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ABSTRACT

Japanese encephalitis virus (JEV) membrane (M) protein plays important structural roles in the processes of fusion and matura-
tion of progeny virus during cellular infection. The M protein is anchored in the viral membrane, and its ectodomain is com-
posed of a flexible N-terminal loop and a perimembrane helix. In this study, we performed site-directed mutagenesis on residue
36 of JEV M protein and showed that the resulting mutation had little or no effect on the entry process but greatly affected virus
assembly in mammalian cells. Interestingly, this mutant virus had a host-dependent phenotype and could develop a wild-type
infection in insect cells. Experiments performed on infectious virus as well as in a virus-like particle (VLP) system indicate that
the JEV mutant expresses structural proteins but fails to form infectious particles in mammalian cells. Using a mouse model for
JEV pathogenesis, we showed that the mutation conferred complete attenuation in vivo. The production of JEV neutralizing an-
tibodies in challenged mice was indicative of the immunogenicity of the mutant virus in vivo. Together, our results indicate that
the introduction of a single mutation in the M protein, while being tolerated in insect cells, strongly impacts JEV infection in
mammalian hosts.

IMPORTANCE

JEV is a mosquito-transmitted flavivirus and is a medically important pathogen in Asia. The M protein is thought to be impor-
tant for accommodating the structural rearrangements undergone by the virion during viral assembly and may play additional
roles in the JEV infectious cycle. In the present study, we show that a sole mutation in the M protein impairs the JEV infection
cycle in mammalian hosts but not in mosquito cells. This finding highlights differences in flavivirus assembly pathways among
hosts. Moreover, infection of mice indicated that the mutant was completely attenuated and triggered a strong immune response

to JEV, thus providing new insights for further development of JEV vaccines.

laviviruses such as Japanese encephalitis virus (JEV) are ar-

thropod-borne pathogens (arboviruses) that are transmitted
through the bite of an infected mosquito and cause serious human
diseases worldwide (1). JEV is the causative agent for Japanese
encephalitis, one of the most important viral encephalitis diseases
of medical interest in Asia, with an incidence of approximately
67,900 human cases per year (2). Up to 30% of the symptomatic
cases are fatal, while 30 to 50% of survivors can develop long-term
neurologic sequelae (3).

JEV has a positive-sense RNA genome encoding a single poly-
protein. This polyprotein is processed by host- and JEV-encoded
proteases into 10 proteins: three structural proteins (core [C],
premembrane [prM], and envelope [E]) and seven nonstructural
(NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5).
Like other flaviviruses, JEV enters cells via receptor-mediated en-
docytosis (4, 5). The acidic environment in the host endosome
serves as the physiological trigger for a major conformational
change in the E protein that leads to the insertion of its fusion
loops in the host endosomal membrane (6, 7). This results in
fusion of the viral membrane with the host membrane and deliv-
ery of the viral genome to the cytoplasm. The RNA replication
occurs within invaginations of the endoplasmic reticulum (ER)
(8-10). Following translation, the viral RNA is encapsidated by C
to form the nucleocapsid that interacts with the prM and E pro-
teins to bud at the ER membrane. The prM protein acts as a chap-
erone for proper folding of JEV E protein (11), which leads to the
formation of an immature virion. In dengue virus (DV), a related
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flavivirus, the structure of the immature virus is stabilized through
interactions between the prM and E proteins (12-16). The imma-
ture flavivirus transits through the secretory pathway, and the
decrease in pH induces a rearrangement in the conformation of
the membrane proteins that exposes the prM protein furin cleav-
agessite (12, 17). Subsequently, prM is matured by furin into the pr
and membrane (M) proteins in the trans-Golgi apparatus (12,
17-19). The pr fragment remains in close association with the
mature particle until secretion from the cells and prevents prema-
ture fusion of viral and cellular membranes within cells (20). The
prM cleavage is mandatory to produce infectious particles, since
immature particles containing solely uncleaved prM are deficient
in membrane fusion (21, 22). Yet, the prM cleavage site is subop-
timal, leading to the secretion of partially mature particles (23, 24)
that have been shown to interact uniquely with target cells and the
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FIG 1 Location of amino acid 36 in JEV M protein. (A) Structure of the E-M mature heterodimer. The structure was derived from the cryoelectron microscopy
structure of a mature dengue virus serotype 2 (DV2) (Protein Data Bank [PDB] accession no. 3J27), while the DV2 E protein was replaced with that of Japanese
encephalitis virus (JEV) (PDB accession no. 3P54) using PyMOL. Domains I, II, and III of the E protein are colored in red, yellow, and blue, respectively, while
E perimembrane and transmembrane helices are colored in gray. The M protein is colored in magenta, each portion being annotated (N-terminal loop [N-ter],
perimembrane helix [H], transmembrane helices [TM]), and the isoleucine located at position 36 is colored in green. (B) The sequences for JEV (GenBank
accession [GBA] no. AHK05344), West Nile virus (WNV; GBA no. YP_001527877), DV serotypes 1, 2, 3, and 4 (GBA no. U88535, M29095, AY858048, and
AY776330, respectively), and yellow fever virus (YFV wild-type [wt] strain, GBA no. AHB63685; and YFV vaccine [vac] strain, GBA no. AGO04419) M
perimembrane helices were aligned using ClustalW2. Conserved amino acids (indicated by asterisks) and semiconserved amino acids (indicated by colons and
periods) are indicated below the alignment. The perimembrane helix is underlined, and amino acid residue 36, mutagenized in this study, is highlighted in gray.

host immune response (25-29). The prM/M protein thus appears
to play important roles in various processes of the viral infection,
and further studies are needed to identify the molecular signatures
associated with its diverse functions.

The M protein of flaviviruses can be divided into three
structurally distinct portions (13, 15): a flexible N-terminal
loop (amino acids 1 to 20), an amphipathic perimembrane
helix (amino acids 21 to 40), and a pair of transmembrane
helices (amino acids 41 to 75) (Fig. 1A). The perimembrane
and transmembrane helices serve to anchor the M protein to
the membrane. In the case of DV and JEV, the perimembrane
helix region was shown to be involved in virus assembly (30—
33) and entry (31, 32). Subsequent mutagenesis analysis of the
M protein proved the importance of an interactive network
between E and M in those processes (16, 34, 35). The flavivirus
prM/M protein was also shown to interact with mammalian
and mosquito host factors (36—41), thus indicating that this
small protein may be involved in additional nonstructural as-
pects of the flavivirus infectious cycle. Notably, a peptide iden-
tified in flavivirus M proteins was shown to potently trigger
apoptosis in mammalian cells (42, 43). This proapoptotic phe-
notype could be alleviated once the residue located at position
36 in the M protein (M-36) of wild-type yellow fever virus
(YEV) or DV serotype 2 (DV2), i.e., a leucine or an isoleucine
(Fig. 1B), respectively, was mutated to a phenylalanine (42).
The residue M-36 lies on the hydrophobic side of the amphi-
pathic helix (Fig. 1), and it is worth noting that phenylalanine,
like leucine or isoleucine, is a nonpolar residue and is not ex-
pected to modify the nature of the helix. Interestingly, the YFV
vaccine strain 17D (YFV-17D) has a phenylalanine at position
M-36, which is one of the 32 amino acid differences between
YEV-17D and the wild-type YFV Asibi strain from which it was
derived (Fig. 1B) (44). While the contribution of this amino
acid change to YFV-17D vaccine properties has not been fully
evaluated, it is partly responsible for the inability of YFV-17D
to infect and disseminate in mosquitoes (45). Additionally, in
DV4, the nature of the M-36 residue is crucial for proper viral
morphogenesis and subsequent entry, thus highlighting the
importance of this residue in various aspects of the flavivirus
infectious cycle (32).
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In the present study, we examined the impact of a mutation of
the isoleucine at position 36 in JEV M into a phenylalanine (M-
I36F) on the virus infectious cycle. We show that this sole muta-
tion impairs JEV infection in mammalian cells but not in mos-
quito cells. By using a virus-like particle system (VLP), we
demonstrate that the introduction of the M-I36F mutation im-
pairs assembly and/or secretion of viral particles in mammalian
cells. We also show that the JEV(M-I36F) mutant virus is attenu-
ated in vivo in a mouse model of JEV infection and that the mice
inoculated with the mutant virus produced JEV neutralizing an-
tibodies. Thus, in vivo attenuation of JEV can be achieved through
the introduction of a single mutation that affects viral assembly/
egress, suggesting that such a mutation could be used in the design
of efficient new molecular JEV vaccines.

