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A B S T R A C T

Arthropod-borne chikungunya virus (CHIKV) infection can cause a debilitating arthritic disease in human.
However, there are no specific antiviral drugs and effective licensed vaccines against CHIKV available for clinical
use. Here, we developed an mRNA-lipid nanoparticle (mRNA-LNP) vaccine expressing CHIKV E2-E1 antigen, and
compared its immunogenicity with soluble recombinant protein sE2-E1 antigen expressed in S2 cells. For com-
parison, we first showed that recombinant protein antigens mixed with aluminum adjuvant elicit strong antigen-
specific humoral immune response and a moderate cellular immune response in C57BL/6 mice. Moreover, sE2-E1
vaccine stimulated 12–23 folds more neutralizing antibodies than sE1 vaccine and sE2 vaccine. Significantly,
when E2-E1 gene was delivered by an mRNA-LNP vaccine, not only the better magnitude of neutralizing antibody
responses was induced, but also greater cellular immune responses were generated, especially for CD8þ T cell
responses. Moreover, E2-E1-LNP induced CD8þ T cells can perform cytotoxic effect in vivo. Considering its better
immunogenicity and convenience of preparation, we suggest that more attention should be placed to develop
CHIKV E2-E1-LNP mRNA vaccine.
1. Introduction

Chikungunya virus (CHIKV) is an arthropod-borne alphavirus trans-
mitted by Aedes aegypti. It was first recognized as a human pathogen in
1952 (Robinson, 1955), and then caused sporadic human outbreaks in
Africa and Southeast Asia in the next half century (AnnM. Powers, 2000).
More recently, CHIKV has further spread to other places including islands
around the India Ocean and Latin America (ECDC, 2020; PAHO, 2021).
Global cumulative cases of CHIKV infection is estimated to have reached
10 million (Suhrbier, 2019). Along with the viral transmission, new ge-
notypes such as the Asian and the India Ocean Lineage (IOL) had
appeared, originated from the East/Central/South African (ECSA),
associated with more urban transmission; while the original West Africa
genotype was limited to sylvatic cycle (Volk et al., 2010). Of note, an
adaptive mutation in the structure protein E1(A226V) has increased its
viral fitness in Aedes albopictus (Tsetsarkin et al. 2007, 2009), allowing
more efficient CHIKV transmission and making it a potential biosecurity
threat.
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The clinical manifestations of patients with CHIKV infection are
divided into acute and chronic phases. In the acute phase (1–14 days),
fever, headache, multiple joint pain, rash, muscle pain, back pain, fatigue
and high viremia are the main clinical manifestations (Thiberville et al.,
2013). In the chronic phase, persistent arthritis and arthralgia are the
most common symptoms (Borgherini et al., 2008; Chopra et al., 2011).
Vaccination is the most economic route to prevent CHIKV infection,
however, there is no licensed CHIKV vaccine yet. Several vaccine stra-
tegies are under development, including inactivated vaccine (Tiwari
et al., 2009; Kumar et al., 2012; DeZure et al., 2016), live-attenuated
vaccine (LAV) (Edelman et al., 2000; Kim et al., 2011; Hallengard
et al., 2014a), DNA vaccine (Tretyakova et al., 2014; Muthumani et al.,
2016), chimeric vaccine (Brandler et al., 2013; Doel et al., 2014),
virus-like particles (VLP) vaccine (Akahata et al., 2010; Metza et al.,
2013; Chang et al., 2014) and subunit vaccine (Khan et al., 2012; Kumar
et al., 2012; Metza et al., 2013). The antigen of choice is relatively
straightforward. CHIKV envelope protein E1 and E2 form heterodimers
which then further trimerize to form 80 spikes displayed on viral
inxia@serum-china.com.cn (X. Jin).
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Fig. 1. sE2-E1 heterodimer subunit vaccine elicits potent humoral immune responses. A Schematic diagram of CHIKV subunit vaccine candidates. Soluble E2-E1
heterodimer consists of structure protein E1 and E2 with a (GGGGS)4 liner. Transmembrane domains were deleted to improve protein secretion. B Immune strat-
egy of CHIKV subunit vaccines, 6–8 weeks-old C57BL/6 mice were divided into four groups and immunized with vaccine candidates (10 μg, n ¼ 6) or PBS with
aluminium adjuvant at weeks 0, 2, 4 via subcutaneous injection, and sera were collected at weeks 4 and 6. (C–D) CHIKV subunit vaccines induced antigen specific IgG
titers were detected by ELISA, and antibodies were captured with sE1 protein (C) or sE2 protein (D) using V5-pAb pre-coating ELISA plate. E–F CHIKV neutralizing
antibodies were detected by neutralizing assay based on CHIKV pseudovirus at two weeks after the 2nd immunization (E) and the 3rd immunization (F). Statistical
differences were determined using t-test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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membrane (Li et al., 2010). E1 plays an important role during membrane
fusion (Li et al., 2010) and E2 is responsible for receptor binding (Fox
et al., 2015; Smith et al., 2015; Weaver et al., 2017). Therefore, E1 and E2
proteins are often selected as immunogens in vaccines. The crystal
structure of CHIKV E2-E1 complex expressed in S2 cells can fit the spikes
on the available cyto-EM structure of the alphavirus surface (Voss et al.,
2010), indicating that CHIKV E2-E1 have attractive antigenic potential.

