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CHIKV mRNA vaccines encoding conserved structural/
envelope proteins confer broad cross-lineage protection against
infection
Xiaoming Liang 1, Yanan Zhou1, Yun Yang1, Qianqian Li1, Junbin Wang1, Bai Li1, Hao Yang1, Cong Tang1, Wenhai Yu1, Haixuan Wang1,
Qing Huang1, Hongyu Chen1, Yuhuan Yan1, Ran An1, Dongdong Lin1, Wenqi Quan1, Yong Zhang1, Yanwen Li1, Xuena Du1, Yuxia Yuan1,
Longhai Yuan1, Jian Zhou1, Qiangming Sun 1,2,3,4✉, Youchun Wang 1,2,3✉ and Shuaiyao Lu 1,2,3,4✉

With the broad spread of the chikungunya virus (CHIKV), there is an increasing demand for more effective and broadly
protective vaccines. Here, we designed CHIKV mRNA vaccines containing full-length structural proteins or part of structural
proteins (envelope proteins) based on conserved sequences from 769 viral strains encompassing four lineages. The vaccine
induced strong cellular and humoral immune responses in BALB/c mice and provided robust protection. Immunization of BALB/
c mice with either of the two vaccines induced high levels of neutralizing antibodies against pseudoviruses from four distinct
lineages, highlighting their potential for broad cross-lineage protective efficacy. Immunoglobulin repertoire analysis revealed
two important BCR V-J gene combinations, IgHV1-4-IgHJ3 and IgHV1-4-IgHJ2, and lineage-specific immunity analysis revealed
significant upregulation of TCRs containing V19 and V20. BCR and TCR immunodiversity may be a potential reason for the
broad-spectrum protection against CHIKV afforded by the vaccine. In A129 mice, it elicited lower levels of neutralizing
antibodies but prevented mouse mortality and cleared chronic infection. In the rhesus macaque model, both vaccines elicited a
certain level of humoral and cellular immune responses and protected the rhesus macaques from the CHIKV challenge. In
conclusion, the results from both mouse and rhesus macaque models indicate that the vaccine could be a candidate for clinical
use against CHIKV.
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INTRODUCTION
Chikungunya virus (CHIKV) is a globally distributed arthritogenic
alphavirus transmitted by Aedes mosquitoes, causing sporadic
outbreaks occurring every 2–50 years, particularly in tropical
regions. Since its first discovery in 1952,1 CHIKV has sporadically
emerged in Africa and spread to tropical and temperate regions
across other continents. CHIKV cases have been reported in more
than 100 countries, with cumulative reports of more than 10
million cases, posing a risk to an estimated 1.3 billion people in
transmission-prone areas.2,3 In 2023, CHIKV reemerged in the
Americas, causing ~350,000 infections and spreading to new
countries.4 The pandemic potential of CHIKV has long been
recognized, leading to its prioritization by the Coalition for
Epidemic Preparedness Innovations (CEPI) for vaccine develop-
ment. In 2018, CHIKV was included in the World Health
Organization’s list of priority pathogens for vaccine research and
development.5 With the globalization of travel and trade, changes
in the global climate, and the expansion of the habitat range of
Aedes albopictus mosquitoes, the trend of a CHIKV pandemic is
becoming increasingly evident.6,7

CHIKV has broad tissue tropism, and the key cell in which CHIKV
replicates in vivo is probably the fibroblast. There are a few more
cell types in which CHIKV does not replicate well, such as
hepatocytes,8 renal cells,9 also does not normally infect lungs or
the testes, etc. Brain infection is also rare—except in neonates.
Upon infection, individuals develop severe viremia, followed by
systemic infection of various tissues, leading to typical symptoms,
including fever, headache, stiffness, photophobia, rash, and severe
joint pain.10 The disease can persist for several months,11–13

significantly impacting quality of life.14–17 Children may occasion-
ally experience neurological symptoms such as seizures, impaired
consciousness, blindness due to optic neuritis, and acute flaccid
paralysis.18 Chikungunya fever (CHIKVF) was previously considered
a self-limiting disease, but with the spread of CHIKV, an increasing
number of severe atypical symptoms have been reported.19

CHIKV has diverged into four lineages, including the West
African lineage, the East/Central/South African (ECSA) lineage, and
the Asian lineage, and the appearance of the Indian Ocean lineage
(IOL) has led to the gradual spread of CHIKV, which was originally
confined to tropical regions and transmission by Aedes aegypti
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mosquitoes, to temperate regions inhabited by Aedes albopictus
mosquitoes.5,20,21

Like other alphaviruses, CHIKV is a single-stranded positive-sense
RNA virus with a genome of 11.8 kb that includes two ORFs
encoding the structural polyprotein C-E3-E2-6k-E1 and nonstruc-
tural proteins nsp1, nsp2, nsp3, and nsp4. The E2 protein forms a
complex with the E1 protein, and three E2-E1 complexes form a
trimeric envelope protein.22,23 E2 and E1 are the main antigenic
epitopes, with certain residues of E2 and E1 involved in receptor
binding and E1 associated with membrane fusion, while E3 acts as a
chaperone protein.23 Research has shown that there are differences
in the neutralizing and binding properties of antiserum from
recovered individuals against the virus among different lineages.24

However, overall, antiserum has good protective efficacy. Within
the Alphavirus genus, the fusion region of the E1 protein is highly
conserved,25 and the main neutralizing epitopes of the E2 protein
show high homology,25,26 resulting in cross-protective ability of
neutralizing antibodies. Currently, there are no specific drugs for
treating CHIKV, and symptomatic treatment, such as nonsteroidal
anti-inflammatory drugs used to alleviate pain,27 which do not have
any preventive effect, is the main approach. There are currently few
available vaccines, with only one live attenuated vaccine approved
by the FDA. However, live-attenuated vaccines are considered to
have safety concerns, causing adverse events, and the potential for
virus replication leading to transmission through Aedes mosquitoes.
VLA1553 has recently been approved by the FDA and has shown
encouraging immunogenicity and protective efficacy,28 but it is
associated with paw swelling in mice and systemic virus replication
in immunocompetent mice, nonhuman primates, and humans.
Moreover, in a recent phase III clinical trial, 57.1% of patients
experienced systemic adverse events, including muscle and joint
pain, across three different vaccine batches.4,29 There is an urgent
need for a vaccine with high efficacy, safety, and production
capacity to address the threat of CHIKV. mRNA vaccines have
demonstrated significant advantages during the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic and
have emerged as promising next-generation vaccine platform.30,31

