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The major structural envelope (E) protein of Japanese encephalitis virus (JEV) facilitates

cellular binding/entry and is the primary target of neutralizing antibodies. JEV E protein

has one N-linked glycosylation site at N154 (G2 site), but the related dengue virus E

protein has two glycosylation sites at N67 (G1 site) and N153 (G2 site). We generated

three recombinant JEVs with different glycosylation patterns on the E protein. As

compared with wild-type (WT) JEV with G2 glycosylation, viral growth in culture cells

as well as neurovirulence and neuroinvasiveness in challenged mice were reduced when

infected with the G1 mutant (E-D67N/N154A) with glycosylation shifted to G1 site, and

the G0 mutant (E-N154A) with non-glycosylation. The G1G2 mutant (E-D67N), with

E-glycosylation on both G1 and G2 sites, showed potent in vitro viral replication and

in vivo neurovirulence, but reduced neuroinvasiveness. Furthermore, the JEV mutants

with G1 glycosylation showed enhanced DC-SIGN binding, which may then lead to

reduced brain invasion and explain the reason why WT JEV is devoid of this G1 site of

glycosylation. Overall, the patterns of N-linked glycosylation on JEV E proteins may affect

viral interaction with cellular lectins and contribute to viral replication and pathogenesis.

Keywords: Japanese encephalitis virus, envelope protein, glycosylation, vaccine potential, DC-SIGN

INTRODUCTION

The flavivirus genus contains many important human pathogens such as Japanese encephalitis
virus (JEV), dengue virus (DENV), yellow fever virus, West Nile virus (WNV), and Zika virus
(ZIKV). Flaviviral virion is enveloped and contains a positive-sense, single-stranded RNA genome.
The viral RNA translates a polyprotein that is proteolytically processed into structural proteins
[core, precursor of membrane, and envelope (E)] and seven nonstructural proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5) (Lindenbach et al., 2007). Embedded in the viral membrane
are 180 copies of the E glycoproteins. The E glycoprotein facilitates cellular attachment, binding
and entry, and is the primary target of neutralizing antibodies (Mukhopadhyay et al., 2005). The
flavivirus receptors included two types of molecules, glycosaminoglycans (GAGs) and cellular
proteins. Highly sulfated GAGs such as heparan sulfate serve as initial attachment factors to gather
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viral particles on the cell surface following interact with cellular
proteins (Chen et al., 1997; Su et al., 2001; Germi et al., 2002).
Several cellular proteins such as vimentin (Das et al., 2011; Liang
et al., 2011), αvβ3 integrin (Chu and Ng, 2004), and heat shock
protein 70 (Das et al., 2009) are putative JEV receptors.

Calcium-dependent (C-type) lectins are transmembrane
proteins that primarily display on antigen-presenting cells
for recognition of specific carbohydrates on glycoconjugates.
Dendritic cell-specific intercellular adhesion molecule-3-
grabbing nonintegrin (DC-SIGN, CD209) and its homolog
DC-specific ICAM-3-grabbing nonintegrin-related protein (DC-
SIGNR, L-SIGN, CD209L) can be attachment factors tethering
glycosylated virions onto the cell surface (Davis et al., 2006;
Zhang et al., 2014). DC-SIGN expresses on dendritic cells and a
subpopulation of macrophages, whereas L-SIGN is found on the
endothelial cells of placenta, liver and lymph nodes. DC-SIGN
and L-SIGN were found involved in viral infection with WNV
(Davis et al., 2006), DENV (Tassaneetrithep et al., 2003), and
JEV (Shimojima et al., 2014; Wang et al., 2016). Furthermore, a
variant in the CD209 promoter was associated with severity of
dengue disease, which supports the importance of DC-SIGN in
DENV infection (Sakuntabhai et al., 2005).

