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ABSTRACT In our previous study, we found that a new type of Chikungunya virus
particle with a complete capsid deletion (AC-CHIKV) is still infectious in BHK-21 cells
and demonstrated its potential as a live attenuated vaccine candidate. However, the
low yield as well as the disability to propagate in vaccine production cell line Vero
of AC-CHIKV are not practical for commercial vaccine development. In this study, we
not only achieved the successful propagation of the viral particle in Vero cells, but
significantly improved its yield through construction of a chimeric VEEV-AC-CHIKV
and extensive passage in Vero cells. Mechanistically, high production of VEEV-AC-
CHIKV is due to the improvement of viral RNA packaging efficiency conferred by
adaptive mutations, especially those in envelope proteins. Similar to AC-CHIKV, the
passaged VEEV-AC-CHIKV is safe, immunogenic, and efficacious, which protects mice
from CHIKV challenge after only one shot of immunization. Our study demonstrates
that the utilization of infectious capsidless viral particle of CHIKV as a vaccine candi-
date is a practical strategy for the development of alphavirus vaccine.

IMPORTANCE Chikungunya virus (CHIKV) is one of important emerging alphaviruses.
Currently, there are no licensed vaccines against CHIKV infection. We have previously
found a new type of Chikungunya virus particle with a complete capsid deletion
(AC-CHIKV) as a live attenuated vaccine candidate that is not suitable for commercial
vaccine development with the low viral titer production. In this study, we signifi-
cantly improved its production through construction of a chimeric VEEV-AC-CHIKV.
Our results proved the utilization of infectious capsidless viral particle of CHIKV as a
safe and practical vaccine candidate.
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hikungunya virus (CHIKV) is an important re-emerging mosquito-transmitted

pathogen within the Alphavirus genus of the Togaviridae family. It generally causes
high fever, headache, rashes, myalgia, arthralgia, and occasionally crippling arthritis
that may persist for months or even years (1). More severe symptoms, including en-
cephalitis, hemorrhagic disease, and mortality, have also been reported during recent
epidemics (2). Recently, perinatal CHIKV infection with severe outcomes has been
reported (3-6). Since a large outbreak started in Kenya in 2004, CHIKV has been rapidly
spreading throughout Asia, Africa, Europe, and the Americas (7-10), and become a
global health threat for public health.

Various CHIKV vaccines have been developed using different strategies, including
live-attenuated, inactivated, subunit, DNA, and virus-like particle vaccines (11). Among
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them, live-attenuated vaccines (LAVs) are considered to be most effective due to their
ability to mimic viral natural infection, stimulating a robust and sustained immune
response after vaccination (11). Up to now, except the live attenuated CHIKV vaccine
derived from attenuated strain CHIK 181/Clone 25 that was halted during clinical evalu-
ation due to insufficient and/or unstable attenuation, only two CHIKV LAVs, including a
recombinant measles virus (MV) vector-based CHIKV vaccine (named MV-CHIKV) (12)
and a A5nsP3 attenuated vaccine with a large deletion of viral nsP3 replicase (named
VAL1553) (13), have entered clinical trials in humans. We previously developed a live
attenuated CHIKV vaccine with a complete capsid deletion (AC-CHIKV) (14); it is infec-
tious in BHK-21 cells and could propagate in culturing cells using glycoproteins (E2-E1)
as the only structural proteins (14). Despite satisfactory immunogenic response and
safety, two major problems have to be solved before commercial production of AC-
CHIKV vaccine, including the low yield in cell culture and the replication deficiency in
Vero cells, which are the most widely accepted cell line for vaccine production.

In this study, a chimeric VEEV-AC-CHIKV was constructed using the Venezuelan
equine encephalitis virus (VEEV) replicon as the backbone to express the glycoproteins
of CHIKV. Comparing our original AC-CHIKV, VEEV-AC-CHIKYV, yielded viral titers as high
as 5 x 10° PFU/mL in Vero cells after extensive serial passages. Further genomic
sequencing and reverse genetic analysis revealed that such remarkable enhancement
in viral titers may be attributed to increased amount of mature VEEV-AC-CHIKV virions
conferred by the mutations in glycoproteins during passaging. VEEV-AC-CHIKV is also
avirulent and immunogenic in mouse models, and a single dose inoculation is enough
to protect mice from CHIKV infection.

