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ABSTRACT

Chikungunya virus (CHIKYV) is a reemerging mosquito-borne alphavirus that causes debilitating arthralgia in humans. Here we
describe the development and testing of novel DNA replicon and protein CHIKV vaccine candidates and evaluate their abilities
to induce antigen-specific immune responses against CHIKV. We also describe homologous and heterologous prime-boost im-
munization strategies using novel and previously developed CHIKYV vaccine candidates. Immunogenicity and efficacy were stud-
ied in a mouse model of CHIKYV infection and showed that the DNA replicon and protein antigen were potent vaccine candi-
dates, particularly when used for priming and boosting, respectively. Several prime-boost immunization strategies eliciting
unmatched humoral and cellular immune responses were identified. Further characterization by antibody epitope mapping re-
vealed differences in the qualitative immune responses induced by the different vaccine candidates and immunization strategies.

Most vaccine modalities resulted in complete protection against wild-type CHIKV infection; however, we did identify circum-
stances under which certain immunization regimens may lead to enhancement of inflammation upon challenge. These results
should help guide the design of CHIKV vaccine studies and will form the basis for further preclinical and clinical evaluation of

these vaccine candidates.

IMPORTANCE

As of today, there is no licensed vaccine to prevent CHIKV infection. In considering potential new vaccine candidates, a vaccine
that could raise long-term protective immunity after a single immunization would be preferable. While humoral immunity
seems to be central for protection against CHIKV infection, we do not yet fully understand the correlates of protection. There-
fore, in the absence of a functional vaccine, there is a need to evaluate a number of different candidates, assessing their merits
when they are used either in a single immunization or in a homologous or heterologous prime-boost modality. Here we show
that while single immunization with various vaccine candidates results in potent responses, combined approaches significantly
enhance responses, suggesting that such approaches need to be considered in the further development of an efficacious CHIKV

vaccine.

hikungunya virus (CHIKV) is an alphavirus of the family
Togaviridae that is transmitted via bites of Aedes mosquitoes
and causes debilitating polyarthralgia in humans (1). During the
past decade, CHIKV has reemerged and caused large epidemics,
predominantly in Africa and Asia, but occasionally on other con-
tinents, including Europe and North America (2). The rapid
spread of CHIKYV is exemplified by the recent outbreaks in several
of the Caribbean Islands, with an imminent risk of further spread
in the surrounding countries with naive populations (3). Thus,
CHIKYV has now been listed as a Category C Priority Pathogen by
the National Institute of Allergy and Infectious Diseases (NIAID)
in the United States and is considered a global health problem.
Chikungunya is a Makonde word that means “which bends
up” and refers to the stooped posture of infected individuals
caused by incapacitating arthralgia, the hallmark of CHIKV infec-
tion (4, 5). Other symptoms of CHIKYV infection include a rapid
onset of high fever, headache, skin rash, and myalgia. Most of the
symptoms normally resolve in weeks but can develop into chronic
joint problems and, in rare cases, even mortality (6-8). There is
currently no CHIKV-specific treatment and no licensed vaccine
that can prevent CHIKV infection (9).
Several CHIKV vaccine candidates are under development (9),
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including attenuated (10-16) or inactivated (17-19) CHIKYV, al-
phavirus chimeras (20-22), and subunit (23-27) and genetic (21,
28-31) vaccines. Moreover, we have reported previously on the
construction and preclinical evaluation of novel CHIKV vaccine
candidates, based on attenuated CHIKV (12) or recombinant
modified vaccinia virus Ankara (MVA) expressing CHIKV anti-
gens (MVA-CHIKYV) (29), that were able to induce strong immu-
nogenicity and efficacy in a mouse model. Both these and other
CHIKYV vaccine candidates have been evaluated in separate studies
as single vaccine modalities, administered by single or multiple
immunizations.

In this study, in addition to the previously described attenu-
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ated A5nsp3 (12) and recombinant MVA-CHIKV (29) vaccine
candidates, novel p62-El protein- and DNA replicon (DREP)-
based CHIKV vaccines were compared. We evaluated immuno-
genicity and efficacy in mice immunized with several homologous
and heterologous prime-boost immunization protocols using dis-
tinct CHIKV vaccine candidates representing different antigens
and vaccine modalities. The DREP platform differs from conven-
tional DNA plasmids in that it encodes the alphavirus (CHIKV)
replicase, which drives the production of the subgenomic RNA
and thus the expression of the encoded CHIKV antigen. More-
over, DREPs also possess intrinsic adjuvant properties, since the
replicase and RNA intermediates stimulate the production of type
1 interferons (IFNs) and apoptosis (32-34). Promising results
have been reported for DNA replicons generated from other al-
phaviruses, including Semliki Forest virus (35-37), Sindbis virus
(38, 39), and Venezuelan equine encephalitis virus (40), when
they are used for priming immunizations prior to boosting with
other vaccine modalities (36).

The heterologous prime-boost approach takes advantage of
the unique immune profiles induced by the different vaccine plat-
forms. For example, both attenuated and genetic vaccines are pro-
duced endogenously and thus can give rise to T-cell-mediated
immune responses. In contrast, protein antigens generally lack the
ability to elicit cytotoxic T cell responses and are thus limited to
the induction of humoral responses. Combining different vaccine
strategies in heterologous prime-boost immunizations should in-
duce a more balanced immune response (in terms of cellular and
humoral immune responses) and should enhance the magnitude
and quality of immune responses over those obtained by homol-
ogous vaccination using a single vaccine modality alone (41).