DENV E proteins have two potential N-linked glycosylation
sites at residues N67 (G1 site) and N153 (G2 site), whereas JEV E
proteins have only one N-linked glycosylation at residue N154
(G2 site). Cryo-electron microscopy (EM) study demonstrated
that the carbohydrate recognition domain of DC-SIGN binds
preferentially to a subset of glycans present at N67 (G1 site) on
DENV particles (Pokidysheva et al., 2006). DENV lacking G1-
glycosylation was able to infect mammalian cells, but production
of new infectious particles was abolished (Mondotte et al., 2007).
Studies of JEV also indicated the importance of glycan-lectin
interaction in viral infection. For example, overexpression of DC-
SIGN or L-SIGN on non-permissive cells increased JEV infection
(Shimojima et al., 2014; Wang et al., 2016). Furthermore, JEV
lacking N-linked glycosylation by enzyme removal or mutation
of an infectious clone showed reduced interaction with DC-SIGN
and loss of neuroinvasiveness in mice (Zhang et al., 2011; Wang
et al., 2016). However, it is not clear whether JEV differs from
DENV by using G2-glycosylation to interact with DC-SIGN as
well as the molecular reasons for JEV to evolve as having only
one glycan motif at the G2 site of E protein.

To address the precise role, especially the location and number
of N-linked glycosylation on JEV E proteins, we generated
three JEV mutants—glycosylation at N67 (G1), N67 plus N154
(G1G2), or no glycosylation (G0) on E proteins, respectively.
By comparing the in vitro and in vivo properties between the
wild type (WT; E-glycosylation at G2) and these mutants, we
determined the contribution of N-glycans on E proteins to JEV
infection.

MATERIALS AND METHODS

Ethics Statement
Animal studies were conducted according to the guidelines
outlined by the Council of Agriculture, Executive Yuan, Republic
of China. The animal protocol was approved by the Academia
Sinica Institutional Animal Care and Utilization Committee

(Protocol ID 13-08-570). All surgery was performed under
Isoflurane anesthesia to minimize suffering. For biosafety, we
followed the “Guidelines for Research Involving Recombination
DNA Molecules” issued by the Ministry of Science and
Technology, Republic of China (NSC, 2004), in which JEV is
classified as a BSL-2 agent.

Cell Lines and Chemicals
Baby hamster kidney BHK-21 fibroblast cells (BHK-21; ATCC,
CCL-10) were grown in RPMI 1640 medium containing 5%
fetal bovine serum (FBS) and 2mM L-glutamine. Human
embryonic kidney 293T cells (HEK293T; ATCC, CRL-11268)
and the human microglial cell line (CHME3) (Chen et al.,
2012) were cultured in DMEM medium (Gibco) supplemented
with 5% FBS and 2mM L-glutamine. Human neuroblastoma
SK-N-SH cells (ATCC HTB-11 cells) were grown in minimal
essential medium (MEM, Eagle, Sigma-Aldrich) supplemented
with 10% FBS and 2mM L-glutamine. JEV plaques were stained
with crystal violet or immunostained with anti-JEV NS3 plus
alkaline phosphatase-conjugated secondary antibody (Sigma-
Aldrich). For immunoplaque assay, the color was developed
by adding NBT/BCIP development substrate (Promega). Mouse
monoclonal antibodies specific for JEV E (PL1-365) and NS3
(J3-30) protein were described previously (Liang et al., 2011).

Generation of Recombinant JEV With
Site-Specific Glycosylation Mutation
The JEV infectious clone CMV RP-9 (JEV genotype III) was used
as a template to generate glycosylation-mutated viruses by single
primer mutagenesis as described (Makarova et al., 2000; Liang
et al., 2009) with the primer sequences for E-N154A (5′- CAC
TTCGGAAAACCATGGGGCTTATTCAGCGCAAGTTGG
GG-3′) and E-D67N (5′-GTTACTGTTATCATGCTTCAGTCA
CTAATATCTCGACGGTGGCTCG-3′) (mutation underlined),
respectively. For infectious virus production, plasmids carrying
WT, or mutated JEV cDNA were transfected into BHK-21 cells,
and culture supernatants were collected after incubation for 4
days. Viruses were amplified in mosquito C6/36 cells (Aedes
albopictus clone C6/36; ATCC, CRL-1660) for further study
(Igarashi, 1978; Chen et al., 1996).

Virus Infection and Titration
For analysis of viral growth, monolayers of human
neuroblastoma HTB-11 cells grown in 12-well plates were
adsorbed with JEV WT or mutants for 2 h at 37◦C. Unbound
virus was removed by a gentle wash with serum free RPMI,
then cells were cultured at 37◦C. At the indicated times, culture
supernatants were collected to determine infectious virus
production by plaque assay on BHK-21 cells. Various virus
dilutions were added onto 50% confluent BHK-21 cells and
incubated at 37◦C for 2 h. After adsorption, cells were washed
and overlaid with 1% agarose (SeaPlaque, FMC BioProducts)
containing RPMI-1640 with 2% FBS for 4 days, then fixed with
10% formaldehyde and stained with 0.5% crystal violet.

