
 

Chikungunya Virus 
(CHIKV) 

 
www.vacunax.com 

Development Status 
• Discovery, feasibility, and proof of efficacy studies complete. 
• IND-enabling nonclinical safety data package in preparation. 
• Production of cGMP HR-CHIKV seed stock in progress  

Technical Summary 
•  A vaccine against Chikungunya virus (CHIKV) was generated by creating a host range 

(HR) mutant through selective amino acid (aa) truncation of the 17 aa transmembrane 
domain. The resulting live-attenuated vaccine (LAV) is designated CHIKV HR.  

• CHIKV HR- mutant selected for development displayed no reactogenicity at the site of 
injection, no tissue disease in the foot/ankle and quadriceps, in the standard mouse 
model for CHIKV disease that displays the same symptoms of the disease seen in 
humans. 

• No evidence of viral persistence in tissues was detected 21days after infection in the 
standard mouse model.  

• Upon challenge with a highly pathogenic strain of CHIKV, the CHIKV HR LAV 
blocked viral replication in all tissues tested in the standard mouse model. 

• Current studies demonstrates that HR- CHIKV strains are attenuated in the mammalian 
host and are under development as LAV candidate.  
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Chikungunya Virus Host Range E2 Transmembrane Deletion Mutants
Induce Protective Immunity against Challenge in C57BL/6J Mice

Amanda Piper,a Mariana Ribeiro,a Katherine M. Smith,b Caitlin M. Briggs,b Emerson Huitt,b Kavita Nanda,b Carla J. Spears,b

Michelle Quiles,b John Cullen,c Malcolm E. Thomas,b Dennis T. Brown,a Raquel Hernandeza

Department of Molecular and Structural Biochemistry, North Carolina State University, Raleigh, North Carolina, USAa; Arbovax, Incorporated, Raleigh, North Carolina, USAb;
Department of Pathology, College of Veterinary Medicine, North Carolina State University, Raleigh, North Carolina, USAc

A vaccine against Chikungunya virus (ChikV), a reemerging pathogenic arbovirus, has been made by attenuating wild-type (WT)
virus via truncation of the transmembrane domain (TMD) of E2 and selecting for host range (HR) mutants. Mice are a standard
model system for ChikV disease and display the same symptoms of the disease seen in humans. Groups of mice were inoculated
with one of three ChikV HR mutants to determine the ability of each mutant strain to elicit neutralizing antibody and protective
immunity upon virus challenge. One mutant, ChikV TM17-2, fulfilled the criteria for a good vaccine candidate. It displayed no
reactogenicity at the site of injection, no tissue disease in the foot/ankle and quadriceps, and no evidence of viral persistence in
foot/ankle tissues 21 days after infection. Upon challenge with a highly pathogenic strain of ChikV, the mutant blocked viral rep-
lication in all tissues tested. This study identified a ChikV HR mutant that grows to high levels in insect cells but was restricted in
the ability to assemble virus in mammalian cells in vitro. The study demonstrates that these HR strains are attenuated in the
mammalian host and warrant further development as live-attenuated vaccine strains.

Chikungunya virus (ChikV) is a member of the family Togaviri-
dae, genus Alphavirus (1), and is known to cause severe ar-

thralgic disease in humans (2). ChikV is an arthropod-borne virus
(arbovirus) spread by the bite of an aedine mosquito (3, 4). All
alphaviruses are composed of a small (�11-kb) plus-polarity sin-
gle-stranded RNA genome. The genome encodes 3 structural pro-
teins (E1, E2, and C) and 4 nonstructural proteins (nsP1 to -4).
These viruses are enveloped and derive their envelope from either
the insect or vertebrate host. The genus Alphavirus contains 29
known species, which cause encephalitis, fever, and/or arthralgia
(5). ChikV is endemic to Africa (6) and Southeast Asia (7; http:
//www.searo.who.int/index.html). However, currently, ChikV is a
reemerging pathogenic virus; in 2005, it spread to the Indian
Ocean and Italy, causing an epidemic with over 200 reported in-
fections (7, 8). Of the two lineages of ChikV, the African strains
remain enzootic by cycling between mosquitoes and monkeys, but
the Asian strains are transmitted directly between mosquitoes and
humans. This cycle of transmission may have allowed the Asian
strains of the virus to become more pathogenic, as the reservoir
host was eliminated (9, 10). In humans, ChikV can cause a debil-
itating disease characterized by arthralgia, in addition to symp-
toms commonly associated with dengue virus infection: fever,
headache, nausea, vomiting, fatigue, rash, muscle pain, and joint
pain. The incubation period can be 2 to 12 days but is generally 3
to 7 days, with “silent” infections occurring with unknown fre-
quency (11). ChikV can be transmitted from mother to child dur-
ing pregnancy (12, 13) and can produce chronic symptoms, in-
cluding crippling arthralgia, encephalitis, and (rarely) myocarditis
(14–17). ChikV epidemics from 2004 to 2011 resulted in 1.4 to 6.5
million reported cases, with imported cases spreading to 40 coun-
tries (8, 18). The Aedes aegypti mosquito is the primary vector of
ChikV, but some recent outbreaks with fatalities have been prop-
agated through the Aedes albopictus “Asian tiger” mosquito (8,
19). This aggressive mosquito vector has spread to 12 European
countries (20, 21), Australia (22), and the Americas (23), where it