Humoral immunity plays an important role in virus clearance. The
viremia can be rapidly cleared in wild type C57BL/6 mice when infected
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with an attenuatedCHIKV strain (181/25), but not in B cell deficient (μMT)
mice (Lum et al., 2013), indicating the directly cleanup effect of virus spe-
cific antibodies. Moreover, passive transfer of IgG or immune serum from
CHIKV vaccine immunized animals to naïvemice can provide protection to
recipients against lethal challenge (Akahata et al., 2010; Chu et al., 2013).

Recent studies suggest that T cells affect the outcomes of CHIKV
infection. In experimental models, IFN-γ-producing CD4þ T cells are
associated with pathology, as their depletion reduced joint swelling of
CHIKV infected mice (Teo et al., 2013). However, CD4þ T cells can assist



Fig. 2. sE2-E1 heterodimer elicits moderate cellular immune responses. A–B Splenocytes were harvested at weeks 6 and used to quantify antigen specific IL-4-
producing T cells (A) or IFN-γ-producing T cells (B) by ELISpot assay. Protein sE2-E1, CD4þ T cell restricted peptide E2EP3 (STKDNFNVYKATRPYLAH) and CD8þ

T cell restricted peptide E1328-345 (CAVHSMTNAVTIREAEIE) were used as stimulators. Statistical differences were determined using t-test (*P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001).

Fig. 3. The design and expression of CHIKV mRNA antigen in vitro. A Schematic
illustration of CHIKV mRNA consisting of a 50 cap, a 50 UTR, a signal peptide IgE,
an antigen sE2-E1, a 30 UTR, and a 30 poly(A) tail. B Protein expression in
mRNA-transfected HEK293T cells. Protein was detected by Western blot with
his-tag monoclonal antibody.
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CD8þ T cells to better protect CHIKV infection. The depletion of CD8þ T
cells alone can reduce the efficacy of cytotoxic T-lymphocytes (CTL)-based
vaccine, but the depletion of both CD8þ and CD4þ T cells decreases the
protective role of the vaccine further (Broeckel et al., 2019). In addition,
the protective role of CD8þ T cells to control viral infection was also re-
ported in other alphaviruses including Ross River virus (Burrack et al.,
2015) and Sindbis virus (Gwendolyn K. Binder, 2001). Therefore, an ideal
CHIKV vaccine need to induce protective antibodies and appropriate T cell
responses. However, the ongoing researches of CHIKV vaccines can't meet
these requirements completely, and there is still an urgent need to develop
an effective and appropriate CHIKV vaccine.

Recently, mRNA vaccine platform has received widespread public
attention due in part to its successful application to making vaccines
against SARS-CoV-2 (Polack et al., 2020; Sahin et al., 2020). Scientific
research on mRNA vaccines, however, had already shown its promise in
the areas of human immunodeficiency virus (Pollard et al., 2013; Bahl
et al., 2017), Zika virus (Richner et al., 2017), dengue virus (Zhang et al.,
2020) and influenza virus (Vogel et al., 2018). The theoretical
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advantages of mRNA vaccine are to induce robust cellular immune
response, especially CD8þ T cell response, and capable of inducing potent
humoral immune responses without the addition of adjuvants.

Here, we first established a recombinant CHIKV subunit vaccine
system for comparator and then chose the most promising antigen for
construction of an mRNA vaccine. We show that an mRNA vaccine
expressing the E2-E1 protein elicited better antibody responses and
greater cellular immune responses than the recombinant protein in a
murine model.

2. Materials and methods

2.1. Cell culture and viruses

HEK293T and 293A cells were cultured in DMEM (Gibco) containing
10% FBS (Gibco) and 1% Penicillin-Streptomycin; S2 cells were cultured
in Schneiderís Drosophila Medium (SDM) (Gibco) containing 10% FBS
and 1% Penicillin-Streptomycin or Express Five™ SFM (Gibco) contain-
ing 1% Penicillin-Streptomycin while expressing proteins.

