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A B S T R A C T

To visually examine the early phase of chikungunya virus (CHIKV) infection in target cells, we constructed a
virus-like particle (VLP) in which the envelope protein E1 is fused with green fluorescent protein (GFP). This
chikungunya VLP-GFP (CHIK-VLP-EGFP), purified by density gradient fractionation, was observed as 60–70 nm-
dia. particles and was detected as tiny puncta of fluorescence in the cells. CHIK-VLP-EGFP showed binding
properties similar to those of the wild-type viruses. Most of the fluorescence signals that had bound on Vero cells
disappeared within 30min at 37 °C, but not in the presence of anti-CHIKV neutralizing serum or an endosomal
acidification inhibitor (bafilomycin A1), suggesting that the loss of fluorescence signals is due to the disassembly
of the viral envelope following the internalization of CHIK-VLP-EGFP. In addition to these results, the fluores-
cence signals disappeared in highly susceptible Vero and U251MG cells but not in poorly susceptible A549 cells.
Thus, CHIK-VLP-EGFP is a useful tool to examine the effects of the CHIKV neutralizing antibodies and antiviral
compounds that are effective in the entry phase of CHIKV.

1. Introduction

Chikungunya fever is a mosquito-borne disease that occurs mainly
in tropical regions such as those in Africa, South Asia, and Southeast
Asia (Burt et al., 2012), and it has recently spread to Europe and the
Americas (Morrison, 2014; Parola et al., 2006; Weaver, 2014). This
infectious disease is transmitted by the bite of certain species of mos-
quitoes infected with the chikungunya virus (CHIKV). Chikungunya
fever usually begins 2–12 days after the bite and is characterized by the
sudden onset of a high fever that is frequently accompanied by severe
joint pain, muscle pain, headache, nausea, fatigue and rash. Individuals
suffering from CHIKV show joint pain that usually lasts for a few days
but may persist for several months or even years after the initial in-
fection (Burt et al., 2012; Morrison, 2014; Pialoux et al., 2007; Weaver,
2014). Neurological complications of CHIKV infection including

encephalitis, meningoencephalitis, peripheral neuropathies, and Guil-
lain-Barré syndrome have been reported (Das et al., 2010;
Economopoulou et al., 2009; Robin et al., 2008; Tournebize et al.,
2009). Neither a specific antiviral drug for the treatment of the chi-
kungunya fever nor a commercial vaccine for chikungunya fever is
available. The treatment of joint pain due to Chikungunya fever is fo-
cused on relieving the symptoms with antipyretics, optimal analgesics,
and fluids.

CHIKV is a member of the genus Alphavirus in the family
Togaviridae. The genome of CHIKV is a positive-sense single-stranded
RNA genome of 11.8 kb encoding four nonstructural and five structural
proteins. The structural proteins are translated from a subgenomic 26S
mRNA as a single polyprotein, which is processed co-translationally
into five structural proteins: capsid, E3, E2, 6 K, and E1 (Leung et al.,
2011). These structural proteins form two T=4 quasi-icosahedral
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symmetry layers: the viral surface lipid membrane with a dia. of
65–70 nm containing 80 viral envelope spikes that consist of 240 copies
of the E1-E2 heterodimer, and the icosahedral nucleocapsid core com-
prised of 240 copies of the capsid (Cheng et al., 1995; Jose et al., 2009;
Simizu et al., 1984; Voss et al., 2010). Viral envelope E2 glycoprotein is
responsible for the binding to the cell surface receptor, and E1 protein
serves as a fusion protein (Boggs et al., 1989; Jose et al., 2009; Justman
et al., 1993; Kielian and Helenius, 1985; Omar and Koblet, 1988; Sanz
et al., 2003; Smith et al., 1995). (Zhang et al., 2018) reported that an
adhesion molecule, Mxra8 is a receptor for arthritogenic alphaviruses,
including chikungunya virus. Mxra8 enhanced CHIKV attachment and
internalization into target cells regardless of whether the target cells
expressed heparan sulfate, which is known as a primary attachment
factors for various viruses including CHIKV (Ashbrook et al., 2014;
Rostand and Esko, 1997; Silva et al., 2014; Tanaka et al., 2017).
However, the availability of Mxra8 for the East/Central/South African
(ECSA) genotype of CHIKV is restrictive, and the involvement of other
cryptic factors for their infection is being considered.

After binding to target cells, CHIKV is internalized via receptor-
mediated endocytosis and the subsequent membrane fusion in acidic
endosomes (Bernard et al., 2010; Kielian et al., 2010; Sourisseau et al.,
2007). Vancini et al. showed that (1) an alphavirus infection proceeds
without endocytosis, (2) the membrane fusion occurs at the plasma
membrane, and (3) Sindbis virus (the prototype of the genus Alphavirus)
associated with the cell plasma membrane forms a pore structure to
directly deliver its genomic RNA into the cytoplasm (Vancini et al.,
2013). Thus, there is some controversy regarding the early phase of the
viral life cycle, and the details of how to change the viral particle
structure in the entry steps are unclear.