Virus Deglycosylation
To obtain extracellular E proteins, culture supernatant from
JEV WT- or mutant-infected C6/36 cells was concentrated and

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2 July 2018 | Volume 8 | Article 239

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Liang et al. JEV Envelope Protein Glycosylation Mutants

purified by ultracentrifugation. To obtain intracellular E proteins,
C6/36 cell lysates were collected. E glycoproteins were digested
with N-glycosidase F (Roche) and endoglycosidase H (Roche)
under reducing conditions for 16 h at 37◦C according to the
manufacturer’s instructions.

Mouse Challenge Assays
Groups of 5-week-old C57BL/6 mice were challenged by
the i.p. plus i.c. route (intraperitoneally inoculated with JEV

FIGURE 1 | In vitro properties of E glycosylation-mutated JEVs. (A) JEV

wild-type (WT) and E protein N-linked glycosylation mutants used in this study.

(B) Plaque morphology of JEV WT and mutants on BHK-21 cells

immunostained with anti-JEV NS3 antibody. (C) Growth curves of JEV WT and

mutants in human neuroblastoma HTB-11 cells. Culture supernatants were

collected at the indicated times and titrated by plaque forming assays on

BHK-21 cells. Data are mean ± SD (n = 3). The virus titers were compared to

WT (G2) at the same time point using one-way ANOVA with Bonferroni

multiple comparisons test. **P < 0.01; ****P < 0.0001. (D) Western blot

analysis of cell lysates and culture supernatants from C6/36 cells infected with

the indicated JEVs and treated with glycosidase N-GlyF, Endo-H or buffer only,

then immunoblotted with anti-E antibody. The positions of E proteins with two,

one and no glycosylation are marked as E-2G, E-1G, and E-0G, respectively.

and intracerebrally injected with 30 µl PBS) or i.c. route
(intracerebrally injected with 30 µl of the indicated viruses)
as described previously (Hase et al., 1990; Chen et al., 1996).
Groups of 5-week-old Stat-1 deficient (Stat-1−/−) mice (Durbin
et al., 1996) were challenged by subcutaneous route with the
indicated JEV E mutants. Mice survival was observed daily and
the median lethal dose (LD50) of each virus was calculated
by the Reed and Muench method (Reed and Muench, 1938).
For protection test, groups of 4-week-old C57BL/6 mice were
immunized with JEV Emutants by the subcutaneous route. After
2 weeks of immunization, mice were challenged with 2 × 105

plaque-forming units (PFU) of a lethal JEV strain RP-9 (Chen
et al., 1996) by the i.p. plus i.c. route.

Immunoprecipitation-Western Blot Assay
HEK293T cells infected with JEV (multiplicity of infection
[MOI] = 1) for 4 h were transfected with Flag-tagged DC-SIGN
by use of Lipofectamine 2000 (Invitrogen) for 24 h. Cells
were rinsed with phosphate-buffered saline (PBS) and lysed
with protein lysis buffer (150mM NaCl, 50mM Tris-HCl [pH

FIGURE 2 | Neurovirulence of JEV WT and mutants. C57BL/6 mice were

intracerebrally (ic) inoculated with the indicated JEVs at 10 plaque-forming

units (PFU) (A) or 1 PFU (B) per mouse and observed daily. The survival rates

and number of mice in each group are shown. Prism software with the log

rank test was used to compare survival curves with WT. *P < 0.05;

**P < 0.01; ***P < 0.001.
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7.5], 1mM EDTA, 1% NP-40, 1% Triton X-100) containing
a cocktail of protease inhibitors (Roche). Cell lysates were
immunoprecipitated with anti-Flag M2 affinity gel (A2220;
Sigma) overnight at 4◦C. The immunocomplex was washed with
cold protein lysis buffer at 4◦C and suspended in sample buffer
with 2-mercaptoethanol. Proteins were separated with 4 to 12%
NuPage (Invitrogen) and probed with anti-E antibody by western
blot analysis.