They possess the full functionality of posttranslational modifications
and utilize host cells as factories, allowing accurate expression,
folding, and secretion of antigenic proteins to mimic the virus.32

Notably, mRNA vaccines have short development cycles, induce
rapid immune responses, and thus exhibit considerable potential
for responding to emergent situations.33

The CHIKV vaccine candidates currently under investigation for
clinical trials include attenuated live vaccines, virus-like particle
(VLP) vaccines, viral vector vaccines, and mRNA vaccines.34 mRNA-
1388 is the first mRNA vaccine targeting CHIKV. Phase I clinical
trials demonstrated that it elicited high levels of persistent
neutralizing antibodies in healthy individuals from non-endemic
regions, and it also highlighted the safety of mRNA vaccines;
however, its design is based on a single strain. A preclinical study
utilizing an mRNA vaccine employed the E2-E1 soluble region as
the antigen and showed that the mRNA vaccine could induce a
more robust cellular immune response compared to subunit
vaccines. Another study indicated that modified mRNA vaccines
exhibited superior immunogenicity compared to their unmodified
counterparts. Although the main antigenic epitopes of CHIKV are
considered conserved,26 CHIKV may exhibit a high propensity for
mutation, and there is considerable variation in the reactivity of
sera from recovered individuals infected with viruses from
different lineages.24

RESULTS
The vaccines mCV-1 and mCV-2 achieve high levels of expression
in vitro
To enhance the cross-protective efficacy of the vaccine, we
employed the strategy of identifying conserved sequences, similar

to previous studies.35 We retrieved full-length structural protein
sequences from 769 strains belonging to the four different
lineages from the NCBI database and constructed a phylogenetic
tree (Supplementary Fig. 1a) consisting of four branches
representing each lineage. The 769 full-length structural protein
sequences were aligned, and 1248 conserved amino acid
positions were identified (The selection of non-conserved regions
included the most frequently occurring amino acids among the
various strains). These conserved amino acids were then
sequentially assembled into a novel full-length structural protein
sequence, designated candidate vaccine protein sequence 1
(Fig. 1a). Additionally, a portion of the envelope protein E3-E2-
6K-E1 was selected as candidate vaccine protein sequence 2. To
enhance mRNA expression, we optimized the candidate protein
sequences according to human codon usage bias, resulting in two
vaccine sequences, mCV-1 and mCV-2. Based on the structural
prediction and receptor interaction analysis using AlphaFold3,36 it
is shown that the assembly of the E protein sequence based on
individual amino acids does not exhibit significant changes in
structure or receptor binding compared to the viral E protein
(Fig. 1b, Supplementary Fig. 1b).
Following previously described methods, mRNA-lipid nanopar-

ticles (LNPs) were prepared using a LNP delivery system, achieving
encapsulation rates exceeding 90%, as further confirmed by
agarose gel electrophoresis (Supplementary Fig. 1c). Dynamic light
scattering (DLS) revealed an average particle size of approximately
100 nm (Fig. 1c), while transmission electron microscopy demon-
strated a uniform particle size distribution (Fig. 1d). To validate the
in vitro expression achieved by mRNA-LNPs, purified mRNA from
both variants was transfected into 293T/17 cells and Vero cells
using LNPs, while naked RNA transfection was conducted as a
control using a commercial kit. Western blot experiments were
used to detect various structural proteins (C, E2, and E1) in both
293T/17 and Vero cells (Fig. 1e). Furthermore, to verify the
intracellular expression of antigens, immunofluorescence assays
targeting the E1 protein were performed in Vero cells (Fig. 1f),
resulting in successful detection of the E1 protein both
intracellularly and on the cell membrane, as clearly visualized by
confocal microscopy (Supplementary Fig. 1d).

The mCV-1 and mCV-2 vaccines strongly trigger humoral immune
responses and the production of cross-protective neutralizing
antibodies
To evaluate the immunogenicity of the vaccines, immunization
experiments were conducted in BALB/c mice in which three doses
of mCV-1 or mCV-2—low dose (4 μg), medium dose (8 μg), or high
dose (15 μg)—were administered via intramuscular injection, with
empty LNPs serving as the control. During the observation period
after immunization, no abnormalities in body temperature or
weight were observed (Supplementary Fig. 1e, f), nor were there
any local adverse reactions. Muscle and liver tissues were collected
24 h post-immunization, and the expression of antigen proteins
was detected (Supplementary Fig. 2a). A booster immunization at
the same dose was administered 14 days after the initial
immunization (Fig. 2a). To assess the immune responses of the
mice, serum samples were collected at 5 and 24 hours post-
primary immunization for the quantification of immune response-
related cytokines (Fig. 2b). Most cytokine levels significantly
increased at 5 h and decreased markedly by 24 h, with IL-6, MCP-1,
and TNF-α remaining at high levels at 24 h. IL-5 is a key factor in
the differentiation of mouse B cells into antibody-secreting plasma
cells,37 while MCP-1, MIP-β, and TNF-α are key factors in antigen-
presenting cell activation and migration.38

To evaluate the immunogenicity of the vaccine, serum samples
were collected at 7, 14, 21, and 28 days post-primary immuniza-
tion to determine the titers of binding antibodies (Fig. 2c). Binding
antibody levels significantly increased after booster immunization,
with comparable levels of binding antibodies at days 21 and 28.
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The titer of anti-E2 antibodies is negative in the placebo group. To
further assess the proportion of neutralizing antibodies, we used a
strain isolated from Yunnan, China, in 2019 (GenBank: MH670649.1
IOL) and adaptively mutated strains obtained during mouse
infection to test neutralizing antibody titers at days 7, 14, 21, and
28 post-primary immunization. Neutralizing antibody levels were
barely measurable before booster immunization, with comparable

50% neutralizing titers at days 21 and 28 post-primary immuniza-
tion. For the adapted strains, the GMTs induced by mCV-1 and
mCV-2 at high doses were approximately 291.0 and 220,
respectively, while for the original strains, the GMTs reached 668
and 441, respectively, indicating higher levels of neutralizing
antibodies against the original strains (Fig. 2d, Supplementary Fig.
2b). One study indicated that CHIKV-neutralizing antibodies are