Here we report the successful production of CHIK virus-like particles
(CHIK-VLPs) tagged with enhanced green fluorescent protein (EGFP),
i.e., CHIK-VLP-EGFP, by using the ECSA genotype of CHIKV, Ross strain
(Robinson, 1955; Ross, 1956) gene (GenBank accession no. AF490259),
and we describe the visualization of the attachment of CHIKV to the
target cell membrane and the tracing of its fate in subsequent steps. The
binding manner of CHIK-VLP-EGFP to the target cell was identical to
that of native CHIKV, and most of the EGFP signal promptly dis-
appeared within 30min in Vero cells. We report the kinetics of CHIK-
VLP-EGFP under various conditions including treatment with anti-
CHIKV anti-serum, the treatment of target cells affecting the CHIKV
membrane fusion at the endosome, and inoculation to some cell lines
showing different susceptibilities to CHIKV infections. Our results de-
monstrate that CHIK-VLP-EGFP will be a useful tool for analyzing the
entry phase of CHIKV.

2. Experimental procedures

2.1. Cells and viruses

A baby hamster kidney fibroblast cell line (BHK-21), an African
green monkey kidney cell line (Vero), a human astrocytoma cell line
(U251MG) (Bigner et al., 1981), and a human alveolar adenocarcinoma
cell line (A549) were maintained in Eagle's minimum essential medium
(MEM) supplemented with 10% (vol/vol) fetal bovine serum (FBS), 50
units/ml penicillin, and 50 μg/ml streptomycin. A human embryonic
kidney cell line (293 T) was maintained in Dulbecco's modified MEM
(D-MEM) supplemented with 10% FBS, 50 units/ml penicillin, and
50 μg/ml streptomycin. HAP1 cells (Carette et al., 2009) and the N-
sulfated heparan sulfate (HS)-negative HAP1 derivative cell line
HAP1ΔNDST1 and its derivative cell lines (HAP1ΔNDST1 transduced
with pMX empty vector, HAP1ΔNDST1/pMX and the N-sulfated HS-
positive HAP1ΔNDST1/pMX-NDST1) (Tanaka et al., 2017) were grown
in Iscove's modified Dulbecco's medium supplemented with 10% FBS,
50 units/ml penicillin, and 50 μg/ml streptomycin. CHIKV Ross strain
was inoculated into BHK cells and propagated. The culture supernatant
containing CHIKV was clarified by low-speed centrifugation, and

aliquots of the supernatant were stored at −80 °C until use.

2.2. Plasmids, antibodies, and reagents

Native CHIKV was recovered from the culture supernatants of the
infected BHK cells, and we extracted the viral genomic RNA using a
QIAamp Viral RNA Mini kit (Qiagen, Hilden, Germany). First-strand
cDNA was synthesized using a Sensiscript reverse transcription kit
(Qiagen) with a poly(dT)20+NotI+ XbaI primer. We amplified the
whole structural protein (capsid and envelope protein, C-E3-E2-6k-E1)
gene of CHIKV Ross strain using a sense primer containing an artificial
SacI site (SacI-CHIKV-C-For: 5′-AAAGAGCTCATGGAGTTCATCCCA
ACC-3′) and an antisense primer containing an artificial NheI site
(NheI-CHIKV-E1-Rev: 5′-TTTGCTAGCTTAGTGCCTGCTGAACGA-3′).

We cloned the polymerase chain reaction (PCR) product into the
mammalian expression plasmid pCAGGS, and we designated the con-
struct as pCAGGS/CHIKV-CE. We amplified the envelope protein gene
(CHIKV- E3-E2-6k-E1) by using a sense primer containing a SacI site
and an in-frame artificial initiation codon (SacI-ATG- CHIKV-E3-For:
AAAGAGCTCATGAGTCTTGCCATC) and the antisense primer, NheI-
CHIKV-E1-Rev, and cloned it into pCAGGS. The construct was desig-
nated as pCAGGS/CHIKV-E.

The EGFP gene was ligated with the flexible linker, G4S tandem
repeats, (Gly-Gly-Gly-Gly-Ser)4-Ala-Arg-(Gly-Gly-Gly-Gly-Ser)4, to gen-
erate the G4S-EGFP. The G4S-EGFP gene was inserted into the 3′
terminal region of E1 of the plasmid, pCAGGS/CHIKV-CE, and
pCAGGS/CHIKV-E. We designated these constructs as pCAGGS/CHIKV-
CE-EGFP and pCAGGS/CHIKV-E-EGFP and used them to produce the
fusion proteins CHIKV-CE-EGFP and CHIKV-E-EGFP.

For the detection of viral antigens, we used anti-CHIKV rabbit serum
and anti-CHIKV-E2 mouse monoclonal antibodies (mAb clones CHE24
and CHE29) which were developed in our lab, and anti-CHIKV-E1
mouse mAb clone 6A11 (EMD Millipore, Billerica, MA, USA) and clone
CHE22, which was developed in our lab. As the detector antibodies, we
used anti-GFP rabbit IgG polyclonal antibody (Invitrogen, Carlsbad,
CA), anti-beta-actin monoclonal antibody (Sigma-Aldrich, St. Louis,
MO), horseradish peroxidase (HRP)-conjugated goat anti-rabbit Ig
(Dako, Glostrup, Denmark), HRP-conjugated goat anti-mouse Ig (Dako),
Alexa Fluor 594-coupled anti-mouse IgG (H+L), Alexa Fluor 594-anti-
rabbit IgG (H+ L) (Invitrogen), and 15-nm colloidal gold particle-
conjugated goat anti-rabbit IgG (BBI Solutions, Cardiff, UK).
Bafilomycin A1was purchased from Abcam (Cambridge, UK) and used
at a concentration of 200 nM in the culture medium.