The novel DREP and protein CHIKV vaccine candidates de-
scribed in this study were both immunogenic and efficient when
used in priming and boosting immunizations. Furthermore, we
have identified several homologous and heterologous prime-
boost immunization strategies that were able to elicit protective
immune responses in the CHIKV mouse model. This important
information will form the basis for immunogen selection in fur-
ther preclinical and clinical testing of these CHIKV vaccine can-
didates.

MATERIALS AND METHODS

CHIKV vaccine candidates. All vaccine constructs were based on the
CHIKYV clone LR2006-OPY1. A DNA replicon vaccine encoding the CHIKV
envelope (termed DREP-Env) was constructed on the basis of a cytomeg-
alovirus (CMV) promoter-launched infectious cDNA clone of CHIKV
(12). Briefly, the region corresponding to nucleotide residues 7565 to
8350 of the CHIKV genome was replaced by the 5" CCTAGGCCACCATG
3" sequence by PCR-based mutagenesis followed by a multistep subclon-
ing procedure. The resulting deletion removed the CHIKV capsid coding
sequence. In addition, the first amino acid residue of the E3 protein (ser-
ine) was replaced by methionine. Details of the cloning procedures and
the sequence of the DREP-Env construct are available upon request.

The construction of the A5nsP3, MVA-CHIKYV, and p62-E1 CHIKV
vaccine candidates has been described previously. Briefly, the A5nsP3
vaccine candidate was formed by attenuating an infectious CHIKV by a
large deletion in the nsP3 gene (12); MVA-CHIKV was constructed by
inserting the cDNA encoding the structural polyprotein of CHIKV (C, E3,
E2, 6K, E1) into MVA (29); and the soluble recombinant p62-E1 CHIKV
protein was formed by joining the ectodomains of the CHIKV p62 and E1
proteins with a glycine-serine linker (42). Wild-type (WT) CHIKV (43)
was used for challenge and as a reference for immunizations.
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Immunizations. Female C57BL/6 mice, 5 to 6 weeks old, were immu-
nized once or twice with the different CHIKV vaccine candidates—
DREP-Env, the A5nsP3 attenuated CHIKV, MVA-CHIKV, or CHIKV
p62-E1—Dby using various homologous or heterologous prime-boost im-
munization protocols with a 3-week interval between priming and boost-
ing. Ten micrograms of DREP-Env DNA diluted in 2X 20 pl of phos-
phate-buffered saline (PBS) was injected intradermally, followed by in
vivo electroporation using the Derma Vax electroporation device as de-
scribed previously (44). A total of 10° PFU of the A5nsP3 attenuated
CHIKV or WT CHIKYV diluted in 2X 50 wl of PBS was injected subcuta-
neously, and 107 PFU of recombinant MVA-CHIKV was diluted in 200 .l
of PBS and was injected intraperitoneally. One microgram of CHIKV
p62-E1 protein was diluted in 2X 50 pl of PBS and was administered
intramuscularly. CHIKV p62-E1 protein was injected alone or was mixed
with 25 pl of the adjuvant AS03 (1/10 of the human dose) (GlaxoSmith-
Kline Biologicals S.A., Rixensart, Belgium) or with 5 pg of the adjuvant
Matrix-M (Novavax, Gaithersburg, MD, USA). Some groups of mice were
immunized with two vaccine candidates on the same occasion but at
different injection sites. All experiments were performed in at least two
separate iterations.

B and T cell responses. CHIKV-specific humoral and cellular im-
mune responses induced prior to challenge by the different prime-boost
immunization protocols were assessed by an enzyme-linked immunosor-
bent assay (ELISA), a neutralization assay, and an IFN-vy enzyme-linked
immunosorbent spot (ELISpot) assay (Mabtech AB, Nacka Strand, Swe-
den) as described previously (12, 29, 45). In the IFN-y ELISpot assay,
splenocytes from immunized mice were collected 8 days after the last
immunization, and 10° splenocytes were plated per well. Then the cells
were stimulated with 2.5 pug/ml of a CD8 T-cell-restricted CHIKV E1
peptide (HSMTNAVTI [31]) or with 10 pg/ml of CHIKV p62-E1 protein
(42). Responses of >25 spot-forming units (SFU)/10° splenocytes and a
minimum of four times above background were regarded as positive.

Epitope determination and structural localization. Specific linear B
cell epitopes on CHIKYV glycoprotein E2 were identified via peptide-based
ELISAs (46-49). Briefly, heat-inactivated pooled sera from vaccinated
mice were screened using overlapping synthetic 18-mer biotinylated pep-
tides synthesized on the basis of a consensus E2 glycoprotein sequence
(Mimotopes) (46, 48). Streptavidin-coated 96-well plates (Nunc) were
first blocked with 1% (wt/vol) sodium caseinate (Sigma-Aldrich) in 0.1%
PBST (0.1% Tween 20 in PBS) for 1 h at room temperature. Peptides were
dissolved in dimethyl sulfoxide (DMSO) to a concentration of 15 pg/ml
before being diluted 1:1,000 in 0.1% PBST and subsequently used to coat
the plates (100 pl/well). Heat-inactivated pooled sera were diluted 1:500
in 0.1% sodium caseinate in 0.1% PBST; 100 pl was added to each well;
and wells were incubated for 1 h at 37°C. Horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG antibodies (Abs) (Santa Cruz) diluted
1:10,000 in 0.1% sodium caseinate in 0.1% PBST were used to detect the
bound Abs. Reactions were developed with a 3,3",5,5"-tetramethylbenzi-
dine substrate (Sigma-Aldrich) and were terminated by Stop reagent (Sig-
ma-Aldrich). Absorbance at 450 nm was measured using a Tecan Infinite
M200 microplate reader and was analyzed using Magellan software. Pep-
tides were considered positive when the absorbance value was higher than
the mean of the absorbance value for the nonvaccinated mice plus 6 stan-
dard deviations (SD). Positive peptides were plotted as the signal relative
to that for a positive peptide, E2EP3 (47-50), obtained with WT CHIKV-
infected mice sera. The structural data for the E2 glycoprotein were re-
trieved from the Protein Data Bank (PDB) (identification code [ID]
3N42) and were visualized using UCSF Chimera software (51).