Fig. 1 Vaccine design, preparation, and in vitro expression. a Vaccine design. A total of 769 strains were identified from the NCBI database,
including 14 from the West African lineage, 335 from the Asian lineage, 121 from the East, Central, and South African lineage, and 299 from
the Indian Ocean lineage. Conserved sequences were selected for further analysis; b Utilize Alpha-Fold3 for structural prediction and receptor
interaction prediction of the E protein in vaccine sequences and viral sequences (MH670649.1); c Dynamic light scattering (DLS) particle size
distribution; d Transmission electron microscopy (TEM) images; e E1, E2, C protein, and β-actin Western blot images; (−) indicates the negative
control, and M indicates the control transfected with a commercial kit; f Immunofluorescence experiments were conducted to detect the
distribution of the E1 protein, using nontransfected cells as the mock condition
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mainly IgG3.
39 Therefore, we assessed the levels of the IgG3

subtype in the serum 28 days post-immunization (Supplementary
Fig. 10). All vaccine dosage groups elicited a certain level of IgG3

subtype antibodies, with mCV-2 demonstrating a slight advantage
over mCV-1.
To validate the broad-spectrum protection capability of the

vaccines, we conducted pseudovirus neutralization experi-
ments using pseudoviruses from recently reported lineages:
GenBank accession numbers AAV43881.1 (West African

lineage), AZQ25376.1 (ECSA), UKA87037.1 (IOL), BDD37661.1
(IOL), ADG95944.1 (IOL) and KY435462.1(Aisa). Mice in both
vaccine dose groups generated neutralizing antibodies against
each pseudovirus strain, with the low dose of both vaccines
resulting in GMTs against AAV43881.1 (West African lineage) of
approximately 5154 and 6771, which were lower than those
against the other pseudovirus strains, while the GMTs against
the other four strains at various doses ranged from 3 to 8 × 104

(Fig. 2e, f).

Fig. 2 mCV-1 and mCV-2 induced strong immune responses in BALB/c mice. a The vaccination and sample collection timeline, the collection
of serum for cytokine quantification at 5 and 24 h after the initial immunization, serum collection on days 7, 14, 21, and 28, spleen collection
on day 28, and challenge experiments on day 42; b The changes in relevant cytokine levels at 5 and 24 h post-immunization, normalized to
the levels at 0 hours and logarithmically transformed; log2FC (0 h) means the ratio of cytokine level at 5 or 24 h to that at 0 h; c and d The titers
of binding antibodies (c) and neutralizing antibodies against adapted strains (d) at different time points; e-f, GMTs of pseudovirus neutralizing
antibodies against various strains at 28-day post-immunization for mCV-1 (e) and mCV-2 (f). The data are presented as the mean ± SEM (n= 5),
and each symbol represents a mouse. Statistical analysis was conducted using one-way ANOVA and Tukey’s multiple comparison tests for bar
graphs; ***p < 0.001; ****p < 0.0001; ns, not significant
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Both vaccines at each dose induce robust T-cell immune
responses, primarily of the Th1 type
To assess the T-cell immune response elicited by the vaccines,
splenocytes were collected from immunized mice 28 days post-
immunization and subjected to ELISPOT assays to detect cells
secreting IFN-γ, IL-2, and IL-4. The E2 protein (IOL) or the
inactivated virus (strain MH670649.1) was used as a stimulant.
For IL-2 and IFN-γ, dose groups exhibited high numbers of
specific spots, with the mCV-2 dose groups stimulated with
inactivated virus showing lower levels than the mCV-1 dose
groups, possibly due to the absence of antigen targeting the C
protein in mCV-2, relatively fewer stimulants than in the mCV-1
group. All other dose groups had significantly greater levels than
did the control group (Fig. 3a–d, Supplementary Fig. 2c). For IL-4,
regardless of stimulation with the E2 protein or inactivated virus,
fewer IL-4-specific spots were generated, but the difference was
not significant compared to the number of spots in the placebo
group (Fig. 3e, f). High levels of IL-2 and IFN-γ and low levels of
IL-4 thus indicate that both vaccines induce a Th1-biased T-cell
immune response. To further analyze T-cell immunity and
subgroups, flow cytometry was used to determine the propor-
tion of CD4+ and CD8+ T cells that secreted cytokines in
response to E2 protein stimulation. Among the CD8+ T cells, cells
secreting IL-2, IFN-γ, and TNF-α were detected in all the dose
groups, indicating that both vaccines can elicit E2-specific
CD8+ T-cell responses (Fig. 3k–m, Supplementary Fig. 3). In
immunized mice, high levels of IL-2, IFN-γ, and TNF-α but
extremely low levels of IL-4 were detected in CD4+ T cells
(Fig. 3g-j), further confirming that both vaccines primarily induce
Th1-type T-cell immune responses. It is noteworthy that the flow
cytometry results showed no significant difference between the
vaccine group and the placebo group, which may be related to
individual variability. However, a clear trend induced by
vaccination can be observed.

The mCV-1 and mCV-2 vaccines protect BALB/c mice from
challenge with CHIKV
To assess the protective efficacy of the vaccine, mice were
challenged with the virus on day 42 after the initial immunization.
The adapted strains were utilized for mouse challenge
experiments.
To better detect the protective effect of the vaccine, a high

virus infection dose was administered, and each mouse was
injected subcutaneously at the left and right joints40 with a total
of 106 plaque-forming units (PFUs) of the virus (the viral load
transmitted by infectious Aedes mosquitoes is typically 103 PFU).
Subsequently, body weight and joint swelling were monitored
on days 1, 3, 5, and 7 post-challenge and blood viral loads were
measured via blood sampling via the tail vein. The mice were
euthanized on day 7, and the serum, heart, liver, spleen, lung,
kidney, brain, infection site muscle, left hindfoot, left forefoot,
uterus, duodenum, and rectum were collected for viral load
assessment. Both doses of mCV-1 or mCV-2 completely
controlled viremia on the first day and resulted in no detectable
blood viral load in subsequent tests, whereas the placebo group
exhibited a blood viral RNA load reaching 107 copies/ml on the
first day (Fig. 4a, b). Due to the self-limiting nature of
Chikungunya fever (CHIKVF), the placebo group experienced a
continuous decrease in blood viral load in the following days,
with viremia disappearing by the 7th day. In the placebo group,
the virus was detected in all tissues except the liver and uterus,
with varying viral loads measured in the other 10 tissues
(Fig. 4c, d), indicating the successful establishment of the
adapted strain infection model in BALB/c mice. In the vaccine
groups, viral loads were measured in the site of infection (muscle
and left hindfoot) and the spleen (an immune organ), with
sporadic low-level viral loads observed in the heart and left
forefoot in some mice in the low- or medium-dose groups.

