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ABSTRACT Chikungunya virus (CHIKV) is a mosquito-borne alphavirus that causes
epidemics of debilitating disease worldwide. Currently, there are no licensed vac-
cines or antivirals available against CHIKV infection. In this study, we generated a
novel live attenuated vaccine (LAV) candidate for CHIKV with a complete deficiency
of capsid (ΔC-CHIKV). It could propagate in BHK-21 cells, and had antigenic proper-
ties similar to those of native CHIKV. Vaccination of either immunocompromised
IFNAR�/� mice or immunocompetent C57BL/6 mice with a single dose of ΔC-CHIKV
conferred complete protection upon challenge with wild-type (WT) CHIKV. Taken to-
gether, this vaccine candidate appeared to be safe and efficacious, representing a
novel strategy for CHIKV vaccine design.

IMPORTANCE Currently, there is no licensed vaccine against CHIKV infection. An
ideal CHIKV vaccine should generate an optimal balance between efficacy and
safety. Live attenuated vaccines that can elicit strong immune responses often in-
volve a trade-off of reduced safety. Here, a novel live attenuated vaccine candidate
for CHIKV lacking the entire capsid gene, ΔC-CHIKV, was developed. It was demon-
strated to be genetically stable, highly attenuated, immunogenic, and able to confer
complete protection against lethal CHIKV challenge after a single dose of immuniza-
tion. Such an infectious vaccine candidate devoid of capsid provides a novel strat-
egy for the development of a live attenuated CHIKV vaccine.
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Chikungunya virus (CHIKV) is an important reemerging mosquito-transmitted patho-
gen within the Alphavirus genus of the Togaviridae family. Its genome is a single-

stranded positive RNA of �12 kb with a 5= cap and a 3= poly(A) tail. Four nonstructural
proteins (nsP1 to -4) encoded in the 5= two-thirds of the CHIKV genome are responsible
for viral replication and transcription. A 26S subgenomic mRNA is transcribed from the
remaining 3= one-third of the genome with a subgenomic promoter that is present on
the full-length negative-stranded RNA replication intermediate. The subgenomic RNA
(sgRNA) then encodes five structural proteins (capsid [C], E3, E2, 6K/TF, and E1)
responsible for the production of infectious virions. CHIKV virions are spherical, envel-
oped particles of �70 nm in diameter. The E1 and E2 glycoproteins form heterodimers
and assemble into spikes on the surface. At the center of the virion is the nucleocapsid
(NC) core of �35 nm in diameter, which is composed of the C protein in complex with
the viral genome (1).

CHIKV generally causes high fever, headache, rashes, myalgia, arthralgia, and occa-
sionally crippling arthritis that may persist for months or even years (2). More severe
symptoms, including encephalitis, hemorrhagic disease, and mortality, have also been
reported during recent epidemics (3). Additionally, perinatal CHIKV infection with
severe outcomes has been reported recently (4–7), such as neonatal encephalitis,
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microcephaly, long-term disabilities, and neonatal death. Before 2004, CHIKV was
mainly restricted to sub-Saharan Africa and Southeast Asia. Since a large outbreak
started in Kenya in 2004, it has been rapidly spreading throughout Asia, Africa, Europe,
and the Americas (8–11), making it a global health threat. To date, neither licensed
vaccines nor specific antiviral drugs are available to prevent CHIKV infection.

Different types of CHIKV vaccines have recently been developed, such as subunit
vaccines (12), viruslike particles (VLPs) (13), formalin-inactivated vaccines (14),
DNA vaccines (15), pseudoinfectious virus (16), a single-dose insect alphavirus-vectored
vaccine (17), and different live attenuated vaccines (LAVs). Among these, as LAVs can
mimic natural viral infection, they could efficiently stimulate a robust and sustained
immune response in the body. Thus, typically, one dose is sufficient to confer long-term
and even lifelong protection. But sometimes there are some safety issues associated
with the use of LAVs. In an effort to achieve the optimal balance between immuno-
genetics and safety, researchers have recently taken different strategies for the devel-
opment of live attenuated CHIKV vaccines. For instance, various live attenuated CHIKV
vaccines (18–21) were constructed through the introduction of mutations or deletions
within capsid (19), 6K (20), E2 (18, 22), and nsP3 (20) or the replacement of the subgenomic
promoter with an internal ribosome entry site (IRES) in the CHIKV genome to drive viral
structural protein expression (21). Another strategy for CHIKV live-vaccine development
is the construction of chimeric viruses by utilizing other viral vaccine backbones or
replication-defective virus. So far, insect-specific alphaviruses, including Eilat virus (17),
Venezuelan equine encephalitis virus (23), vesicular stomatitis virus (24), modified
vaccinia virus Ankara (MVA) (25–27), adenovirus (28), and the measles virus vaccine
Schwarz strain (MV/Schw) (29), have been explored as potential viral vectors for
chimeric CHIKV construction.

In this study, we produced and characterized a new type of infectious CHIKV particle
with a complete viral capsid deletion (ΔC-CHIKV). It was found that the capsid protein,
an exclusive requirement for NC formation of infectious wild-type (WT) CHIKV particles,
was dispensable for the assembly of infectious ΔC-CHIKV particles. Although the
underlying mechanism of ΔC-CHIKV formation was not clear, we found that ΔC-CHIKV
was highly attenuated in immunocompromised IFNAR�/� mice compared with WT
CHIKV. A single-dose immunization of ΔC-CHIKV protected immunocompetent C57BL/6
mice and immunocompromised IFNAR�/� mice from challenge with WT CHIKV; these
mice developed no disease signs and no detectable viremia during viral infection. Our
results show that ΔC-CHIKV is safe as a live attenuated vaccine and could be applied as
a new strategy for CHIKV vaccine design.