2.3. The preparation of the replication-deficient VSV vectors

We prepared a replication-deficient recombinant vesicular stoma-
titis virus (VSV) capable of expressing luciferase, i.e., VSVΔG-luci
(VSVG), as described (Tani et al., 2010). Replication-deficient luci-
ferase-expressing VSVs pseudotyped with CHIKV-E-EGFP were pre-
pared as follows. The 293 T cells were grown to 50%–70% confluence
on collagen-coated tissue culture plates and then transfected with
pCAGGS/CHIKV-E-EGFP or pCAGGS empty vector. After 24 h of in-
cubation, the cells were inoculated with VSVΔG-luci(VSVG) at a mul-
tiplicity of infection (MOI) of 1–2. After 2–3 h of incubation for viral
adsorption, the cells were extensively washed with fresh medium, and
then D-MEM supplemented with 2% FBS and 10mM HEPES (pH 7.0)
was added.

The culture supernatants containing pseudotype VSVΔG-luci
(CHIKV-E-EGFP) or VSVΔG-luci(−) were harvested after 18–24 h of
incubation at 37 °C. The culture supernatant was clarified by low-speed
centrifugation, and aliquots of the supernatant containing these pseu-
dotype viruses were stored at −80 °C until use. The infectivity of the
virus was determined by measuring the luciferase activities with a
Steady-Glo luciferase assay system (Promega, Madison, WI) according
to the manufacturer's protocol.
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2.4. Western blotting

For the evaluation of the expressions of CHIKV-CE-EGFP and
CHIKV-E-EGFP, cell lysates containing the viral antigens were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and blotted onto a polyvinylidene fluoride (PVDF) mem-
brane. The membrane was treated overnight at 4 °C with a blocking
buffer (5% skim milk in phosphate-buffered saline [PBS] containing
0.1% Tween-20 [PBST]) and then incubated for 2 h at room tempera-
ture (RT) or overnight at 4 °C with anti-CHIKV rabbit serum
(1:500–1000 in blocking buffer), anti-CHIKV-E1 monoclonal antibody,
clone 6A11 (EMD Millipore), and clone CHE22 (1:100 in blocking
buffer) or anti-GFP rabbit IgG polyclonal antibody (Invitrogen)
(1:500–1000 dilution in blocking buffer).

The membranes were then washed with PBST 4–5 times and in-
cubated for 1 h at RT with HRP-conjugated goat anti-rabbit Ig or HRP-
conjugated goat anti-mouse Ig (Dako) (1:10,000–15,000 in blocking
buffer). After 4–5 washes with PBST, the protein bands were detected
with a Western Lightning ECL Pro substrate (PerkinElmer Life Sciences,
Boston, MA).

2.5. The production and purification of GFP-tagged CHIK-VLP

For the production and purification of GFP-tagged CHIK-VLPs,
CHIK-VLP-EGFP and 293 T cells were plated into six tissue culture
dishes (7× 106 cells/150-mm-dia. dish) at 1 day before transfection,
and the cells were transfected with pCAGGS/CHIKV-CE-EGFP (8 μg/
dish) using X-tremeGENE9 DNA Transfection Reagent (Roche
Diagnostics, Mannheim, Germany).

The cells were incubated at 37 °C for 4 days and then split into ten
150-mm-dia. dishes, and the CHIK-VLP-EGFPs released into the culture
supernatant were collected at 2, 3, and 4 days post-transfection (dpt). A
total of 600ml of the culture supernatant was centrifuged at 1,000g for
5min to remove the cell debris and further clarified by centrifugation at
10,000g for 20min at 4 °C in an SW32 Ti rotor (Beckman Coulter, Brea,
CA). The CHIK-VLP-EGFPs were concentrated by ultracentrifugation
through a 15% sucrose cushion at 100,000g for 2 h at 4 °C.

The pellet was gently resuspended in TNE buffer and then layered
onto a 15%–45% (w/w) continuous sucrose gradient and centrifuged at

100,000g for 2 h at 4 °C in the SW32 Ti rotor. Twenty fractions were
collected, and the sucrose density was measured. The fractions con-
taining CHIK-VLP-EGFPs were determined by a western blot analysis,
then pooled, diluted in TNE buffer and centrifuged at 100,000g for 2 h
at 4 °C. The concentration of the purified CHIK-VLP-EGFPs was de-
termined by the Bradford method as outlined by the manufacturer (Bio-
Rad).

2.6. Immunoelectron microscopy (IEM)

We used the purified CHIK-VLP-EGFPs to coat a copper grid for
10min at RT. The grid was blocked with PBS containing 1% bovine
serum albumin for 15min at RT and then incubated with anti-CHIKV
rabbit serum at a dilution of 1:100 for 2 h at RT. After six washes with
PBS, 15 nm gold-labeled anti-rabbit IgG(H+L) goat antibody (BBI
Solutions) at a dilution of 1:100 was added and incubated for 1 h at RT.
After six washes with PBS, the sample was stained with uranyl acetate
and examined under a transmission electron microscope (TEM) (model
JEM-1010; JEOL, Tokyo) working at 80 kV.