Compared to the placebo group, the vaccine groups showed a
reduction in viral loads in the infected joint and muscle ranging
from 7.9 × 102 to 3.98 × 108 copies/g (Fig. 4c, d), indicating good
protective efficacy of both vaccines. Due to the lack of obvious
joint swelling in the BALB/c mice and measurement error, no
significant joint swelling was observed (Supplementary Fig.
4c, d), and there were no differences in body temperature or
weight change (Supplementary Fig. 4a, b).
We further measured the neutralizing antibody levels on day 7

post-challenge, which showed a significant increase in neutraliz-
ing antibody levels in the vaccine groups compared to pre-
challenge levels (Supplementary Fig. 4e, f), while neutralizing
antibodies were barely detected in the placebo group. To further
confirm the presence of the virus in tissues, we conducted
immunofluorescence staining using anti-E1 antibodies, which
revealed the presence of viral proteins in the heart, spleen, lung,
brain, and muscle in the placebo group (Supplementary Fig. 5). In
all vaccine groups, consistent with the viral load results, only a
small amount of E1 protein signal was detected in the spleen and
muscle.
To further observe pathological damage, we prepared patholo-

gical tissue sections from the heart, spleen, lungs, kidneys, brain, and
muscles and conducted pathological scoring. CHIKV caused varying
degrees of tissue damage to different tissues, with more severe
damage observed in the spleen, joints, muscles, and myocardium. In
terms of joint damage, the placebo group showed clear abnorm-
alities in the joint space, accompanied by bleeding, joint degenera-
tion, and inflammatory cell infiltration, whereas the vaccine group
exhibited significantly reduced damage (Fig. 4e, Supplementary Fig.
6d). The pathological damage to the spleen tissue was primarily
characterized by bleeding, inflammatory cell infiltration, germinal
center damage, and the disappearance of germinal centers
(Supplementary Fig. 6a, d). For muscle, the placebo group showed
clear signs of fibrosis, bleeding, and inflammatory cell infiltration,
while all doses of the vaccine significantly reduced pathological
damage (Supplementary Fig. 6b, d); regarding myocardial tissue, the
placebo group exhibited fibrosis, bleeding, intravascular thrombosis,
and inflammatory cell infiltration, with the medium and high doses
effectively alleviating myocardial tissue pathological damage
(Supplementary Fig. 6c, d). In the kidneys, pathological damage
was mainly characterized by intravascular thrombosis, bleeding,
ductal exudates, and inflammatory cell infiltration (Supplementary
Fig. 7a, d). Lung tissue damage was primarily characterized by lung
hemorrhage, inflammatory cell infiltration, macrophage distribution,
and carbon deposition, thrombus bronchial blockage, and protein
exudates (Supplementary Fig. 7c, d). Brain tissue damage was mainly
characterized by local hemorrhage, enriched microglia, and
neuronal necrosis (Supplementary Fig. 7b, d). In all of the above
tissues, all doses of the vaccine significantly reduced the extent of
pathological damage.

mCV-1 and mCV-2 can protect A129 mice from death at low levels
of neutralizing antibodies
To further validate the protective efficacy of mCV-1 and mCV-2, we
conducted further experiments in A129 mice. mCV-1 and mCV-2
were administered at doses of 15 and 4 μg, respectively. A placebo
group with empty LNPs was included, and the same immunization
procedure used for BALB/c mice was followed (Fig. 5a). mCV-1 and
mCV-2 induced low binding antibody titers in A129 mice (Fig. 5b)
and extremely low neutralizing antibody titers (Fig. 5c). In both
low-dose vaccine groups, the seroconversion rate was not 100%.
Interestingly, after the challenge experiments, all the mice in the
vaccine groups, including those without detectable neutralizing
antibodies, survived, while all the mice in the placebo group died
by day 4 (Fig. 5g). After challenge, there was a rapid decrease in
body weight in the placebo group during the first three days,
while body weight in the vaccine groups remained within normal
ranges (Fig. 5e). Regarding the degree of joint swelling, significant
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swelling was observed in the placebo group during the first three
days, but individual mice in both low-dose vaccine groups
exhibited swelling (Fig. 5f). Blood viral loads were measured on
days 1–7, 14, and 21 after challenge. Within the first week after the
challenge, mild blood viral loads were detected in mice

administered mCV-1 at 15 μg and mCV-2 at 4 μg (Fig. 5d), but
interestingly, individuals without detectable neutralizing antibo-
dies did not develop viral RNAmia. Neutralizing antibody levels
were re-evaluated on day 14 after the challenge, but unlike in
BALB/c mice, there was no increase in neutralizing antibody levels

Fig. 3 Cellular immune response assessment. a–f Elispot experiments to enumerate specific spots indicating cytokine secretion by splenocytes
stimulated with the E2 protein for IFN-γ (a), IL-2 (c), and IL-4 (e) and stimulated with the inactivated virus for IFN-γ (b), IL-2 (d), and IL-4 (f); g–j Flow
cytometry analysis of the percentages of CD4+ T cells producing IL-2 (g), IL-4 (h), IFN-γ (i), and TNF-α (j); k–m The proportions of CD8+ T cells
producing IL-2 (k), IFN-γ (l), and TNF-α (m). The data are presented as the mean ± SEM (n= 5 or 3). Statistical analysis was conducted using two-
way ANOVA and Tukey’s multiple comparison test for bar graphs; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns not significant
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after the challenge (Fig. 5c), and there are still individuals who
have not produced neutralizing antibodies.
Chronic infection is a major challenge in the treatment of

CHIKVF, and viral material may persist for months. Indeed, tissue
viral loads were extremely high in the placebo group of A129 mice
that died 3–4 days after the challenge. However, in all vaccine
dosage groups, no viral RNA was detected in the spleen and joint

tissues 21 days post-challenge. (Fig. 5h), demonstrating that the
vaccine effectively cleared viral components. The ELIspots
experiment revealed that A129 mice also developed a certain
level of cellular immunity, predominantly of the Th1 type (Fig. 5i,
Supplementary Fig. 8). Pathological scoring of joints and
histopathological sections indicated effective control of joint
damage across all dose groups in the vaccinated cohort (Fig. 5j, k).