RESULTS
�C-CHIKV can propagate in BHK-21 cells. Several lines of evidence have shown

that capsid is also a key determinant of alphavirus virulence (30–33). We wondered
whether a CHIKV mutant with a partial or even a complete deletion of capsid could be
a live attenuated vaccine candidate. Thus, a CHIKV mutant harboring a complete
deletion of the capsid gene (ΔC-CHIKV) was constructed. In parallel, a CHIKV construct
lacking the N-terminal RNA binding domain of capsid (ΔC-CHIKV-115aa) was also
generated. Equal amounts of in vitro-transcribed WT and mutant genomic RNAs were
transfected into BHK-21 cells. Viral replication and spread were evaluated by an
immunofluorescence assay (IFA) using an anti-E2 polyclonal antibody. ΔC-CHIKV RNA
produced increasing numbers of IFA-positive cells from 24 to 72 h posttransfection
(hpt) although fewer than those produced by WT CHIKV RNA at each time point (Fig.
1B). The spread of IFA-positive cells indicated the production of infectious viruses from
transfected cells. In contrast, only scattered IFA-positive cells were found in ΔC-CHIKV-
115aa RNA-transfected cells at each time point (Fig. 1B), indicating that ΔC-CHIKV-
115aa mutant RNA was replicative but failed to produce infectious viruses. To further
analyze the infectivity of the supernatants from mutant RNA-transfected cells, the
culture media obtained at 72 hpt were used to infect naive BHK-21 cells. As shown in
Fig. 1C, only cells infected with WT CHIKV and ΔC-CHIKV supernatants produced
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IFA-positive cells. Our results indicate that ΔC-CHIKV RNA can produce infectious
particles in BHK-21 cells.

To exclude the possibility that the infectivity of ΔC-CHIKV might be WT CHIKV
contamination, the absence of capsid in ΔC-CHIKV-infected cells was confirmed with
different methods, as described below. IFAs and Western blot (WB) assays were first
carried out using specific antibodies against different viral proteins. Capsid is the only
viral protein that failed to be detected in ΔC-CHIKV-infected cells compared with WT
CHIKV (Fig. 2A and B). Meanwhile, viral RNAs were extracted from culture media and
infected cells for reverse transcriptase PCR (RT-PCR) spanning the region from the C
terminus of nsP4 to the N terminus of E3 with specific primers that cover the complete
coding sequence of the capsid gene. The expected 1.7- and 1.0-kb RT-PCR products
were detected in WT and ΔC-CHIKV samples, respectively (Fig. 2C). Complete viral
genome sequencing also provided evidence that complete capsid coding sequences
are absent in the ΔC-CHIKV RNA genome (Fig. 2D). Additionally, we found that RNase
A treatment had no effect on the infectivity of WT CHIKV and ΔC-CHIKV, and Triton
X-100 treatment completely destroyed the infectivity of both viruses (Fig. 2E), which
ruled out the possibility that RNA carryover from transfected cells generates virus
transmission to new cultures. Overall, we confirm that ΔC-CHIKV is infectious.

FIG 1 CHIKV lacking the full sequence of capsid (ΔC-CHIKV) is able to produce infectious viruses. (A)
Schematic representation of different CHIKV capsid deletion mutants in the context of the CHIKV
genome. The WT capsid contains an N-terminal RNA binding domain (represented by a rectangular box)
and a C-terminal serine protease domain (represented by oval boxes). Dashed boxes indicate the deleted
segments. Amino acid positions are indicated. SG, subgenomic. (B) IFA of RNA-transfected BHK-21 cells.
Equal amounts of WT or mutant genomic RNAs were transfected into BHK-21 cells. At the indicated
times posttransfection, the expression of viral E2 protein was detected by an IFA. (C) IFA of infected
BHK-21 cells. Naive BHK-21 cells were infected with the supernatants harvested from WT or mutant
genomic RNA-transfected BHK-21 cells at 72 hpt. At 72 hpi, the expression of viral E2 protein was
analyzed by an IFA.

Infectious CHIKV Vaccine without Capsid Journal of Virology

August 2019 Volume 93 Issue 15 e00504-19 jvi.asm.org 3

https://jvi.asm.org


Characterization of �C-CHIKV. The morphologies of ΔC-CHIKV viral particles dur-
ing viral infection were first examined by thin-section transmission electron microscopy
(TEM) in BHK-21 cells (Fig. 3). Abundant viral particles were observed at the cell surface
of ΔC-CHIKV (Fig. 3A)- and WT CHIKV (Fig. 3C)-infected cells. ΔC-CHIKV was irregular,
although the particle size was similar to that of WT CHIKV. ΔC-CHIKV showed a core in
the center that was much less electron dense, due to the lack of capsid protein, than
the WT virus. Interestingly, typical NC structures (35 nm in diameter) were not detected
within the cytoplasm of ΔC-CHIKV (Fig. 3B)-infected BHK-21 cells, in contrast to WT
CHIKV (Fig. 3D), which was consistent with the capsid deletion in ΔC-CHIKV. Overall, our
results demonstrate that the assembly of infectious ΔC-CHIKV particles can be com-
pleted without NC formation.