Virus Binding Assay
CHME3 cells with DC-SIGN or eGFP overexpression were
established by transduction with lentivirus expressing DC-SIGN
or eGFP. Cells were adsorbed with JEV WT or mutants at
4◦C for 2 h, and then washed extensively with cold serum-free
RPMI three times. Total RNA was extracted by using the
RNeasy kit (QIAGEN) and analyzed by real-time RT-PCR. The
cDNA was reverse transcribed from 1 µg of RNA with random
hexamers by using the ThermoScript RT kit (Invitrogen).
PCR involved the LightCycler FastStart DNA Master PLUS
SYBR Green I kit (Roche) with the primer sequences JEV
nt 10603–10619, forward (5′-AAGTTGAAGGACCAACG-
3′) and JEV nt 10789–10772, reverse (5′-GCATGTTGT
TGTTTCCAC-3′), or β-actin nt 811–831, forward (5′-TCC
TGTGGCATCCACGAAACT-3′) plus β-actin nt 1125–1105,
reverse (5′-GAAGCATTTGCGGTGGACGAT-3′). For relative
quantification, JEV RNA was measured relative to actin RNA
in each sample and the concentration was calculated from
a standard curve. Melting curves were used to verify the
specificities of products.

Statistical Analysis
Data are presented as mean± standard deviation (SD). Statistical
analysis was performed using one-way analysis of variance
(ANOVA) with Prism (GraphPad Software) and two-tailed
Student t-test. Determination of the median survival time (T50)
and P-values by the log-rank test, involved use of Prism
(GraphPad Software).

RESULTS

In Vitro Properties of E
Glycosylation-Mutated JEVs
To understand whether the position and number of N-linked
glycosylation on JEV E protein affected its biological properties,

we generated three recombinant viruses with mutated E proteins
(Figure 1A). The WT E protein of JEV had one N-linked
glycosylation at residue N154 (G2 site). The E-D67N mutant
with one extra N-linked glycosylation site at residue N67 (G1
site) had two glycan motifs (G1G2), similarly to DENV. The
E-D67N/N154A double mutant had a changed N-linked glycan
motif from the G2 to G1 site, and the E-N154A mutation
produced the G0 mutant with no N-linked glycosylation. Plaque
morphology of the G1G2 mutant and the WT JEV was similar,
whereas the G1 mutant had slightly smaller plaque, and the
G0 even smaller plaque (Figure 1B). The pattern of viral
growth was similar to that for plaque morphology: WT (G2) ≈
G1G2 > G1 > G0 (Figure 1C).

Glycosylation patterns of JEV E proteins were assayed by
using two enzymes, N-glycosidase F (N-GlyF), which removes
all N-linked carbohydrates, and endoglycosidase H (Endo-H),
which only removes high mannose and some hybrid types of
N-linked carbohydrates. G0 has no N-linked carbohydrates, so
the gel mobility of E proteins was similar with or without
enzyme treatment (Figure 1D, lanes 4–6), whereas gel mobility
was increased with enzyme treatment for the WT (lanes 1–
3), G1G2 (lanes 7–9), and G1 (lanes 10–12). For intracellular
E proteins, gel mobility was similar with N-GlyF or Endo-
H treatment for all JEVs (Figure 1D, upper panel), which
suggests high-mannose glycans for both G1 and G2 sites of
the intracellular E protein. However, mobility differences were
noted for extracellular E proteins of WT (G2) and G1G2, but
not G0 and G1, treated with N-GlyF or Endo-H (Figure 1D,
lower panel), indicating that G2 but not G1 glycosylation was
further modified from high-mannose to a complexed form
during transport through the Golgi apparatus. Thus, different
from the intracellular E proteins with high-mannose glycans
at both G1 and G2 sites, for the extracellular E proteins, G1
contained high-mannose glycans, but G2 contained complexed
forms of glycans.

In Vivo Properties of E
Glycosylation-Mutated JEVs
To study the in vivo effect of JEV E glycosylation, we determined
the neurovirulence and neuroinvasiveness of the WT and
mutants in mice with intracranial (challenged with 10 and
1 PFU/mouse) and peripheral injection (challenged with 106

and 105 PFU/mouse), respectively. G1 and G0 mutants showed
reduced neurovirulence (LD50 12.8 and 4.2 PFU, respectively)

TABLE 1 | The neurovirulence and neuroinvasiveness of JEV WT and mutants in C57BL/6a and Stat1−/−b mice.