Fig. 4 mCV-1 and mCV-2 protect BALB/c mice from CHIKV challenge. a and b Changes in viremia within 7 days post-immunization with mCV-
1 (a) and mCV-2 (b); Tissue viral loads in mice immunized with mCV-1 (c) and mCV-2 (d) on day 7 post-challenge; e Joint tissue pathological
sections and pathological scores, (n = 10). The data are shown as the mean ± SEM. Statistical analysis was conducted using two-way ANOVA
and Tukey’s multiple comparison test for bar graphs; ***p < 0.001; ****p < 0.0001
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Fig. 5 mCV-1 and mCV-2 protect A129 mice from mortality due to CHIKV infection. a The vaccination and sample collection timeline, Serum
collection, and determination of binding antibody titers and neutralizing antibody levels were performed on days 21 and 28 after initial
immunization, followed by challenge experiments on day 42. Body temperature, body weight, and joint changes were monitored daily after
the challenge until all mice in the placebo group died, and survival curves were plotted; b The titers of binding antibodies at days 21 and 28;
c Neutralizing antibody titers at 21, 28, and 56 days post-immunization; d Variation in viremia within 21 days post-challenge; e and f Changes
in body weight (e) and the degree of swelling in the right hind limb joints (f) of A129 mice post-challenge; g Survival rate of mice post-
challenge; h Viral loads in the spleen and joint tissues of mice on day 21 post-challenge; i Elispots experiments to enumerate specific spots
indicating cytokine secretion by splenocytes stimulated with the E2 protein for IFN-γ, IL-2, and IL-4; j-k, Joint tissue pathological sections (k)
and pathological scores (j). Statistical analysis was conducted using one-way ANOVA and Tukey’s multiple comparison tests for bar graphs;
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns not significant
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The usage frequency of IgHV1-4-IgHJ3 and IgHV1-4-IgHJ2 are
significantly upregulated in BCR, while the usage frequency of V19
and V20 is significantly upregulated in TCR
To explore the molecular immune mechanisms of the two
vaccines, we performed transcriptome, BCR, and TCR sequencing
on whole blood samples from mice receiving a medium dose of
the vaccines. Untreated mice were used as controls. In terms of
transcriptomics, the PCA plot of the samples revealed specific
interindividual differences (Supplementary Fig. 9a), and the overall
differential expression levels are shown (Supplementary Fig. 9b).
Initially, we conducted GO enrichment (|logFC| > 1, P < 0.05) and
KEGG enrichment (|logFC| > 1, P < 0.05) analyses. GO enrichment
primarily highlighted the activation and function of natural
immune cells, antiviral responses, and complement-related path-
ways (Supplementary Fig. 9c, d). Both vaccine groups showed
KEGG enrichment in Fc epsilonRI, B-cell receptor signaling, NK cell-
mediated phagocytosis, and Fc receptor-mediated phagocytosis
(Supplementary Fig. 9e, f). Therefore, the immune mechanism
post-vaccination may involve the action of Fc segment
receptors.41

Regarding BCR sequencing, the abundance of different
immunoglobulin types showed that IgM, IgA, and IgD were the
most abundant in all three samples, with IgM and IgD being the
most diverse (Fig. 6a, b). IgD diversity increased with mCV-2, while
both IgD and IgM decreased with mCV-2. This result suggests a
potential post-immunization contraction in antibody diversity,
concentrating the production of specific antibodies. Somatic
hypermutation is a mechanism diversifying the BCR repertoire
during the germinal center reaction. Mutation rate analysis reveals
that IgM and IgD, which exhibit the highest diversity, do not
necessarily have high mutation rates (Fig. 6c), indicating that
mutation is not the primary driver of diversity. Post-immunization,
there is a notable increase in mutation rates for IgA and IgG. We
further evaluated the utilization of V-J genes in the heavy chains of
IgD and IgM in the two vaccine groups and the control group. For
robust function post-immunization, V-J gene combinations need
to reach high abundances. We selected the 15 most abundant
combinations for further significant difference analysis and found
that the abundances of the IgHV1-4-IgHJ3 and IgHV1-4-IgHJ2
combinations in the two vaccine groups were significantly greater
than those in the control group (Fig. 6d, e), possibly because of
conserved broad-spectrum epitopes. Similarly, analysis of the V-J
gene usage frequency in TCRs (Fig. 6f) revealed a significant
increase in the TCR combinations of V19 and V20 (Fig. 6g, h,
Supplementary Fig. 9g, h), indicating that during the initial
immune response phase, antigen capture and presentation may
occur through the use of V19 and V20 TCRs, along with humoral
immunity.

The mCV-1 and mCV-2 vaccines protect rhesus macaques from
challenge with CHIKV
To further evaluate the protective efficacy of these two vaccines,
we conducted an immunization-challenge experiment in rhesus
macaques. The experimental procedure is depicted (Fig. 7a).
ELISA results indicated a significant increase in binding antibody
levels after the booster immunization (Fig. 7b). Live virus
neutralization assay results showed that neutralizing antibodies
were not detected before the booster immunization (Fig. 7c,
Supplementary Fig. 11a), but were detected at certain levels after
the booster immunization, similar to the mouse experiments, with
neutralizing antibody levels against the adapted strain being
lower than those against the prototype strain (MH670649.1).
Pseudovirus neutralization assay results from four lineages
demonstrated that both mCV-1 and mCV-2 exhibit broad-
spectrum efficacy against different lineages (Fig. 7d). In terms of
cellular immunity, ELISpots assays revealed that both vaccines
can elicit a certain level of cellular immunity in rhesus macaques
(Fig. 7e, Supplementary Fig. 11b).

Post-challenge, body temperature, and weight were not
significantly affected (Supplementary Fig. 11c, d). The control
group exhibited noticeable viremia on the first-day post-challenge
(Fig. 7f), whereas the vaccine groups did not show any signs of
viremia. In the detection of viral RNA in various tissues, the control
group had detectable viral RNA loads in lymph nodes, spleen, and
other immune organs such as the liver, while the vaccine groups
did not (Fig. 7g). The control group showed more severe damage
in the spleen, myocardial tissue, liver, leg muscles, and kidney
tissues, characterized by hemorrhage and thrombosis, inflamma-
tory cell infiltration. The spleen exhibited active and disappearing
germinal centers; muscle and myocardial tissues showed myofi-
brosis (Fig. 7h, i, Supplementary Fig. 11e).