Viral growth and plaque morphology were then compared between the WT virus
and ΔC-CHIKV. The culture media were collected from infected BHK-21 cells at different
time points postinfection and subjected to a plaque assay. ΔC-CHIKV produced smaller
plaques than the WT virus (Fig. 4A), with the highest viral titer of �104 PFU/ml at 120 h
postinfection (hpi), about 1,000-fold lower than that of the WT (Fig. 4B). Neutralization

FIG 2 Confirmation of capsid deletion in infectious ΔC-CHIKV mutants. (A and B) Detection of viral protein expression (nsP2, E1, E2, and capsid) in infected
cells by IFAs and Western blot assays. BHK-21 cells were infected with the supernatant that was collected from either WT CHIKV or ΔC-CHIKV
RNA-transfected BHK-21 cells at 72 hpt. At 72 hpi, cells were subjected to IFAs (A) and Western blot assays (B) to analyze the expression of different viral
proteins. (C) Detection of the expression of the capsid gene in infected cells and culture media by an RT-PCR assay. Viral RNAs were extracted from
infected cells and culture media. RT-PCR was performed with the primer pair spanning the nsP4-E3 region. The resulting RT-PCR products were resolved
by 1% agarose gel electrophoresis. The expected 1.7-kb and 1.0-kb bands were observed for WT CHIKV and ΔC-CHIKV, respectively. (D) Sequence
chromatograms of the N terminus of capsid. (E) Effects of different agents on the infectivity of infectious WT CHIKV or ΔC-CHIKV. WT CHIKV-eGFP or
ΔC-CHIKV-eGFP (MOI � 0.01) was incubated with 5 �g/ml RNase A during 20 min at 25°C or with 0.1% Triton X-100 during 1 h at 25°C, respectively. The
percent infectivity in each case was calculated by dividing the infectivity of untreated samples (No treat). The data are the means � standard deviations
(SD) from at least three independent experiments.
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assay showed that sera against CHIKV blocked viral infection by ΔC-CHIKV and WT
CHIKV in a dose-dependent manner (Fig. 4C), indicating that ΔC-CHIKV had an antige-
nicity similar to that of WT CHIKV. Thermal stability assays illustrate that ΔC-CHIKV has
a stability comparable to that of WT CHIKV at 37°C (Fig. 4D).

We also compared viral particle densities by sucrose density gradient ultracentrifu-
gation analysis (Fig. 5). The supernatants from infected BHK-21 cells were collected at
the indicated times postinfection for sedimentation in sucrose gradients. Each fraction
from top to bottom was collected (fractions 1 to 10) and subjected to WB and
quantitative RT-PCR (qRT-PCR) assays for quantification of viral proteins and RNA,
respectively. As shown in Fig. 5A and B, ΔC-CHIKV had a lower density than WT CHIKV,
residing in fraction 4, versus the WT residing in fraction 8, which also confirmed that
viral RNAs were truly incorporated into viral particles of ΔC-CHIKV. On the other hand,
it was found that viral envelope protein was present in fractions 1 and 2 in samples of
both viruses (Fig. 5C and D). This suggested that there might always be some empty
viruslike particle formation, concomitant with mature virion budding. Interestingly, the
proportion of fraction 1/2 envelope proteins in WT CHIKV samples was lower than that
for ΔC-CHIKV, indicating that the presence of capsid may guarantee efficient utilization
of envelope proteins for the assembly of mature virions.

The compositions of purified viral particles were analyzed by SDS-PAGE using
fraction 4 of ΔC-CHIKV and fraction 8 of WT CHIKV (Fig. 6A). As expected, capsid
proteins were absent in ΔC-CHIKV, in contrast to WT CHIKV, and the envelope proteins
E1 and E2 were detected in both WT CHIKV and ΔC-CHIKV. It is worth noting that
different amounts of viruses (3 � 104 PFU ΔC-CHIKV versus 5 � 106 PFU WT CHIKV)
were loaded onto the gel to produce similar signals in Fig. 6A. This suggested that the
ratio of total particles to infectious particles for ΔC-CHIKV was higher than that for WT
CHIKV, which indicated that many viral particles of ΔC-CHIKV are not infectious.

We then analyzed all nsPs with purified ΔC-CHIKV and WT CHIKV. Only trace
amounts of nsP1 and nsP2 were observed for both viruses (Fig. 6B), which excluded the
possibility that the infectivity of ΔC-CHIKV was derived from viral replication complexes

FIG 3 TEM analysis of ΔC-CHIKV in infected BHK-21 cells. BHK-21 cells were infected with WT CHIKV or
ΔC-CHIKV at an MOI of 0.01. WT CHIKV- and ΔC-CHIKV-infected cells were fixed for TEM analysis at 24 hpi and
84 hpi, respectively. Representative TEM images observed for WT (C and D)- or ΔC-CHIKV (A and B)-infected
BHK-21 cells are shown. Budding viruses and NCs are indicated with arrows and arrowheads, respectively.
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(RCs) containing viral nsPs and double-stranded RNA. Since the size of ΔC-CHIKV
(70 nm) was within the size range of the exosome (50 to 100 nm) (34), we also analyzed
ΔC-CHIKV with the exosome marker CD63. As shown in Fig. 6B, trace amounts of CD63
were detected in ΔC-CHIKV instead of WT CHIKV, which indicated that the exosome
pathway may involve infectious particle formation by ΔC-CHIKV.

�C-CHIKV is considerably stable in cell culture. To analyze the genetic stability of
ΔC-CHIKV, three independent passages (passages A, B, and C) were performed on
BHK-21 cells (Fig. 7). After 5 rounds of passage, the growth curve (Fig. 7C), plaque
morphology (Fig. 7B), and E2/capsid protein expression (Fig. 7D) of ΔC-CHIKV were not
changed on BHK-21 cells. Using the primer pair spanning the nsP4 and E3 regions, an
identical RT-PCR product was detected for both P0 (i.e., viruses in supernatant from
ΔC-CHIKV RNA-transfected BHK-21 cells) and P5 virus samples (Fig. 7A). Moreover, the
results of sequencing showed that the engineered capsid deletion still remained in all
three passaged viruses (Fig. 7E). These results show that ΔC-CHIKV is relatively stable.