MATERIALS AND METHODS

Cells. Aedes albopictus (mosquito) C6/36 cells were maintained at 28°C in
Leibovitz medium (L15) supplemented with 10% heat-inactivated fetal
bovine serum (FBS). Baby hamster kidney-derived BHK-21, human neu-
roblastoma-derived SK-N-SH, and human kidney-derived HEK293T
cells were maintained at 37°C in Dulbecco modified Eagle medium
(DMEM) supplemented with 10% FBS.

Production of recombinant JEV. A molecular cDNA clone of JEV ge-
notype 3 strain RP-9 was kindly provided by Yi-Lin Ling (46). This plasmid
was modified as described previously (47). Briefly, the plasmid was first mod-
ified to ensure correct propagation in bacteria, through site-directed
mutagenesis of a bacterial cryptic promoter located between positions
1787 and 1873 that had not yet been identified in the genome of JEV
RP-9 (48). We first used the primer pairs 5'-CAAGCTCAGTGAAGT
TGACATCAGGCCACCTG-3"/5"-CAGGTGGCCTGATGTCAACTT
CACTGAGCTTG-3’ and 5'-GGCCACCTGAAATGCAGGCTGAAAATG
G-3'/5'-CCATTTTCAGCCTGCATTTCAGGTGGCC-3’ to introduce silent
mutations predicted to disrupt the bacterial promoter (mutations are under-
lined), and then we reintroduced a missing nucleotide, A1915, using the
primers 5'-AGAAAAATTCTCGTTCGCAAAAAATCCGGCGGACAC-3'
and 5'-GTGTCCGCCGGATTTTTTGCGAACGAGAATTTTTCT-3'. A
nonsilent mutation at position 3216, which changed the isoleucine at
position 247 in the NS1 protein to a valine, was also reverted to the wild-
type sequence using primers 5'-CATCATTCCGCATACCATAGCCGGA
CCAAAAAGCAA-3"and 5'-TTGCTTTTTGGTCCGGCTATGGTATGC
GGAATGATG-3'. The resulting plasmid, pBR322(CMV)-JEV-RP-9,
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could then be stably propagated at 30°C in Stbl2 cells (Life Technologies;
catalog no. 10268-019).

The M-136F mutation was introduced directly in pBR322(CMV)-JEV-
RP-9 through PCR mutagenesis using primers 5'-CATGAAAACTGAGAAC
TGGTITCATAAGGAATCCTGGCTA-3" and 5'-TAGCCAGGATTCCTTA
TGAACCAGTTCTCAGTTTTCATG-3' (the mutation is underlined).

To produce infectious virus, the molecular clones were transfected
into C6/36 cells using Lipofectamine 2000 (Life Technologies; catalog no.
11668-019). Once a cytopathic effect was visible, viral supernatants were
collected and used as final virus stocks for experiments. The structural
part of the JEV(M-I36F) genome was amplified by reverse transcription
PCR (RT-PCR) using a SuperScript III One-Step RT-PCR system with
Platinum Taq DNA polymerase (Life Technologies; catalog no. 12574-
018) and the primers 5'-ACGGAAGATAACCATGACTAAAAAACCAG
GA-3' and 5'-TTCTGCAGTCAAGCATGCACATTGGTCGCTAAGA-
3'. The PCR fragments were then sequenced by Eurofins Genomics.

Virus infections. For infections, SK-N-SH or C6/36 cells were seeded
in 24-well tissue culture plates in DMEM or L15, respectively, supple-
mented with 2% FBS. Aliquots of virus were diluted in 200 pl of medium
and added to the cells. Plates were incubated for 1 h at 37°C or 28°C.
Unadsorbed virus was removed by two washes with Dulbecco’s phos-
phate-buffered saline (DPBS), and then 1 ml of DMEM or L15 supple-
mented with 2% FBS was added to the cells, followed by incubation at
37°C or 28°C until collection.

Recombinant virus transfections. For transfections, HEK293T cells
were seeded in 24-well tissue culture plates in DMEM supplemented with
2% FBS. Transfections were performed using Lipofectamine 2000 (Life
Technologies; catalog no. 11668-019) according to the manufacturer’s
instructions. The cells were incubated at 37°C until collection.

Antibodies. Mouse hybridomas producing the monoclonal antibody
4G2 anti-flavivirus E were purchased from the ATCC (catalog no. HB-
112), and a highly purified antibody preparation was produced by RD
Biotech (Besangon, France). Rabbit polyclonal antibody anti-JEV C was
kindly provided by Yoshiharu Matsuura (49). Rabbit polyclonal antibody
anti-JEV M was kindly provided by Young-Min Lee (50). The antibody
against prM was obtained by collecting sera from mice immunized against
JEV-RP-9. The antibodies against calnexin and actin were purchased from
Enzo Life Sciences (catalog no. ADI-SPA-865) and Abnova (catalog no.
MABB8172), respectively. Horseradish peroxidase (HRP)-conjugated goat
anti-mouse and anti-rabbit IgG antibodies were obtained from Bio-Rad
Laboratories (catalog no. 170-6516 and 170-6515, respectively). Alexa
Fluor 488-conjugated goat anti-mouse IgG antibody was obtained from
Jackson ImmunoResearch (catalog no. 115-545-003).

Focus-forming assay (FFA). BHK-21 or C6/36 cells were seeded in
24-well plates. Tenfold dilutions of virus samples were prepared in
duplicate in DMEM (BHK-21) or L15 (C6/36), and 200 .l of each
dilution was added to the cells. The plates were incubated for 1 h at
37°C (BHK-21) or 28°C (C6/36). Unadsorbed virus was removed, after
which 1 ml of DMEM (BHK-21) or L15 (C6/36) supplemented with
1.6% carboxymethyl cellulose (CMC), 10 mM HEPES buffer, 72 mM
sodium bicarbonate, and 2% FBS was added to each well, followed by
incubation at 37°C for 32 h (BHK-21) or at 28°C for 54 h (C6/36). The
CMC overlay was aspirated, and the cells were washed with PBS and
fixed with 4% paraformaldehyde for 15 min, followed by permeabili-
zation with 0.1% Triton X-100 for 5 min. After fixation, the cells were
washed with PBS and incubated for 1 h at room temperature with
anti-E antibody (4G2), followed by incubation with HRP-conjugated
anti-mouse IgG antibody. The assays were developed with the Vector
VIP peroxidase substrate kit (Vector Laboratories; catalog no. SK-
4600) according to the manufacturer’s instructions. The viral titers
were expressed in focus-forming units (FFU) per milliliter.