Challenge. Seven weeks after the last immunization, mice were chal-
lenged with a total of 10° PFU of WT CHIKV in 2X 20 pl PBS adminis-
tered subcutaneously to the dorsal sides of the feet of both hind legs. Levels
of viremia and foot swelling postchallenge were determined by plaque
assays and by measurement of the height and breadth of the feet, respec-
tively (12, 29).
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TABLE 1 CHIKV vaccine candidates

Dose and
Vaccine Description route” Reference
DREP-Env DNA replicon (DREP) encoding 10 pgi.d. + This study
nsP1 to nsP4 and EI to E3 EP
(Env)
A5nsP3 CHIKYV attenuated by a large 10° PFUs.c. 12
attenuated deletion in nsP3
virus
p62-El Recombinant CHIKV El1 to E3 1 pgim. 42

(with p62 linked to E1)
MVA-CHIKV Recombinant MVA encoding
capsid and E1 to E3

107 PFUip. 29

“1.d., intradermally; s.c., subcutaneously; i.m., intramuscularly; i.p., intraperitoneally.
EP, electroporation.

Statistical analysis. Statistical analysis was performed using Graph-
Pad Prism software, version 5 (GraphPad Software, La Jolla, CA, USA),
and a Kruskal-Wallis test followed by post hoc analysis by Dunn’s test was
used for multiple comparisons. A Spearman rank test was used to examine
correlations between IgG titers prechallenge and viremia and foot swelling
postchallenge.

Ethics statement. All animal work was conducted in biosafety level 3
laboratories at the Astrid Fagraeus Laboratory at the Karolinska Institutet,
Stockholm, Sweden, in accordance with the recommendations of the Na-
tional Board for Laboratory Animals. The study protocol was approved by
the local ethics committee (Stockholm’s Norra Djurforsoksetiska
Nimnd) under permit N74/11.

RESULTS

Adjuvants enhance the immunogenicity and efficacy of a het-
erodimeric CHIKV p62-E1 protein antigen. We have previously
evaluated different CHIKV vaccine candidates based on attenu-
ated CHIKV administered either as infectious virus or as DNA-
launched full-length replicating vaccines (12). We now wanted to
expand our portfolio with new CHIKV vaccine candidates; one
such is a protein preparation consisting of a covalently linked
CHIKYV p62-E1 heterodimer generously provided by Felix Rey of
the Pasteur Institute (42). The protein antigen and the other
CHIKV immunogens are described in Table 1. To determine a
suitable adjuvant for the CHIKV p62-E1 protein antigen, we chose
two state-of-the-art adjuvants, Matrix-M (52) and AS03 (53).
C57BL/6 mice were immunized with p62-E1 protein with or with-
out an adjuvant, and sera were collected 6 weeks after the last
immunization. The resulting IgG titers showed that p62-E1-spe-
cific antibodies were absent in 80% of mice immunized once with
p62-E1 protein without an adjuvant (Fig. 1A). After two immu-
nizations with p62-E1 protein without an adjuvant, IgG titers
were detected in 80% of mice. In contrast, p62-E1 protein with
either the ASO3 or the Matrix-M adjuvant elicited IgG titers in all
mice, and two immunizations with p62-E1 plus an adjuvant in-
duced significantly higher titers than two immunizations with
p62-E1 alone (P, <0.05 and <0.001, respectively). Furthermore,
the Th1/Th2 ratio was studied by examining the anti-CHIKV
p62-El titers of induced IgG2c¢ (Th1) and IgG1 (Th2) isotypes.
Immunizations with CHIKV p62-E1 protein and the AS03 or Ma-
trix-M adjuvant induced higher IgG1 and IgG2c titers than im-
munizations with CHIKV p62-E1 alone (Fig. 1B). Moreover, im-
munization with p62-E1 formulated with AS03 elicited slightly
higher IgG1 responses, whereas p62-E1 mixed with Matrix-M in-
duced a balanced IgG1/IgG2c profile (Fig. 1B).
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Seven weeks after the last immunization, mice were challenged
with 10° PFU of CHIKV. CHIKV viremia was determined by a
plaque assay 2 days postchallenge, and the results showed that low
anti-CHIKV antibody responses prior to challenge correlated
with the induction of high-titer viremia (Fig. 1C). Mice immu-
nized with one or two doses of CHIKV p62-E1 protein without an
adjuvant had high levels of viremia. However, mice immunized
twice with p62-E1 and Matrix-M were significantly protected
from viremia (P < 0.05), and 80% of mice immunized twice with
CHIKV p62-E1 protein and AS03 were also protected from
viremia, while one mouse had a low level of viremia (Fig. 1C). Foot
swelling was measured from day 4 to day 9 after challenge. The
results showed that foot swelling similar to that of unvaccinated
mice was induced in most of the vaccinated mice, except for those
immunized twice with p62-E1 protein and an adjuvant, especially
Matrix-M (P < 0.01) (Fig. 1D). Thus, Matrix-M was chosen as an
adjuvant for further studies with p62-E1 protein, due to the bal-
anced immune profile and the ability to efficiently enhance p62-
E1-specific humoral immune responses.