is now considered endemic (24). There is currently no vaccine or
antiviral treatment for ChikV approved for human use (25).

Arboviruses are a distinct virus group because they express a
unique set of characteristics. Arboviruses are vectored in nature by
blood-sucking insects in a complex life cycle in which an interme-
diate mammalian host is infected and transfers the virus during
another insect’s blood meal (10). These viruses have adapted over
millions of years to replicate efficiently in two very different ge-
netic and biochemical environments as natural chimeric genomes
(26). The environments of the hosts differ biochemically and
function optimally at different temperatures (27). The virus par-
ticles themselves are hybrid structures composed of membrane
and glycosylation components derived from the host, but all pro-
tein and RNA is encoded by the virus (28). Viruses derived from
insect or mammalian cells have been found to exhibit functional
(7, 26, 29) and structural (30, 31) differences that emphasize their
hybrid nature. It is hypothesized that these agents have developed
a consensus genome capable of expression in divergent biochem-
ical environments by interacting specifically with each of these
distinct hosts through sequence elements necessary for viral rep-
lication in one host but not necessarily the other (32–35). These
motifs are interpreted biochemically in the context of the specific
host. “Host range” (HR) mutations of Sindbis virus (SINV) (32)
and dengue virus type 2 (DV2) (36, 37) have been produced by
truncating the transmembrane domain (TMD) of the E2 or E
glycoprotein, respectively. These large deletion mutants are
screened to select those that display the HR phenotype. The HR
mutants are restricted to replicate in insect cells but are attenuated
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for infection in the mammalian host. These HR mutations gener-
ate viruses useful as potential vaccine strains (36–40). In this
study, mutants of ChikV were produced using the same approach
utilized in SINV and DV2, as mentioned above. Unlike dengue
virus, which has 4 distinct serotypes and is pathogenic only in
humans, only one ChikV serotype has evolved, despite known
strain differences. Mice are one model system for studying ChikV
disease, because they display the same symptoms of the infection
as humans (41). A series of ChikV HR mutants were made, and
their safety and ability to confer protection against ChikV disease
were tested in mice. One HR mutant, ChikV TM17-2, produced
no reactogenicity, was efficacious upon challenge, and did not
induce inflammation of the feet or ankles. Importantly, this vac-
cine virus protected against replication of any detectable virus in
serum or tissues at every time point postchallenge (p.c.). While
vaccines for human use cannot be grown in mosquito cells, it was
found that ChikV grows well in the Spodoptera frugiperda (Sf9)
cell line in the absence of serum. This cell line is used in the pro-
duction of influenza subunit vaccines awaiting FDA approval (42)
and will be used for the continued development of HR mutant
ChikV vaccine.

MATERIALS AND METHODS
Biosafety. All studies involving ChikV were performed in certified bio-
safety level 3 (BSL3) laboratories using biosafety protocols approved by
the Institutional Biosafety Committee of North Carolina State University.
Animal husbandry and mouse experiments were performed by the Caro-
lina Vaccine Institute, University of North Carolina at Chapel Hill, Chapel
Hill, NC, in accordance with all University of North Carolina at Chapel
Hill Institutional Animal Care and Use Committee guidelines.