DISCUSSION
As the survival range of Aedes mosquitoes expands and climate
change progresses, the threat of epidemics caused by alpha-
viruses,6 such as CHIKV, is becoming increasingly severe. Our study
presents two mRNA vaccines with potential for cross-lineage
protection, providing a comprehensive evaluation of immuno-
genicity and efficacy in BALB/c mice and further validating their
protection effectiveness in the A129 mouse model and rhesus
macaque model.
Currently, only one live attenuated vaccine (VLA1553) has been

approved for market use. Compared to VLA1553, the levels of E2-
specific binding antibodies induced by mCV-1 and mCV-2 range
from 104 to 105, similar to those elicited by a single dose of
VLA1553.42 In terms of neutralizing antibody levels, a single dose
of VLA1553 generates neutralizing antibody titers between 102

and 104, while neutralizing antibody titers after two immuniza-
tions with mCV-1 and mCV-2 range from 102 to 103, with an
average neutralizing antibody titer >103 observed post-challenge.
Regarding protective efficacy, both vaccines successfully con-
trolled viremia in BALB/c or C57BL/6 mice. Additionally, ChAdOx1
Chik employs a similar conservative antigen design,43 and
preclinical studies have shown it can induce a strong cellular
immune response, with neutralizing antibody levels increasing
and stabilizing over time. Phase I clinical trials detected
neutralizing antibodies against four lineages of CHIKV.44

mCV-1 and mCV-2, after immunization in BALB/c mice and
A129 mice, induced the production of high levels of binding
antibodies. However, compared to the extremely high levels of
neutralizing antibodies produced in response to immunization
with some attenuated vaccines,45,46 the proportions of neutraliz-
ing antibodies generated in response to mCV-1 and mCV-2 were
not very high. Previous studies have indicated that the highly
conserved E1 protein induces the generation of nonneutralizing
antibodies and represents a potential target for broad-spectrum
vaccine design.25,26 These nonneutralizing antibodies could be a
crucial component conferring broad-spectrum protection.
Despite the modest levels of neutralizing antibodies, particularly
in A129 mice, complete control of viremia was still achieved, and
protection against mortality in A129 mice was observed in CHIKV
infection. mCV-1 and mCV-2 also induced strong cellular
immune responses, primarily Th1-type CD4+ and CD8+ T cells.
Excessive activation of Th2 cells after vaccination can lead to
Th2-related vaccine-associated enhanced diseases (VAEDs), but
no significant increase in IL-4 or occurrence of VAEDs was
observed after mCV-1 and mCV-2 immunization. Following the
challenge, significant increases in viral loads and alleviation of
pathological damage were observed in 11 extrarticular tissues of
BALB/c mice, and chronic infection was not observed in A129
mice. For mCV-1 and mCV-2, studies have shown that after
vaccine immunization, some CD8+ T cells targeting the C
protein can be generated,37 but in terms of overall protective
efficacy, mCV-2 without the C protein has an effect equal to that
of mCV-1, and the absence of the C protein also reduces the
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Fig. 6 BCR and TCR immune repertoire analysis in BALB/c. a Abundance of immunoglobulin types in the three groups. b Statistical
analysis of immunoglobulin diversity; c Analysis of the gene mutation of IgM, IgD, IgA and IgG; d and e Significant differences in the
abundance of the 15 most abundant V-J gene combinations for BCRs for IgM and IgD; f VDJ matrix of TCR sequences for the three
samples; g and h Significant differences in the V-J gene combinations containing V19 (g) and V20 (h) for TCRs. Statistical analysis was
conducted using one-way ANOVA and Tukey’s multiple comparison tests for bar graphs; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001;
ns not significant
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Fig. 7 mCV-1 and mCV-2 protect rhesus macaques from CHIKV challenge. a The immunization schedule for rhesus macaques is depicted in
the flowchart, with vaccinations administered on Day 0 and Day 21, at a dosage of 300 μg per animal, using physiological saline as the placebo
group. Serum samples were collected on Days 7, 14, 21, 28, and 35 post-primary immunization, followed by a challenging experiment on Day
42 (n= 3); b and c The titers of binding antibodies (b) and neutralizing antibodies against adapted strains (c) at different time points; d GMTs
of pseudovirus neutralizing antibodies against various strains at 35-day post-immunization for mCV-1 and mCV-2; e Elispot experiments to
enumerate specific spots indicating cytokine secretion by splenocytes stimulated with the E2 protein for IFN-γ, IL-2, and IL-4; f Changes in
viremia within 7 days post-immunization with mCV-1 and mCV-2; g Tissue viral loads in rhesus macaques immunized with mCV-1, mCV-2 or
physiological saline on day 7 post-challenge, LN: Hilar lymph nodes, Kid: Kidney, PA: Pancreas, ILN: Inguinal lymph nodes, MLN: mesenteric
lymph nodes, SMG: submandibular lymph node; h and i pathological scores (h) and pathological sections (i). The data are presented as The
mean ± SEM (n= 3), and each symbol represents a mouse. Statistical analysis was conducted using one-way ANOVA and Tukey’s multiple
comparison tests for bar graphs; ***p < 0.001; ****p < 0.0001; ns not significant
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complexity of the antigen and reduce the proportion of non-
neutralizing antibodies.
Consensus synthetic sequence approach have been applied in

other fields, such as virus detection.35 CHIKV consists of four
genotypes, and there is a high degree of conservation among
these genotypes. Vaccines prepared based on one strain may
exhibit certain cross-protection against other genotypes, but
studies have shown differences in infection and immune
mechanisms between different lineages, as well as significant
differences in serum antibody levels.24 Pseudovirus neutralization
experiments have shown that pseudovirus neutralizing antibodies
against the West African lineage are approximately 7 times lower
than those against the Indian Ocean lineage, and there is a one
amino acid difference in E2 protein against the two strains of live
virus, but there is a significant difference in their neutralizing
antibody titers. Results from the alphavirus neutralization assay
showed that mCV-1 and mCV-2 are more suitable for the Indian
Ocean lineage strains, which have a wide range of transmission
and stronger mutation capabilities, and they are more adaptable
to the emergence of new IOL mutant strains.
Furthermore, according to the evaluation of the vaccine in A129

mice, the immunogenicity of both vaccines was limited, Some
individuals did not develop neutralizing antibodies, yet they still
demonstrated good protection post-challenge. Previous studies
have extensively investigated the role of neutralizing antibody
levels in viral clearance.42,47,48 However, the titers of neutralizing
antibodies required for effective function do not need to be very
high. Studies have shown that passive transfer of immune serum
can protect A129 mice from mortality, and there is a significant
negative correlation between binding IgG antibody levels and
footpad swelling and viremia in C57BL/6 mice.42,45,49 Research has
indicated that the minimum IgG titer required to prevent viremia
and footpad swelling in the C57BL/6 model is 10445. However, in
A129 mice, seemingly lower IgG titers also provide effective
protection. For viral clearance, the use of monoclonal antibodies
has further confirmed the decisive role of neutralizing antibodies
in viral elimination.50 There is evidence suggesting that efficient
clearance and alleviation of joint swelling by CHIKV indicate the
involvement of pathways mediated by antibody-Fc-FcγR-guided
monocytes.51 Our transcriptome analysis of BALB/c mice also
revealed enrichment in pathways related to ADCP and Fc
receptors. Numerous studies have reported results similar to ours,
showing that low levels of neutralizing antibodies can achieve
complete protection,52,53 suggesting that nonneutralizing anti-
bodies may also contribute to viral clearance through antibody-Fc
effector functions.
Additionally, non-structural proteins play a significant role in

immunity and are potential targets for vaccine development.54

Research has predicted CD8+ T cell epitopes within these non-
structural proteins, which can elicit a certain level of cellular
immunity. This response is crucial for viral clearance and the
protective efficacy of vaccines.55