RESULTS

Construction of chimeric VEEV-AC-CHIKV. As described previously, AC-CHIKV
could propagat in BHK-21 cells more efficiently. However, when Vero cells were
infected with AC-CHIKV, no obvious infectious particles were detected by plaque assay
(Fig. 1F). To examine whether AC-CHIKV released infectious viral particles from Vero
cells, we quantified viral RNAs in both the supernatant and cell lysates from Vero cells
infected with AC-CHIKV (Fig. 1B). Although viral RNAs could be detected within super-
natant, most of viral RNAs were maintained within the infected cells. At the same time,
we infected Vero cells with increased amounts of AC-CHIKV produced from BHK-21
cells, and increased immunofluorescence assay (IFA) positive cells were observed using
an anti-E2 polyclonal antibody (Fig. 1C). These results indicated that the viral particles
released from Vero cells were not sufficient to initiate a new round of infection. We
then attempted to adapt AC-CHIKV on Vero cells through multiple independent serial
passages, whereas we still failed to recover infectious AC-CHIKV virus on Vero cells.
Given that VEEV has more efficient virion formation in comparison with other alphavi-
ruses (15, 16), we replaced the backbone of AC-CHIKV with VEEV replicon but still
retained CHIKV antigen glycoproteins (E3-E2-6K-E1) to generate chimeric VEEV-AC-
CHIKV (Fig. 1A). Equal amounts of in vitro transcribed VEEV-AC-CHIKV and AC-CHIKV
recombinant RNAs were transfected into BHK-21 cells for IFA using an anti-E2 polyclo-
nal antibody. Similar to AC-CHIKV, VEEV-AC-CHIKV propagated efficiently in BHK-21
cells, producing increasing numbers of IFA positive cells from 24 h posttransfection
(hpt) to 72 hpt (Fig. 1D). VEEV-AC-CHIKV and AC-CHIKV recovered from transfected
BHK-21 cells were designated as PO, and used to passage independently on BHK-21
and Vero cells for three rounds. Each passage was designated as P1, P2. and P3. In con-
trast to only scattered IFA positive cells observed in P1 AC-CHIKV-passaged Vero cells,
VEEV-AC-CHIKV produced widespread IFA positive cells in each passage of Vero cells
(Fig. 1E). The viral growth kinetics of both viruses at PO were also compared in BHK-21
and Vero cells (Fig. 1F). In BHK-21 cells, a time-dependent increase in viral titers was
observed in both VEEV-AC-CHIKV and AC-CHIKV with peak titers of 10> and 103 PFU/
mL at 72 h postinfection (hpi), respectively. In Vero cells, no infectious particles were
detected in AC-CHIKV infected cells until 72 hpi while VEEV-AC-CHIKV generated viral
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FIG 1 Growth characterization of VEEV-AC-CHIKV particles in BHK-21 and Vero cells. (A) Schematic illustration
of CHIKV-WT, AC-CHIKV, and VEEV-AC-CHIKV genomes. (B) Viral RNA copies detected both in supernatant and
cell lysates of Vero cells infected with AC-CHIKV at an MOI of 0.01. (C) Immunostaining of AC-CHIKV infected
Vero cells with different MOI using CHIKV E2 polyclonal antibodies. (D) Immunostaining of BHK-21 cells transfected
with equal amounts of VEEV-AC-CHIKV or AC-CHIKV RNAs (1 wg) at the indicated times posttransfection with CHIKV
E2 polyclonal antibodies. (E) IFA analysis of CHIKV-E2 expression using anti-CHIKV E2 rabbit polyclonal antibodies at
different passages of VEEV-AC-CHIKV and AC-CHIKV viruses in both BHK-21 and Vero cells at 72 h postinfection. (F)
Growth curves of the recombinant VEEV-AC-CHIKV (PO) and AC-CHIKV viruses (P0) as well as WT-CHIKV in both
BHK-21 and Vero cells. The recombinant VEEV-AC-CHIKV and AC-CHIKV viruses obtained from BHK-21 cells were
used to infect BHK-21 and Vero cells at an MOI of 0.01, and the cell supernatants were collected at the indicated
times for plaque assay using BHK-21 cells. Error bars indicate the standard derivation (SD) of three independent
experiments. The dashed line indicated the detection limit.

titers of 103 PFU/mL at 72 hpi. The results demonstrated that this chimeric VEEV-AC-
CHIKV was more efficiently able to propagate in Vero cells.

Extensive passage improves the yield of infectious VEEV-AC-CHIKV particles in
Vero Cells. Although VEEV-AC-CHIKV could propagate in Vero cells, the maximum viral
titer obtained in Vero cells was only 103 PFU/mL at 72 hpi at an MOI of 0.01 (Fig. 1F, P0).
To improve the production efficiency of VEEV-AC-CHIKV, VEEV-AC-CHIKV was subjected
to serial passage on Vero cells. The viral growth kinetics were measured every 10 rounds
of passage. Surprisingly, the viral titers of VEEV-AC-CHIKV gradually increased by around
5,000-fold from 103 PFU/mL (PO) to 5 x 10° PFU/mL (P50) after passages (Fig. 2A), but
the plague morphology and size remained nearly unchanged after 50 rounds of pas-
sages (Fig. 2C and D). Since there was no further improvement in viral production effi-
ciency from P30 to P50, the viral passage was stopped at P50.

To confirm whether the passaged VEEV-AC-CHIKYV still retained capsid deletion and
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FIG 2 Generation of higher titer VEEV-AC-CHIKV virus in Vero cells by extensive passaging. (A) Growth
curves comparison of different passages (PO, P10, P20, P30, P40, P50) of VEEV-AC-CHIKV in Vero cells.
Vero cells were infected at an MOI of 0.01, and the cell supernatants were collected at the indicated
times for determination of virus titers by plaque assay using BHK-21 cells. The data are representative
of three independent experiments, and error bars indicate the SD. (B) IFA analysis of CHIKV-E2 and
Capsid in WT or the passaged VEEV-AC-CHIKV infected Vero cells. (C) Plaque morphology comparison
between CHIKV-WT and VEEV-AC-CHIKV at PO, P30, and P50. BHK-21 cells were infected with indicated
viruses, and plaques were developed after 72 h. (D) Plaque diameter comparison of VEEV-AC-CHIKV
virus at PO, P30, and P50 in BHK-21 cells at 72 hpi. ns, not significant. (E) Immunogenicity comparison
between CHIKV-WT and P50 passaged VEEV-AC-CHIKV viruses. Two independent experiments were
performed in triplicate. Data represent the mean * SD of triplicate measurements in a representative
experiment. The asterisks denote statistical differences between the indicated groups. ns, not
significant. (F) Infectivity of VEEV-AC-CHIKV in Huh-7 (hepatoma), A549 (lung adenocarcinoma), and
MRC-5 (lung fibroblast cell line) cell lines. The above all cell lines were infected with VEEV-AC-CHIKV at
an MOI of 1. At 36 h postinfection, CHIKV-E2 expression was detected using anti-CHIKV E2 polyclonal
antibodies.

antigenicity similar to wild-type (WT) viral particles, IFAs and neutralization assay were
carried out with passaged VEEV-AC-CHIKV, respectively. In comparison with WT CHIKV,
consistent E2-positive and capsid-negative IFA results (Fig. 2B) were observed in both
PO and the passaged VEEV-AC-CHIKV (P30 and P50). Neutralization assay showed that
the sera against WT CHIKV could efficiently block viral infection of VEEV-AC-CHIKV-P50
in a dose-dependent manner as WT virus (Fig. 2E). These results indicated that, accom-
panied with an increase in viral yield during viral passage, there was no change for ei-
ther capsid deletion or virion antigenicity.