Construction of ChikV TMD deletion mutants. A full-length cDNA
clone of Chikungunya virus, West African strain 37997, in the pCHIK-
37997ic vector (GenBank accession no. EU224270) was obtained from
Stephen Higgs (43). Deletions in the E2 TMD of ChikV were produced by
PCR, using Pfu Turbo DNA polymerase AD (Stratagene, La Jolla, CA).
The ChikV TMD sequence was chosen by alignment with SINV. Sets of
9-amino-acid (aa) deletions within ChikV E2 were constructed so that the
TMD was 17 aa in length (TM17-1, -2, and -3) (Table 1) (36). All ChikV
deletion mutant clones were confirmed by sequence analysis (Eurofins
MWG Operon, Huntsville, AL). Purified DNA producing full-length
ChikV RNAs was transcribed in vitro with SP6 RNA polymerase and
transfected into C7-10 cells for stock virus production.

Vaccine virus TMD deletion stability. Viral RNA from mouse ankle
tissue samples 2 days postinjection (p.i.) was extracted using TRIzol LS

and analyzed by reverse transcription (RT) plus two rounds of nested PCR
to confirm the stability of the HR deletion in the E2 domain (42). The
primary PCR program was as follows: 1 cycle of 3 min at 95°C; 45 cycles of
45 s at 95°C, 1 min at 60°C, and 1 min at 72°C; 1 cycle of 3 min at 72°C;
hold at 4°C. The primer pair was as follows: Chik-9041-F, 5=-CCGCTGC
CACTGCTGAGGAGATAGA-3=, and Chik-9916-R, 5=-AAGGCGGCCA
GCGGGATAAGA-3=. The secondary program was as follows: 1 cycle of 3
min at 95°C; 45 cycles of 45 s at 95°C, 45 s at 55°C, and 1 min at 72°C; 1
cycle of 3 min at 72°C; hold at 4°C with nested primers Chik-9597-F,
5=-CTGGCCGCAGATGTCTACGAACG-3=, and Chik-9798-R, 5=-TGA
GCAGGAAGGGAACAGTGG-3=. Sequences were confirmed by Eurofins
MWG Operon. Up to 6 serial passages in mammalian cells in vitro did not
reveal changes to the deleted site, and no phenotypic changes were ob-
served.

Cell and virus culture. Baby hamster kidney (BHK) and C7-10 mos-
quito cell lines were maintained as previously described (44). C7-10 cells
were transfected by electroporation with wild-type (WT) ChikV and
ChikV TM17 series mutant RNAs. Supernatants were harvested 2 days
posttransfection and used in subsequent infections. Virus grown by infec-
tion in either type of host cells was titrated by plaque assay in C7-10 cells.
Growth curves with harvest time points 6, 24, 48, and 72 h postinfection in
BHK and C7-10 cells were also performed and titrated on BHK cells
(Fig. 1).

Mouse studies. Previous studies have described ChikV disease in
C57BL/6J mice (45, 46). For this study, C57BL/6J mice were obtained
from the Jackson Laboratory (Bar Harbor, ME). Twenty-eight-day-old
mice were infected via subcutaneous injection into the left footpad with
�103 PFU of WT ChikV or ChikV TM17-1, TM17-2, or TM17-3 in 10 �l
of complete minimal essential medium (MEM) with 10% glycerol (45).
The mice were weighed every day, and no mortality occurred from ChikV
infection. Swelling and inflammation were visually inspected laterally and
longitudinally along the foot below the ankle. Animals, including those
from a naive group of mice injected with medium only, were sacrificed 1,
2, 3, 7, 10, and 21 days p.i. to evaluate viremia, persistence in tissues,
neutralizing antibody (NAb) titer, IgG production, and disease. Observa-
tions were made 1 to 10 days postvaccination to evaluate physical stress,
swelling, or disability of the mouse footpad due to virus infection. Ani-
mals from which tissues were prepared were perfused with paraformalde-
hyde, embedded in paraffin, and processed for hematoxylin and eosin
(H&E) staining 7, 10, and 21 days p.i. Based on the results from the initial
evaluation of the vaccine candidates, naive mice and mice injected with
TM17-1 and TM17-2 were tested for protection by challenge with a more
pathogenic strain of ChikV, SL15649. At 28 days p.i., the majority of mice
from each group were challenged via subcutaneous injection in the foot-
pad with 103 PFU WT ChikV SL15649 (45), while 3 mice from each
vaccine group were injected with medium as the control. Mice were sac-
rificed 1, 2, 3, and 7 days p.c. to again evaluate viremia, tissue disease,
and NAb.