Low levels of antibodies against CHIKV enhanced disease
severity. We have suggested previously that anti-CHIKV antibody
titers around 10* and higher may mark a threshold for protection
against CHIKYV infection in our mouse model using doses of 10°
PFU of CHIKV for challenge (12). The present study corroborates
these findings (Fig. 1; see also Fig. 2 and 5). For clarity, we have
chosen to present peak values for foot swelling after challenge at a
single time point for each mouse. With regard to the humoral
immunogenicity of the protein antigen p62-El, it is clear that low
levels of IgG antibodies, in particular after a single immunization,
are not able to protect from viremia or foot swelling (Fig. 1).
However, closer analysis of foot swelling over time revealed that
low levels of IgG antibodies resulted in an earlier onset of foot
swelling (Fig. 1E). Control animals that had received only PBS
demonstrated foot swelling that peaked on days 6 to 7 after chal-
lenge. In contrast, animals that had been immunized with only
one dose of p62-E1 protein antigen or p62-E1 protein combined
with the AS03 or Matrix-M adjuvant already had foot swelling on
days 4 to 5 postchallenge (Fig. 1E). Moreover, animals that had
received two doses of p62-E1 protein still demonstrated earlier
foot swelling, while animals that had received two doses of p62-E1
protein combined with the AS03 or Matrix-M adjuvant were pro-
tected from disease and had no foot swelling. Again, these results
correlate with titers of IgG antibodies, with a threshold of ~10%,
Thus, it appears that low levels of IgG antibodies directed against
CHIKYV may lead to enhancement of inflammation upon subse-
quent infection.

Areplicon-launching DNA vaccine, DREP-Env, is highly im-
munogenic. We previously tested CHIKV DNA vaccine candi-
dates in which the complete CHIKV genomic region was placed
under the control of the pCMV promoter carried on plasmid
pCMYV and where CHIKV RNA replication was launched upon
transfection of the plasmids into cells, resulting in the formation
of new infectious virions (12). In the present study, we modified
the plasmid by removing the sequence coding for the CHIKV
capsid protein, generating a replicon-launched DNA vaccine
termed DREP-Env. Due to this deletion, replication and expres-
sion of this mutated RNA cannot result in the formation of proper
new virus particles. Nevertheless, based on previous experience
with this kind of strategy (36), the DREP platform should induce
good levels of protective immune responses. Indeed, our results
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FIG 1 Impact of adjuvants on the immunogenicity and efficacy of CHIKV p62-E1 protein. C57BL/6 mice (n = 5) were immunized once or twice with a 3-week
interval. One microgram of p62-E1 protein was injected intramuscularly, with or without the AS03 or Matrix-M adjuvant. (A and B) Total IgG titers (A) and IgG1
(red) and IgG2c (blue) titers (B) in sera collected 6 weeks after the last immunization. (C) Viremia in serum collected 2 days after challenge. Mice were challenged
7 weeks after the last immunization with 10° PFU of CHIKV in the feet. (D) Peak foot swelling for each mouse (mean value [height times breadth] for the two
feet relative to the value on day 0) from days 4 to 9 after challenge. (E) Time course of foot swelling after CHIKV challenge. A Kruskal-Wallis test, followed by
Dunn’s posttest, was used to compare responses between immunizations with and without an adjuvant (A and B) and to determine the difference between values
for naive and challenged mice (C and D). Horizontal bars indicate mean values (n = 5). Asterisks indicate statistically significant differences (*, P < 0.05; **,

P <0.01).

showed that a single immunization with DREP-Env induced
CHIKV-specific antibody responses equaling both those with WT
CHIKV and those with the vaccine candidates evaluated previ-
ously (12) (Fig. 2A). Moreover, the antibody response induced
was of the IgG2c rather than the IgGl isotype (Fig. 2B), corre-
sponding to a Thi-tilted immune response, which is generally
seen after viral infection or intracellular expression of plasmid-
encoded antigens.

Prime-boost immunizations with different CHIKV vaccine
candidates induce superior antibody responses. Next, homolo-
gous and heterologous prime-boost immunizations using differ-
ent CHIKV vaccine candidates (Table 1) were studied in C57BL/6
mice. A single immunization with 10° PFU of WT CHIKV was
included for comparison. When different vaccine candidates were
combined, they were either coadministered (at separate sites) in a
single immunization (XY) or used in a prime-boost regimen
(X,Y). The results showed that all vaccine candidates except
p62-E1 protein generated high CHIKV-specific IgG titers (10 to
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10°) after a single immunization, and titers were further enhanced
upon a booster immunization (titers, 10° to 107) (Fig. 2A). Simul-
taneous immunization with the p62-E1 protein antigen and either
the DREP-Env, A5nsP3, or MVA-CHIKV vaccine candidate
seemed to augment IgG titers slightly. However, the use of p62-E1
protein as a booster vaccine after priming immunization with the
other CHIKV vaccine candidates induced even higher titers. Fi-
nally, most prime-boost-immunized mice had stronger antibody
responses than mice inoculated once with WT CHIKV.