�C-CHIKV is highly attenuated in IFNAR�/� mice. The IFNAR�/� mouse is a
commonly used murine model for CHIKV pathogenesis studies (21). It has the advan-
tage of demonstrating disease in adult mice and provides a lethal endpoint upon CHIKV
challenge (17). Thus, 6-week-old IFNAR�/� mice were injected subcutaneously (s.c.) in
the ventral/lateral side of the hind foot with 102 PFU of WT CHIKV and the highest dose
of ΔC-CHIKV that we obtained, 105 PFU, respectively. Dulbecco’s modified Eagle’s
medium (DMEM) with 2% fetal bovine serum (FBS) was inoculated as a negative control.
All the WT-infected mice died within 8 days postinfection (Fig. 8A), with footpad
swelling (Fig. 8B), weight loss (Fig. 8C), and significant viremia (Fig. 8D). In contrast, all
the mice infected with ΔC-CHIKV survived (Fig. 8A), without any visible signs of disease
during the 14-day observation period. There was no footpad swelling (Fig. 8B), weight
loss (Fig. 8C), or viremia (Fig. 8D) observed, in contrast to those observed in WT
CHIKV-infected mice. Overall, our results indicate that ΔC-CHIKV is highly attenuated in
IFNAR�/� mice.

FIG 4 Characterization of biophysical properties of ΔC-CHIKV virions. (A) Plaque morphology of WT
CHIKV and ΔC-CHIKV on BHK-21 cells. (B) Growth kinetics of WT CHIKV and ΔC-CHIKV. BHK-21 cells were
infected with WT CHIKV or ΔC-CHIKV mutants at an MOI of 0.01. Viral titers were measured by a plaque
assay on BHK-21 cells. (C) Neutralization assay using mouse sera against WT CHIKV conducted with a
PRNT. (D) Thermal stability of WT and ΔC-CHIKV. The corresponding eGFP reporter viruses, WT CHIKV-
eGFP and ΔC-CHIKV-eGFP, were used as described in Materials and Methods. Shown are mean half-life
values obtained from three independent experiments performed in triplicate. The bars indicate the
standard deviations from three independent experiments.
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A single dose of �C-CHIKV can elicit protection against CHIKV infection in both
IFNAR�/� and C57BL/6 mice. The dramatic attenuation of ΔC-CHIKV in IFNAR�/� mice
indicates that ΔC-CHIKV may be a potential CHIKV vaccine candidate. Thus, IFNAR�/� mice
were injected s.c. with 104 PFU of ΔC-CHIKV to test its prophylactic efficacy. The negative
control was culture medium alone (2% FBS–DMEM immunization) or no treatment (mock

FIG 5 Analysis of the density of purified ΔC-CHIKV virions. Shown are data for sucrose density gradient fraction-
ation of WT and ΔC-CHIKV virions produced in BHK-21 cells. Cell-free virions were harvested, PEG 8000 concen-
trated, and separated on 20% to 60% linear sucrose density gradients. Ten fractions were harvested from the top
(fraction 1) to the bottom (fraction 10) of the gradient. Each fraction from WT CHIKV (B and D) and ΔC-CHIKV (A
and C) was subjected to qRT-PCR and E1-specific antibody-based Western blot assays to monitor the distribution
of virions. ImageJ software was used to analyze the intensity of the viral E1 protein band in each fraction. The
graphs (A and B) represent quantification of percent viral RNA/E1 protein in each fraction normalized to the largest
amount of viral RNA/E1 protein. Three independent experiments were performed, with similar results, and one of
the representative data sets is presented. CT, threshold cycle.

FIG 6 Analysis of the composition of purified ΔC-CHIKV virions. (A) SDS-PAGE analysis followed by
Coomassie staining for fraction 8 of WT CHIKV and fraction 4 of ΔC-CHIKV by sucrose density gradient
centrifugation. Gels were loaded with purified ΔC-CHIKV at approximately 3 � 104 PFU or an equivalent
volume of purified WT CHIKV at approximately 5 � 106 PFU. (B) Western blot assays to analyze viral nsPs
with antiserum specifically targeting CHIKV nsP1 to nsP4 and exosomes with marker CD63 antibody of
purified ΔC-CHIKV and WT CHIKV virions. Gels were loaded with purified ΔC-CHIKV or WT CHIKV as
described above for panel A, and cell lysates for the detection of ΔC-CHIKV or WT CHIKV or mock-infected
cells were adjusted for similar signals. Three independent experiments were performed, with similar
results, and one of the representative data sets is presented.

Infectious CHIKV Vaccine without Capsid Journal of Virology

August 2019 Volume 93 Issue 15 e00504-19 jvi.asm.org 7

https://jvi.asm.org


immunization). Sera were collected from immunized mice at 7-day intervals over 28 days
postimmunization. The serum neutralizing ability elicited by ΔC-CHIKV was assessed by a
plaque reduction or neutralization test (PRNT). Apparent neutralizing antibodies were
successfully induced at 14 days postimmunization and remained steady without a dramatic
decline at 28 days postvaccination with 50% neutralization of CHIKV at a serum dilution of
1:160 (Fig. 9B), which was lower than other live-attenuated vaccines induced with an 80%
plaque reduction/neutralization titer (PRNT80) of �1:160 in previous studies when mice
were immunized with the same dose (21, 23).

Mice immunized with 2% FBS–DMEM and ΔC-CHIKV were subcutaneously challenged
on the ventral/lateral side of the hind foot with 103 PFU of WT CHIKV at 30 days postim-
munization and observed daily over a period of 14 days. The mice vaccinated with ΔC-
CHIKV were fully protected against challenge with WT CHIKV (Fig. 9C) and remained healthy
throughout the course of the experiment, without apparent footpad swelling (Fig. 9D) and
weight loss (Fig. 9E). In contrast, 2% FBS–DMEM-vaccinated mice experienced substantial
footpad swelling and weight loss beginning at day 3 and day 6 postchallenge, respectively,
and died within 8 days postchallenge (Fig. 9C). At the same time, ΔC-CHIKV-immunized
mice produced background levels of viremia compared with the 2% FBS–DMEM-
immunized group at each time point postchallenge (Fig. 9F).