Western blotting. Protein lysates were prepared by cell lysis in radio-
immunoprecipitation assay (RIPA) buffer (Bio Basic; catalog no. RB4476)
containing protease inhibitors (Roche; catalog no. 11873580001). Equal
amounts of proteins, supernatants, or purified VLPs were loaded on a
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NuPAGE Novex 4 to 12% Bis-Tris protein gel (Life Technologies) and
transferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad;
catalog no. 170-4156) by use of the Trans-Blot Turbo transfer system
(Bio-Rad). After the membrane was blocked for 1 h at room temperature
in PBS-Tween (PBS-T) plus 5% milk, the blot was incubated overnight at
4°C with appropriate dilutions of the primary antibodies. The membrane
was then washed in PBS-T and then incubated for 1 h at room tempera-
ture in the presence of HRP-conjugated secondary antibodies. After
washes in PBS-T, the membrane was developed using a Pierce ECL West-
ern blotting substrate (Thermo Scientific; catalog no. 32106) and exposed
to film. When necessary, the bands were quantified using Image] (W. S.
Rasband, U.S. National Institutes of Health, Bethesda, MD; http://imagej
.nih.gov/ij/; 1997-2015).

Coimmunoprecipitation. Coimmunoprecipitations were performed
using a Pierce coimmunoprecipitation kit (26149; Thermo Fisher Scien-
tific) according to the manufacturer’s instructions. Agarose beads were
incubated with 60 g of anti-E antibody (4G2) for 2 h at room tempera-
ture under constant rocking. Infected BHK-21 cells were lysed in the man-
ufacturer’s lysis buffer, and 12 pg of cell lysates was then incubated with
agarose beads coupled with 4G2 antibody overnight at 4°C. The beads
were then washed, and the captured protein complexes were eluted, in
accordance with the manufacturer’s instructions. Twenty-microliter vol-
umes of eluates were then analyzed by Western blotting.

Endo-H assay. Equal amounts of protein lysates were subjected to
digestion with endo-B-N-acetylglucosaminidase H (endo-H) (P0702S;
New England BioLabs) in the presence of the manufacturer’s buffer G5
and protease inhibitors (11836170001; Roche) for 30 min at 37°C. Undi-
gested and digested samples were separated on an 8% Tris-glycine poly-
acrylamide gel and then analyzed by Western blotting as described above.

Quantitative RT-PCR (RT-qPCR). RNA was extracted from samples
using NucleoSpin RNA (Macherey-Nagel; catalog no. 740955) according
to the manufacturer’s instructions.

The RNA standard used for quantification of JEV copy numbers was
an in vitro transcript synthesized from a Clal-linearized JEV-RP-9 repli-
con plasmid, J-R2A (51). In vitro transcripts were synthesized using a
MEGAscript SP6 transcription kit (Life Technologies; catalog no.
AM1330) in accordance with the manufacturers’ instructions, and the
absence of template DNA after DNase digestion was monitored through
the absence of qPCR amplification from the in vitro transcript.

The quantitation of a given target RNA was done on 8 l or 200 ng of
RNA using the QuantiTect SYBR green RT-PCR kit (Qiagen; catalog no.
204243) according to the manufacturer’s instructions. The MiniOpticon
real-time PCR system (Bio-Rad) was used to measure SYBR green fluo-
rescence with the following program: reverse transcription step at 50°C
(30 min), followed by an initial PCR activation step at 95°C (15 min), 40
cycles of denaturation at 94°C (15 s), annealing at 60°C (30 s), and exten-
sionat 72°C (30 s). Results were analyzed using the CFX Manager software
(Bio-Rad). Primers 5'-GCCGGGTGGGACACTAGAAT-3" and 5'-TGG
ACAGCGATGTTCGTGAA-3" were used for viral genome quantification
(52). Target gene expression was normalized to the expression of actin
mRNA, measured using the primers 5'-GTACCACTGGCATCGTGATG
GACT-3" and 5'-CCGCTCATTGCCAATGGTGAT-3".

Immunofluorescence analysis (IFA). Cells were grown on coverslips
and fixed with methanol for 15 min at —20°C. After fixation, the cells were
washed with PBS, and JEV proteins were detected with appropriate dilu-
tions of the primary antibodies, followed by incubation with fluorophore-
conjugated secondary antibodies. The coverslips were mounted with Pro-
Long gold antifade reagent with DAPI (Life Technologies; catalog no.
P36931). The slides were examined using a fluorescence microscope (Ax-
ioplan 2 Imaging; Zeiss).

Virus-like particle (VLP) production. The fragment encompassing
the prM and E structural genes of JEV-RP-9 was amplified using the
primers 5'-TTGTCGACATGGGAGGAAATGAAGGCT-3’ (Sall site un-
derlined) and 5'-TTCTGCAGTCAAGCATGCACATTGGTCGCTAAG
A-3" (Pstl site underlined). The fragment was digested with Sall and PstI
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FIG 2 Characterization of JEV(M-I36F) viral stocks. Wild-type JEV (WT) and mutant JEV(M-I36F) (I36F) viral stocks were amplified in C6/36 cells transfected
with the respective infectious cDNA clones. (A) Viral stocks were collected from the C6/36 supernatants and titrated by FFA in BHK-21 or C6/36 cells. No foci
were detected for the mutant virus when the FFA was performed in BHK-21 cells (n.d). The error bars represent the standard deviations of results from three
independent transfections (for each transfection, the assays were done in duplicate). No statistically significant differences were found (P > 0.05). (B) The
supernatants of infected C6/36 cells were analyzed for the presence of JEV E, C, and M proteins by Western blotting. A representative experiment out of >2
repeats is shown. (C) The specific infectivity of the virus released to the supernatant was calculated as the ratio of JEV RNA copies to FFU (obtained in C6/36 cells).
The levels of JEV RNA copies present in the supernatants were quantified by RT-qPCR. Each of the experiments is represented by a different symbol, and the error
bars represent the standard deviations of results of three independent experiments (for each experiment, the assays were done in duplicate). No statistically

significant differences were found (P > 0.05).

and cloned into the similarly treated pTRE3G vector (Clontech; catalog
no. 631173). The resulting pTRE3G-JEV-RP-9.prME plasmid was ampli-
fied in Stbl2 cells (Life Technologies; catalog no. 10268-019).

The M-I36F mutation was introduced directly in pTRE3G-JEV-RP-
9.prME through PCR mutagenesis using primers 5'-CATGAAAACTGAGA
ACTGGTTCATAAGGAATCCTGGCTA-3" and 5'-TAGCCAGGATTCCT
TATGAACCAGTTCTCAGTTTTCATG-3' (the mutation is underlined).

To produce JEV VLPs, HEK293T cells were transfected with pTRE3G-
JEV-RP-9.prME or pTRE3G-JEV-RP-9.prME(M-I36F) using Lipo-
fectamine 2000 (Life Technologies; catalog no. 11668-019) according to
the manufacturer’s instructions. The expression of the JEV structural
genes was induced using the Tet-Express system (Clontech; catalog no.
631177) according to the manufacturer’s instructions. The supernatants
containing VLPs were collected at 24 h postinduction and clarified by
centrifugation for 5 min at 1,000 X g. For VLP purification, the clarified
supernatant was loaded over a sucrose cushion (15% sucrose in TNE [10
mM Tris-HCl, pH 7.5, 2.5 mM EDTA, 50 mM NaCl]) and centrifuged at
100,000 X g for 2.5 h at 4°C. The supernatants were discarded, and the
purified VLPs were suspended in TNE buffer.

Mouse experiments. Three-week-old female C57BL/6 mice were
housed under pathogen-free conditions at the Institut Pasteur animal
facility. The protocols and subsequent experiments were ethically ap-
proved by the Ethic Committee for Control of Experiments on Animals
(CETEA) at the Institut Pasteur and declared to the French Ministére de
IEnseignement Supérieur et de la Recherche (no. 000762.1) in accordance
with European regulations. Experiments were conducted in accordance
with the guidelines of the Office Laboratory of Animal Care at the Institut
Pasteur. Groups of mice were intraperitoneally inoculated with various
doses of JEV diluted in 100 .l of DPBS supplemented with 0.2% endo-
toxin-free serum albumin.