In addition, we explored the infectivity of passaged VEEV-AC-CHIKV in different
human cell lines. We selected Huh-7 (hepatoma), A549 (lung adenocarcinoma), SKOV3
(ovarian tumor), A375 (melanoma), and L-02 (hepatocyte) as well as MRC-5 (human
embryonic lung fibroblasts) cell lines to test if they are permissive for VEEV-AC-CHIKV
infection at higher MOI of 1. At 36 hpi, viral E2 proteins were detected by IFA. We
found that only Huh-7, A549, and MRC-5 are permissive for VEEV-AC-CHIKV infection
with different efficiency (Fig. 2F) which indicated that VEEV-AC-CHIKV could not propa-
gate efficiently within human cells.

Adapted mutations accumulated during passaging account for the increase in
VEEV-AC-CHIKYV titers by improving the efficiency of viral assembly. In our previous
study, it was demonstrated that AC-CHIKV produced large amounts of empty particles
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FIG 3 The passaged VEEV-AC-CHIKV produces more infectious virus particles. (A) Western blotting of
CHIKV E1 expression of different viral loads of CHIKV-WT and VEEV-AC-CHIKV at PO, P10, and P50
using CHIKV E1 polyclonal antibodies. (B) Western blotting of sucrose density gradient fractionations
of VEEV-AC-CHIKV at PO and P50 produced in Vero cells. 10° PFU PO and 107 PFU P50 viruses were
separated on 20%-60% linear sucrose density gradients. Sixteen fractions were harvested from the
top (Fraction 1) to the bottom (Fraction 16) of the gradient. Each fraction from PO and P50 VEEV-
CHIKV was subjected to Western blotting assay using El-specific antibody. (C) Analysis of the
intensity of viral E1 protein bands in each fraction using ImageJ software.

with higher ratio of total viral particles to infectious particles compared with WT CHIKV
(14). Here, we speculate that the enhancement of viral titers of the passaged VEEV-AC-
CHIKV may result from increased viral assembly efficiency. Supporting the speculation,
it was found that P50 VEEV-AC-CHIKV had much lower particle-to-PFU ratio than PO
VEEV-AC-CHIKV as 10* PFU contained similar amounts of envelope proteins to those of
10 PFU PO VEEV-AC-CHIKV (Fig. 3A). To further confirm our speculation, VEEV-AC-
CHIKV from PO and P50 were collected for sucrose gradient purification as previously
described (14). Each fraction from top to bottom was reclaimed (Fraction 1 to 16) and
subjected to WB assay for quantification of viral proteins. It has been demonstrated
that top fractions contain empty particles, in contrast to middle fractions with infec-
tious particles (14). As shown in Fig. 3B and C, infectious particles and empty particles
resided in Fraction 7-11 and Fraction 1-3, respectively. As expected, most P50 VEEV-
AC-CHIKV were centered in Fraction 7-11 in contrast to the smear-like distribution of
PO particles in Fraction 1-13, confirming that the increase in viral assembly efficiency is
responsible for higher viral titers of the passaged VEEV-AC-CHIKV.

Increased virus production capabilities indicate some genetic changes occurring dur-
ing VEEV-AC-CHIKV passage. The whole genome of P50 VEEV-AC-CHIKV was sequenced,
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FIG 4 Reverse genetic analysis of the adaptive mutations in P50 VEEV-AC-CHIKV. (A) Nucleotide and amino acid changes in the P50 VEEV-AC-CHIKV
genome. (B) Diagram illustration of reconstruction of VEEV-AC-CHIKV mutants with the mutations in either structural proteins (nsPs,,), structural proteins
(E0) Or both ((nsPs+E),.). The titers at 72 hpt in Vero cells for each construct are given on the corresponding line. (C) Plaque morphology comparison
among different recombinant viruses. (D) Growth curves of the recovered constructs. Vero cells were infected with the indicated viruses at an MOI of 0.01
and the cell supernatants were collected at the indicated times for plaque assay in BHK-21 cells. The data are representative of two independent
experiments, and error bars indicate the SD.

and 14 nucleotide mutations were identified besides the original engineered capsid de-
letion (Fig. 4A). Specifically, these 14 nucleotide mutations resulted in three silent muta-
tions in nonstructural protein 1 (nsP1), six amino acid changes in the other three non-
structural proteins (nsP2, nsP3, and nsP4), and five amino acid substitutions in envelope
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proteins (Fig. 4A). All mutations within nsPs and envelope proteins were designated as
nsPsmut and Emut, respectively, and their effects on the yield of infectious VEEV-AC-
CHIKV particles were examined by reverse genetic analysis. DNA fragments containing
nsPsmut or Emut were generated through reverse transcription PCR (RT-PCR) using the
extracted genomic RNA of P50 VEEV-AC-CHIKV, and were used to replace the corre-
sponding fragments in the cDNAs clone of VEEV-AC-CHIKV. Recombinant viruses were
rescued from BHK-21 cells transfected with in vitro transcribed RNAs containing
nsPsmut, Emut, or (nsPs+E)mut (Fig. 4B) and used to infect Vero cells at an MOI of 0.01.
At different time points, the supernatants were collected for plaque assay. As shown in
Fig. 4D, Emut mutations dramatically improved viral productions of VEEV-AC-CHIKV com-
pared with nsPsmut mutations, and the combination of Emut and nsPsmut ((nsPs+E)
mut) further increased viral titer to a level almost equivalent to that of P50 VEEV-AC-
CHIKV. Besides, plaque morphologies of nsPsmut and Emut as well as (nsPs+E)mut
viruses were all similar to P50 virus (Fig. 4C), which was in line with the results that
increase of viral titers after passaging mainly results from increased viral assembly effi-
ciency, as explored in Fig. 3. Overall, the above results demonstrated that the mutations
within both structural and nonstructural proteins, especially the structural protein muta-
tions, are responsible for the improvement of viral production of P50 VEEV-AC-CHIKV.