2.2. Plasmid construction

Genes encoding chikungunya structure proteins were based on a
CHIKV-Asian strain (GenBank accession No: CAX63317.3) and synthe-
sized by GenScript (Nanjing, China). For protein expression, sequence of
E3-E2-E1, E3-E2andE1were constructed into pMT/BiP/V5-HisAplasmid
(Invitrogen), respectively, which is the expression vector of theDrosophila
expression system. Among these plasmids, transmembrane domain of E3-
E2 and E1 sequencewere deleted to obtain soluble E2 and E1 protein, and
E3-E2-E1 sequence was designed according to the strategy of producing
crystal E3-E2-E1 that had been reported previously (Voss et al., 2010).
Briefly, transmembrane domain of E2, E1 and the sequence of 6k were
deleted and replaced with a linker sequence of (GGGGS)4. His tag was
added at E1 C-terminal. For the production of chikungunya pseudovirus,
the chikungunya structure genes were constructed into the envelope
vector pCMV-3tag-9 to obtain pCMV-CHIKV-E3-E1. For mRNA construc-
tion, sequence of E3-E2-linker-E1 was constructed into mRNA expression
vector pok12-50UTR-ORF-30UTR (Zhang et al., 2020).

2.3. Recombinant proteins production and purification

pMT-sE2-E1, pMT-sE2, or pMT-sE1 were co-transfected with pCo-
blast plasmid into Drosophila melanogaster Schneider 2 (S2) cells,
respectively, using a Calcium Phosphate Transfection kit (Invitrogen).
The transfected S2 cells were selected by SDM with 25 μg/mL blasti-
cidin and 10% FBS for four weeks. 10 μmol/L CdCl2 was then added



Fig. 4. CHIKV E2-E1-LNP mRNA vaccine elicits potent antibody responses better than the sE2-E1 heterodimer subunit vaccine. A Immune strategy of CHIKV E2-E1-
LNP. 6-8 weeks-old female C57BL/6 mice were immunized with 10 μg E2-E1-LNP or Empty-LNP (n ¼ 6) at weeks 0, 4 and 8 through intramuscular injection. Antibody
responses were measured at weeks 2, 6 and 10. B CHIKV specific binding antibodies were detected by ELISA coating with sE2-E1 heterodimer protein. C CHIKV
specific neutralizing antibodies were detected by neutralization assay based on CHIKV pseudoviral system. D Antigen specific binding antibodies of the subunit
vaccine or mRNA vaccine immunized mice after the 3rd immunization were captured with sE2-E1 protein using V5-pAb pre-coating ELISA plate. E CHIKV neutralizing
antibodies detection of serum samples from sE2-E1 protein or E2-E1-LNP immunized mice after the 3rd immunization. Statistical differences were determined using t-
test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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into to the survived S2 cells to induce protein expression. After verified
by Western blot, the selected S2 cells were scale-up cultured in SFM
(Expressive Five™ SFM) with 10 μg/mL blasticidin and produced pro-
teins under the induction of 10 μmol/L CdCl2 condition. After 7 days
post induction, the supernatants were collected and proteins were pu-
rified following the protocol of Ni-NTA purification system. Briefly,
concentrated supernatants were mixed with Ni-NTA agarose (Invi-
trogen) in native binding buffer and rotated at 4 �C for 4 h, followed by
washing twice with native washing buffer. Proteins were eluted by
native purification buffer with concentration gradient of imidazole. The
purity of protein was verified by SDS-PAGE. Finally, purified proteins
were dialyzed in PBS for 3 cycles and stocked in �80 �C freezer.

2.4. SDS-PAGE and western blot

Purified CHIKV recombinant proteins were verified by SDS-PAGE for
molecular size and Western blot assay for specificity. In denaturing
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condition, proteins with SDS-PAGE sample loading buffer (Beyotime)
were incubated at 100 �C for 10 min and separated on a 10% SDS-PAGE
gel. In non-denaturing condition, proteins with native gel sample loading
buffer (Beyotime) and separated on a 10% SDS-PAGE gel. The gel was
stained with Coomassie brilliant blue G-250 (Thermo Scientific) to check
out the purity of recombinant proteins or transferred onto a poly-
vinylidene difluoride (PVDF) membrane (Millipore), followed by being
recognized with anti-chikungunya polyclonal antibody (pAb) (IBT bio-
services) and a secondary anti-mouse IgG antibody (Promega) and finally
colorized using the BCIP/NBT Alkaline Phosphatase Color Development
Kit (Beyotime). For detection of mRNA mediated protein expression, cell
culture supernatant and cell lysate samples were incubated at 100 �C for
10 min and separated on a 10% SDS-PAGE gel and transferred onto a
PVDF membrane (Millipore). The specific protein was recognized by his-
tag monoclonal antibody (proteintech) and a secondary goat anti-mouse
IgG-HRP antibody (Sounthern Biotech) and finally colorized by chem-
iluminescence imaging (Tanon).