Next, an immunocompetent C57BL/6 mouse model was used to further evaluate the
immunogenicity and efficacy of ΔC-CHIKV. Six-week-old C57BL/6 mice were inoculated
by the s.c. route with 104 PFU of WT CHIKV or ΔC-CHIKV. Culture medium alone (2%
FBS–DMEM) was used as a negative control. Sera were also collected at 7-day intervals
over 28 days postimmunization for PRNTs (Fig. 10B). Apparent seroconversion was

FIG 7 Stability of ΔC-CHIKV in cell culture. (A) Detection of viral genome stability during passage by RT-PCR. Viral
RNAs were extracted from infected cells or supernatants as described in Materials and Methods. RT-PCR was
performed with a pair of primers spanning the nsP4-E3 region. (B) Plaque morphology comparison between P0 and
P5 ΔC-CHIKV. (C) Comparison of growth kinetics of P0 and P5 ΔC-CHIKV mutants. Viral growth curves were
conducted at an MOI of 0.01. Three independent experiments were performed in duplicate, and representative
data are presented. (D) IFA of expression of different viral proteins in P0 and P5 ΔC-CHIKV using polyclonal
antibodies against E2 and capsid. (E) Sequence chromatograms of all three passaged viruses (P5-A, P5-B, and P5-C).
The initial amino acids of the E3 gene are indicated.
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observed at 14 days postimmunization in all mice immunized with WT CHIKV or
ΔC-CHIKV and appeared to increase thereafter until day 21. The neutralizing activities
in sera from ΔC-CHIKV-immunized mice were slightly lower than those in sera from
mice immunized with WT CHIKV; this may be due to less efficient in vivo spreading of
ΔC-CHIKV to stimulate immunization. Nevertheless, ΔC-CHIKV could induce neutralizing
antibody as efficiently as WT CHIKV in the C57BL/6 mouse model. At 30 days postim-
munization, all the mice were challenged with 2.5 � 105 PFU of WT CHIKV (ECSA strain,
a human isolate from Pakistan) (35). Signs of footpad swelling and viremia induced by
CHIKV infection were also monitored. No footpad swelling was observed in both WT
CHIKV- and ΔC-CHIKV-immunized mice, while two peaks of footpad swelling at approx-
imately 2 and 6 days postchallenge were observed in mock-immunized mice (Fig. 10C).
Swelling was fully recovered by day 14 postchallenge (Fig. 10C), which is consistent
with previous observations in the CHIKV-infected C57BL/6 mouse model (19, 20, 25).
Mock-immunized mice exhibited viremia, which reached a peak at day 3 postchallenge.
All mice immunized with WT CHIKV and ΔC-CHIKV were completely protected from
viremia (Fig. 10D). Collectively, these data demonstrate that single-dose immunization
with ΔC-CHIKV could protect all mice against CHIKV infection.

FIG 8 Pathogenicity of ΔC-CHIKV determined by studies in the IFNAR�/� mouse model. IFNAR�/� mice (6 weeks
old; n � 6 per group) were injected subcutaneously in the ventral/lateral side of the hind foot with 102 PFU of WT
CHIKV, 105 PFU of ΔC-CHIKV, and 2% FBS–DMEM (negative control). (A to C) Animal survival (A), footpad swelling
(n � 6 feet per group) (B), and weight loss (C) were monitored daily until 14 or 16 days postinoculation. (D) Viremia
titer postinoculation. Viremia from day 1 to day 5 postinoculation was measured by qRT-PCR. (E) Images of feet on
day 5 postinoculation. In panels B to D, data represent means � SD for groups of mice, and the horizontal dotted
line represents the limit of detection. Student’s t tests were used to determine differences between two groups,
and a Kruskal-Wallis test followed by Dunn’s test was used for multiple comparisons. One, two, three, and four
asterisks indicate statistical differences between indicated groups with P values of �0.05, �0.01, �0.001, and
�0.0001, respectively. ns, not significant.
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DISCUSSION

In previous studies, viruslike replicon particle (VRP) vaccines were produced through
a complementation/packaging system in which alphavirus replicons encoding enve-
lope proteins are packaged into VRPs by capsid protein expressed in trans (36).

FIG 9 Single-dose immunization with ΔC-CHIKV protects IFNAR�/� mice from CHIKV infection. (A) Experimental
design. Three groups of 6-week-old IFNAR�/� mice (n � 6 per group) were immunized subcutaneously in the
ventral/lateral side of the hind foot once with 104 PFU of ΔC-CHIKV or 2% FBS–DMEM (culture medium control) or
left untreated (mock). On day 30 postimmunization, mice were challenged with 103 PFU of WT CHIKV s.c. in feet.
(B) Neutralizing antibody titers present in mouse sera on the indicated days postimmunization. (C) Animal survival
postchallenge. (D) Footpad swelling (n � 6 feet per group) postchallenge. (E) Weight loss after challenge. (F)
Viremia postchallenge. Viremia from day 1 to day 5 postchallenge was measured by qRT-PCR. In panels B to F, data
represent means � SD for groups of mice, and the horizontal dotted line represents the limit of detection.
Student’s t tests were used to determine differences between two groups, and a Kruskal-Wallis test followed by
Dunn’s test was used for multiple comparisons. Two and four asterisks indicate statistical differences between the
indicated groups with P values of �0.01 and �0.0001, respectively.
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Although the construct of ΔC-CHIKV is similar to that of replicon-expressing envelope
proteins for VRP production (36), the ΔC-CHIKV described here differs from VRPs,
because ΔC-CHIKV itself is infectious without capsid protein and the envelopes are
expressed directly from ΔC-CHIKV and assembled on the surface of infectious particles.
There is no requirement for structural proteins expressed in trans for packaging.