To further explore the effective effect of structural protein mutations on viral produc-
tion, we examined the function of Emut mutations in the background of AC-CHIKV
instead of VEEV-AC-CHIKV. The Emut mutations were introduced into AC-CHIKV-eGFP
constructs described in a previous study (17). Equal amounts (1 ng) of in vitro transcribed
RNA of AC-CHIKV-eGFP and AC-CHIKV-Emut-eGFP were transfected into Vero cells,
respectively. The results showed that AC-CHIKV-Emut-eGFP RNA produced increasing
the number of eGFP positive cells from 48 to 120 h posttransfection (hpt), with much
higher positive rates than AC-CHIKV-eGFP RNA at each time point, indicating that Emut
mutations could also enhance the viral production of AC-CHIKV in Vero cells (Fig. 5A).

It is notable that adapted mutation at position 82 of the E2 protein (E2-G82R) is pos-
itively charged, which was found to enhance cell binding efficiency through heparin
binding and contribute to the efficiency of viral production with a decreased viral ge-
nome/PFU ratio (18). Therefore, we specifically tested the role of the adapted mutation
E2-G82R on viral yield. E2-G82R mutation was introduced into the original VEEV-AC-
CHIKV constructs. Equal amounts (1 ng) of VEEV-AC-CHIKV and VEEV-AC-CHIKV-G82R
RNA transcribed in vitro were transfected into Vero cells, respectively, and expression
of viral E2 protein at indicated time points posttransfection were detected by IFA.
Although similar amounts of IFA positive cells were observed at each time point post-
transfection (Fig. 5B), we found that VEEV-AC-CHIKV-G82R (3 x 103 PFU/mL) produced
higher viral titer than VEEV-AC-CHIKV (10® PFU/mL). Furthermore, we directly examined
the viral genomes and infectious virus particles of the two viruses to calculate the ge-
nome/PFU ratio. VEEV-AC-CHIKV- G82R had a genome/PFU ratio of 625, which was 2-
fold lower than VEEV-AC-CHIKV with a genome/PFU ratio of 1328. In agreement with the
previous study, our data demonstrated that the G82R mutation in E2 could improve viral
production with a decreased genome/PFU ratio (18). However, E2-G82R alone could not
fully recover VEEV-AC-CHIKV production efficiency, and additional underlying mecha-
nisms needs to be explored in our future studies.

The passaged VEEV-AC-CHIKV is highly attenuated in C57BL/6 mice. An adult
wild-type mouse model of CHIKV arthritis has been established with C57BL/6 mice
(19), which recapitulates symptoms of CHIKV infection of humans with clear signs of
self-limiting foot swelling and histological evidence of acute and persistent arthritis,
tenosynovitis, and myositis (19). Thus, 6-week-old C57BL/6 mice were infected subcuta-
neously (s.c.) in the hind foot with 10° PFU of WT CHIKV and P50 VEEV-AC-CHIKV,
respectively. The signs of footpad swelling and the induced viremia were monitored.
Similar to mock-infected mice, no footpad swelling and viremia were observed in mice
inoculated with P50 VEEV-AC-CHIKV (Fig. 6A and B). At the same time, no viruses were
detected in different tissues of P50 VEEV-AC-CHIKV infected mice (Fig. 6C). In contrast,
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FIG 5 The whole glycoprotein mutations instead of E2 G82R mutation alone account for the enhanced
viral titer. (A) Function of Emut mutations in the background of AC-CHIKV. Schematic illustration of AC-
CHIKV-eGFP and AC-CHIKV-Emut-eGFP constructs were presented in the top panel. Equal amounts
(1 ng) of in vitro transcribed RNA of AC-CHIKV-eGFP and AC-CHIKV-Emut-eGFP were transfected into
Vero cells, respectively. At indicated time points after transfection, eGFP positive cells were detected
using a NIKON upright fluorescence microscope (Tokyo, Japan), as shown in the bottom panel. (B)
Effect of E2 G82R mutation on the viral titer. The E2 G82R mutation was engineered into the original
VEEV-AC-CHIKV constructs, as shown in the top panel. Equal amounts (1 wg) of in vitro transcribed
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the mice infected with WT CHIKV developed foot swelling with two peaks at approxi-
mately 1 and 5 days postinfection (Fig. 6A), and viremia (Fig. 6B). High virus loads were
also detected in the feet, muscle, spleen, liver, and lymph nodes of WT CHIKV infected
mice on day 1 postinfection (Fig. 6C).

To further investigate the attenuation effect of VEEV-AC-CHIKV in mice, the foot-
pads were collected at the peak of swelling (5 dpi) for histological analysis (Fig. 6E).
Consistently, there was no inflammation observed in the quadriceps muscle or ankle
joint of VEEV-AC-CHIKV and mock-infected mice, while WT CHIKV infected mice dem-
onstrated extensive inflammation and myositis in muscle and around the ankle joint.
Previous studies have demonstrated that capsid is one of the important virulence
determinants of alphavirus (20-23) and necessary for inhibition of type-l interferon
(IFN) gene expression (20). Additionally, the type-I IFN response also plays a key role in
controlling CHIKV infection, and capsid is sufficient to antagonize type-I IFN responses
by degrading cGAS (24). To determine whether different IFN responses could be
observed between VEEV-AC-CHIKV and WT-CHIKV at early time points post viral infec-
tion, we quantified IFN-& mRNA levels at 3 hpi. Consistent with capsid deletion, high
levels IFN-a were detected in the footpads of mice infected with VEEV-AC-CHIKV in
contrast to WT-CHIKV (Fig. 6D). Additionally, higher monocyte chemoattractant pro-
tein-1 (MCP-1), interferon gamma (IFN-)), and tumor necrosis factor alpha (TNF-a) were
also observed at 3 hpi in the footpad of mice infected with VEEV-AC-CHIKV relative to
WT-CHIKV. Abortion of type-I IFN inhibition at early viral infection provides an alterna-
tive explanation for attenuation of VEEV-AC-CHIKV with capsid deletion. Collectively,
these data demonstrate that VEEV-AC-CHIKV is highly attenuated in C57BL/6 mice.