Neurovirulence Neuroinvasiveness

LD50
a

(PFU)

T50
a

(10 PFU)

T50
a

(1 PFU)

LD50
a

(PFU)

T50
a

(106 PFU)

T50
a

(105 PFU)

T50
b

(0.1 PFU)

WT (G2) 0.44 6 10 ∼104 7 11 4

E-D67N (G1G2) 0.36 8 10 >106 >25 >25 12

E-D67N/N154A (G1) 12.8 >25 >25 >106 >25 >25 8

E-N154A (G0) 4.2 9 >25 >106 >25 >25 >25

LD50, median lethal dose; T50, median survival time; PFU, plaque forming unit.
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as compared with the G1G2 mutant and WT JEV (LD50 0.36
and 0.44 PFU, respectively) (Figure 2 and Table 1). Longer
median survival time (T50) was also noted for the attenuated
G1 and G0 mutants (Table 1). For neuroinvasiveness, all mice
survived the challenge of G1 and G0 mutants, indicating

reduced neuroinvasiveness for these two mutants (Figure 3A,B).
Furthermore, lower neuroinvasiveness was noted for G1G2 with
higher LD50 (>106 PFU for G1G2 vs. ∼104 PFU for WT)
and longer T50 (>25 days for G1G2 vs. 7 and 11 days for
the two challenge doses for WT) Table 1). An increase of viral

FIGURE 3 | Neuroinvasiveness of JEV WT and mutants. C57BL/6 mice were intraperitoneally (ip) inoculated with the indicated JEVs at 106 PFU (A) or 105 PFU (B)

per mouse and simultaneously injected intracerebrally (ic) with 30 µl PBS (ip plus ic route). The survival of mice was observed daily. Prism software with the log rank

test was used to compare survival curves with WT. *P < 0.05. (C) RT-qPCR of relative JEV RNA levels in brain, liver, and lymph node tissues of mice inoculated with

WT or E-D67N mutant (106 PFU/mouse) (n = 3). (D) 5-week-old Stat-1 knockout mice were subcutaneously infected with JEV E mutants (0.1 PFU/mouse). The

number of mice (n) in each experimental group is shown in the legend to each panel. Prism software with the log rank test was used to compare survival curves with

WT. **P < 0.01.
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FIGURE 4 | Vaccine potential of JEV E-glycosylation mutants. Four-week-old

C57BL/6 mice (n = 4 per group) were subcutaneously injected with JEV

E-glycosylation mutants at 101, 102, or 103 PFU per mouse. Two weeks after

immunization, mice were challenged with 2 × 105 PFU of the JEV WT RP-9

strain by the ip plus ic route. Mouse survival was observed daily. Prism

software with the log rank test was used to compare survival curves.

*P < 0.05.

RNA in the brain tissues of mice challenged with WT JEV,
but not much for G1G2 mutant, also indicated a weakening
of G1G2 to cross the blood brain barrier (Figure 3C). To
further support the data of neuroinvasiveness, we challenged
Stat-1−/− mice via subcutaneous route. Lower neuroinvasiveness
was noted for G1G2 with higher survival rate (40% for
G1G2 vs. 0% for WT) (Figure 3D) and longer T50 (12 days
for G1G2 vs. 4 days for WT) (Table 1). Thus, the JEV
E-D67N (G1G2) mutant with an extra N-linked glycosylation
at JEV E protein N67 did not show impaired neurovirulence
but rather impeded ability to invade the central nervous
system.

Vaccine Potential of JEV E-Glycosylation
Mutants
To determine whether these E-glycosylation-mutated JEVs
induced protective immunity, we vaccinated C57BL/6 mice once
by subcutaneous injection with various doses of JEV mutants
(101, 102 and 103 PFU per mouse), then challenged with a
virulent JEV strain 2 weeks later. A single vaccination with
103 PFU of G1G2 or G0 completely protected the mice against
JEV challenge, whereas degrees of mortality were noted in
groups vaccinated with lower doses of JEVs or the PBS control
(Figure 4). Because the G1G2 mutant replicated to much higher
titers than the G0 mutant (Figure 1C), the G1G2 mutant had the
growth advantage and can be further considered as a JEV vaccine
candidate.