For the enzyme-linked immunosorbent assay (ELISA) and seroneu-
tralization assay, the mice were bled by puncture at the retro-orbital sinus
level. The blood was collected using a Capiject capillary blood collection
tube (Terumo; catalog no. 3T-MG), and the serum was separated after
centrifugation for 10 min at 4,000 X g.

Seroneutralization assay. The serum samples were 2-fold serially
diluted in DMEM supplemented with 2% FBS, with a starting dilution
of 1:20. Each dilution was incubated for 1 h at 37°C with 100 FFU of
JEV-RP-9. The remaining infectivity was assayed on BHK-21 cells by
FFA, as described above. Sera obtained from DPBS-inoculated mice
served as the negative controls. Neutralization curves were generated
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and analyzed using GraphPad Prism. Nonlinear regression fitting with
sigmoidal dose response (variable slope) was used to determine the
serum dilution that reduced the number of FFU by 50% (FRNT).

Statistical analysis. An unpaired f test was used to compare quantita-
tive data, and a log-rank (Mantel-Cox) test was used to compare survival
data. GraphPad Prism was used for all statistical analyses.

RESULTS

Production of a JEV mutant carrying an isoleucine-to-phenyl-
alanine substitution at position 36 in the M protein. To examine
the role of the residue located at position M-36 in JEV infec-
tion, we mutagenized pBR322(CMV)-JEV-RP-9, a plasmid
construct that bears an infectious full-length JEV-RP-9 cDNA
clone (47). Accordingly, the isoleucine residue at position 36 of
JEV M protein was mutated to phenylalanine. To produce viral
stocks, Aedes albopictus-derived C6/36 cells were transfected
with either pBR322(CMV)-JEV-RP-9(M-136F) or wild-type
pBR322(CMV)-JEV-RP-9. At 7 to 8 days posttransfection, the
cells transfected with either plasmid displayed typical cyto-
pathic effect corresponding to JEV production. The culture
supernatants were collected, and the presence of the M-I36F
mutation was verified by extraction of viral RNA from the su-
pernatants, followed by RT-PCR and sequencing. Next, we
quantified the amount of infectious virus produced using a
standard FFA on hamster kidney-derived BHK-21 cells, but we
were not able to detect any foci for the JEV(M-I36F) mutant
virus (Fig. 2A, BHK-21). Interestingly, once we performed the
same assay using C6/36 cells instead of BHK-21 cells, we were
able to detect infection foci for the mutant virus (Fig. 2A, C6/
36). Those foci did not display any obvious difference in size
relative to the wild-type virus. We further characterized the
viral stocks produced in C6/36 cells and observed that there
were comparable accumulations of C, M, and E structural pro-
teins in the supernatants of both wild-type and mutant viruses
(Fig. 2B). In addition, we measured the levels of viral RNA in
the supernatants and observed for both viruses a strict correla-
tion with their infectious titers in C6/36 cells (Fig. 2C), which
demonstrated that both viral stocks were produced with com-
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parable efficiencies in C6/36 cells and had similar specific in-
fectivities (Fig. 2C).

The mutation I36F in JEV M protein impairs viral produc-
tion in mammalian cells but not in insect cells. Our character-
ization of the JEV(M-I36F) viral stocks led us to the interesting
observation that this mutant virus was capable of developing in-
fectious foci in C6/36 cells but not in BHK-21 cells (Fig. 2A).
Consequently, we next decided to compare the impact of the
M-I36F mutation on the JEV infectious cycle in insect cells with
that in mammalian cells. C6/36 cells and the human neuroblasto-
ma-derived SK-N-SH cells were infected with JEV(M-I36F) along
with wild-type JEV (Fig. 3).

First, infected C6/36 cells were examined by immunofluores-
cence analysis (IFA) for JEV E protein expression at 24, 48, and 72
h postinfection (Fig. 3A). At 24 h postinfection, prior to virus
spread, similar numbers of C6/36 cells were infected with both
wild-type and mutant viruses, thus confirming comparable levels
of infection efficiency (Fig. 3A, 24 h). Virus spread was observed at
48 and 72 h postinfection as a greater number of cells became
infected with both viruses (Fig. 3A, 48 h and 72 h). Additionally,
no significant difference in viral protein accumulation in C6/36
cell lysates was observed at 24 h and 48 h postinfection (Fig. 3B).
Quantification of the infectious virus present in the culture super-
natants at 24 and 48 h postinfection confirmed that the JEV(M-
I36F) mutant could infect C6/36 cells with the same efficiency as
the wild-type virus (Fig. 3C). Viral RNA was additionally ex-
tracted from the supernatants to evaluate the specific infectivity of
the released virus, which was found to be similar for the two vi-
ruses (Fig. 3D and E).

We then performed a similar analysis of wild-type and mu-
tant JEV infection in SK-N-SH cells (Fig. 3F to J). The IFA
revealed that although at 24 h postinfection similar numbers of
SK-N-SH cells were infected with each virus (Fig. 3F, 24 h),
JEV(M-I36F) spread appeared less efficient at 48 and 72 h
postinfection relative to that of the wild-type (Fig. 3F, 48 h and
72 h). Interestingly, in the SK-N-SH cells, while no significant
difference in viral protein accumulation in cell lysates was ob-
served over the time of infection (Fig. 3G), the level of infec-
tious particles released to the supernatants was significantly
lower for the mutant virus than for the wild-type (Fig. 3H). The
analysis of RNA levels in the supernatants showed that there
was conversely less viral RNA released from cells infected with
the mutant virus than from those infected with the wild type
(Fig. 31). This observation indicated that lower levels of infec-
tious viral particles were released after infection of SK-N-SH
cells with JEV(M-I36F). Nonetheless, once we calculated the
specific infectivity of each virus, we noted that the specific in-
fectivity of JEV(M-I36F) was overall higher than that of the
wild-type virus (Fig. 3]), thus implying that a certain level of
noninfectious viral particles was released from SK-N-SH cells
infected with JEV(M-I36F).

We also noted that the mutant virus JEV(M-I36F) was consis-
tently affected in its infectious cycle when inoculated into various
mammalian cell lines, such as BHK-21 or human kidney-derived
HEK293T cells (data not shown). In contrast, we observed that the
M-136F mutation did not impact JEV infection of other insect cell
lines, such as Drosophila melanogaster-derived S2 cells (data not
shown). Overall these data demonstrated that the mutation
M-I36F strongly impairs the JEV infectious cycle in mammalian
cells but not in insect cells.
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The mutation I36F in JEV M protein does not perturb the
early stages of the viral cycle but affects the production of infec-
tious virus. Since we observed that the mutant virus seemed to
synthesize viral proteins at wild-type levels after inoculation into
mammalian cells (Fig. 3F and G), we favored the hypothesis that
this mutation did not affect the first steps of viral infection, such as
entry, translation, and genome replication. To confirm this, we
quantified the delivery of viral RNA into SK-N-SH cells at 1, 9, and
24 h after virus infection by calculating the relative accumulation
of viral RNA to that of a host housekeeping mRNA (actin) (Fig.
4A). We observed that the mutant virus RNA accumulated in cells
to levels comparable to that of the wild type, thus showing that
genome delivery and replication were not readily affected by the
mutation M-I36F (Fig. 4A).