A single dose of VEEV-AC-CHIKV can provide strong protection against CHIKV
infection in C57BL/6 mice. To evaluate the immunogenicity and protection efficacy of
P50 VEEV-AC-CHIKV, 4-week-old C57BL/6 mice were inoculated with 10* PFU of VEEV-AC-
CHIKV or A5nsp3 vaccine candidate through the s.c. route. A5nsp3 was constructed with a
large deletion of 62 amino acids in the nsP3 gene. The sequence of the missing nucleotides
ranges from amino acid residues 1656 to 1717 of the P1234 polyprotein (25). The negative
controls were inoculated with phosphate-buffered saline (PBS) alone. Apparent seroconver-
sion was observed at 14 and 28 days postinfection (Fig. 7A). Comparable neutralizing anti-
body titers of 1:160-1:320 were observed among mice infected with A5nsp3 and VEEV-AC-
CHIKV (Fig. 7B), although higher IgG antibodies were induced in mice inoculated with
A5nsp3 (1:3,200-1:12,800) than those of VEEV-AC-CHIKV (1:3,200) (Fig. 7A), which indicated
that VEEV-AC-CHIKV induces neutralizing antibody as efficiently as A5nsp3 in the C57BL/6
mouse model. At 30 days postimmunization, all the mice were challenged with 2.5 x 10°
PFU of WT CHIKV (ECSA strain) (26). The mice from the A5nsp3 and VEEV-AC-CHIKV immu-
nized groups were completely protected from challenge without any signs of illness such
as footpad swelling or viremia, in contrast with PBS-immunized mice (Fig. 7C and D).
Collectively, these data demonstrated that VEEV-AC-CHIKV is immunogenic and a single
dose immunization could protect mice from CHIKV infection.

VEEV-AC-CHIKYV is safe as a CHIKV vaccine candidate. The IFNAR™/~ mouse lacks
functional type | interferon receptors and is a lethal murine model with apparent dis-
eases for CHIKV pathogenesis study (27, 28). Here, we used it to assess the safety of
VEEV-AC-CHIKV vaccine candidate. Six-week-old IFNAR™/~ mice were infected subcuta-
neously (s.c.) in the hind footpad with different doses of VEEV-AC-CHIKV (104, 10°, and
10° PFU) and 102 PFU of WT CHIKV, respectively, and were monitored for illness. The
mice infected with VEEV-AC-CHIKV all survived (Fig. 8A) without any signs of illness
with an LDs, more than 10° PFU. In contrast, the mice infected with WT CHIKV (102
PFU) all died within 8 days postinfection (Fig. 8A) with footpad swelling (Fig. 8B),

FIG 5 Legend (Continued)

RNAs of VEEV-AC-CHIKV and VEEV-AC-CHIKV-E2 G82R were transfected into Vero cells, respectively. The
expressions of viral E2 protein were detected by IFA at indicated time points posttransfection, as shown
in the bottom panel. (C) Viral production of VEEV-AC-CHIKV and the E2-G82R mutant. The genomes/mL
data and vital titers were determined by triplicate gPCRs and standard plaque assay, respectively. Three
independent experiments were performed and the average values are shown.
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FIG 6 Pathogenicity of VEEV-AC-CHIKV in the C57BL/6 mouse model. C57BL/6 mice (6-week-olds, n = 5 per group)
were injected s.c. in the ventral/lateral side of the hind foot with 10° PFU of WT CHIKV (ECSA strain), VEEV-AC-
CHIKV, and the same volume of PBS (negative control), respectively. (A) Footpad swelling. (B) Viremia. (C) Viral
distribution in organs of infected mice. Organs from infected mice were collected and homogenized on days 1, 3,
and 5 postinfection. The amounts of viruses were quantified using plaque assay. (D) Expression of cytokine or
chemokine in ankle tissue of mice infected with both viruses were analyzed using gRT-PCR. Results were
normalized to the level of the housekeeping geneB-actin and expressed as fold changes compared to the levels in
the mock control samples. Student's t test was used for statistical analysis: ***, P < 0.001; ****, P < 0.0001. (E)
Histology of feet and muscle from WT CHIKV (ECSA strain), VEEV-AC-CHIKV, or PBS infected C57BL/6 mice. Scale bar
represents 500 um for footpad left panel, and 50 um for footpad right panel and muscle panel. The row labeled
“footpad” shows no inflammation in the observed ankle joint of VEEV-AC-CHIKV and mock-infected mice, while WT
CHIKV (ECSA strain) infected mice exhibited muscle edema (black arrow) and necrosis of numerous muscle cells
(red arrow) as well as large amounts of inflammatory cell infiltration in the muscle, synovial membrane, and
articular cavity (green arrow). In infected muscle analysis, there was no obvious inflammation or necrosis with VEEV-
AC-CHIKV and mock-infected mice, whereas a large amount of inflammation (yellow arrow) and necrosis (red
arrow) was detected in WT CHIKV infected mice. Also, some fibrous connective tissue hyperplasia was seen (green
arrow).

weight loss (Fig. 8C), and apparent viremia (Fig. 8D). Overall, these data suggested that
VEEV-AC-CHIKV is a safe live vaccine with high attenuation even in IFNAR™/~ mice.