2.7. Detection of CHIK-VLP-EGFP signals in target cells

Purified CHIK-VLP-EGFP was inoculated into target cells in two
dishes, followed by 1-hr incubation at 4 °C, and then the dishes were
washed once with fresh medium. One dish was then fixed by PBS
containing 4% paraformaldehyde (4% PFA in PBS), and the other dish
was then incubated at 37 °C for 30min and fixed. Cell-bound CHIK-VLP-
EGFPs were detected by a confocal fluorescent microscope as the EGFP
puncta.

2.8. Fluorescence microscopy and laser scanning confocal microscopy

To detect the CHIK-VLP-EGFPs in the cells, we acquired EGFP sig-
nals with a Nikon eclipse Ti fluorescence microscope or a Nikon C2+
laser scanning confocal microscope. The obtained images were pro-
cessed by NIS-elements software and Adobe Photoshop software. The
number or the area of CHIK-VLP-EGFP particles on target cells was
measured by using the 'Analyze Particles' command of ImageJ software.

Fig. 1. Schematic representation of the plas-
mids and the deduced configuration of re-
combinant structural proteins and their ex-
pression. A: (1) The construction of pCAGGS/
CHIKV-CE-EGFP and pCAGGS/CHIKV-E-EGFP
is shown. (2) A possible configuration of the
structural proteins on the endoplasmic re-
ticulum (ER) membrane of the cells transfected
with pCAGGS/CHIKV-CE-EGFP. B: 293 T cells
transfected with pCAGGS empty vector (a,b),
pCAGGS/CHIKV-CE-EGFP (c,d), or pCAGGS/
CHIKV-E-EGFP (e,f) were observed under a
fluorescence microscope using a 20X objective
(b,d,f). C: Western blot analysis of the CHIKV
structural protein fused with the EGFP. Cell
lysates of 293 T cells transfected with pCAGGS
empty vector, pCAGGS/CHIKV-CE, pCAGGS/
CHIKV-CE-EGFP, or pCDNA3-EGFP were se-
parated by SDS-PAGE. E1 proteins fused with
EGFP (white arrow) and its cleavage form
(shuttered arrow), approx. 27-kDa EGFP (gray
arrow I) and its cleavage form (approx.
25–26 kDa; gray arrows II and III) were de-
tected with the anti-GFP rabbit IgG. CHIKV-E2
antigen (approx. 50 kDa; black arrow) was de-
tected with the anti-CHIKV-E2 mouse mAb
clone CHE29. As a loading control, beta-actin
was detected.
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3. Results

3.1. The structure of the envelope protein tagged with the EGFP expressed in
the transfected cells

We introduced EGFP into the C-terminal of cytoplasmic domain of
the viral envelope protein (Fig. 1A). To examine the properties of the
EGFP-tagged CHIKV structural proteins, we transfected 293 T cells with
two expression plasmids: pCAGGS/CHIKV-CE-EGFP and pCAGGS/
CHIKV-E-EGFP. The cells transfected with these expression vectors
showed stable substantial green fluorescence (Fig. 1B). The cells were
collected and examined by SDS-PAGE and western blotting using anti-
CHIKV E2 antibody and anti-GFP antibody. As can be seen in Fig. 1C,
the cells transfected with pCAGGS/CHIKV-CE or pCAGGS/CHIKV-CE-
EGFP expressed E2 protein with a predicted molecular mass of ˜50 kDa.
The E1 protein fused with EGFP, i.e., E1-EGFP, had a predicted mole-
cular mass of ˜78 kDa. We observed the cleavage form of E1-EGFP
(< 60 kDa) and the cleavage form of EGFP (whose size is< 27 kDa of
authentic EGFP) in these cell lysates.

3.2. The properties of CHIKV-E protein tagged with the EGFP expressed in
the VSV-CHIKV pseudotype particle

To examine the biological properties of E-EGFP in the viral particle,
we constructed the VSV pseudotype virus bearing CHIKV-E-EGFP in its
envelope and then examined its infectivity. VSVΔG-luci(CHIKV-E-
EGFP) showed high infectivity to HAP1 wild-type cells but low in-
fectivity to the N-sulfated heparan sulfate-negative HAP1 mutant,
HAP1ΔNDSTl, and this pseudotype virus infectivity was neutralized by
anti-CHIKV rabbit serum (Fig. 2). These results are the same as those of
a study that used the VSVΔG-luci(CHIKV-E) pseudotype (Tanaka et al.,
2017), and they indicated that the CHIKV-E protein fused with EGFP at
the 3′ terminal end of E1 (i.e., E1-EGFP) works sufficiently for VSVΔG-
luci(CHIKV-E-EGFP) pseudotype virus infection at the viral entry steps.
We thus infer that CHIKV-E-EGFP can mediate the viral internalization
consisting of the binding, endocytosis, and membrane fusion in the
early endosome.