Like those with DREP-Env, the majority of CHIKV-specific
antibody responses induced by the different prime-boost immu-
nizations were of the IgG2c rather than the IgG1 isotype (Fig. 2B).
Mice immunized with p62-E1 protein were an exception; they had
a balanced IgG1/1gG2c response, or even a slightly pronounced
IgG1 response after homologous prime-boost immunizations.
Furthermore, when mice were coimmunized with DREP-Env and
p62-El protein, a balanced Th1/Th2 response was obtained. In
contrast, when mice were primed with DREP-Env and later
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boosted with p62-E1 protein, a Th1-type response was induced.
Similar Thl-type responses were obtained by coimmunization
with the AnsP3 virus and p62-E1 and by priming with the AnsP3
virus and boosting with p62-E1.

Most vaccine candidates induced good 50% neutralizing anti-
body titers (NT50) in the range of 10° to 10° (Fig. 2C). DREP-Env
induced NT50 in the range of 10% to 10, and some animals had no
NT50 antibodies. These animals correspond to those that had
binding (by ELISA) IgG1 antibody titers below or close to 10* (Fig.
2A and B). The lack of NT50 antibodies in some of the DREP-Env
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samples does not necessarily mean that the animals were devoid of
these antibodies but could be explained by the fact that the sensi-
tivity of the assay is 1:100 (first dilution). Another exception was
p62-E1 protein alone given once, which did not induce any de-
tectable NT50 antibodies. Prime-boost immunization generally
augmented NT50, which were highest when priming was per-
formed with DREP-Env followed by boosting with MVA-CHIKV
(around 10°). In contrast, boosting the A5nsP3, DREP-Env, or
MVA-CHIKYV vaccine candidate with p62-E1 protein did not sig-
nificantly increase NT50.

CHIKYV vaccine candidates induce antibodies recognizing E2
linear B cell epitopes. A number of studies have identified linear B
cell epitopes that are induced during CHIKV infection. Sera from
human (48), nonhuman primate (47), and murine (49) sources
have shown that the CHIKV E2 envelope protein is a dominant
target, and although many of the epitopes identified are shared by
the three species, species-specific profiles exist. Therefore, it was of
interest to identify the specific linear B cell epitopes targeted by the
different CHIKV vaccine candidates used in this study and to de-
termine whether these epitopes would be similar to those found
after experimental CHIKV infection. To this end, we identified
linear epitopes recognized by anti-CHIKV antibodies by using a
peptide library in a peptide-based ELISA (49). The library consists
of overlapping 18-mer biotinylated peptides covering the com-
plete CHIKV E2 glycoprotein (47, 48). Peptides were screened
individually, and those with an absorbance greater than the mean
value for nonvaccinated controls + 6 SD were considered positive.
Data are presented relative to the signal against the positive E2
peptide E2EP3 obtained with CHIKV-infected mouse sera.
Screening with pooled sera from prime-boost-vaccinated animals
revealed a total of 13 linear epitopes, which are crucial B cell
epitopes (Fig. 3). These epitopes clustered around the domains of
the E2 glycoprotein that were the same for WT CHIKV-infected
animals as for immunized animals. The epitopes could be grouped
into four different regions (Fig. 3B). Region 1 consists of peptides
380 to 382 (amino acids 3033 to 3066) and sits in the acid-sensitive
region (ASR) of the E2 glycoprotein. The ASR is thought to play a
critical role in regulating CHIKYV virulence and regeneration (54,
55). Interestingly, these data conform to earlier reports, from in-
vestigations of CHIKV-infected humans, nonhuman primates,
and mice (30, 49, 52), that neutralizing antibodies tend to target
this region. The other prominent regions identified, region 2
(amino acids 3113 to 3138) and region 3 (amino acids 3185 to
3210), cluster at the C terminus of the E2 glycoprotein. These two
regions have been determined previously to be immunodominant
(46, 49). Furthermore, region 2 was previously mapped to the
solvent-exposed area of the CHIKV E2 glycoprotein (46). Intrigu-
ingly, a high antibody response against the E2EP3 peptide was not
observed (region 4) except for mice receiving homologous
A5nsP3 prime-boost immunization and mice primed with the
A5nsP3 attenuated virus and boosted with p62-E1 protein (Fig.
3), suggesting a different target preference. Mapping of these
epitopes showed that they are located in the exposed regions of the
E2 glycoprotein (Fig. 3C).