In this study, we found that ΔC-CHIKV genomes with a complete capsid deletion still
produce infectious particles without NC structure assembly in BHK-21 cells, although
their titers were lower than those of WT viruses (Fig. 4). The results of neutralization
assays and Triton X-100 and RNase A treatment assays indicated that ΔC-CHIKV could
pack viral genomes into infectious particles with the expression of envelope glycopro-
teins alone. Besides CHIKV, other alphaviruses, such as Semliki forest virus (SFV) and
Sindbis virus (SINV), lacking a complete capsid also produced infectious particles called

FIG 10 Single-dose immunization with ΔC-CHIKV protects C57BL/6 mice from CHIKV infection. (A) Experimental
design. Three groups of 6-week-old C57BL/6 mice (n � 6 per group) were immunized subcutaneously in the
ventral/lateral side of the hind foot once with either 104 PFU of WT CHIKV or ΔC-CHIKV, respectively. The culture
medium (2% FBS–DMEM) was used as a negative control for mock immunization. On day 30 postimmunization,
mice were challenged s.c. in feet with 2.5 � 105 PFU of WT CHIKV (ECSA strain). (B) Neutralizing antibody titers
present in mouse sera on the indicated days postimmunization. (C) Footpad swelling postchallenge (n � 6 feet per
group). (D) Viremia postchallenge. Viremia from day 1 to day 5 postchallenge was measured by qRT-PCR. All the
data represent means � SD for groups of mice, and the horizontal dotted line represents the limit of detection.
Student’s t tests were used to determine differences between two groups, and a Kruskal-Wallis test followed by
Dunn’s test was used for multiple comparisons. One, three, and four asterisks indicate statistical differences
between the indicated groups with P values of �0.05, �0.001, and �0.0001, respectively.
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infectious microvesicles (iMVs) (37). Additionally, infectious viruslike vesicles (VLVs)
were generated when cells were transfected with an SFV replicon without SFV struc-
tural proteins expressing only vesicular stomatitis virus glycoprotein (VSV-G) (38–40) or
murine leukemia virus envelopes (41). The possible mechanism of VLV formation is
vesiculation of the plasma membrane to generate particles that include VSV-G and
SFV-G RNAs (38). During SFV replicon RNA replication, lightbulb-shaped replication
complexes (spherules) assemble at the plasma membrane. VLVs containing SFV RNA
and VSV-G bud from the cells and are likely derived from spherules containing VSV-G
(42), and the fusion activity of VSV-G is essential for the generation of VLVs. A similar
infectious particle without capsid protein has also been reported for murine coronavi-
rus (43). Coronavirus-like particles were produced when envelope protein M was
coexpressed with non-coronavirus RNA transcripts containing the short viral packaging
signal in the absence of coronavirus capsid protein N. Overall, all these results,
including those for ΔC-CHIKV, undoubtedly broaden our knowledge about viral infec-
tious particle formation, showing that viral RNA could be packaged by envelope
proteins in the absence of capsid.

CHIKV capsid contains two functional domains: the highly positively charged
N-terminal RNA binding domain and the C-terminal serine protease domain (44).
Following self-cleavage from the nascent structural polyprotein, the capsid protein
specifically interacts with the replicated genomic RNA (49S RNA) to form NCs in the
cytoplasm (45). The NCs are then transported to the plasma membrane, where they
interact with envelope proteins to drive the budding of virus particles from the plasma
membrane (46). Alternatively, previous studies also showed that NC preformation in the
cytoplasm is not absolutely essential for virion assembly, and NC assembly might
proceed at the plasma membrane concomitantly with virion budding (44, 47, 48). The
underlying mechanism of ΔC-CHIKV formation is worth exploring in future studies.

Importantly, ΔC-CHIKV particles were nonpathogenic in a mouse model. The lack of
pathogenesis can be interpreted in two ways. One is that infectious particle production
by ΔC-CHIKV is not efficient without capsid protein compared with WT CHIKV, which in
turn limits the spread of initial infection in cells. Alternatively, the attenuation of
ΔC-CHIKV may be due to the absence of capsid. It has been demonstrated that capsid
is one of the important virulence determinants of alphaviruses (30–33) and is necessary
for the inhibition of host interferon (IFN) gene expression (30). Capsid has become a
potential target of rationally designed LAVs for alphaviruses (16, 19, 30, 49), which are
highly attenuated and immunogenic and protect hosts against viral infections. Consistent
with data from previous studies, ΔC-CHIKV also protects immunized mice from disease after
WT CHIKV challenge, demonstrating that ΔC-CHIKV might serve as an LAV candidate.

Stability is one of the greatest concerns for the development of LAVs (50). To assess
the stability of ΔC-CHIKV, we passaged it in BHK-21 cells for five rounds. This showed
that ΔC-CHIKV remained stable at least within five passages, without detectable genetic
instability or phenotypic alterations of growth curves and plaque morphologies (Fig. 7).
These results indicated that the risk of reversion to virulence of WT CHIKV from
ΔC-CHIKV was low, thus guaranteeing the safety of its usage as a potential LAV.

One drawback of ΔC-CHIKV used as a vaccine in the present study is inefficient
production. Only 104 PFU/ml ΔC-CHIKV was obtained in BHK-21 cells, and the produc-
tion of ΔC-CHIKV in Vero cells was even less efficient (data not shown), which is not
suitable for commercial vaccine production at the present stage. This limitation may be
resolved by extensive passage in cell culture, which has been demonstrated for the
efficient production of VLVs of SFV–VSV-G (40). After 50 rounds of serial passaging, the
viral titer of VLV increased from 105 PFU/ml to 5 � 107 PFU/ml. Serial passaging of
ΔC-CHIKV is under investigation in our laboratory. Overall, we provide a proof of
concept for ΔC-CHIKV as a new type of vaccine.