Next, wild-type and mutant infectious cDNA clones were
transfected into HEK293T cells, thus allowing us to bypass the
viral entry into cells and evaluate the effects of the mutation on
later stages of JEV infection. We analyzed the steady-state accu-
mulation of viral proteins and noticed that although increasing
amounts of protein were detected for both viruses, there was no
significant difference in accumulation of structural proteins (prM
and E) among viruses (Fig. 4B). The culture supernatants were
collected at 24, 48, and 72 h posttransfection, and we observed that
the levels of infectious virus were consistently low in the superna-
tants of the cells transfected with pBR322(CMV)-JEV-RP-9(M-
I36F) (Fig. 4C). To determine if there was a defect in viral particle
secretion from the transfected cells, we analyzed the culture super-
natants by Western blotting. As shown in Fig. 4D and E, protein
from JEV(M-I36F) was below detection levels in the supernatants.
The levels of viral RNA detected in the supernatants were likewise
found to be lower at all time points for the mutant virus (Fig. 4E),
thus ultimately showing that low levels of viral particles were re-
leased from cells transfected with the pBR322(CMV)-JEV-RP-
9(M-I36F) plasmid. Overall these data indicate that this mutation
drastically prevents the release of infectious virus, even though
viral RNA and proteins are clearly expressed within cells. None-
theless, similarly to what we observed upon infection of SK-N-SH
cells (Fig. 3]), we noted that the specific infectivity of the mutant
virus released to the supernatants of transfected cells was signifi-
cantly altered compared to that of the wild-type (Fig. 4F). This
observation indicates that infection of mammalian cells with the
mutant virus led to the release of noninfectious viral particles,
which could partly contribute to the mutant virus phenotype.

The M-I36F mutation impairs the assembly and/or secretion
of viral particles. To specifically address whether the M-I36F
mutation affects JEV assembly and/or egress, we chose to ex-
amine its effect in a virus-like particle (VLP) system. Virus-like
particles are particles that are naturally secreted during the
virus infectious cycle (53) and are composed solely of prM and
E proteins embedded in a lipid membrane. This system allows
us to study defects in viral assembly and secretion, since these
VLPs are produced independently of viral RNA replication
(54). The M-I36F mutation was introduced into the VLP ex-
pression plasmid pTRE3G-JEV-RP-9.prME, which directs the
expression of JEV-RP-9 prM and E proteins upon induction
with the Tet-Express reagent. HEK293T cells were transfected
with the resulting plasmid, using the wild-type plasmid as a
control, and the viral protein expression was induced the next
day. At 24 h postinduction, the intracellular expression of E
and prM proteins and the release of VLPs to the supernatants
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FIG 3 The JEV(M-I36F) infectious cycle is impaired in mammalian cells but not in insect cells. Mosquito-derived C6/36 cells (A, B, C, D, E) or human
neuroblastoma-derived SK-N-SH cells (F, G, H, I, ]) were infected with wild-type JEV (WT) or mutant JEV(M-I36F) (I36F) at a multiplicity of infection (MOI)
of 1 (A, F) oratan MOl of 5 (B, C, D, E, G, H, I, J). Representative experiments out of >2 repeats are shown. (A and F) The infected cells were analyzed at 24,
48, or 72 h postinfection by immunofluorescence staining for the presence of the E protein (green). The images were taken at a X100 (A) or X200 (F)
magnification. (B and G) The cell lysates of C6/36 (B) or SK-N-SH (G) cells were analyzed at 24 and 48 h postinfection for the presence of JEV E and prM proteins,
as well as actin (ACT) or calnexin (CNX), by Western blotting. Mock-infected cells (m) served as a control. (C and H) The infectious virus released to the
supernatants at 24 and 48 h postinfection was quantified by FFA in C6/36 cells. The error bars represent the standard deviations of results of three independent
experiments (for each experiment, the assays were done in triplicate). Asterisks indicate that the differences between wild-type and mutant samples are
statistically significant when the data are compared at each time point using the unpaired ¢ test (***, P < 0.001; **, 0.001 < P < 0.01; *, 0.01 < P < 0.05; only
statistically significant differences are shown). (D and I) Viral RNA was extracted from the cell supernatants, and JEV RNA copies were quantified by RT-qPCR.
The error bars represent the standard deviations of results of three independent experiments (for each experiment, the assays were done in triplicate). Asterisks
indicate that the differences between experimental samples are statistically significant when the data are compared at each time point using the unpaired ¢ test
(¥, P < 0.001;*%,0.001 < P < 0.01;*,0.01 < P < 0.05; only statistically significant differences are shown). (E and J) The relative specific infectivity of the virus
released to the supernatant was measured as a function of the specific infectivity obtained for the wild-type virus in each experiment. The specific infectivity was
calculated as the ratio of JEV RNA copies to FFU. The error bars represent the standard deviations of results of three independent experiments (for each
experiment, the assays were done in triplicate). Asterisks indicate that the differences between experimental samples are statistically significant when the data are
compared at each time point using the unpaired t test (***, P < 0.001; **,0.001 < P < 0.01;*,0.01 < P < 0.05; only statistically significant differences are shown).

were monitored by Western blotting (Fig. 5A). Interestingly, since no obvious difference in intracellular abundance of these
the presence of the mutation M-I136F led to a strong decreasein ~ proteins was observed between wild-type and mutant transfec-
VLP secretion (Fig. 5A, lower panel). This decrease did not tions (Fig. 5A, top panel). This result was consistent with data
result from a reduced steady-state expression of prM and/or E,  obtained with transfection of the full-length infectious clone
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FIG 4 The M-I36F mutation has no effect on JEV entry and RNA replication, but it perturbs the late stages of viral production. (A) SK-N-SH cells were infected
with wild-type JEV (WT) or mutant JEV(M-I36F) (I36F) at an MOI of 1. A representative experiment out of 2 repeats is shown. JEV RNA copies accumulating
in infected cells were quantified by RT-qPCR. The results were normalized to actin mRNA and are expressed as the relative fold increase over RNA from
mock-infected controls. The error bars represent the standard deviations of results of the experiment (the assays were done on duplicate experimental samples).
(B, C, D, E) Human kidney-derived HEK293T cells were transfected with the wild-type pBR322(CMV)-JEV-RP-9 ¢cDNA clone (WT) or with the mutant
pBR322(CMV)-JEV-RP-9(M-I36F) cDNA clone (I36F). (B) The cell lysates were analyzed at 24, 48, and 72 h posttransfection for the presence of JEV E and prM
proteins, as well as calnexin (CNX), by Western blotting. Mock-transfected cells (m) served as a control. The lower inset corresponds to a higher exposure of the
blot. A representative experiment out of >2 repeats is shown. (C) The infectious virus released to the supernatants at 24, 48, and 72 h posttransfection was
quantified by FFA in C6/36 cells. The error bars represent the standard deviations of results of three independent experiments (for each experiment, the assays
were done in triplicate). Asterisks indicate that the differences between experimental samples are statistically significant when data are compared at each time
point using the unpaired t test (***, P < 0.001; **, 0.001 < P < 0.01; %, 0.01 < P < 0.05; not significant, P > 0.05). (D) The cell supernatants were analyzed at
24, 48, and 72 h posttransfection for the presence of JEV E protein by Western blotting. Mock-transfected cells (m) served as a control. The lower inset
corresponds to a higher exposure of the blot. A representative experiment out of >2 repeats is shown. (E) Viral RNA was extracted from the cell supernatants,
and JEV RNA copies were quantified by RT-qPCR. The error bars represent the standard deviations of results of three independent experiments (for each
experiment, the assays were done in triplicate). Asterisks indicate that the differences between experimental samples are statistically significant when data are
compared at each time point using the unpaired ¢ test (***, P < 0.001; **¥,0.001 < P < 0.01; %, 0.01 < P < 0.05; not significant, P > 0.05). (F) The relative specific
infectivity of the virus released to the supernatant was measured as a function of the specific infectivity obtained for the wild-type virus in each experiment. The
specific infectivity was calculated as the ratio of JEV RNA copies to FFU. The error bars represent the standard deviations of results of three independent
experiments (for each experiment, the assays were done in triplicate). Asterisks indicate that the differences between experimental samples are statistically
significant when data are compared at each time point using the unpaired ¢ test (***, P << 0.001; **,0.001 < P < 0.01;*,0.01 < P < 0.05; not significant, P > 0.05).