3.3. The production and characterization of CHIKV-like particles (CHIK-
VLPs) tagged with EGFP (CHIK-VLP-EGFP)

To confirm the formation of CHIKV-like particles (CHIK-VLPs)
bearing EGFP (CHIK-VLP-EGFP), we harvested the culture supernatants
of 293 T cells transfected with pCAGGS/CHIKV-CE-EGFP at 2, 3, and 4
dpt and fractionated the supernatants by sucrose gradient

ultracentrifugation. The results demonstrated that the fractions mainly
from 20%–30% sucrose densities were positive for the approx. 50-kDa
CHIKV-E antigen detected by rabbit anti-CHIKV serum and the approx.
75-kDa CHIKV-E1-EGFP antigen detected by anti-GFP rabbit IgG
(Fig. 3). These fractions contained a few EGFP antigens whose size
corresponded to the authentic EGFP (approx. 27 kDa), suggesting that
some EGFP fragments were present inside the CHIK-VLP-EGFP particle
(Fig. 3B).

To confirm whether spherical particles with the CHIKV antigen exist
in these CHIKV antigen-positive fractions, we incubated copper grids
that had absorbed the purified CHIKV antigen-positive fractions with a
primary antibody, anti-CHIKV rabbit serum, followed by 15-nm col-
loidal gold particles conjugated with goat anti-rabbit IgG. We were able
to detect the spherical particles with external dias. of 50–70 nm labeled
by gold particles (Fig. 3C). These gold-labeled particles were not ob-
served when the normal rabbit serum was used as the primary anti-
body. The sizes of CHIKV and CHIK-VLP were reported to be 50–60 nm
in dia. (Noranate et al., 2014), and our CHIK-VLP-EGFP also has the
same size as normal CHIK-VLPs. These results indicated that the CHIK-
VLP-EGFPs were successfully formed.

To test whether the purified CHIK-VLP-EGFPs could be detected as
EGFP dots when they were inoculated to the target cells, we observed
Vero cells inoculated with purified CHIK-VLP-EGFPs under a confocal
microscope. Punctate EGFP signals were observed on the cells which
were inoculated with purified CHIK-VLP-EGFP (Fig. 5A). These EGFP
puncta were co-localized with the signal of the CHIKV-E2 antigen de-
tected by anti-CHIKV E2 monoclonal antibody (Fig. 4A,B). The esti-
mated Pearson’s correlation coefficient is 0.85.

Since the N-sulfated region of heparan sulfate was recently proposed
as a minimum structure that is essential for efficient CHIKV binding and
infection (Tanaka et al., 2017), we examined whether the CHIK-VLP-
EGFP particles showed the same property as the native CHIKV particles.
The CHIK-VLP-EGFPs efficiently bound N-sulfated HS-positive HAP1
wild-type cells but not N-sulfated HS-negative HAP1ΔNDST1 cells
(Fig. 4C,D). These results indicate that the CHIK-VLP-EGFPs have the
same binding properties to the cell-surface HS as native CHIKV.

3.4. The dynamics of CHIK-VLP-EGFP on target cells

The area of CHIK-VLP-EGFP puncta were significantly decreased to
˜30% of those of the non-treated CHIK-VLP-EGFPs after pretreatment
with anti-CHIKV rabbit serum (Fig. 5A). It was reported that the cell
surface-bound CHIKV particles translocated via endocytosis to late en-
dosomes and lysosomes within a 15-min incubation in mosquito C6/36
cells (Lee et al., 2013). To examine the dynamics and fate of CHIK-VLP-

Fig. 2. The infectivity of pseudotype virus
bearing CHIKV-E3-1-EGFP.
Wild-type HAP1 and N-sulfated HS-defective
HAP1ΔNDST1 cells inoculated with luciferase-
expressing the recombinant VSV pseudotype
bearing CHIKV-E-EGFP, VSVΔG-luci(CHIKV-E-
EGFP), with or without anti-CHIKV rabbit
serum at a dilution of 1:50 treatment at 37 °C
for 30min were incubated for 20–24 h, and
then the relative light unit (RLU) value of lu-
ciferase activity was determined. The pseudo-
type bearing no envelope protein, VSVΔG-luci
(-), and the pseudotype bearing the VSVG pro-
tein, VSVΔG-luci(VSVG), were used as the ne-
gative control and the internal control, re-
spectively. Data are the mean ± SD of three
independent experiments and were evaluated
by an unpaired two-tailed t-test. *p < 0.05,
***p < 0.001, ****p < 0.0001.
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EGFPs bound to the target cells, we compared the changes of EGFP
puncta detected after the 30min incubation at 37 °C following the
binding by 1 h incubation at 4 °C. We observed that> 80% of these
CHIK-VLP-EGFP's puncta in inoculated cells disappeared after incuba-
tion at 37 °C for 30min (Fig. 5A,C,D), but most of the puncta of anti-
CHIKV neutralizing rabbit serum-treated CHIK-VLP-EGFP were not
decreased (Fig. 5A).

We also frequently observed the aggregated form of CHIK-VLP-
EGFP with anti-CHIKV rabbit IgG on the surface of the cells inoculated
with anti-CHIKV rabbit serum-treated CHIK-VLP-EGFPs (Fig. 5B). This
undiminished EGFP signal of CHIK-VLP-EGFPs seems to be compatible
with CHIKV infections that were inhibited by anti-CHIKV neutralizing
rabbit serum. Thus, the internalization of CHIK-VLP-EGFP and its sub-
sequent disassembly was inhibited with the use of anti-CHIKV neu-
tralizing rabbit serum.