Fig. 5. CHIKV specific antibody induced by E2-E1-LNP is dose dependent. A 6-8 weeks-old female C57BL/6 mice were immunized with 0.2 μg, 1 μg, 5 μg, 10 μg E2-
E1-LNP or Empty-LNP (n ¼ 4–6) at weeks 0, 4 and 8 through intramuscular injection. Sera were collected at 6 weeks after the last immunization. B Antigen specific
binding antibodies were determined by ELISA. C Antigen specific neutralizing antibody were determined by pseudoviral neutralization assay. Statistical differences
were determined using t-test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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2.5. mRNA and lipid nanoparticle (LNP) production

The production of mRNA-LNP was described previously (Zhang et al.,
2020). Briefly, RNA was produced using T7 RNA polymerase on linear-
ized plasmids (pok12-50UTR-CHIKV-E2-E1-30UTR) encoding CHIKV
E2-E1 protein. The UTP was substituted with 1 mψ (1-methylpseudour-
idine-50-triphosphate) (TriLink BioTechnologies) to improve protein
expression. Then the transcriptional RNA was added with Cap1 and
poly(A) tails by using the Vaccinia Capping System and E. coli poly(A)
polymerase (New England Biolabs), respectively. The mRNA was stored
at �80 �C freezer.

For LNP production, D-Lin-MC3-DMA (MedChemExpress), DSPC
(Avanti Polar Lipids), cholesterol (Sigma), and PEG-lipid (Avanti Polar
Lipids) were solubilized in ethanol respectively and mixed with a molar
ratio of 50:10:38.5:1.5. The lipid mixture was then mixed with an
aqueous buffer (50 mmol/L citrate buffer [pH 4.0]), reaching the final
lipid concentration of 7.37 mg/mL. Then the lipid mixture and mRNA
were added into the NanoAssemblr™ with the volume ratio of 1:3 to
obtain mRNA-LNP. Then the diluted LNP-encapsulated mRNA samples
were concentrated to appropriate volume and passed through 0.22 μm
filters. The produced mRNA-LNP was stored at 4 �C until use. The
encapsulation efficiency was measured with the Quant-iT RiboGreen
RNA Assay Kit (Life Technologies) using a microplate reader.

2.6. Mouse immunization

For subunit vaccine immune strategy, immunogens including protein
sE2-E1, sE2 and sE1 were diluted in PBS to 200 μg/mL respectively and
mixedwith aluminum adjuvant in PBS to the same volume. Twenty-four 6-
week-old female C57BL/6 mice were divided into four groups and were
immunized with 100 μL of the mixed solution, equivalently 10 μg protein
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each mouse. Three injections were operated at weeks 0, 2 and 4 respec-
tively. Sera were collected at weeks 4 and 6. For mRNA vaccine immune
strategy, eleven mice were divided into two groups and immunized with
10 μg E2-E1 LNP (six mice) or Empty-LNP (five mice) at weeks 0, 4, and 8.
Serum samples were collected at two weeks after immunization. For
mRNA vaccine immune strategy of dosage optimization, twenty-nine
C57BL/6 mice were divided into five groups and were immunized with
0.2 μg, 1 μg, 5 μg or 10 μg E2-E1 LNP (six mice per group) or Empty-LNP
(five mice) in a same volume (50 μL) at weeks 0, 4, and 8, respectively.
Sera and splenocytes were harvested at 6 weeks after the last immuniza-
tion for measurement of antibody responses and T cell responses.

2.7. ELISA

For binding antibody measurement in subunit vaccine immunized
mice, V5-tag antibody (GenScript) was diluted to 1 μg/mL in PBS and
coated in 96 well high binding plate (Corning, USA) overnight at 4 �C.
After three times of wash with PBS containing 0.05% Tween-20 (PBST),
the plates were blocked with PBST containing 3% BSA at 37 �C for 2 h
and then washed 5 times with PBST. Then, protein sE1 or sE2 was diluted
in PBST containing 1% BSA to 5 μg/mL and added into plate and incu-
bated at 37 �C for 1 h. Mouse serum samples were incubated at 56 �C for
30 min and 2-fold diluted in PBST containing 1% BSA, then were incu-
bated in plates at 37 �C for 1 h. After five times of washes, secondary
HRP-conjugated goat anti-mouse IgG (Santa Cruz Biotechnology, USA)
was diluted in PBST with 1% BSA with the ratio of 1:5000 and incubated
at 37 �C for 1 h. Excessive antibody was washed off and TMB substrate
(Life technology, USA) was added to the plates for chromogenic reaction,
which was stopped with 2 mol/L HCl. The absorbance was measured at
450 nm using a microplate reader. For binding antibody measurement in
mRNA vaccine immunizedmice, protein sE2-E1 was diluted to 1.5 μg/mL



Fig. 6. CHIKV E2-E1-LNP mRNA vaccine induces antigen specific T cell responses. A–FMice (n ¼ 5–6 each group) were sacrificed and splenocytes were harvested at 6
weeks after the last immunization and used to quantify antigen specific IL-4-producing T cells (A–C) or IFN-γ-producing T cells (D–F) by ELISpot assay. Protein sE2-E1,
CD4þ T cell restricted peptide E2EP3 and CD8þ T cell restricted peptide E1328-345 were used as stimulations. Statistical differences were determined using t-test (*P <

0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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in PBS and then was directly coated in 96 well high binding plate over-
night at 4 �C. After blocking and washing, plates were incubated with
diluted serum, and the following steps were the same as above.