(Fig. 4B to E) and confirmed that the mutation M-I36F impairs  the association of E and prM proteins in lysates obtained from
assembly and/or secretion of VLPs in mammalian cells. BHK-21 cells infected with the wild-type or mutant virus. We used

Such defects in flavivirus assembly are often caused by an im-  an anti-E monoclonal antibody to pull down JEV E proteins and
proper interaction of prM/M with E, which either affects the het-  then probed the immunoprecipitates for the presence of E and
erodimer formation or interferes with the structural changes prM proteins (Fig. 5B). As expected, prM was detected in the
needed during the process of flavivirus particle maturation (31, wild-type E pulldown (Fig. 5B). When we analyzed the cells in-
33-35, 55, 56). To test whether the M-136F mutation impairs the  fected with JEV(M-I36F), the ratio of prM to the E protein was
interaction between prM and E in mammalian cells, we examined  similar to that observed for the wild-type infection (Fig. 5B). This

2682 jvi.asm.org Journal of Virology March 2016 Volume 90 Number 5


http://jvi.asm.org

Mutation in M Affects JEV in Mammalian Hosts

B. WT m I36F
cell |
cells 1| lysates
EIP

VLPs 1 |- T )
CNX
D. SK-N-SH C6/36

m WT I36F I136F

m WT

: : »:
-

[ e
prit [

My == [

CNX | S s ws wsm#|  CNX/ACT |— cn e H---_]

prM

FIG 5 In mammalian cells, the M-I36F mutation impairs viral particle assembly and/or secretion. (A) HEK293T cells were transfected with pTRE3G-JEV-RP-
9.prME (WT) or pTRE3G-JEV-RP-9.prME(M-I36F) (I36F) plasmids. The cells and supernatant contents were analyzed 24 h after induction of gene expression.
A representative experiment out of >3 repeats is shown. In the top panel (cells), the cell lysates were analyzed for the presence of JEV E and prM proteins, as well
as calnexin (CNX), by Western blotting. Mock-transfected cells (m) served as a control. In the lower panel (VLPs), the VLPs released in the supernatants were
purified and analyzed by Western blotting for the presence of JEV E and prM proteins. Supernatants collected from mock-transfected cells (m) served as a control.
The combined levels of prM and E accumulating in cell lysates and in purified VLPs were quantified using Image] and normalized to the wild type. The
quantification results are indicated below each panel. (B) BHK-21 cells were infected with wild-type JEV (WT) or mutant JEV(M-I36F) (I36F) at an MOI of 5.
A representative experiment out of 2 repeats is shown. The steady-state expression of prM and E proteins was monitored in the cell lysates at 24 h postinfection,
using calnexin (CNX) as a loading control (top). The cell lysates were immunoprecipitated (IP) using an antibody specific for JEV E protein. The immunopre-
cipitates (bottom) were analyzed by Western blotting to confirm that the JEV E protein had been captured by immunoprecipitation. The JEV prM protein was
also detected in the immunoprecipitates, whereas CNX was undetectable, showing that the prM coimmunoprecipitation was specific. (C) SK-N-SH cells were
infected with wild-type JEV (WT) or mutant JEV(M-I36F) (I36F) atan MOI of 5. A representative experiment out of 2 repeats is shown. Cell lysates were collected
at 24 h postinfection and treated with endo-H and then analyzed by Western blotting for the presence of JEV E and prM proteins, as well as calnexin (CNX). (D)
SK-N-SH and C6/36 cells were infected with wild-type JEV (WT) or mutant JEV(M-I36F) (I36F) at an MOI of 5. Cell lysates were collected at 48 h postinfection
and analyzed by Western blotting for the presence of E, prM, and M proteins, as well as calnexin (CNX) or actin (ACT) as a loading control for SK-N-SH or C6/36

cell lysates, respectively.

provides biochemical evidence that the prM/E heterodimeriza-
tion was not affected by the M-I36F mutation and was not respon-
sible for the lack of viral particle assembly within mammalian
cells.

To test whether the mutant prM protein was posttranslation-
ally modified and was able to traffic through the secretory path-
way, we collected SK-N-SH cell lysates at 24 h after viral infection
and treated them with endo-H, an enzyme that removes imma-
ture high-mannose glycans from proteins. These sugars are added
to proteins in the ER and are trimmed and further modified in the
Golgi apparatus, conferring resistance to endo-H (57). As shown
in Fig. 5C, we could not detect any pool of glycoproteins associ-
ated with the Golgi apparatus within mammalian cells infected
with either virus. While this experiment did not allow us to eluci-
date whether prM intracellular trafficking was affected by the
M-I36F mutation, it showed that the mutant prM protein glyco-
sylation pattern was not affected in mammalian cells, relative to
that of the wild type.

Next, we analyzed the impact of the mutation on later stages of
viral assembly, such as the processing of prM protein during vi-
rion maturation. C6/36 cells and SK-N-SH cells were infected with
JEV(M-I36F) along with wild-type JEV, and we examined the ac-
cumulation of prM and M proteins in cells at 48 h postinfection
(Fig. 5D). Since prM is cleaved into pr and M by furin in the
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trans-Golgi apparatus (12, 17-19), this assay allowed us to simul-
taneously evaluate the effect of the M-I36F mutation on virus
intracellular trafficking and on the maturation process. As ob-
served before, the mutant prM proteins accumulated to levels that
were similar to or higher than those of the wild type in mammalian
cells (Fig. 5D). Interestingly, while we could detect low levels of M
proteins in SK-N-SH cells infected with the wild-type virus, the
accumulation of the mutant M protein was below detection levels
(Fig. 5D, left panel). In C6/36 cells, the JEV M protein was found
to accumulate to high levels, and we did not observe any difference
in prM or M accumulation between the wild-type and mutant
viruses (Fig. 5D, right panel). This observation indicates that the
mutant prM protein was not readily accessible to furin cleavage in
mammalian cells.

JEV(M-I36F) is attenuated in vivo and induces production of
JEV neutralizing antibodies in mice. To investigate whether the
defect in JEV(M-I36F) infection of mammalian cells in vitro could
result in viral attenuation in vivo, we evaluated the ability of the
virus to induce viral pathogenesis in a murine model for Japanese
encephalitis (47). Three-week-old female C57BL/6 mice were in-
jected intraperitoneally with a single dose of 10° FFU of the paren-
tal virus or with 10 to 10° FFU of the JEV(M-I36F) virus (Fig. 6A).
C57BL/6 mice are highly susceptible to JEV infection, and accord-
ingly, after injection with the wild-type virus, the animals rapidly
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FIG 6 JEV(M-I36F) is attenuated in vivo and induces the production of JEV neutralizing antibodies in mice. (A) Groups of 3-week-old C57BL/6 mice (6 per
group) were monitored for survival after intraperitoneal injection with various doses (10° to 10° FFU) of wild-type JEV (WT) or mutant JEV(M-I36F) (I36F). A
representative experiment out of 2 repeats is shown. Asterisks indicate that the differences between survival curves are statistically significant when data are
compared using the log-rank (Mantel-Cox) test (***, P < 0.001; **, 0.001 < P < 0.01; *, 0.01 < P < 0.05; not significant, P > 0.05). (B) The neutralization
activities against wild-type live JEV of sera collected from C57BL/6 mice 23 days after inoculation with 10° FFU of wild-type JEV (WT) or mutant JEV(M-I136F)
(I36F) were evaluated using a standard FRNT assay in BHK-21 cells. Each symbol represents the FRNTS, value obtained for an individual mouse. Asterisks
indicate that the differences between experimental samples are statistically significant when data are compared using the unpaired ¢ test (***, P < 0.001; **,

0.001 <P <0.01; %, 0.01 < P < 0.05; not significant, P > 0.05).

developed symptoms typically associated with central nervous
system invasion, such as limb paralysis and encephalitis. The sur-
vival rate was between 0 and 16.7%, with a mean survival time of
11.5 days (Fig. 6A). In contrast, the mice injected with increasing
doses of the mutant virus did not develop any symptoms and
survived the infection, even when the inoculation dose was as high
as 10° FFU (Fig. 6A). These data indicate that JEV(M-I36F) is
greatly attenuated in C57BL/6 mice.

