrane fusion, and modu-
lating sensitivity to neutralizing antibodies.
Because surface glycoproteins are also major
antigens, their glycosylation patterns are highly
relevant to vaccine design, antiviral develop-
ment and interpretation of host-range adapta-
tion.

Across flaviviruses, E-protein glycans mainly
influence attachment, entry, fusion, vector
competence and antibody recognition, where-
as NS1 glycans regulate secretion, endothelial
barrier dysfunction, complement interaction,
inflammation and immune escape. These shar-
ed mechanisms explain why similar glycosyl-
ation motifs can have different biological con-
sequences in different virus-vector-host sys-
tems. Future studies should move beyond ca-
taloguing glycosylation sites and should define
how individual glycans interact with specific
host receptors, lectins, immune mediators and
cellular trafficking pathways. Particular priori-
ties include resolving strain-specific glycosyl-
ation differences, standardizing site number-
ing, clarifying the role of NS1 glycans in vascu-
lar and immune pathology, and evaluating
whether glycosylation-targeted strategies can
be safely used for vaccine attenuation or an-
tiviral intervention.

Despite extensive research into the functional
paradigms of viral glycosylation across families
like Flaviviridae, Bunyaviridae, and Togaviridae,
several critical knowledge gaps persist that
warrant systematic investigation:

Structural and Non-Structural Glycoprotein
Gaps: While the chaperone functions of prM
glycosylation are recognized in major model
pathogens, its specific role in viral assembly
across multiple serotypes requires deeper bio-
chemical exploration. Similarly, the potential
N-glycosylation sites on the non-structural pro-
tein NS1-such as the N924 and N1001 sites
in ZIKV, and the triple-site configurations in
emerging flaviviruses-have established corre-
lations with in vivo virulence and replication,
yet the detailed downstream molecular mecha-
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Table 3. Knowledge gaps concerning N-glycosylation in emerging and neglected arboviruses

Predicted or reported

. . Current evidence
N-glycosylation sites

Virus

Key unresolved question

SFTSV ~ Gn: Asn-33 and Asn-63; Mainly sequence predic-
Gc: Asn-853, Asn-914  tion and limited functional

and Asn-936 inference

Whether these glycans directly regulate glyco-
protein folding, particle assembly, cell entry
and immune escape

AHFV Putative sites including Predominantly bioinformatic Whether the predicted sites influence replica-

Asn-145 and Asn-862 prediction

KFDV Putative site around
Asn-145 prediction

tion fitness, virulence and host adaptation

Predominantly bioinformatic Whether this site has conserved or divergent

functions compared with related tick-borne
flaviviruses

Table 4. Potential applications of glycosylation engineering in antiviral and vaccine development

Strategy Potential target ~ Glycosylation-based approach Research or clinical relevance

Attenuated-vaccine  DTMUV E protein
design N-glycosylation

Attenuated-vaccine  WNV NS1 protein Deglycosylation of NS1 sites

design

Broad-spectrum anti- Flavivirus and bun-  Interference with host glycosyl-
yavirus glycoprotein ation machinery or glycan-depen-  but safety and specificity require careful

viral development

maturation dent viral entry

Removal or alteration of E-protein  May reduce tissue viral load, neuroinfamma-

tion and virulence while preserving immuno-
genicity

May reduce neuroinvasiveness and support
rational vaccine-vector development

May provide a host-oriented antiviral strategy,

evaluation

nisms governing these interactions remain to
be fully resolved.

Pathogenicity and Host Tropism Determinants:
Although the fundamental roles of E and NS1
glycosylation in certain waterfowl pathogens
like DTMUV have been described [56, 57, 59],
the precise structural configurations and down-
stream molecular mechanisms through which
specific glycan motifs drive pathogen-host in-
teractions remain incompletely understood.
Specifically, how these specific envelope gly-
can motifs cross highly selective anatomical
barriers, such as the blood-brain barrier to
induce neuroinvasiveness or neuroinflamma-
tion, remains ambiguous. This critical gap is
particularly evident in specialized neurotropic
variants of YFV and emerging avian flavivirus-
es. Resolving these mechanistic discrepan-
cies requires further comparative structural
and functional alignment with established viral
models.

Emerging and Neglected Pathogens: For sever-
al newly isolated or geographically restricted
arboviruses, including AHFV, KFDV, and highly
pathogenic bunyaviruses like SFTSV, current
understanding is limited to server-based se-
quence predictions. The physical presence,
structural configurations, and functional contri-
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butions of these predicted glycosylation sites
(such as the Gn and Gc sites of SFTSV) to repli-
cation, virion assembly, and cellular invasion
remain completely uncharacterized.

Future efforts must prioritize the deployment
of reverse genetics systems, high-resolution
cryo-EM glycoproteomics, and advanced in
vivo imaging models to decipher these specific
glycan-host interactions. Resolving these ques-
tions will not only enhance our understanding
of arboviral evolutionary biology but will also
accelerate the development of highly effica-
cious, next-generation antiviral therapies and
attenuated vaccine candidates.

For several emerging or neglected arbovirus-
es, available evidence remains insufficient to
define the biological functions of predicted
N-glycosylation sites. Table 3 summarizes the
main knowledge gaps for SFTSV, AHFV, and
KFDV, highlighting the need for reverse-genet-
ics systems, structural analyses, and infection
models to clarify their roles in replication, viru-
lence, particle assembly and host adaptation.

The translational relevance of viral N-glycosy-
lation is further summarized in Table 4. Tar-
geted manipulation of N-glycosylation sites
may contribute to attenuated-vaccine design,
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while interference with host glycosylation ma-
chinery or glycan-dependent viral processes
may provide a strategy for broad-spectrum an-
tiviral intervention.
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