MATERIALS AND METHODS
Animals. Two kinds of mouse models were used in this study: 6-week-old immunocompetent

C57BL/6 mice and immunocompromised IFNAR�/� mice were provided by the Animal Centre of Wuhan
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Institute of Virology. All the mice were cared for in accordance with the recommendations of the Guide
for the Care and Use of Laboratory Animals (51). All animal experiments were conducted in an animal
biosafety level 3 (ABSL-3) facility at Wuhan Institute of Virology under a protocol approved by the
Laboratory Animal Ethics Committee of Wuhan Institute of Virology, Chinese Academy of Sciences
(permit number WIVA26201701).

Cell lines and viruses. BHK-21 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen, Germany) containing 10% fetal bovine serum (FBS), 100 U/ml of penicillin, and 100 �g/ml of
streptomycin at 37°C with 5% CO2. The WT CHIKV stock was produced from the infectious cDNA clone
(52) and stored in aliquots at �80°C.

Antibodies. Murine polyclonal antiserum against CHIKV capsid proteins and E1 proteins as well as
anti-CHIKV E2 rabbit polyclonal antibodies were generated in-house; rabbit polyclonal antisera specifi-
cally targeting CHIKV nsP1 to nsP4 were kindly provided by Andres Merits (Institute of Technology,
University of Tartu, Estonia). Murine monoclonal antibodies specific for mouse CD63 were purchased
from Abcam. Fluorescein isothiocyanate (FITC)/horseradish peroxidase (HRP)-conjugated goat anti-
mouse/rabbit IgG was purchased from Proteintech (China).

Plasmid construction. Standard recombinant DNA techniques were applied for the construction of
all plasmids. The wild-type (WT) infectious cDNA clone of CHIKV (pACYC-CHIKV) and its enhanced green
fluorescent protein (eGFP) reporter vector (eGFP-dual-sg-CHIKV) (52) were used as the backbone for
engineering capsid deletion mutants. For the plasmid pACYC-ΔC-115aa-CHIKV, a fragment correspond-
ing to the region from nsP4 to E2 lacking the RNA binding domain of capsid (amino acids [aa] 2 to 116) was
amplified using overlap PCR and introduced into pACYC-CHIKV at the restriction enzyme sites RsrII and NdeI.
Using the same strategy, the pACYC-ΔC-CHIKV plasmid with a whole deletion of the capsid gene (aa 2 to 261)
was generated. The eGFP reporter virus vector lacking the full sequence of capsid (aa 2 to 261), ΔC-CHIKV-
eGFP, was constructed as follows: a fragment containing a repeated subgenomic promoter and eGFP gene
amplified from the eGFP-dual-sg-CHIKV plasmid was amplified via overlap PCR and introduced into the
plasmid pACYC-ΔC-CHIKV between E2 and the 3= untranslated region (UTR) at the restriction enzyme sites
NdeI and BamHI. All the plasmids were confirmed by sequencing before the following assays.

RNA transcription and transfection. The cDNA plasmids were subjected to sequential BamHI
linearization and in vitro transcription using an mMessenger mMachine T7 kit (Ambion, USA) according
to the manufacturer’s protocols. The recombinant viral RNAs were then transfected into BHK-21 cells with
DMRIE-C (Invitrogen, USA) according to the manufacturer’s instructions. At different time points post-
transfection, the supernatants containing viruses were collected, aliquoted, and stored at �80°C for the
following experiments.

Plaque assay. BHK-21 cells were seeded into 24-well plates at a density of 1 � 105 cells per well 1
day before plaque assays. A series of 1:10 dilutions was made by mixing 15 �l of the virus sample with
135 �l of DMEM. Next, 100 �l of each dilution was added to individual wells of 24-well plates containing
confluent BHK-21 cells. The plates were incubated at 37°C with 5% CO2 for 1 h before a layer of 2%
methylcellulose was added. After 3 days of incubation at 37°C with 5% CO2, the cells were fixed with 3.7%
formaldehyde and then stained with 1% crystal violet. Plaque morphology and numbers were recorded
after washing the plates with tap water.

Indirect immunofluorescence assay. BHK-21 cells were seeded into six-well plates containing
coverslips and transfected with CHIKV genomic RNA or infected with CHIKV at a multiplicity of infection
(MOI) of 0.01. At the indicated time points, the coverslips containing transfected or infected cells were
collected, washed with phosphate-buffered saline (PBS), and fixed with cold (�20°C) 5% acetic acid in
acetone for 15 min at room temperature. After washing with PBS three times, the fixed cells were
incubated with the primary antibodies diluted in PBS (CHIKV E2 and nsP2 at an �1:250 dilution; CHIKV
E1 and capsid at an �1:200 dilution) for 1 h. The cells were washed three times with PBS and then
incubated with goat anti-rabbit or anti-mouse IgG antibodies conjugated with FITC (1:125 dilution in PBS)
at room temperature for another hour. The cells on the coverslips were mounted with 90% glycerol and
examined under a fluorescence microscope. The fluorescent images were taken at a �200 magnification
with a Nikon (Tokyo, Japan) upright fluorescence microscope.

Quantitative reverse transcriptase PCR assay. Viral RNA levels were quantified with a SYBR green
real-time RT-PCR assay as described previously (52, 53). Total cellular RNAs were extracted using TRIzol reagent
(TaKaRa, China) according to the manufacturer’s protocols. Viral genomic RNAs from 140-�l supernatants
harvested from infected BHK-21 cells or each viral fraction by sucrose gradient centrifugation were extracted
with a QIAamp viral RNA minikit (Qiagen, Germany) according to the instructions of the manufacturer.