DISCUSSION
In our previous study, we provided a proof of concept that the infectious capsidless
CHIKV viral particles (AC-CHIKV) can be used as a new type of live attenuated vaccine
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FIG 7 VEEV-AC-CHIKV protects the C57BL/6 mouse from CHIKV infection. Four groups of 4-weeks-old
C57BL/6 mice (n = 5 per group) were immunized s.c. in the ventral/lateral side of the hind foot once with
either 10* PFU of A5nsP3 or VEEV-AC-CHIKV; PBS was used as mock immunization. On day 30
postimmunization, mice were challenged s.c. in feet with 2.5 x 10° PFU of WT CHIKV (ECSA strain). (A)
Total anti-CHIKV IgG antibodies and (B) NAb titers in mouse sera at the indicated days postimmunization.
(C) Viremia and (D) footpad swelling postchallenge. All the data represent mean = SD of group mice,
and the horizontal dotted line represents the limit of detection. Student's t test or two-way ANOVA was
used to determine statistical differences between groups. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****,
P < 0.0001, respectively.

(14). AC-CHIKYV itself can propagate in BHK-21 cells using envelopes as the single struc-
tural proteins (14), which is different from traditional viral-like replicon particle (VRP)
vaccines produced through a complementation/packaging system with structural proteins
expressed in trans for packaging (29). In this study, we achieved high titer AC-CHIKV in vac-
cine production cell line Vero through construction of chimeric VEEV-AC-CHIKV in which
the VEEV replicon was used as the backbone to express CHIKV envelope proteins. The ro-
bust viral production in Vero cells after extensive passage, high attenuation in the IFNAR™/~
mice model, and complete protection from CHIKV challenge with a single dose immuniza-
tion highlights the feasibility of such vaccine strategy in the development of safe and effec-
tive vaccines against alphavirus infection.

Different from AC-CHIKV, VEEV-AC-CHIKV was not only able to propagate in Vero
cells upon entry (Fig. 1C), but yielded a much higher titer (>10° PFU/mL) after exten-
sive passage (Fig. 2A). Although what causes such discrepancies, or in other words,
what the underlying mechanism of the formation of these infectious capsidless VEEV-
AC-CHIKV or AC-CHIKV particles is, remains unclear, two lines of evidence from our
studies indicate that both host and viral factors contribute to this: (i) the different abil-
ities of either AC-CHIKV or the parental VEEV-AC-CHIKV to propagate in BHK-21 and
Vero cells observed in our studies (Fig. 1C) imply that some BHK-21 cell-specific host
factors may assist their efficient propagation in host cells; (ii) the mutations in VEEV
nsPs and CHIKV envelope proteins accumulated during passaging greatly improved vi-
ral production (Fig. 4), providing the straightforward evidence from viral factors.
Additionally, the event that PO VEEV-AC-CHIKV was able to propagate in Vero cells, a
condition lacking BHK-21 host factors, also indicates that some specific viral factors in
VEEV-AC-CHIKV could compensate for the functions of BHK-21-specific cellular factors.
The underlying mechanism is worth exploring in future studies.

Despite utilizing a different replicon backbone, VEEV-AC-CHIKV displayed similar
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FIG 8 Safety evaluation of VEEV-AC-CHIKV in the IFNAR™/~ mouse model. Four groups of 6-weeks-old
IFNAR™~ mice (n = 5 per group) were infected s.c. in the ventral/lateral side of the hind foot with
different doses of WT CHIKV or VEEV-AC-CHIKV. The PBS infection was used as mock immunization.
Animal survival (A), footpad swelling (B), and weight loss (C) as well as viremia (D) were monitored
daily until 14 days postinoculation. Student's t test or two-way ANOVA was used to determine
statistical differences between groups. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001,
respectively.

antigenicity to WT CHIKV (Fig. 2E), and still retained capsid deletion even after 50
rounds of passage in Vero cells (Fig. 2B). Likewise, it elicited robust immune responses
to confer complete protection of C57BL/6 mice against WT CHIKV challenge (Fig. 7),
and was highly attenuated in both immunocompetent and immunocompromised
mice (Fig. 6 and 8). It should be noted that the VEEV replacement in nsPs and 5'- and
3’-untranslated regions did not lead to additional visible virulence in mice.

In summary, developing infectious capsidless alphavirus vaccine candidate is a
practical strategy to combat against alphavirus infections, and it is worthwhile to fur-
ther test the VEEV-AC-CHIKV vaccine candidate in nonhuman primates to evaluate its
suitability for human usage.

MATERIALS AND METHODS

Ethics statement. C57BL/6 mice and immunocompromised IFNAR™/~ mice were provided by the
Animal Centre of Wuhan Institute of Virology. All the mice were housed in compliance with the recom-
mendations of National Institutes of Health Guidelines for the Care and Use of Experimental Animals. 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 the Wuhan Institute
of Virology, Chinese Academy of Sciences (permit number: WIVA26201701).

Cell lines, viruses, and antibodies. Vero cells and BHK-21 cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Invitrogen, Germany) containing 10% fetal bovine serum (FBS), 100 U/mL
of penicillin, and 100 wg/mL of streptomycin at 37°C with 5% CO.,.

The WT CHIKV and AC-CHIKV were recovered from corresponding infectious cDNA clones using Vero
cells or BHK-21 cells as described previously (14). CHIKV ECSA strains were isolated from human serum
during the Pakistan outbreak of 2016-2017 and propagated on Vero cells (26).

Murine polyclonal antiserum against CHIKV capsid proteins and anti-CHIKV E2 rabbit polyclonal anti-
bodies was generated in-house. Fluorescein isothiocyanate (FITC)/horseradish peroxidase (HRP)-conju-
gated goat anti-mouse/rabbit IgG was purchased from Proteintech (China).