We next examined whether the reduction of EGFP signals of CHIK-
VLP-EGFPs was inhibited by the treatment of the target cells with ba-
filomycin A1, which is a specific inhibitor of V-ATPase (Bowman et al.,
1988; Umata et al., 1990; Yoshimori et al., 1991) and an inhibitor of
CHIKV infection (Khan et al., 2010; Kishishita et al., 2013; Nuckols
et al., 2014; Sourisseau et al., 2007). We also observed that the re-
duction of the EGFP signal of CHIK-VLP-EGFPs was inhibited by the
treatment of the target cells with bafilomycin A1 (Fig. 5C,D), suggesting
that the disassembly of internalized CHIK-VLP-GFP by membrane fu-
sion or lysosomal degradation (or low pH quenching in the lysosome)
was inhibited by bafilomycin A1. In these bindings of CHIK-VLP-EGFPs,
E1-EGFPs were still observed after the subsequent 30min incubation at
37 °C under the conditions with or without bafilomycin A1, but their
sizes slightly decreased, suggesting that the conformational change or
processing of E1-EGFP could be induced.

The original sizes of EGFP (27 kDa; gray arrow I in Fig. 5E) and

cleaved EGFP antigens (approx. 26 kDa; gray arrow II) were detected
after the 30min incubation at 37 °C, but rarely detected in the cells
treated with bafilomycin A1. These results indicated that the cleaved
EGFPs were generated by endosomal or lysosomal acidification, and
they also indicated that the elimination of the fluorescence signal of E1-
EGFP after the subsequent 30min incubation at 37 °C is not due to the
release of E1-EGFP from the cell surface.

We also attempted to observe the dynamics of native CHIKV by
using the anti-CHIKV-E1 mouse mAb, and we observed that the native
CHIKV that had been detected as the fluorescent puncta disappeared
after the subsequent 30min incubation at 37 °C; this result is similar to
that of CHIK-VLP-EGFPs (Suppl. Fig. S1A,B). The western blotting using
anti-CHIKV-E1 monoclonal antibody (clone 6A11) showed that E1
proteins still remained after the incubation at 37 °C (Suppl. Fig. S1C),
whereas reducing E1 proteins were detected when the anti-CHIKV-E1
monoclonal antibody (clone CHE22) was used (Suppl. Fig. S1D). These
findings indicated that the E1 proteins of cell-bound CHIKV virions
changed their conformation and were disassembled and defused during
the incubation at 37 °C, and the fluorescence signals were then not
detected as the puncta. In contrast, the E2 protein of cell-bound CHIK-
VLP-EGFPs after the subsequent 30min incubation at 37 °C was not
detected by the anti-CHIKV-E2 mouse mAb (Fig. 5E) or anti-CHIKV
rabbit serum (data not shown) regardless of bafilomycin A1 treatment,
suggesting that E2 protein was lost regardless of the endosome pH.
These phenomena of the loss of E2 protein were also observed in native
CHIKV (Suppl. Fig. S1C). Together these findings led us to propose the
model shown in Fig. 6.

Fig. 3. The purification of CHIK-VLP-EGFP by sucrose gradient
ultracentrifugation. A: The sucrose gradient was separated into
20 fractions, and the sucrose concentration of each fraction
was measured by a refractometer. B: Each aliquot of the frac-
tions was examined by western blotting using anti-CHIKV
rabbit serum (upper) or anti-GFP rabbit IgG (bottom). CHIKV
E1-EGFP (approx. 75 kDa; white arrow), CHIKV E2 antigen
(approx. 50 kDa; black arrow), and the proteins containing an
EGFP antigen (approx. 27 kDa; gray arrow I) were detected. C:
The detection of the formation of CHIK-VLP-EGFPs by electron
microscopy. Immunoelectron micrographs of CHIKV antigen
reacted with anti-CHIKV-rabbit serum (right panel) or with
normal rabbit serum (left panel) and the subsequent reaction
with 15-nm gold particle-labeled goat anti-rabbit IgG are
shown. Gold particles were detected on the CHIK-VLP-EGFP
particles (approx. 50–70 nm dia.). Magnification ×30,000.
Scale bar: 100 nm.
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3.5. The different elimination rates of CHIK-VLP-EGFP among the cell lines
showing different susceptibility

Sourisseau et al. (2007) reported that CHIKV showed binding and
infectivity in most adherent but not non-adherent cell lines. They ob-
served that one of the adherent cell lines, i.e., the human alveolar
adenocarcinoma cell line A549, was resistant to CHIKV infection. We
also observed that A549 cells showed significant resistance to the
CHIKV Ross strain, and the ratios of virus-induced cell death were 1/
500,000 and 1/8,000 of those of the adherent lines of Vero cells and
U251MG cells, respectively (Suppl. Fig. S1A,B). No significant differ-
ence in the susceptibility to the CHIKV pseudotype infection was ob-
served between the highly susceptible cell lines (Vero and U251MG)
and the poorly susceptible A549 cells (Suppl. Fig. S1C) or in the CHIKV
production rate after CHIKV RNA transfection (Suppl. Fig. S1D).