Purification of �C-CHIKV virions. BHK-21 cells were infected with WT CHIKV or ΔC-CHIKV at an MOI
of 0.01. At 30 hpi (WT CHIKV) or 96 hpi (ΔC-CHIKV), the supernatants were collected through sequential
centrifugation at 400 � g for 10 min and 5,000 � g for 20 min at 4°C to remove cells and cell debris. After
filtration through a 0.22-�m filter (Millipore), the clarified supernatants were concentrated by polyeth-
ylene glycol 8000 (PEG 8000) precipitation at a final concentration of 8% at 4°C overnight. Following
centrifugation at 14,000 � g for 1 h at 4°C, the pellet was gently resuspended in PBS using a pipette.
Next, the suspension was overlaid on a 20 to 60% linear sucrose gradient in PBS and subjected to
ultracentrifugation at 34,000 rpm for 3 h at 4°C using an MLS-50 rotor in an Optima MAX-XP ultracen-
trifuge (Beckman, USA). The virus fraction was recovered from the gradient. Ten 500-�l fractions were
collected from the top to the bottom and analyzed by SDS-PAGE followed by either Coomassie staining
or Western blotting and qRT-PCR analysis.

Western blotting. WT CHIKV, ΔC-CHIKV, or mock-infected BHK cells were lysed with 200 �l lysis
buffer containing 1% Triton X-100, 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, and 1 mM phenylmeth-
ylsulfonyl fluoride (PMSF) on ice for 10 min. Purified WT CHIKV or ΔC-CHIKV particles were obtained from
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the supernatants of infected BHK-21 cells, which were clarified by low-speed centrifugation, filtered, and
purified as described above. Following boiling at 95°C for 10 min, purified virus particles or cell lysates
were separated by 10% SDS-PAGE and then electrotransferred onto a polyvinylidene difluoride (PVDF)
membrane (0.2 �m; Millipore). The membranes were blocked with 5% skim milk in TBST (50 mM Tris-HCl,
150 mM NaCl, 0.1% Tween 20 [pH 7.4]) for 1 h at room temperature. The blocked membranes were then
incubated with primary antibodies at room temperature for another 1 h. After washing three times with
TBST, the membranes were incubated with HRP-conjugated secondary goat anti-mouse or goat anti-
rabbit antibodies (Proteintech, China) at room temperature for 1 h, followed by washing three times with
TBST. The protein bands were visualized with a chemiluminescent HRP-conjugated antibody detection
reagent (Millipore, USA).

Plaque reduction or neutralization test. The neutralizing activities of serum samples from WT
CHIKV- or ΔC-CHIKV-infected mice were analyzed by a plaque reduction or neutralization test (PRNT) as
described previously (29). Briefly, approximately 100 PFU of WT CHIKV was preincubated with 2-fold serial
dilutions of heat-inactivated mouse sera (starting at a 1:10 dilution) for 1 h at 37°C, and the mixture was
then added to BHK-21 cell monolayers in 12-well plates and removed after 1 h of incubation, followed
by virus quantification by a plaque assay as described above. Neutralizing antibody titers (PRNT50) were
determined to be the highest serial dilutions for which the virus plaque count was reduced by 50%
compared with the control.

Thermal stability assay. To facilitate the study of viral thermal stability, we used the corresponding
eGFP reporter viruses (WT CHIKV-eGFP and ΔC-CHIKV-eGFP) to perform the assay. After equilibration at
37°C for 1 h, equal volumes of eGFP reporter viruses were collected periodically for the next 60 h. All the
collected aliquots were stored at �80°C and thawed simultaneously to infect BHK-21 cells in triplicate.
At 48 hpi, the fluorescence intensity was measured using both fluorescence microscopy and a microplate
fluorimeter. Infection was normalized to the level acquired prior to incubation at 37°C and fitted with a
one-phase exponential decay curve (GraphPad Prism software 6.0; GraphPad Software Inc.) to obtain the
infectious half-life.

Thin-section electron microscopy. BHK-21 cells monolayers were infected with WT CHIKV or
ΔC-CHIKV at an MOI of 0.01. At 24 hpi (WT CHIKV) or 84 hpi (ΔC-CHIKV), the infected BHK-21 cells were
prefixed with 2.5% glutaraldehyde at room temperature for 2 h before being scraped and pelleted by
centrifugation at 400 � g for 10 min. Following rinsing with 0.1 M PBS, cells were postfixed with 1% OSO4

for at least 2 h at 4°C. All pellets were dehydrated stepwise in a graded series of ethanol and embedded
in Epon 812. Ultrathin sections were cut on a Leica EM UC7 ultramicrotome and double stained with
uranyl acetate and lead citrate. The grids containing ultrathin sections were examined with an FEI Tecnai
G2 20 Twin microscope operated at 200 kV.

Mouse experiments. For virulence experiments, cohorts of 6-week-old IFNAR�/� mice were infected
subcutaneously (s.c.) in the ventral/lateral side of the hind foot with 102 PFU of WT CHIKV and 105 PFU
of ΔC-CHIKV, respectively. The animals were monitored for survival, body weight changes, and viremia.
Footpad swelling induced by WT CHIKV or ΔC-CHIKV was assessed by measuring the height and width
of the perimetatarsal area of the hind foot using Kincrome digital vernier calipers.

For immunization and challenge experiments, cohorts of 6-week-old IFNAR�/� mice and C57BL/6
mice were immunized with 104 PFU of ΔC-CHIKV s.c. in the ventral/lateral side of the hind foot. On day
30 postimmunization, IFNAR�/� mice were challenged with 103 PFU of WT CHIKV, and C57BL/6 mice
were challenged with 2.5 � 105 PFU of WT CHIKV (ECSA strain) s.c. in the ventral/lateral side of the hind
foot. Animal survival, footpad swelling, and weight loss were monitored over 2 weeks. Viremia titers were
detected on days 1 to 5 postchallenge.

Statistical analyses. All data were analyzed using GraphPad Prism 6.0 software (GraphPad Software
Inc.), and statistical significance was assigned when P values were �0.05. Kaplan-Meier tests were used
for survival analysis, Student’s t tests were used to determine differences between two groups, and a
Kruskal-Wallis test followed by Dunn’s test was used for multiple comparisons. For thermal stability
assays, one-phase exponential decay curves were performed using GraphPad software.
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