Construction of VEEV-AC-CHIKV and its variants. The infectious clone of the VEEV strain TC83,
designated as pACYC-VEEV-TC83, which carries an Ascl restriction site downstream of the subgenomic
promoter and a Pacl restriction site upstream of the 3'UTR, was used to construct the replicon capable
of expressing CHIKV envelop proteins. The sequence of CHIKV envelop proteins was amplified using WT
CHIKV infectious clone as the template and cloned into pACYC-VEEV-TC83 at Ascl and Pacl restriction
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sites to replace the structural genes of VEEV, generating the pACYC-VEEV-AC-CHIKV plasmid. The result-
ing plasmid pACYC-VEEV-AC-CHIKV was verified by DNA sequencing. For the construction of VEEV-AC-
CHIKV variants containing different mutations in nonstructural or/and structural proteins (namely,
NsPs . Emue, OF (NSPs+E),, mutants), the extracted P50 VEEV-AC-CHIKV RNA was subjected to RT-PCR
to generate the following fragments spanning the restriction sites: Rsrll-Bglll, Bsu36l-Ascl, and Ascl-Pacl.
These fragments containing the P50 VEEV-AC-CHIKV mutations were then used to replace the corre-
sponding fragments in pACYC-VEEV-AC-CHIKV to generate the nsPs,., E.... and (nsPs+E), variants,
respectively.

RNA transcription and transfection. The VEEV-AC-CHIKV/variants cDNA plasmids were subjected
to sequential Notl linearization and in vitro transcription using mMESSENGER mMACHINE T7 Kit
(Ambion, USA) following the manufacturer’s protocols. The recombinant viral RNAs were then trans-
fected into Vero or BHK-21 cells with DMRIE-C (Invitrogen, USA) according to the manufacturer’s instruc-
tions. At indicated time points posttransfection, the supernatants containing viruses were collected, ali-
quoted, 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 x 10° cells per well 1
day before plaque assay. A series of 1:10 dilutions were made by mixing 15 uL of virus sample with
135 uL of DMEM. Then, 100 uL of each dilution was added to individual well of 24-well plates containing
confluent BHK-21 cells. The plates were incubated at 37°C with 5% CO, for 1 h before the layer of 2%
methyl cellulose was added. After 3 days of incubation at 37°C with 5% CO,, the cells were fixed with
3.7% formaldehyde and then stained with 1% crystal violet. Plaqgue morphology and numbers were
recorded after washing the plates with tap water.

Indirect immunofluorescence assay (IFA). Vero or BHK-21 cells were seeded into six-well plates
containing coverslips and transfected with viral genomic RNA or infected with the indicated viruses. At
the indicated time points, the coverslips containing transfected or infected cells were collected, washed
with 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
(mice anti-CHIKV E2 protein polyclonal antibody, 1:250, made in-house) for 1 h. The cells were washed
three times with PBS and then incubated with goat anti-mouse IgG antibodies conjugated with FITC (flu-
orescein isothiocyanate; 1:125 dilution in PBS, Proteintech, China) 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 200x magnification with a NIKON upright fluores-
cence microscope (Tokyo, Japan).

Purification of VEEV-AC-CHIKV virions. Vero cells were infected with VEEV-AC-CHIKV-PO or VEEV-
AC-CHIKV-P50 at an MOI of 0.01. At 120 hpi (VEEV-AC-CHIKV-P0) or 48 hpi (VEEV-AC-CHIKV-P50), the
supernatants were reclaimed through sequential centrifugation at 400 g for 10 min and 5,000 g for
20 min at 4°C and the clarified supernatants were concentrated through polyethylene 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. Then, 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 ultracentrifuge (Beckman, USA). The virus fraction was
recovered from the gradient. Sixteen fractions of 500 uL volume were collected from the top to the bot-
tom and analyzed by Western blotting assay.

Western blotting. Purified VEEV-AC-CHIKV were boiled at 95CHIKVsis min, followed by separation
by 10% SDS-PAGE and then electro-transferred onto a polyvinylidene fluoride (PVDF) membrane
(0.2 wm; 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 incu-
bated with the primary antibodies (Mice anti-CHIKV E1 protein polyclonal antibody, 1:2000, made in-
house) at room temperature for another 1 h. After being washed three times with TBST, the membranes
were incubated with horseradish peroxidase (HRP) conjugated secondary goat antimouse or goat anti-
rabbit antibodies (Proteintech, China) at room temperature for 1 h. Following three washes with TBST,
the protein bands were visualized with a chemiluminescent HRP-conjugated antibody detection reagent
(Millipore, USA).

Viral RNA extraction and viral genome sequencing. Viral RNA was extracted from P50 VEEV-AC-
CHIKV infected cells using TRIzol reagent (TaKaRa, China) following the manufacturer's protocol. The
extracted RNA was used to perform four one-step RT-PCRs by using a series of overlapping primers cov-
ering the complete viral genome of VEEV-AC-CHIKV. The RT-PCR products were purified with gel extrac-
tion kit and subjected to DNA sequencing for viral genome alignment. Primers for RT-PCRs were as fol-
lows: VEEV-5"UTR-F: 5'-ATG GGC GGC GCA TGA GAG AAG C-3’, VEEV-2600-R: 5'-AGT CAC AGA TTT AGT
GCA ACG G-3'; VEEV-2401-F: 5'-TTG ACG AAG CTT TTG CTT GTC-3’, VEEV-5400-R: 5'-GCG CCA GAA ACT
CCA TAC TC-3'; VEEV-5201-F: 5'-CCA CCA GGT GCT GCA AGT CG-3’, CHIKV-E2-T12I-R: 5'-GCT AAG TAT
GGT CTT ATG GCT TTA TAG AC-3'.