Glycosylation at N67 of JEV E Protein
Enhanced Binding With DC-SIGN
To understand the molecular mechanism contributing to the
reduced neuroinvasiveness of the G1G2 mutant, we tested
whether the extra N-linked glycosylation at the G1 site affected
JEV’s interaction with cell-surface lectins such as DC-SIGN. By
using the same aliquots of serially diluted JEV WT and mutants
to form plaques on BHK-21 cells overexpressing DC-SIGN or the
eGFP control, we compared the infectivity of JEV on cells with
or without DC-SIGN expression. Increased plaque formation in
DC-SIGN-overexpressing cells was noted for the three JEVs with
glycosylated E proteins (WT, G1G2, and G1), but not for the
glycosylation-null G0 mutant, as compared to the GFP control
cells (Figure 5). Furthermore, the plaque-formation enhancing
effects differed among these three JEVs: G1G2 (128.6-fold) > G1
(85-fold) > WT G2 (12.5-fold). Thus, the glycan motif on G1
site might be more important than that on G2 to enhance JEV
E protein interacting with DC-SIGN.

We then tested the ability of WT and mutant JEVs
to bind with DC-SIGN by using two binding assays.
The first was immunoprecipitation-western blot assay of
HEK293T cells infected with JEVs and co-transfected with
Flag-tagged DC-SIGN or vector control by using anti-Flag
antibody-conjugated beads and anti-JEV E antibody. Interaction
of DC-SIGN with JEV E protein was readily seen in G1G2 and
G1 mutants but not much in G2 and G0 mutants (Figure 6A).
Next, we measured the amount of viral binding at 4◦C for 2 h
by detecting viral RNA with real-time RT-PCR on CHME3 cells
overexpressing DC-SIGN or GFP control. The amount of cell
surface-associated virus was quantified as relative JEV copy
number normalized to that of actin. DC-SIGN-overexpressing
cells showed greater viral binding as compared with the GFP
control, especially for JEVs with E glycosylation. Furthermore,
the amount of G1G2 andG1 adsorbed ontoDC-SIGN-expressing
cells was even higher than that of WT G2 and G0 (Figure 6B).
In accordance with the infectivity assay (Figure 5), JEV E
proteins with G1 glycosylation in G1G2 and G1 mutants showed
enhanced binding with DC-SIGN.

DISCUSSION

Mature flaviviral particles have 180 copies of E glycoproteins
and M proteins embedded in the viral membrane (Kuhn et al.,
2002). Cryo-EM studies of flaviviruses demonstrate a common
organization pattern with remarkable structural similarity. The
most notable difference between flaviviruses is in the region
near the glycosylation site (Sirohi and Kuhn, 2017). The location
and number of glycosylation sites varies across flaviviruses. Four
serotypes of DENV have two potential N-linked glycosylation
motifs on E protein residue N67 and N153, but neurotropic
flaviviruses such as JEV, WNV and ZIKV have only a single N-
linked glycosylation motif on N154. In this study, we added an
extra glycosylation site to the WT JEV, so the resulting G1G2
mutant had two glycosylation motifs on its E protein, similarly
to DENV. G1G2 showed comparable in vivo neurovirulence as
the WT JEV, but its neuroinvasiveness was reduced. Thus, the
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FIGURE 5 | Plaque-forming ability of JEV WT and mutants in cells with or without DC-SIGN. BHK-21 cells overexpressing eGFP or DC-SIGN were infected with

serially diluted JEV WT or mutants, then overlaid with agarose-containing medium for plaque formation. After incubation for 4 days, cells were fixed with formalin and

stained with crystal violet. The number of plaques formed were counted; folds of plaque formation enhanced by DC-SIGN as compared with eGFP control are shown.

neurotropic flaviviral E proteins with only one glycosylation at
N153 might have a selection advantage for crossing the blood-
brain barrier during evolution. This finding also supports that
glycans on flaviviral E proteins play important roles in viral
infection and affect viral tropism.

Glycan diversity on the virion surface should be related to
differential usage of lectin receptors by these flaviviruses (Sirohi
and Kuhn, 2017). In reporter viral particles pseudotyped with
WNV E proteins, adding an extra N-linked glycosylation at
N67 of WNV E protein increased the infection of DC-SIGN-
overexpressing cells (Davis et al., 2006). Here, we used an
infectious clone to create recombinant JEVs that differed only
in the E-glycosylation pattern. JEV mutants with single or extra
glycosylation at N67 of E proteins (G1 and G1G2) showed
increased binding to DC-SIGN as compared with the WT (G2),
which suggests that G1-glycosylation on N67 is important for
DC-SIGN binding. Because DC-SIGN is known to bind with
high-mannose-type glycans (van Kooyk and Geijtenbeek, 2003;
Wang et al., 2016), we analyzed the glycosylation patterns of