We next examined the kinetics of CHIK-VLP-EGFP in these cell lines.
The CHIK-VLP-EGFP bound to the A549 cells, as it had to Vero cells.
Although the EGFP signal was promptly eliminated in the highly sus-
ceptible Vero and U251MG cells in the 30min incubation at 37 °C, al-
most all of the EGFP signal was still observed in A549 cells (Fig. 7A,B),
indicating that in A549 cells the elimination of E1-EGFP did not occur
and the disassembly of CHIK-VLP-EGFP did not proceed. These findings
suggested that the low infectivity of native CHIKV in A549 cells is as-
cribable to native CHIKV particles' deficit of internalization efficiency.

4. Discussion

Many research groups have examined the dynamic processes of
virus infection by using fluorescence-labeled viral particles or virus-like
particles. For single particle tracking, GFP fusion protein-labeled
viruses were reported to have relatively large sizes which provided
additional structural space for the occupation of a sufficient number of
GFP molecules to detect a single particle, such as herpes virus (Desai
and Person, 1998; Elliott and O’Hare, 1999), African swine fever virus
(Hernaez et al., 2006), human immunodeficiency virus (McDonald
et al., 2002; Campbell et al., 2007), avian sarcoma and leucosis virus
(Padilla-Parra et al., 2012), Pox virus (Ward, 2004), and rabies virus
(Klingen et al., 2008). On the other hand, relatively small-size viruses
and a virus that has no additional structural space for enough GFP were
labeled by a fluorescent dye such as a membrane intercalating dye (e.g.,
DiD), and amine reactive dye: the adeno-associated viruses (AAVs)
(Seisenberger et al., 2001), CHIKV (Hoornweg et al., 2016), dengue
virus (van der Schaar et al., 2007, 2008; Ayala-Nunez et al., 2011),
virus-like particles of murine polyoma virus (Ewers et al., 2005), he-
patitis C virus (Coller et al., 2009), and influenza virus (Lakadamyali
et al., 2003).

These fluorescent dye labeling methods are powerful tools for de-
tecting single viral particles, but their use does not always ensure the
labeling of most of the viruses, and their labeling has varied con-
siderably between different viral preparations. To simply and quanti-
tatively observe the binding of CHIKV to the cell surface, we herein

Fig. 4. The detection of CHIK-VLP-EGFP signals in target cells. A: CHIK-VLP-EGFP was inoculated into Vero cells and incubated for 1 h at 4 °C. CHIKV-E antigen was
detected by using anti-CHIKV E2 mouse mAb clone CHE24 and anti-mouse IgG (Alexa Fluor® 594 Conjugate). Images were taken using a confocal microscope with a
40 x objective lens. B: Colocalization analysis of EGFP and CHIKV-E2 antigen using NIS-elements software. Scatter plots of EGFP intensity and Alexa Fluor® 594
intensity are shown. Pearson’s correlation and Mander’s overlap were analyzed. C: The binding activity of CHIK-VLP-EGFP affected the cell-surface HS. Purified
CHIK-VLP-EGFP was inoculated into parental HAP1wt (b), N-sulfated HS-deficient HAP1/ΔNDST1/pMXpuro cells (c) and its rescued cells, i.e., HAP1/ΔNDST1/
pMXpuro-NDST1 cells (d). No EGFP puncta were observed in the un-inoculated control cells (a). Images were taken using a confocal microscope with a 40 x objective
lens. D: CHIK-VLP-EGFP exhibited a significant level of binding to N-sulfated HS-expressing cells but not to cells lacking N-sulfated HS expression. Data are the
mean ± SD of four confocal fields of one of two independent experiments showing similar results and were evaluated by an unpaired two-tailed t-test. **p < 0.01.
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Fig. 5. The reduction of CHIK-VLP-EGFP signals in target cells. A: The effect of anti-CHIKV serum on the kinetics of CHIK-VLP-EGFP. CHIK-VLP-EGFPs treated with or
without anti-CHIKV rabbit serum at a dilution of 1:100 were inoculated into Vero cells and the CHIK-VLP-EGFPs were detected by a confocal fluorescent microscope
as the EGFP puncta. B: The aggregation of CHIK-VLP-EGFPs. Vero cells inoculated with CHIK-VLP-EGFPs which were treated with anti-CHIKV rabbit serum were
incubated at 4 °C for 1 h and then at 37 °C for 30min. The nuclei of target cells were stained with Hoechst33342 (a; DIC field merged with Hoechst33342 staining).
EGFP detection (b); anti-CHIKV IgGs detected by Alexa Fluor 594-coupled anti-rabbit IgG (H+ L) (c); and EGFP puncta merged with anti-CHIKV rabbit IgGs detected
by Alexa Fluor 594-coupled anti-rabbit IgG (H+ L) (d). C: CHIK-VLP-EGFP was inoculated into Vero cells in culture with (c,d) or without (a,b) bafilomycin A1
(200 nM). Cells were fixed after 1 h incubation at 4 °C (a,c) or after the 30-min incubation at 37 °C following the 4 °C incubation for 1 h (b,d). Images were taken using
a confocal microscope with a 60 x oil immersion objective lens (B and C). D: Bafilomycin A1 treatment inhibited the reduction of EGFP puncta. Data are the
mean ± SEM (n=7–8) of two independent experiments. Significance was evaluated by an unpaired two-tailed t-test. ns: not significant, *p < 0.05, **p < 0.01,
***p < 0.001. E: The western blot analysis of bound CHIK-VLP-EGFP in the target cells treated with or without bafilomycin A1. Vero cell lysates were separated by
SDS-PAGE with non-reducing conditions. Blots were probed with anti-GFP rabbit IgG polyclonal antibody and anti-CHIKV-E2 mouse mAb clone CHE29 as indicated.
As a loading control, the anti-beta-actin monoclonal antibody was used for detection. Two forms of EGFP-fused E1 antigen: approx. 75 kDa E1-EGFP (white arrow I),
and<75 kDa of conformation changed E1-EGFP (white arrow II), and two forms releasing EGFP antigens (27 kDa; gray arrow I and approx. 26 kDa of cleaved EGFP;
gray arrow II), and the approx. 50 kDa E2 antigen (black arrow) were detected.