Enzyme linked immunosorbent assay (ELISA). Indirect ELISA was used to detect the CHIKV-specific
1gG antibody titer of serum samples collected from immunized mice. The 96-well microtiter plates were
coated with inactivated WT CHIKV at 2-8°C overnight, and blocked with 5% skim milk for 1 h at room
temperature. Diluted sera were added to each well and incubated for 2 h at 37°C. After 3 times in a PBS
wash, the plates were incubated with goat antimouse antibodies conjugated with HRP for another 1 h
at 37°C. The plate was developed using TMB, following the addition of 1 M H,SO, to stop the reaction,
and read at 450 nm by ELISA plate reader for final data.

Plaque reduction neutralization test (PRNT). The neutralizing activities of serum samples from
immunized mice were analyzed by plaque reduction neutralization test (PRNT) as described previously

mut’ mut
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(14). Briefly, approximately 100 PFU of WT CHIKV was preincubated with 2-fold serial dilutions of heat-
inactivated mouse sera (starting at 1:10 dilution) for 1 h at 37°C and then the mixture was added to
BHK-21 cell monolayers in 12-well plates and removed after 1 h of incubation followed by plaque assay
to quantify viral titers. Neutralizing antibody titers (PRNT50) were determined to be the highest serial
dilutions for which the virus plaque count was reduced by 50% compared with control.

Mouse experiments. The pathogenicity of VEEV-AC-CHIKV was evaluated in C57BL/6 mice. Cohorts
of 6-week-old female C57BL/6 mice were infected subcutaneously (s.c.) in the ventral/lateral side of the
hind foot with 10° PFU of WT CHIKV (ECSA strain) or VEEV-AC-CHIKV. The animals were monitored for
footpad welling and viremia. Footpad swelling induced by WT CHIKV (ECSA strain) or VEEV-AC-CHIKV
was assessed by measuring the height and width of the peri-metatarsal area of the hind foot using
Kincrome digital vernier calipers. At 1, 3, and 5 days postinfection (dpi), tissues of mice infected with WT
CHIKV (ECSA strain) or VEEV-AC-CHIKV virus including footpad, liver, spleen, muscle, and lymph nodes
were harvest for viral examination by plaque assay, and the feet taken at 5 dpi were analyzed for cyto-
kine or chemokine mRNA level by qRT-PCR assay.

For immunization and challenge experiments, 4-week-old female C57BL/6 mice (n = 5) were immu-
nized with 10* PFU of VEEV-AC-CHIKV or A5nsp3 s.c. in the ventral/lateral side of the hind foot. The
same volume of PBS was inoculated as negative control. Sera from mice at 14 and 28 days postimmuni-
zation were collected for determination of CHIKV-specific IgG antibody titers and neutralizing antibody
titers. On day 30 postimmunization, all the mice were challenged with 2.5 x 10° PFU of WT CHIKV (ECSA
strain) s.c. in the ventral/lateral side of the hind foot. Footpad swelling and viremia of mice were
monitored.

For safety evaluation of VEEV-AC-CHIKV, 6-week-old IFNAR™~ mice (n = 5) were infected s.c in the
ventral/lateral side of the hind foot with 10? PFU of WT CHIKV and 10* PFU and 10° PFU of VEEV-AC-
CHIKV, respectively. The animals were monitored for survival, body weight changes and viremia.
Footpad swelling induced by WT CHIKV or VEEV-AC-CHIKV was assessed by measuring the height and
width of the peri-metatarsal area of the hind foot using Kincrome digital vernier calipers.

RNA extraction and quantification. To measure viremia, about 50 uL volume of blood was mixed
with 1T mL TRIzol reagent followed by RNA extraction according to the manufacturer’s instructions. Viral
loads in blood were quantified by qRT-PCR as previously described (26). For the analysis of cytokine or
chemokine mRNA levels in infected mouse feet, the feet were cut lengthways and homogenized with
DMEM. RNA was extracted using TRIzol reagent followed by SYBR green based one-step real-time RT-
PCR assay. Primers: 5'-TTA AAA ACC TGG ATC GGA ACC AA-3’ and 5'-GCA TTA GCT TCA GAT TTA CGG
GT-3' for monocyte chemoattractant protein 1 (MCP-1); 5'-AAT TCG AGT GAC AAG CCT GTA GC-3' and
5'-AGT AGA CAA GGT ACA ACC CAT CG-3’ for tumor necrosis factor alpha (TNF-a); 5'-ATG AAC GCT ACA
CAC TGC ATC-3' and 5’-CCA TCC TTT TGC CAG TTC CTC-3' for IFN-y; 5'-GCT CAA GCC ATC CTT GTG CTA
A-3" and 5’-CAT TGA GCT GAT GGA GGT C-3' for IFN-a. Data were normalized to the B-actin housekeep-
ing gene, and the fold change in mRNA expression relative to mock-infected PBS-treated samples for
each gene was calculated using the threshold cycle (AAC;) method: AAC; = AC; of virus infected — AC;
of mock infected, where AC; = C; of gene of interest — C; of housekeeping gene. The fold change for
each gene is calculated as 2744,

Histological analysis. At 5 dpi, the feet from mice infected with 10° PFU of WT CHIKV or VEEV-AC-
CHIKV were fixed with 4% paraformaldehyde, embedded in paraffin, sagittal sectioned at 4-um thick-
ness on a microtome, mounted on APS-coated slides followed by hematoxylin and eosin (H&E) stain for
pathological analysis.

Statistical analyses. All data were analyzed using GraphPadPrism 8.0.2 software and expressed as
mean =* standard deviation (SD) unless specified otherwise. Kaplan-Meier tests were used for survival
analysis, Student's t test was used to determine differences between two groups, and one-way ANOVA
or two-way ANOVA tests were utilized for statistical analyses among multiple groups.
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