CHIKYV vaccine candidates induced very strong T cell re-
sponses. Next, we evaluated the CHIKV-specific T cell responses
induced in another set of C57BL/6 mice administered single or
prime-boost immunizations with the different CHIKV vaccine
candidates. T cell responses were assessed by IFN-y ELISpot assays
on splenocytes collected 8 days after the last immunization, by
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FIG 3 Mapping of antibody epitopes within the CHIKV E2 glycoprotein with sera from vaccinated mice. _, no vaccine; WT, CHIKV; V, A5nsP3 attenuated virus;
P, p62-E1 with Matrix-M; D, DREP-Env; M, MVA-CHIKYV. Sera from mice immunized twice with the A5nsP3 attenuated virus (V,V) originated from another
study (11). (A) Pooled sera from WT CHIKV-infected mice and vaccinated mice were screened (n, 3 to 5 for all groups tested). The degree of recognition of each
peptide tested in each group of vaccinated animals is expressed relative to the signal against the E2EP3 peptide obtained with sera from WT CHIKV-infected mice.
Different colors represent different regions of the E2 glycoprotein and are consistent in all panels. The response to the E2EP3 peptide is shown in red. Peptides
399 and 400 (purple) are located in the region that is not currently resolved. Data are presented as means * SD. (B) Amino acid sequences of regions comprising
peptides shown in panel A. The amino acid positions of the polypeptide sequences in the CHIKV E2 glycoprotein are given; the first amino acid of nsP1 is
annotated as 1. (C) Schematic representation of the prominent CHIKV E2 epitopes recognized by the antibodies from the vaccinated animals. The tertiary
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data obtained from PDB records (PDB ID 3N42).

stimulating cells with a CD8 T cell-restricted E1 epitope (HSMT-
NAVTI [31]) (Fig. 4A) or with the p62-E1 envelope protein com-
plex (Fig. 4B). The results for CHIKV-specific [FN-y CD8 T cell
responses induced by single immunizations with WT CHIKV or
the A5nsP3 or MVA-CHIKV vaccine candidate corresponded
well to what has been shown in previous studies (12; also data not
shown) (Fig. 4A). A single immunization with the A5nsP3 atten-
uated virus elicited strong T cell responses, even higher than those
induced by WT CHIKV. In contrast, one or two immunizations
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with MVA-CHIKV, similarly to those with p62-E1 protein, in-
duced low levels of T cell responses in three out of five mice. On
the other hand, one or two immunizations with DREP-Env, or
with DREP-Env plus p62-El, elicited strong T cell responses. In-
terestingly, when DREP-Env priming was combined with a heter-
ologous boost (i.e., boosting with p62-E1 protein, MVA-CHIKYV,
or p62-E1 plus MVA-CHIKV), very strong T cell responses were
obtained; especially, in mice boosted with MVA-CHIKYV, with or
without p62-E1, T cell responses well over 10* (9 X 10° to 16 X
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FIG 4 CHIKV-specific T cell responses induced by different CHIKV vaccine
candidates using various prime-boost immunization strategies. PBS, no vac-
cine; WT, CHIKV; V, A5nsP3 attenuated virus; P, p62-E1 with Matrix-M; D,
DREP-Env; M, MVA-CHIKV. C57BL/6 mice were immunized once or twice,
with a 3-week interval, with various combinations of the CHIKV vaccine can-
didates listed in Table 1. T cell responses were measured by IFN-y ELISpot
assays on splenocytes collected 8 days postimmunization. Cells were stimu-
lated either with a CD8 T-cell-restricted E1 epitope (HSMTNAVTI) (A) or
with CHIKV p62-E1 protein (B). Horizontal bars indicate mean values (n =
5), which are given above the symbols for each group. A Kruskal-Wallis test,
followed by Dunn’s posttest, was used to compare responses with those to
CHIKV (WT). No significant differences were detected.

10%) SFU/10° splenocytes were induced. Similar trends were ob-
served when cells were stimulated with the p62-E1 protein instead
of the CD8 T-cell-restricted E1 peptide, but at substantially lower
magnitudes (Fig. 4B). These results suggest that potent CD4 T cell
responses can be induced in addition to the cellular immune re-
sponses identified when cells were stimulated with the CD8 T-cell-
restricted E1 epitopes. Thus, we conclude that the combination of
DREP-Env as a primer vaccine with either CHIKV p62-E1 protein
or MVA-CHIKY, or both, as a booster vaccine generates optimal
T cell responses.

CHIKYV vaccine candidates protect against CHIKV infection.
Finally, the efficacies of the different CHIKV vaccine candidates at
protecting from challenge with a high dose (10° PFU) of WT
CHIKYV were studied in a challenge model using the established
immunization schedules. The results showed that except for one
out of five mice immunized once with DREP-Env and 80% of
mice immunized once with p62-E1 protein, for which viremia was
detectable postchallenge, all the immunized animals were com-
pletely protected from CHIKV (Fig. 5A). Similarly, all the immu-
nized animals developed low levels of foot swelling, except for
mice immunized once with CHIKV p62-El protein, which had
pronounced foot swelling (Fig. 5B). Interestingly, there were clear
correlations between anti-CHIKV IgG titers or NT50 and viremia
or foot swelling (P < 0.001) (Fig. 5C through F), and an IgG titer
of >10* seemed to be protective. Since the T cell study was per-
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FIG5 Viremiaand foot swelling after CHIKV challenge. PBS, no vaccine; WT,
CHIKYV; V, A5nsP3 attenuated virus; P, p62-E1 with Matrix-M; D, DREP-Env;
M, MVA-CHIKYV. Mice were challenged 7 weeks after the last immunization
with 10° PFU of CHIKV in the feet. (A) Viremia in serum collected 2 days after
challenge. (B) Peak foot swelling of each mouse (mean value [height times
breadth] for the two feet relative to the value on day 0) from days 4 to 9 after
challenge. Horizontal bars indicate mean values (n = 5). A Kruskal-Wallis test,
followed by Dunn’s posttest, was used to compare responses with values for
naive mice (PBS), and a Spearman rank test was used to examine correlations
between the magnitudes of antibody responses prior to challenge and the levels
of viremia and foot swelling postchallenge. Asterisks indicate statistically sig-
nificant differences (*, P < 0.05; **, P < 0.01; ***, P < 0.001). (C, D, E, and F)
Correlations between the magnitudes of anti-CHIKV IgG titers and NT50
prior to challenge and the levels of viremia and foot swelling after challenge. A
Spearman rank test was used to examine the correlations.

formed on another set of mice, correlation between protection
and IFN-vy T cell responses could not be examined.