Given the significant differences between mice and humans in
genetic background and immune response, evaluating vaccines in
mouse models does not adequately reflect the true efficacy of the
vaccines. Therefore, using animal models that have been validated
to simulate human CHIKV infection is crucial for the evaluation of
CHIKV vaccines. There are certain differences in immunogenicity
and challenge results between rhesus macaques and mice. The
levels of neutralizing antibodies in rhesus macaques are compar-
able to those in convalescent patients, while the cellular immune
response is weaker than that in the mouse model. It is possible
that in the rhesus macaque model, neutralizing antibodies play a
more significant role, and there are also differences in the sites of
viral infection post-challenge compared to the mouse model.
Additionally, vaccine mCV-2 demonstrated higher levels
of neutralizing antibodies and cellular immunity compared to
mCV-1, likely due to the higher content of the main antigens E2/E1

in mCV-2 at the same dosage. However, in terms of protective
efficacy, both vaccines showed good protective effects.
Compared to previous vaccines, the binding antibody levels

elicited in non-human primates are comparable, while the levels
of neutralizing antibodies are lower than those of the attenuated
live CHIKV vaccine (Δ5nsP3),46,56 DNA-launched replicon vaccine,
and recombinant modified vaccinia Ankara virus.56 This may be
due to the design of conserved sequences that enhance cross-
protection between lineages while reducing specificity for
particular strains. However, both of these vaccines provide the
same level of challenge protection as previous vaccines, with no
viremia detected. Moreover, no virus-related components were
detected in the tissues of the mRNA vaccine group after
euthanasia. Variations in experimental conditions and the use of
different strains can also lead to differences in experimental
outcomes. However, the protective efficacy has been robustly
demonstrated. The rhesus macaque experiments further highlight
the potential of mCV-1 and mCV-2 as candidate vaccines for
clinical application.
Based on the favorable protective effects described above, we

consider both mCV-1 and mCV-2 to be potential candidate
vaccines for further evaluation in subsequent phase I studies.

Limitations of the study
The challenge experiment in this study was conducted with only a
single strain of live virus. Second, the three selected doses in this
study did not exhibit significant dose dependency. Furthermore,
the adaptive immune response mechanisms have not been
thoroughly validated, which will require further research and
evaluation in the future.

MATERIALS AND METHODS
Animals and ethics statement
BALB/c mice at 6–8 weeks of age and rhesus macaques aged 4–8
years were obtained from the Institute of Medical Biology, Chinese
Academy of Medical Sciences, while A129 mice at 6–8 weeks of
age were purchased from the National Institutes for Food and
Drug Control. All animals were kept in a specific pathogen-free
(SPF) environment. The animal experiments were approved by the
Animal Experiment Ethics Committee of the Institute of Medical
Biology, Chinese Academy of Medical Sciences (DWSP202405001,
DWSP20240309), and conducted in accordance with the Guide-
lines for the Care and Use of Laboratory Animals by the National
Institutes of Health. All experiments involving the infection of
CHIKV were carried out in a biosafety level 3 (ABSL3) facility at the
Institute of Medical Biology, Chinese Academy of Medical
Sciences.

Cells and viruses
293T/17 cells were purchased from Wuhan Pricella Biotechnology,
while Vero cells were sourced from our laboratory stocks. Both
types of cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, #8123187) containing 10% fetal bovine serum (FBS,
2440086), with the addition of 1% penicillin–streptomycin, at 37 °C
in a 5% CO2 environment. The viral strain MH670649.1 was
derived from an imported case in Ruili, China, in 2019, and was
isolated by the Yunnan Institute of Parasitic Diseases. The adapted
strain was obtained through adaptive mutation during our mouse
infection experiments. CHIKVs were passaged in Vero cells, and
the virus stock was aliquoted and titrated to plaque-forming units
per milliliter (PFU/ml) in Vero cells using a plaque assay. All
experiments involving infectious agents were conducted in the
BSL-3 facilities at IMBCAMS.

mRNA synthesis
Initially, plasmids were linearized using the BsaI enzyme, followed
by precipitation of the DNA template with 70% isopropanol,
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washing with 70% ethanol, and resuspension in DEPC water. In
vitro transcription (IVT) was performed using a commercial kit
(NEB#E2080S) according to the manufacturer’s instructions, with
N1-Methylpseudouridine-5-Triphosphate replacing unmodified
UTP. The resulting mRNA was precipitated with a LiCl solution
and washed with 70% ethanol. Agarose gel electrophoresis was
conducted to assess the integrity and purity of the mRNA.

LNP encapsulation of mRNA
First, SM102, PEG2000-DMG, DSPC, and cholesterol were mixed in
molar ratios of 50%, 1.5%, 10%, and 38.5%, respectively, to
prepare a lipid–ethanol solution with a total lipid concentration of
16mM. The mRNA was diluted to 108 ng/μl in citrate buffer at
pH= 4 and mixed with the lipid solution using a microfluidic
device (Fluidiclab) at ethanol: buffer flow rate ratio of 5
(ml/min):15 (ml/min) to prepare mRNA-LNP. The formulations
were diluted 10 times with citrate buffer, ultrafiltered, and the
citrate buffer was replaced with Tris–HCl buffer. The RNA
concentration and encapsulation rate were measured using the
Quant-it RiboGreen RNA assay kit (Invitrogen, #R11490), and the
size of the mRNA-LNP particles was measured using dynamic light
scattering with a Zetasizer Pro (Malvern).

mRNA in vitro expression
Vero cells or 293T/17 cells were cultured in 24-well plates until
reaching 80% confluency. The culture medium was then replaced
with Opti-MEM (gibco, #31985070), and 1 μg of mRNA encapsu-
lated in LNPs was added to the cells. Alternatively, commercially
available transfection kits (Mirus, MIR2250) were used to transfect
naked mRNA, with cells without mRNA addition serving as
negative controls. mCV-1, mCV-2, and the mock control were
each performed in triplicate. After transfection for 6 h, the medium
was replaced with a complete culture medium. After 24 h, the
supernatant was discarded, and the cells were washed with PBS
before being lysed with RIPA lysis buffer. Western blot experi-
ments were performed using antibodies against E1(GeneTex
#GTX135187), E2 (Alpha Diagnostic International, #CHIKE21-A),
and C (Gene Tex, #GTX135183) proteins, with β-actin serving as a
reference.