The sera were collected from all surviving mice at 27 days post-
inoculation, and the JEV-specific antibody endpoint titers were
quantified by ELISA. We found that all of the mice surviving
JEV(M-I36F) infection had produced high levels of IgG antibod-
ies against JEV (data not shown). Next, we evaluated the neutral-
ization potency of those antibodies in a seroneutralization assay.
We observed that the sera collected from JEV(M-I36F)-inocu-
lated mice had potent neutralizing activity against JEV, although
the titers of neutralizing antibodies were slightly higher in sera
obtained from mice inoculated with the wild-type virus (Fig. 6B).
Taken together, these data show that the introduction of a single
mutation that affects the late stages of JEV infection, such as as-
sembly/secretion of viral particles, completely abrogates viral
pathogenesis in a mouse model without interfering with the in-
duction of the humoral immune response to JEV.

DISCUSSION

The M-I36F mutation affects JEV assembly and/or secretion in
mammalian cells. In this study, we have demonstrated that the
introduction of a single mutation in the M protein of JEV leads to
a severe reduction in infectious particle production from mam-
malian cells. Our experiments suggested that the M-I36F muta-
tion did not directly affect entry, since we showed that upon in-
fection with viral particles produced in insect cells, the RNA
delivery and the steady-state protein production were unaffected
during the first cycle of mammalian cell infection (Fig. 4A and 3F
and G, 24 h). Additionally, we noted that while the production of
infectious virus from mammalian cells appeared to be affected,
some of the progeny virus seemed to have conserved the capacity
to infect naive cells, as there was a limited but detectable spread of
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viral antigens from 24 to 72 h postinfection (Fig. 3F). Importantly,
we noted that while some of the mutant viral progeny produced
from mammalian cells was fully competent at infecting naive
C6/36 cells, a significant proportion of viral particles released to
the supernatants of mammalian cells was noninfectious (Fig. 3]
and 4F). However, given that this was not the case for viral parti-
cles released from insect cells (Fig. 3E), it is likely that this reflects
an impact of the mutation on the formation of infectious viral
particles from mammalian cells rather than on the entry process.

Along these lines, we showed that the JEV(M-I36F) defect was
linked to a strong decrease in the secretion of viral particles from
mammalian cells, either genuine virions (Fig. 4D) or VLPs com-
posed solely of prM/M and E (Fig. 5A). Specific residues in the M
protein, in particular ones that are located in the helix domain
(residues 21 to 40 [Fig. 1B]), have already been shown to be critical
for proper flavivirus assembly (16, 30-35, 55, 56). Of note, a resi-
due close to M-136, residue M-E33, is part of an interaction net-
work with domain II of the E protein, and mutagenesis of this
residue affects the formation of JEV viral particles in insect and
mammalian cells (33). We were able to show that the M-I36F
mutation did not affect some of the processes known to be impor-
tant for viral assembly in mammalian cells, such as heterodimer
formation (Fig. 5B) (31, 33-35, 55, 56) or prM glycosylation
(Fig. 5C) (50), but seemed to interfere with the processing of prM
protein into pr and M (Fig. 5D).

Flavivirus particle production relies on prM cleavage by furin
in the trans-Golgi apparatus, and this maturation process is a pre-
requisite to the production of infectious flavivirus particles (21,
22). The fact that the processing of prM into M in mammalian
cells was affected for the mutant virus (Fig. 5D) argues for a defect
in viral particle maturation and is in agreement with the observa-
tion that noninfectious viral particles were released from mam-
malian cells infected with JEV(M-136F) (Fig. 3] and 4F). However,
while optimal cleavage of prM has been previously shown to be
important for assembly of infectious viral particles, it generally has
not been shown to impact their secretion (16, 31, 55, 58). Conse-
quently, it seems unlikely that a sole defect in maturation is re-
sponsible for the drastic loss of mutant viral particles released to
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mammalian cell supernatants (Fig. 4D and 5A). We therefore fa-
vor the hypothesis that the lack of mutant M protein accumula-
tion within mammalian cells (Fig. 5D) is due to a block of prM
trafficking to the frans-Golgi apparatus that prevents its process-
ing through furin into pr and M. The higher production of imma-
ture viral particles would then be an additional consequence of
this defect.

The M-I36F mutation causes a host-dependent phenotype.
One central finding of our work is that the JEV(M-I36F) mutant
virus has a host-dependent phenotype. The M-I36F mutation
strongly impaired viral production in mammalian cells, while it
had no detectable effect on the infection of insect cells (Fig. 3). An
explanation for the differential phenotype of the M-I36F muta-
tion may come from the physical properties of virions grown in
each cell type. It is known that for some strains of DV, the virions
adopt different structures when grown at 28°C (as in insect cells)
or above 33°C (as in mammalian cells) (59-61). While studies on
the impact of temperature on JEV structure are currently lacking,
it is likely that the introduction of a mutation would exert differ-
ent constraints if the viral particle adopts temperature-dependent
structures. We evaluated the impact of temperature by testing
viral particle secretion from mammalian cells grown at 30°C and
still observed a reduction in mutant VLP secretion relative to that
of the wild type (data not shown). Other experiments involving
the infection of wild-type or mutant JEV in either mammalian
cells grown at 30°C or mosquito cells grown at 37°C were difficult
to interpret due to high cellular cytotoxicity and reduced viral
growth (data not shown). The development of alternative assays is
therefore needed to definitively assess the effect of temperature on
the mutant phenotype.

In flaviviruses, specific mutations in viral RNA and proteins
have been involved in host dependence at various stages of the
infectious cycle (62-66). In a specific instance, the inhibition of E
glycosylation in tick-borne encephalitis virus (TBEV) had no im-
pact on virion secretion from tick cells, while it strongly impaired
secretion from mammalian cells (66), an observation that may be
linked to the finding that TBEV appears to follow a noncanonical
secretion pathway in tick cells (67). In the case of mosquito-borne
flaviviruses, virions are generally thought to be secreted through
the Golgi apparatus, in both mosquito and mammalian cells (68),
although some alternate budding at the plasma membrane of
C6/36 cells was observed for West Nile virus (WNV) (69) and DV
(70). While the existence of such noncanonical secretion needs to
be further addressed, it is evident that flavivirus infection induces
different ultrastructural changes in mammalian cells than in mos-
quito cells (9, 68). Thus, in the case of JEV, the difference in phe-
notype observed for the JEV(M-I36F) mutant could account for
differences in viral trafficking pathways existing among hosts.

Additionally, it is possible that the mutation M-I36F impairs a
direct interaction with a mammalian cellular factor involved in
virion assembly or secretion. While there are limited data on in-
sect host proteins interacting with flavivirus prM/M (38), several
interacting proteins were identified in mammalian cells, such as
members of the ADP-ribosylation factor (39), vacuolar ATPases
(40), a light chain of dynein (36), a DEAD box helicase,
FUNDCI1/2 (37), and claudin-1 (41). In some cases, this interac-
tion was even involved in viral particle secretion (39, 40). Even
though those mammalian prM/M interacting proteins have or-
thologs in insects, the strength of such an interaction could differ
among hosts and be more or less sensitive to the introduction of
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mutations in the M protein. Further study of this type of muta-
tions could therefore help dissect the contribution of host com-
ponents in the JEV infectious cycle.