DISCUSSION

The rationale for this study was to evaluate the novel CHIKV
vaccine candidates p62-El protein and DREP-Env and to com-
pare the humoral and cellular immunogenicities and efficacies of
different prime-boost immunization strategies using various
CHIKYV vaccine candidates representing different vaccine modal-
ities, such as the attenuated A5nsp3 virus, recombinant MVA-
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CHIKYV, DREP-Env, and p62-E1 protein. Optimal combinatorial
immunization strategies for the induction of strong CHIKV-spe-
cific humoral and cellular immune responses together with pro-
tective efficacy were identified.

The construction and characterization of the CHIKV p62-E1
protein antigen have been described previously (42). Here we ex-
amined the immunogenicity and efficacy of p62-E1 protein in the
C57BL/6 mouse infection model (12, 55) and showed that two
immunizations with p62-E1 mixed with the AS03 or Matrix-M
adjuvant were required to induce immunity against CHIKV chal-
lenge. The Matrix-M adjuvant elicited the highest magnitudes of
anti-CHIKYV IgG titers, and as in a recent preclinical study with an
influenza virus antigen, formulation with Matrix-M induced a
balanced 1gG1/IgG2c ratio (52). This is in contrast to the AS03
adjuvant, which induced an IgG2c-tilted antibody profile. We
have suggested previously that IgG2c is the isotype that confers
protection against CHIKV infection (12). However, in this study,
we did not observe pronounced differences between the IgG1 and
IgG2c isotypes that would have supported this suggestion. The
balanced IgG response induced by Matrix-M was another reason
for continuing with this adjuvant.

The DREP platform has been shown to be superior to conven-
tional DNA because it elicits stronger immunogenicity, even at
substantially lower doses (36). The DREP-Env CHIKV vaccine
candidate evaluated here is, to our knowledge, the first CHIKV
vaccine based on the DREP type of vaccine platform. Given the
track record of that platform (36), we hypothesized that a single
immunization with DREP-Env would induce a similar level of
immunogenicity, and have the same efficacy, as immunization
with the previously evaluated A5nsP3 and MVA-CHIKYV vaccine
candidates, or even WT CHIKV, even though DREP does not
produce new WT infectious particles upon immunization. In-
deed, a single immunization with DREP-Env generated levels of
anti-CHIKV antibody and T cell responses similar to those ob-
tained by single immunizations with the other CHIKV vaccine
candidates or WT CHIKV.

We have previously described efficient CHIKV vaccine candi-
dates that can elicit protective immunity against CHIKV challenge
after a single immunization (12, 29). Here we aimed at exploiting
the unique immune profiles elicited by the prime-boost immuni-
zations using the novel and previously described CHIKV vaccine
candidates, hypothesizing that heterologous prime-boost immu-
nization can further enhance the magnitude and alter the quality
of CHIKV-specific immune responses relative to those with single
immunizations. In results similar to what we have seen for the
A5nsP3 and MVA-CHIKV (12, 29) vaccine candidates, repeated
immunizations further enhanced the magnitude of IgG antibody
responses for all vaccines tested. We also found that it was advan-
tageous to administer p62-E1 protein and the other CHIKV vac-
cine candidates on separate occasions rather than to give them at
the same time, which was recently shown to generate equivalent
immune responses in an HIV model (56). WT CHIKV and all the
different CHIKV vaccine candidates except p62-E1 protein with
the Matrix-M adjuvant induced an IgG2c-tilted immune re-
sponse, corresponding to a Th1-tilted immune response and con-
firming observations for CHIKV infection in this mouse model
(49, 57). This might not be the case for other animal models, since
C57BL/6 mice are known to have a Thl-skewed immune re-
sponse.

Vaccinated mice recognized fewer linear B cell epitopes than
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mice experimentally infected with CHIKV, but vaccination still
led to the production of an effective anti-CHIKV antibody re-
sponse. This result may also depend on the quantity rather than
the quality of the specific antibody response. All epitopes recog-
nized lie within the CHIKV E2 glycoprotein (30, 49, 52). Collec-
tively, these studies accentuate the importance of CHIKV E2 gly-
coprotein and its immunodominance in eliciting neutralizing
antibodies. Of particular significance are the different regions of
the CHIKV E2 glycoprotein highlighted in this study. Vaccination
with different vaccine modalities led to the induction of variable
antibody responses against these regions. Region 1 was highly rec-
ognized after vaccination (prime-boost immunization with the
A5nsP3 attenuated virus, a single immunization with the A5nsP3
attenuated virus plus p62-E1 protein, or priming with DREP-Env
and boosting with MVA-CHIKYV plus p62-E1 protein). Given that
region 1 sits in the ASR, which plays a role in regulating E1/E2
conformational changes (58), antibodies targeting this region
could affect CHIKYV infection. Surprisingly, the antibody response
against the E2EP3 epitope, which sits proximally to the E3/E2
furin cleavage site (49), was not strong in vaccinated mice except
for those receiving homologous A5nsP3 prime-boost vaccination
or a single immunization with the A5nsP3 attenuated virus plus
p62-E1 protein. This observation could be due to the occurrence
of an antibody immunodominance shift in which the antigens
present in each vaccine modality are processed and presented dif-
ferently, particularly for the E2EP3 epitope (59). Undoubtedly,
this study has reemphasized the importance of these identified
epitopes in generating CHIKV-neutralizing antibodies, and such
information would serve well for future anti-CHIKYV vaccine for-
mulations.