Fig. 6. Overview of the entry step of CHIK-VLP-EGFP, which
was deduced by the detection of EGFP signals and by western
blotting results. EGFP puncta of CHIK-VLP-EGFPs were de-
tected after the binding step at 4 °C for 1 h (A) and were lost
during the subsequent incubation at 37 °C for 30min (C, D). E2
proteins were lost and E1-EGFP changed its conformation at
37 °C for 30min (B, C, D and E). E1-EGFP was cleaved at the
endosome or lysosome (C, D), and the cleaved EGFPs were
defused into the cytoplasm by membrane fusion (C). E1-EGFs
was not cleaved and EGFP signals were stable under the con-
dition with bafilomycin A1 treatment (E).
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created CHIK-VLP-GFP, which is virus-like particles containing fluor-
escent protein inside the viral envelope. The particle size of alpha-
viruses such as CHIKV is 60–70 nm in dia. (which is smaller than those
of Herpes virus and HIV), and the viral surface is covered with virus
membrane proteins in an orderly formation with T= 4 icosahedral
symmetry that is composed of a total of 240 E1-E2 heterodimers.
Regarding these alphaviruses, there is no report that other proteins can
be retained on membrane proteins or can be produced (unlike retroviral
particles such as HIV).

The cytoplasmic region of the E2 protein is in contact with the
capsid (Jose et al., 2012; Lee et al., 1996; Owen and Kuhn, 1997;
Skoging et al., 1996), and it appears that there is not much space be-
tween the envelope and the capsid. EGFP fused to the E1 protein via the
flexible linker allow the EGFP region could have mobility, so that the
EGFP region may move to locate in the small space between the viral
core and the envelope of the VLP.

It was reported that GFP-labeled HIV particles were detected as
fluorescent particles because it was thought that the average, 100–200
Vpr-GFP molecules are incorporated into a single particle (McDonald
et al., 2002). We therefore considered the possibility that the 240-
heterodimer consisting of E2 and E1-EGFP protein in a single CHIK-
VLP-EGFP particle ensured sufficient fluorescence intensity for the de-
tection of a single particle, and we clearly observed this CHIK-VLP-
EGFP in the present study. Since the particle structure of CHIKV-VLP-
EGFP is guaranteed to contain the E2 and E1-EGFP proteins and the
number of bound particles can be directly measured as the EGFP
puncta, our method has an advantage in that it can be evaluated ac-
curately when carrying out viral binding experiments. In addition, our
CHIKV-VLP-EGFP can be cryopreserved by the same method as that
used for native CHIKV preservation, and it is not infectious material.
These are advantages for the reproducibility and safety of the experi-
ments.

Our experiments revealed that the E2 protein was promptly lost
during internalization regardless of the endosome pH, and the E1-EGFP
protein also changed its conformation during internalization regardless
of the endosome pH. These changes were observed in native CHIKV E1
and E2 proteins (Suppl. Fig. S1C,D), suggesting that CHIKV-VLP-EGFP
disassembles in a manner that is the same as that used by the native
CHIKV. This is an important reason to use CHIKV-VLP-EGFP for the
examination of CHIKV internalization. Our results demonstrated that
the anti-CHIKV neutralizing serum, the CHIKV internalization-in-
hibiting reagent, and the susceptibility of some cell lines influence the
CHIK-VLP-GFP dynamics. Assessments of the neutralization activity of
antibodies, replication-competent GFP-expressing recombinant CHIKV
(Tsetsarkin et al., 2006; Deng et al., 2016), luciferase-expressing
pseudotyped-lentiviral vector-bearing CHIKV-E protein (Kishishita
et al., 2013) and VSV pseudotype virus bearing CHIKV-E (Tanaka et al.,
2017) have been developed and are currently in use as effective assays.
Analyses using these reporter-gene coding viruses (and pseudo-viruses)

which detect the reporter-gene expression after its successful infection
are both convenient and highly sensitive.　However, these analyses
cannot show how the internalization proceeds or how neutralizing
antibodies inhibit the CHIKV infection. Our analysis using the CHIK-
VLP-EGFP could not assess the binding efficiency at 37 °C because of its
disassembly, but it could show the kinetics of inhibition of the viral
internalization after binding by its disassembly.

CHIK-VLP-GFP will be useful for examining the inhibiting me-
chanism of anti-CHIKV antibodies and antiviral compounds that affect
the entry phase of CHIKV.
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