2.8. Production of CHIKV pseudotyped virus

Production of CHIKV pseudovirus was similar to that of influenza
pseudovirus which has been described previously (Ren et al., 2016).
Briefly, 14 μg plasmid pHIV-luc, 14 μg pCMV-Δ8.9 and 14 μg
pCMV-CHIKV-E3-E1 in opti-MEMwere mixed with 84 μg polyetherimide
in opti-MEM, and incubated in room temperature for 30 min. Then the
mixture was co-transfected to HEK293T cells cultured in DMEM in 10
cm2 dish. Four hours later, added 3 mL DMEM with 10% FBS and
cultured at 37 �C overnight, followed by changing the medium with 10
mL DMEM containing 10% FBS and 100 μmol/L sodium butyrate. 8 h
later, the medium was replaced with 10 mL fresh DMEM containing 10%
FBS, and cells were cultured at 37 �C for 48 h. Chikungunya
pseudovirus-containning supernatants were collected after centrifuging
at 6000 rpm for 20 min and stocked in �80 �C freezer.

2.9. Pseudovirus neutralizing assay

9� 104 293A cells each well were seeded in 48-well-plate (Nunc) and
cultured at 37 �C overnight. Mouse serum samples were incubated at 56
�C for 30 min and 3-fold diluted in DMEM containing 3% FBS, and then
were incubated with CHIKV pseudoviruses at room temperature for 1 h.
The mixture of CHIKV pseoduviruses and mouse serum samples were
added into 293A cells. After 18 h, the medium was replaced with fresh
271
DMEM with 10% FBS. 72 h later, the medium was removed and 70 μL 1
� Glo lysis buffer was added into each well. Then the lysate was trans-
ferred into 96-well plate and added with 30 μL Bright-Glo luciferase
substrates (Promega, USA). The luminescence was measured using a
multimode plate-reader.

2.10. ELISpot assay

ELISpot assays were performed according to the manufacturer's
protocol (Mabtech) to detect cytokines-producing T cells in the sple-
nocytes. Briefly, ELISpot plates were coated with cytokine specific
coating antibody at 4 �C overnight. After removing excess antibody and
5 times of washes with PBS, plates were blocked with RPMI 1640 me-
dium containing 10% FBS for 30 min at room temperature. Then we
removed the medium and added 2 μg protein sE2-E1 or 6 μg CD4þ T
cell-restricted peptide E2EP3 or 6 μg CD8þ T cell-restricted peptide
E1328-345 each well as the stimulation. Then splenocytes isolated from
immunized mice were added into the plate and cultured at 37 �C for 48
h. Next, the plates were washed with PBS for 5 times and incubated
with the detection antibody for 2 h at room temperature. After the wash
and incubation with streptavidin-HRP for 1 h, immune spots were
developed by using substrate solution TMB and counted with the
ImmunoSpot Analyzer.

2.11. Flow cytometry

Splenocytes were harvested and suspended in RPMI 1640 medium
containing 10% FBS to 2 � 107 cells/mL. And 100 μL of each sample was



Fig. 7. Antigen specific T cell response elicited by E2-E1-LNP mRNA vaccine is CD8þ T cell dominant. Splenocytes from each group (n ¼ 5–6) were harvested and used
for quantifying antigen specific CD8þIFN-γþ T cells or CD4þIFN-γþ T cells by flow cytometry. A Representative results of mRNA vaccine induced CD8þIFN-γþ T cells. B
Representative results of mRNA vaccine induced CD4þIFN-γþ T cells. C–E Percentage of CD8þIFN-γþ T cells stimulated with sE2-E1 protein (C), E2EP3 peptide (D) and
E1328-345 peptide (E). F–H Percentage of CD4þIFN-γþ T cells stimulated with sE2-E1 protein (F), E2EP3 peptide (G) and E1328-345 peptide (H). Statistical differences
were determined using t-test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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added into 96U well plate. These splenocytes were then stimulated with
PBS, sE2-E1 protein, E2EP3 peptide, E1328-345 peptide or PMA/Inomycin,
respectively. After 1 h incubation at 37 �C, Golgi plug were added into
samples to prevent IFN-γ secretion. Five hours later, cells were trans-
ferred in FCS tube, and then incubated with AF488 anti-mouse CD3
antibody, APC anti-mouse CD8a antibody and BV785 anti-mouse CD4
antibody (Biolegend) at 4 �C for 30 min. After permeabilization and
fixation, cells were washed with PBS twice. Then cells were incubated
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with PE anti-mouse IFN-γ antibody in fixation solution for 30 min and
washed with PBS twice. After resuspending with 300 μL PBS, cells were
analyzed using BD LSRFortessa flow cytometry.