Although T cells cannot prevent CHIKV infection, as evi-
denced by adoptive transfer studies (T cells and antibodies) on
mice (10), T cells are essential for clearing infected cells in the
formation of functional and long-lived immunity, including T
helper cells (10, 49, 60). The combination of priming with DREP-
Envand boosting with p62-E1 protein or MVA-CHIKYV generated
unmatched T cell immune responses, with a mean well over 10*
SFU/10° splenocytes. Although this combination has been shown
to be potent for other antigens (41), it was surprising, since single
immunizations with p62-E1 or MVA-CHIKYV alone elicited weak
T cell responses. However, immunization of mice with two doses
of MVA-CHIKV induced strong, broad, polyfunctional, and
long-lasting CHIKV-specific CD8 T cell responses (29).

We and others have demonstrated a clear correlation be-
tween antibodies and protection against CHIKV infection in
both mice (10, 12, 49) and humans (50), highlighting the im-
portance of antibody responses for immunity against CHIKV.
This was also observed here: high anti-CHIKV antibody levels
correlated inversely with viremia and foot swelling after chal-
lenge. As we have reasoned before (12), IgG titers above 10*
seem to protect against high-dose CHIKV challenge in this
mouse model. On the other hand, it is difficult to set exact
correlates of protection (CoP) based only on these results. For
instance, one dose of p62-E1 protein combined with an adju-
vant gives IgG titers with a mean of 10* and higher-end re-
sponders well above that level. Nevertheless, experimental re-
sults from measurements of viremia and foot swelling are
difficult to interpret (Fig. 1). One consideration could be the
(apparent) Th1/Th2 ratio, i.e., IgG2c versus IgG1. Clearly, in
this particular experiment, IgG1 is dominating, implying that
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titers above a threshold of 10* correlate with levels of IgG2c.
However, careful analysis of all our results with the various
CHIKYV vaccine candidates or their combinations does not al-
low one to draw a definite conclusion. Protection from a patho-
gen may rely on both multiple and redundant immune re-
sponses, i.e., through more than one immune function (61).
Antibodies differ both in quantity and in avidity, and a mere
Th1/Th2 distinction will probably not be sufficient.

Inactivated vaccine candidates against the closely related al-
phavirus Ross River virus (RRV) have also been evaluated in a
mouse model (62). Since vaccines against RRV are expected to
also protect from CHIKV infection (57, 63), it is of interest to look
at possible CoP in this model. Indeed, while the mouse models
used in our studies differ significantly both in the mouse strains
used (wild-type strain and IFN-a knockout) and in the challenge
dose, total IgG titers around 10* or slightly below also seem to be
protective against RRV (62). Furthermore, levels of neutralizing
antibodies correlated linearly with IgG titers, where neutralizing
antibody titers of about 15 to 20 were protective. In the case of
neutralizing antibodies, it will be difficult to compare these find-
ings to our results directly, because the assay methods differ. In
our studies, five mice primed with DREP-Env had no apparent
NT50. However, all but one of these were fully protected against
challenge, suggesting that, since the detection limit in our NT
assay is 1:100, these animals probably had amounts of neutralizing
antibodies sufficient to be protective. Interestingly, the only
mouse that was not protected had no IgG1 antibodies whatsoever
(data not shown).

While antibodies are crucial for protection against infectious
diseases, suboptimal levels of antigen-specific antibodies may en-
hance infectivity and disease severity through a phenomenon
known as antibody-dependent enhancement (ADE), which has
been observed for infection with other viruses, including the
closely related alphavirus RRV (64-67). Some of these observa-
tions, however, have been made under in vitro conditions. Here
and in our previous work (12), observations have suggested that
ADE may occur in CHIKV infection in mice with low IgG titers,
below 10, This important observation reveals the need for further
work to provide indications on how to avoid ADE induced by
vaccination. In our study, evaluation of viremia did not readily
disclose ADE, whereas measurement of foot swelling suggested
enhancement of inflammation. Therefore, the kinetics of infec-
tion needs to be addressed in future studies.

We chose to perform the challenge experiments 7 weeks after
the last immunization, at a time when acute immune responses
are gone and protection is expected to reflect the functions of a
true memory response. The outcome of any challenge will depend
on the challenge dose, which in our case was very high in order to
provide a strong and robust challenge to memory immune re-
sponses. Most of the vaccine regimens protected the mice from
this challenge. This high-dose challenge may require that certain
components of the immune responses be at a “higher” or “better”
level than those for a lower dose, which may more closely mimic a
natural setting. Thus, any suggestion for CoP may not fully ex-
plain the multiple and redundant mechanistic humoral and cellu-
lar immune CoP (68). The novel vaccine candidates and immu-
nization strategies identified here are being evaluated in a
nonhuman primate trial.
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