Antibody endpoint titer measurement with ELISA
E2 protein (Sino Biological, #40440-V08B, 1 μg/ml, 100 μl/well) was
coated in a 96-well plate (442404, Thermo Fisher Scientific)
overnight at 4 °C. After washing three times with PBST (0.05%
Tween-20 in PBS), the plate was blocked with 2% BSA in PBS at
37 °C for 1 h. Serum samples were diluted in dilution buffer (0.05%
BSA in PBST) starting from 1:200, followed by serial two-fold
dilutions and incubated at 37 °C for 1 h. After washing three times
with PBST, goat anti-mouse IgG (A-10668, Invitrogen) or rabbit
anti-monkey IgG (A2054-1ML, sigma, dilution:1:45,000) conjugated
with horseradish peroxidase was diluted 1:30,000 in sample
diluent and 100 μl was added to each well. The plate was then
incubated again at 37 °C for 1 h followed by three washes with
PBST. Subsequently, 100 μl of TMB substrate (Thermo Fisher
Science) was added to each well and incubated at room
temperature for 15min. The reaction was stopped using a stop
solution (SolarBio, C1058). Absorbance was measured at 450 and
630 nm. Wells with no serum served as blank controls, and the
threshold was set at 2.1 times the positive result control. Positive
results were interpreted as OD450–630nm > 0.1. IgG endpoint titers
were defined as the dilution factor.

Detection of inflammatory factors in serum
Serum samples from non-immunized mice were collected as
0-hour samples, followed by serum collection at 5 and 24 h post-
immunization. The Bio-Plex Pro kit (BioRAD, #64521678) was
utilized and assays were conducted on the Bio-Plex system (Bio-
Rad) following the manufacturer’s protocol.

Live CHIKV virus neutralization assay
To determine the serum-neutralizing antibodies against the live
CHIKV virus, we performed the authentic virus neutralization
assay. Mouse serum was inactivated at 56 °C for 30min, then
serially diluted two-fold starting from 1:16 to 1:2048 with DMEM
medium in 96-well plates for micro-neutralization assay. Each well
contains 50 μl of each diluted serum sample. Viruses were diluted
to 2000 PFU/ml with DMEM, and 50 μl of the diluted virus was
added to each well containing an equal volume of diluted serum
sample, followed by incubation at 37 °C for 1 h. Then 100 μl of
Vero cells (1.5 × 104 cells/well) were added to 96-well plates and
incubated for 5–7 days. The cytopathogenic effects (CPE) were
observed by microscope to evaluate the neutralizing ability of the
serum sample. The Karber method was used to calculate the
neutralizing antibodies titers, which was the highest serum
dilution resulting in 50% neutralization inhibition. For example,
the sample was serially diluted two-fold, and 2 parallel holes were
set for each dilution gradient. To quickly calculate neutralizing
antibody titers, If CPE occurs in one well and no CPE occurs in the
other well at a certain dilution, the reciprocal of the dilution was
used as the titer of the serum-neutralizing antibody. If there was
no CPE in a certain dilution test hole, the average of the reciprocal
dilution and the reciprocal dilution of the next dilution was used
as the titer of the serum-neutralizing antibody.

Pseudovirus-based neutralization assay
A total of 5 CHIKV pseudoviruses were employed to evaluate the
overall neutralizing antibody titers in the serum of immunized
mice. All pseudoviruses were detected with assistance from the
research group of Youchun Wang. The serum to be tested was
heat-inactivated at 56 °C for 30 min. Starting with an initial dilution
of 1:90 (rhesus macaque, 1:900), the serum was serially diluted
threefold in a 96-well plate. The pseudovirus was incubated with
serially diluted serum samples from mice immunized with vaccine
at 37 °C for 1 h, and then mixed with 293T cells in a 96-well plate,
followed by incubation for 48 h. The infectivity of pHIV-CHIKV-Fluc
was determined by measuring bioluminescence. The 50%
inhibitory dilution (ID50) is defined as the neutralizing antibody
titer of the serum. The dilution range is 90–1,968,300.

ELISPOTS assay
The ELISPOTS assay was conducted according to the manufac-
turer’s instructions (Mabtech). In brief, mouse spleens were
harvested and PBMCs were isolated following the instructions of
the kit (Solabio, #P8860). Stimulation of cells was performed using
E2 protein (2 μg/106 cells) or inactivated virus (105/well);
unstimulated cells were as a negative control for every sample
and cells stimulated by PHA was as a positive control. After 24 h,
followed by equilibration, washing, and stimulation of cells in a 96-
well plate (3321-4APT-10, 3441-4APW-10, 3311-4APW-2, Mabtech)
according to the manufacturer’s instructions, and cell counting
and photography were performed on MABTECH IRISTM.

Quantification of viral load in mice
The viral RNA load in the blood and tissues of challenged mice was
detected by RT–qPCR. Blood samples were mixed with Trizol at a
ratio of 1:3, while tissue samples weighing 100–200mg were added
to 800 μl Trizol and thoroughly homogenized for inactivation. RNA
was extracted from 200 μl Trizol samples using the UPure Virus RNA
Plus Kit (Cat# M2006P-A96, Biokeystone, China), and the extracted
nucleic acids were used for RT-qPCR detection. RT-qPCR detection
was performed using TaqMan Fast Virus 1-Step Master Mix (Cat#
4444432, Thermo Fisher Scientific, USA) on a CFX384 Touch Real-
Time PCR Detection System (Bio-Rad, USA). Primers and probes
targeting the viral structural protein were synthesized as follows:
CHIKV-F: 5’-AAGCTCCGCGTCCTTTACCAAG-3’, CHIKV-R: 5’-CCAAATT
GTCCTGGTCTTCCT-3’, CHIKV-Probe: 5’-FAM-CCAATGTCTTCAGCCTG-
GACACCTTT-TAMRA-3’. Plasmids containing the target were used as
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standard samples after gradient dilution. One-step RT-PCR was
carried out under the following conditions: 2min at 25 °C, 15min at
50 °C, and 2min at 95 °C, followed by 40 cycles of 5 s at 95 °C and
31 s at 60 °C.

Histopathology
The tissues were fixed in 4% paraformaldehyde solution for 72 h,
embedded in paraffin, and sectioned at 5 μm thickness for
hematoxylin and eosin (H&E) staining. The sections were scanned
by 3DHISTECH. The HE-stained sections were evaluated by
experienced pathologists using the CaseViewer provided by the
manufacturer for scoring.
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