2.12. In vivo killing

Splenocytes from 6 to 8 weeks-old naïve C57BL/6 mice were used as
target cells and incubated with 50 μg/mL CHIKV E1328-345 peptide or



Fig. 8. CHIKV E2-E1-LNP mRNA vaccine induced antigen specific CD8þ T cells perform cytotoxic effect in vivo. Naïve splenocytes pulsed with control peptide were
labelled with 0.1 μmol/L CFSE and naïve splenocytes pulsed with E1328-345 peptide were labelled with 1 μmol/L CFSE. Then the CFSEhigh cells and CFSElow cells were
mixed at 1:1 and transferred into mRNA vaccine immunized mice (n ¼ 5) at 6 weeks after the last immunization. 16 h after adoptive transfer of naïve splenocytes,
immunized mice were sacrificed. Percentage of specific cytotoxic killing was analyzed by flow cytometry. A Representative results of mRNA vaccine induced CD8þ T
cells mediated cytotoxic effect. B Killing rate of each dose groups. Statistical differences were determined using t-test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P
< 0.0001).
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control peptide (Ovalbumin (OVA)CD8þT cell restricted peptide) at 37 �C
for 4 h, and then labelled with either 1 μmol/L carboxy fluorescein suc-
cinimidyl ester (CFSE) for cells pulsed with CHIKV peptide, or 0.1 μmol/L
CFSE for cells pulsed with control OVA peptide. Subsequently, these two
groups of target cells were mixed equally, and transferred intravenously
(i.v.) at 1.5�107 cells/mouse intoCHIKVmRNAvaccine immunizedmice
at 6 weeks after the 3rd immunization. 16 h later, the recipient mice were
sacrificed, and the splenocytes were isolated and analyzed with BD
LSRFortessa flow cytometer for CFSE staining on target cells. The ratios of
in vivokilling in immunizedmicewere calculatedwith the formula:R¼1�

ðFCFSEhighmRNA �FCFSE
low

mRNA Þ
MeanðFCFSEhighEmpty �FCFSElowEmpty Þ (R: killing ratio; F: frequency of cells, e.g. F

CFSEhigh

mRNA means

frequency of CFSE higher cells in CHIKV mRNA immunized mice).
2.13. Statistical analysis

All data were analyzed with GraphPad Prism 7 software. Neutrali-
zation EC50 was analyzed by SPSS. Statistical difference was calculated
by t-test and reported as follows, *, P< 0.05; **, P< 0.01; ***, P< 0.001;
****, P < 0.0001.

3. Results

3.1. sE2-E1 heterodimer subunit vaccine elicits potent humoral immune
responses

To establish a reference based on which the novel mRNA vaccine could
be compared, we first prepared two types of subunit protein vaccines, one
type ismonomer protein including soluble E1 and soluble E2 proteins (sE1,
sE2), another is solubleE2-E1heterodimer (sE2-E1),which connects E1 and
E2using four repeatedGGGGSas linker. The transmembranedomainsof the
proteins were deleted to increase the protein secretion (Fig. 1A). The pro-
teins were expressed in Drosophila S2 cells, and then purified with Ni-NTA
chelate agarose. Purified CHIKV proteins were identified by SDS-PAGE
for size and Western blot for specificity. And these purified proteins are
mostly in the form of monomers (Supplementary Figure S1).

To examine the immunogenicity of these vaccine candidates, 6-week-
old female C57BL/6 mice were immunized subcutaneously with sE2-E1
(10 μg), or sE1 (10 μg), or sE2 (10 μg) mixed in aluminum adjuvant at
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week 0, 2 and 4 (Fig. 1B). Sera were collected at week 4 and 6, and used for
measurement of antibody responses by ELISA and neutralization assay.
After two immunizations, all three immunogens showed induction of
CHIKV specific binding antibodies (Fig. 1C and D). A third immunization
further boosted the antibody titers, the mean titer of anti-sE1 specific
antibody IgG reached 38,400 (sE1 group) and 57,600 (sE2-E1 group)
(Fig. 1C), and anti-sE2 specific antibody IgG reached 24,800 (sE2 group)
and 51,200 (sE2-E1group) (Fig. 1D). sE2-E1 elicited higher antigen specific
binding antibody titers than sE1 (1.5 folds) and sE2 (2 folds) atweek six post
immunization (Fig. 1C and D). Significantly, all three groups had neutral-
izing antibodies to pseudotyped CHIKV after two immunizations, and sE2-
E1 elicited the greatest antibody level, reaching mean IC50 titers to 6480
(Fig. 1E). Moreover, neutralizing antibody levels were all boosted after the
third immunization, reachingmean IC50 titers to1219 (sE1group),626 (sE2
group), and 14,903 (sE2-E1 group), respectively (Fig. 1F). These results
indicated that sE2-E1 is a superior antigen to elicit neutralizing antibody.
3.2. sE2-E1 heterodimer elicits moderate cellular immune response