these JEV E mutants (Figure 1D). The G1 glycans were sensitive
to endo-H cleavage, which indicates a high-mannose type for
both intracellular and extracellular E proteins. However, the
G2 glycans on intracellular and extracellular E proteins showed
different endo-H sensitivity, indicating a high-mannose form for
intracellular E protein and a complexed form for extracellular
E protein. Thus, the high mannose-type glycans of G1 likely
contributed to interacting with DC-SIGN. However, theWT JEV,
with a single glycosylation at G2, still bound to DC-SIGN as
compared with the glycosylation-null G0 mutant (Figure 6B).
Whether the G2-site glycans still contribute to DC-SIGN binding
or whether other glycosylation such as that on precursor of
membrane (prM) protein caused the binding for WT JEV
remains to be studied.

Single amino acid replacements in structural proteins have
been found to affect receptor usage, tropism and pathogenesis for
many viruses (Baranowski et al., 2001). Flaviviruses used highly
sulfated GAGs such as heparan sulfate to initiate cell binding
(Chen et al., 1997; Su et al., 2001; Germi et al., 2002), whereas
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FIGURE 6 | Interaction of JEV WT and mutants with DC-SIGN. (A) HEK293T

cells were infected with JEV for 4 h, then transfected with Flag-DC-SIGN or

control vector for 24 h. Cell lysates were immunoprecipitated with anti-Flag

conjugated beads and then probed with anti-E antibody by western blot

analysis. (B) Human CHME3 cells overexpressing DC-SIGN or GFP were

adsorbed with JEV WT or mutants at 4◦C for 2 h, then underwent RNA

extraction and real-time RT-PCR. The amount of cell-associated virus was

quantified as the relative JEV copy number normalized to that of actin. Data

are mean ± SD from three independent samples. The RNA level of the

indicated groups were compared using Student’s t-test. *P < 0.05;

**P < 0.01; ***P < 0.001; ns, not significant.

high GAG binding ability often results in flaviviral attenuation
(Lee and Lobigs, 2000; Lee et al., 2004). Glutamate to lysine
mutation of flaviviral E proteins at residue 138 enhanced GAG
binding in vitro, have an attenuation phenotype in animals and
lead to vaccine potential (Lee et al., 2004). Glycosylation mutants
of flaviviruses have also been considered to have vaccine potential
(Kim et al., 2008; Zhang et al., 2011). The viral properties
of WNV devoid of glycosylation were attenuated and induced
protective immunity (Hanna et al., 2005; Moudy et al., 2009), but
the virus did not grow to high titers (Whiteman et al., 2010).

Similarly, JEV G0 mutant without E-glycosylation could also
confer protective immunity (Figure 4). Furthermore, the G1G2
mutant of JEV showed similar protection ability as G0, and the
growth advantage of G1G2 suggests a more attractive vaccine
candidate. Furthermore, besides its role in ligand binding, DC-
SIGN also rapidly internalizes and directs its cargo into the endo-
lysosomal pathway, which results in major histocompatibility
complex class II presentation (van Kooyk et al., 2013). The
enhanced DC-SIGN binding of G1-glycosylated JEV might
have the vaccine potential by boosting glycan-mediated antigen
presentation for specific immune responses.

JEV activity has been reported in most of Southeast Asia
(Fan et al., 2017). Nearly 70,000 cases of JE infections occur
worldwide annually; 75% of these JE infections involve children
age 0 to 14 years (Campbell et al., 2011; WHO, 2016). Most JE
infections in humans cause an acute non-specific febrile illness,
whereas children and older people may show mild infection
to severe encephalitis. No curative therapy or drugs exist for
JE infection and the treatment is only symptomatic. Available
vaccines against JEV include both inactivated whole virus and
live attenuated vaccines. The use of inactivated virions in national
vaccination programs is limited by high cost, risk of allergic
reaction, and the need for multiple doses. The SA 14-14-2 live
attenuated vaccine is widely used in China and increasingly in
other Asian countries. However, vaccine attenuation stability
remains a concern for its expanded application. The approach
of adding glycosylation at the G1 site of E protein might
increase vaccine safety without hampering efficacy. Our study
also provides a comprehensive knowledge of the key host
molecules and pathways involved in virus infection, which is
crucial to understand virus host interplays and to develop novel
vaccines.
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