Importance of the nature of the M-36 residue in flaviviruses.
Interestingly, we observed that the nature of the amino acid at
position 36 was crucial for proper viral particle production, since
the introduction of an alanine mutation at position M-36 in JEV
did not impact the virus infectious cycle in mammalian and insect
cells or VLP production from mammalian cells (data not shown).
It was also shown by others that such M-136A mutation did not
affect JEV VLP production from Sf9 insect cells (33). On the other
hand, the substitution of alanine for isoleucine at position M-36 in
DV4 resulted in a slight decrease in VLP production from mam-
malian cells (32). In DV, other substitutions at position M-36 that
replaced an isoleucine (DV2 and DV4) or an alanine (DV1) witha
proline led to a drastic decrease in VLP production from mam-
malian cells (32). When introduced in a DV2 infectious clone, this
residue was rapidly replaced by a leucine (32). In flaviviruses, po-
sition 36 is occupied either by an isoleucine (JEV, WNV, DV2, and
DV4), an alanine (DV1 and DV3), or a leucine (wild-type YEV),
all of those being aliphatic hydrophobic residues (Fig. 1B). While
proline is known to have an exceptional conformational rigidity
that is likely to disturb the M helix structure, phenylalanine prop-
erties are closer to those of the amino acids originally found at
position M-36. Importantly, phenylalanine is also hydrophobic
and therefore is likely to be buried in the protein structure in the
same manner as the original residues. However, phenylalanine is
an aromatic residue and therefore could interact with nonprotein
ligands, as its aromatic side chain could be involved in stacking
interactions with other aromatic side chains (71). The intrinsic
properties of this amino acid might therefore contribute in yet
undefined ways to the M-I36F mutant phenotype.

Interestingly, wild-type strains of YFV all have a leucine at po-
sition M-36, whereas both vaccine strains YFV-17D and YFV-
FNV have a phenylalanine at this position (72) (Fig. 1B). While
both vaccine strains were attenuated relative to the wild-type YFV,
they were fully competent at forming viral particles, which raises
the question as to why a similar mutation would affect JEV assem-
bly but not that of YFV. Accordingly, the introduction of this sole
mutation in a wild-type YFV strain did not seem to have any effect
on viral production in mammalian cells (45). It is thus possible
that residues specifically found in YFV—and absent in JEV—ren-
der that virus insensitive to the presence of the M-L36F mutation.
Alternatively, we note that the two YFV vaccine strains carry ad-
ditional mutations in several other proteins that could compen-
sate for a defect in particle assembly (44, 72). Notably, several
amino acid changes have accumulated in domain II of the E pro-
tein (G52R, A54V, A56V, Y61S, K200T, N249D), a region shown
to interact with the M helix domain in JEV (33). While growing
virus, we noted that the mutation was reverted after two passages
on mammalian cells, but we did not observe the presence of any
compensatory mutations in the structural proteins (nucleotides
83 to 2235) that would restore viral particle assembly (data not
shown). It could be interesting to analyze further the virus popu-
lation arising after several passages in those cells: this could shed a
light on how interactions with other viral proteins are important
in the process of assembly.

Rational design of a live-attenuated vaccine. One important
finding of our study was that the JEV M-136F mutant was attenu-
ated in vivo and that mice injected with mutant virus produced
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JEV neutralizing antibodies (Fig. 6). Interestingly, the homolo-
gous mutation M-L36F is one of the 32 amino acid substitutions
differentiating the wild-type Asibi strain from the 17D vaccine
strain (44). Historically, the first live attenuated flavivirus vaccine
(YFV-17D) was developed against YFV and confers remarkable
and durable protection after a single-dose immunization (73).
This vaccine strain has also been used for the development of live
attenuated chimeric viruses designed to confer immunity against
other flaviviruses, such as DV, WNV, or JEV (74, 75). Surpris-
ingly, the specific molecular basis of YFV-17D attenuation is not
yet fully understood. Reasonably, it was hypothesized that the set
of mutations differentiating the Asibi and 17D strains represent
determinants of mammalian pathogenicity (76). However, recent
work by Beck and coworkers demonstrated that a loss of popula-
tion diversity may be a factor in YFV-17D attenuation, since wild-
type virus consists of highly diverse quasispecies, whereas the vac-
cine strain population is homogeneous (77).

The success of the YFV-17D vaccine has led to multiple at-
tempts at producing live attenuated vaccines against other flavivi-
ruses (78). In the case of JEV, a live attenuated JEV vaccine, SA, ;-
14-2, was developed in China and has been successfully used for
decades in China and now in other Asian countries (79, 80), al-
though it is not recommended for global use due to a theoretical
risk for reversion to neurovirulence. There again, the molecular
basis of JEV-SA,,-14-2 attenuation is unclear. Two mutations in
the E protein were found as important factors: the mutation
E138K was involved in viral clearance (81) and interferon antag-
onism (46), while the mutation E244G was recently linked to neu-
rovirulence attenuation (82). Additionally JEV-SA,,-14-2 did not
appear to produce the NS1’ protein (83), an important factor in
viral neuroinvasiveness (84).

Thus, while YFV-17D and JEV-SA,,-14-2 are both successful
vaccines, the molecular bases for their attenuation remain unclear
and may be caused by multiple, cuamulative changes. While many
live attenuated vaccines were created empirically, new approaches
for developing such vaccines could be based on rational design of
attenuating mutations that affect the virus infectious cycle or its
interaction with the host (85). Our results demonstrate that it is
possible to induce attenuation by a single mutation that impacts
assembly and/or egress of a pathogenic JEV strain in mammalian
cells. We noted that this mutant virus elicited the production of
neutralizing anti-JEV antibodies in challenged mice (Fig. 6B),
thus suggesting that its immunogenicity was not abrogated. Ac-
cordingly, we had noted that this mutant was not entirely deficient
at producing progeny virus in vitro (Fig. 3G). It is thus likely that
this was also the case in vivo and that the mutant virus was recog-
nized by the host immune system prior to its clearance from the
bloodstream. Since early viremia in blood is known to be impor-
tant for successful invasion of the central nervous system by JEV
and by related flaviviruses (86—89), the virus would have to mutate
at this early stage of infection in order to develop pathogenesis.
Importantly, we found that no viral RNA could be detected in the
blood or in the organs (brain, liver, spleen, kidney) of mice inoc-
ulated with the mutant virus, thus suggesting that the virus was
most likely cleared before reversion to a wild-type phenotype
could occur in vivo (data not shown). The latter observation also
demonstrated that the induction of the immune response was not
linked to a low level of viral propagation in the animal.

The M-I36F mutation thus provides a good path to make a
successful vaccine: it does not present timely reversion, it affects
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the infectious cycle at a known stage, and it elicits a good immune
response in animals. It could be interesting to introduce this mu-
tation in a JEV vaccine strain, such as SA,-14-2, and observe
whether the introduction of this mutation reduces the frequency
of adverse events while keeping the vaccine’s efficiency. Since a
homologous mutation identified in YFV vaccine strains has never
been associated with their attenuation phenotype, this study poses
the question as to what is the exact role of this mutation in YFV
attenuation. Additionally, our work has highlighted the host-de-
pendent importance of a residue in the M protein in viral assembly
and/or secretion and thus opens new avenues to study the role of
this small protein in the infectious cycle of flaviviruses.
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