Besides antibody responses,we further assessed the vaccine inducedT cell
responses in mice. Splenocytes were harvested at two weeks after the 3rd
immunization and used to detect IL-4 or IFN-γ production by antigen-specific
T cells through ELISpot assay. sE2-E1 protein, or an identified CD4þ T cell
restricted-peptideE2EP3 (Teoet al., 2017), or aCD8þTcell restricted-peptide
E1328-345 (Broeckel et al., 2019)wereused as stimulators. Results showed that
high level of IL-4þ T cells was induced with sE2-E1 protein or E2EP3 peptide
stimulation, but not with E1328-345 peptide (Fig. 2A); and modest level of
IFN-γþ T cells was also induced with sE2-E1 protein or E2EP3 peptide stim-
ulation, but not with E1328-345 peptide (Fig. 2B). These results indicated that
sE2-E1 subunit vaccine elicited primarily CD4þ T cell responses of both Th1
and Th2 types, but not CD8þ T cell response.
3.3. CHIKV E2-E1 mRNA vaccine elicits more promising antibody
responses than the sE2-E1 heterodimer recombinant protein vaccine

To test the mRNA platform in the development of CHIKV vaccine, we
constructed an mRNA vaccine expressing the E2-E1 heterodimer protein
(mRNA-E2-E1) (Fig. 3A), and first examined the protein expression by
transfecting mRNA-E2-E1 using HEK293T cells. Western blot showed the
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E2-E1 protein could be expressed in mRNA-E2-E1 transfected cells and
secreted into culture supernatant (Fig. 3B).

To prepare a vaccine for immunization, themRNA-E2-E1was packaged
into LNP (E2-E1-LNP) as the method previously described (Zhang et al.,
2020), and was used to inoculate 6-week-old female C57BL/6 mice intra-
muscularly, with three times of 10 μg E2-E1-LNP or Empty-LNP at four
weeks interval. Serum samples were collected at two weeks after each im-
munization for antibody evaluation (Fig. 4A). Results showed that
E2-E1-LNP elicited antigen specific binding antibodies after the first im-
munization, which was boosted after each subsequent immunization and
reached 106 after the 3rd immunization (Fig. 4B). The neutralizing anti-
bodies as measured by mean IC50 were elevated after each boosting and
reached16,686after the 3rd immunization (Fig. 4C). For comparison, three
doses of E2-E1-LNP elicited 2 folds higher binding antibody levels and 2.6
folds higher neutralizing antibody levels than three doses of sE2-E1 re-
combinant protein (Fig. 4D and E).

3.4. CHIKV specific antibody induced by E2-E1-LNP is dose dependent

To optimize the vaccination dosage of mRNA-E2-E1 vaccine, we
immunized mice with 0.2 μg, 1 μg, 5 μg or 10 μg E2-E1-LNP via intra-
muscular injection at weeks 0, 4 and 8 and sacrificed mice at week 14 (6
weeks after the last immunization), when serum samples were collected
for antibody measurement and splenocytes were harvested for T cell
evaluation (Fig. 5A). The results showed that all E2-E1-LNP immunized
groups elicited antigen-specific binding antibody in a dose dependent
manner (Fig. 5B). Moreover, all but the lowest dose (0.2 μg) E2-E1-LNP
immunized groups elicited neutralizing antibody showing a similar dose
dependent trend (Fig. 5C).

3.5. CHIKV mRNA-E2-E1 vaccine induces potent CD8þ T cell responses

T cell responses induced by E2-E1-LNP were then measured at 6
weeks after the last immunization by ELISpot assay. The results showed
that IL-4þ T cells were moderately activated by the stimulation with sE2-
E1 protein or the E2EP3 peptide in the high dose group (Fig. 6A and B),
but not with the E1328-345 peptide (Fig. 6C). IFN-γ-producing T cells was
moderately induced by stimulation with sE2-E1 protein, but strongly
induced by the stimulation with the CD8þ T cell restricted peptide
(Fig. 6D and F). Moreover, except for the lowest dose (0.2 μg), there is no
difference in the T cell responses induced among the dose groups.
Meanwhile, CD4þ T cell restricted peptide E2EP3 did not significantly
activate IFN-γ-producing T cells (Fig. 6E).

To further verify the phenotype of responding T cells, we performed
flow cytometry assay. Representative data showed that E1328-345 peptide
dominantly activated IFN-γ-producing CD8þ T cells, while IFN-γ-pro-
ducing CD4þ T cells were mainly stimulated by sE2-E1 protein (Fig. 7A
and B). Consistent with results of ELISpot assay, there is no dose de-
pendency for IFN-γ response in either CD8þ T cells or CD4þ T cells
(Fig. 7C–H). These results indicated that 1 μg dosage of CHIKV mRNA
vaccine is enough to induce a suitable CD8þ T cell response in mice.

Finally, we examined the function of CHIKV antigen specific CD8þ T
cells using an in vivo killing assay, in which different concentration CFSE
labelled naïve splenocytes that had been incubated with CHIKV E1328-345
peptide or a control OVA peptide were transferred into CHIKV E2-E1-LNP
mRNA vaccine immunized mice. Results showed that E1328-345 peptide
labelled cells significantly reduced in immunized but not control mice,
indicating that CD8þ T cells induced by E2-E1-LNP vaccine can kill target
cells in vivo (Fig. 8A and B).

4. Discussion

Many efforts had been made to develop a safe and effective CHIKV
vaccine. Here, we demonstrate a novel mRNA vaccine E2-E1-LNP shows
greater immunogenicity compared to the recombinant protein CHIKV
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vaccine candidates expressing various forms of the viral envelope protein.
Specifically, recombinant protein sE2-E1 can induce better neutralizing
antibody responses than recombinant sE1 and sE2; but sE2-E1 in
aluminum adjuvant only induces negligible CD8þ T cell responses. In
comparison, mRNA vaccine expressing E2-E1 antigen can not only elicit
stronger neutralizing antibody responses than recombinant protein sE2-E1,
but also better protective CD8þ T cell response. These results suggest that
CHIKV E2-E1-LNP vaccine is a promising vaccine candidate warrants rapid
development.

It is interesting that E2-E1 heterodimer, and E1 and E2 monomers
have significantly different immunogenicity in our study, despite both
antigens are located on the virion. Epitopes recognized by the mono-
clonal neutralizing antibodies isolated from infected people were re-
ported to locate on both E1 and E2 proteins, indicating that both E1 and
E2 can induce neutralizing antibodies, which may neutralize virus
through various processes, such as receptor binding, viral entry,
membrane fusion and virus release (Masrinoul et al., 2014; Fox et al.,
2015). Therefore, both E1 and E2 are often selected as immunogens in
various vaccine platforms (Mallilankaraman et al., 2011; Khan et al.,
2012; Kumar et al., 2012; Brandler et al., 2013). Previous studies show
that recombinant E1 and E2 proteins often induce only low levels of
antibody response(Khan et al., 2012; Metza et al., 2013); but mixing E1
and E2 into a cocktail can induce higher level of neutralizing antibodies
than using E1 or E2 alone (Khan et al., 2012). The crystallographic
study of E2-E1 complex expressed in S2 cells revealed a heterodimeric
structure, which is very similar to those formed within spikes structure
on virion surface (Voss et al., 2010). Moreover, the alphavirus receptor
mxra8 binding to CHIKV E proteins involves both E1 and E2 protein
(Basore et al., 2019; Song et al., 2019). These may help to explain why
our recombinant sE2-E1 has an outstanding neutralization potency.
Thus, we chose E2-E1 as the antigen of mRNA vaccine.

Our mRNA vaccine expressing E2-E1 is of high immunogenicity,
which elicits not only high level of neutralizing antibody, but also
strong CTL immune response. Previous study indicates that antigen-
specific IgG titer exceeds 104 was correlated with significant protec-
tion (Hallengard et al., 2014b). In this study, the IgG titers in mRNA
vaccinated mice after the 3rd immunization was close to 106, which far
exceeded 104, suggesting the mRNA vaccine may be able to confer
protection. Moreover, cellular immune responses also affect the out-
comes of CHIKV infection. Our results showed both mRNA and re-
combinant protein vaccines activated CD4þ T cells, only E2-E1-LNP
elicit potent CD8þ T cell responses, whereas the recombinant protein
vaccines did not. Because CD8þ T cells generally protect against viral
infections including CHIKV, and CD4þ T cells contribute to the devel-
opment of joint swelling in mouse model (Teo et al. 2013, 2017), we
think a vaccine that activates CD8þ T cells but not very much CD4þ T
cells should be a better one for CHIKV. Theoretically, the endogenous
expressed E2-E1 protein can promote the efficiency of processing and
presentation of CD8þ T cell epitopes compared to recombinant protein
vaccine (Sahin et al., 2014). Therefore, mRNA CHIKV vaccine is supe-
rior to recombinant protein vaccine in this regard.

5. Conclusions

In conclusion, we developed a novel CHIKV E2-E1-LNP mRNA vac-
cine that can induce potent neutralizing antibodies, modest level of CD4þ

T cells, and functional CD8þ T cells. In comparison, recombinant protein
vaccine expressing the same antigen can only elicit antibody responses
and CD4þ T cell responses, but not CD8þ T cells. Thus, mRNA vaccine as a
new vaccine form for CHIKV should be developed with increase priority.
In future we will perform animal challenge experiments to observe effi-
cacy of CHIKV E2-E1-LNP mRNA vaccine, compare the protective effi-
cacy of the mRNA vaccine and the sE2-E1 subunit vaccine, and explore
the relationship between the vaccine induced immune responses and the
protective efficacy.
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