Viremia from mice. The ChikV mutant vaccine titers and viremias
from mice were quantified by plaque assay in C7-10 cells, as described
previously (44). Viremias resulting from the challenge virus ChikV
SL15649 (45) were quantified by plaque assay on BHK cells due to the
preference of the virus for these cells as indicator cells (this study). The
limit of detection for these assays was �40 PFU/g of tissue, and the re-
sults expressed are the arithmetic means of titers obtained from 3
mice/group/day.

Persistence of infection in tissues. To determine if mutant virus per-
sisted in the vaccinated animals, tissues and sera from infected and naive
mice 10 and 21 days postvaccination were homogenized and RNA was
extracted using TRIzol LS reagent and the Purelink RNA kit (Life Tech-
nologies Inc., Grand Island, NY) and suspended in water. The extracted
RNAs were then analyzed via RT-PCR (45). The plasmid ic-CHIKV
SL15649 was used as a positive control, and the extracted RNA was used as
a negative control. The RT-PCR had a sensitivity of detection of 12.8 pg
RNA/reaction, or �10 PFU.

TABLE 1 Chikungunya virus host range transmembrane deletion
mutations and titers compared to those of SINV

Mutant Sequenced

Titer (PFU/ml)

BHK C7-10

SINV
HRa

365VYTILAVASATVAMMIGVTVAVLCAC390 1 � 107 1 � 109

ChikV
37997b

365TMTVVIVSVASFVLLSMVGTAVGMCV390 3 � 108 5 � 108

TM17-1b
365TMTVVIVSVASFVLLSMVGTAVGMCV390 7 � 105 2 � 106

TM17-2b
365TMTVVIVSVASFVLLSMVGTAVGMCV390 4 � 105 2 � 106

TM17-3c
365TMTVVIVSVASFVLLSMVGTAVGMCV390 1 � 105 1 � 106

a HR, heat-resistant strain. The portion of the sequence in bold represents the segment
of the TMD deleted in the original SINV TM-17 mutant.
b Titers from 2 days postinfection.
c Titers from 3 days postinfection.
d The underlined portions of the sequences represent the segments of the TMD that
were deleted.

ChikV Deletion Mutants Induce Immunity in Mice
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Plaque reduction neutralization test. NAb titers were determined by
plaque reduction neutralization test (PRNT) in BHK cells (37). Heat-
inactivated mouse sera were serially diluted 1:2 in duplicate, starting with
a 1:20 dilution. Approximately 20 PFU of WT ChikV was added to each
dilution, allowed to incubate at room temperature for 15 min, and then
plated on BHK cells for 2 days at 37°C. NAb titers (PRNT50) were deter-
mined to be the highest serial dilutions where �50% of the PFU added
were observed and are expressed as the geometric mean of titers from the
3 mice/group/day.

Anti-ChikV IgG ELISA. Poly-D-lysine-pretreated 96-well plates (Bec-
ton, Dickinson, Bedford, MA) were coated with �100 ng of purified WT
ChikV/well at 37°C for 1 h and blocked with phosphate-buffered saline,
0.2% Tween 20, and 10% fetal calf serum (FCS) at 4°C overnight. Dupli-

cate 1:100 dilutions of heat-inactivated mouse sera obtained 21 days p.i.
and 7 days p.c. were added to the plate for 1.5 h at room temperature and
removed. A 1:2,000 dilution of anti-mouse IgG horseradish peroxidase-
conjugated (Sigma-Aldrich A8924) Ab was then added to the plate for 1.5
h at room temperature and removed. Enzyme-linked immunosorbent
assays (ELISAs) were developed using TMB substrate (Promega) as in-
structed by the manufacturer. The plates were read using a Tecan Rain-
bow 96-well plate reader at an absorbance wavelength of 405 nm and a
reference wavelength of 0 nm. The results are the arithmetic mean of the
optical density read at 450 nm (OD450) obtained from 3 mice/group.

Histopathology. Mice were sacrificed and perfused by intracardial
injection with 4% paraformaldehyde, pH 7.3, on the days indicated. Hind
limb tissues were embedded in paraffin, and 5-�m sections were prepared
(45). H&E stain was used to determine the extent of inflammation of the
tissue and tissue disease. Sections were evaluated for inflammation in the
joint and in the muscle tissue, fasciitis, synovitis, and perivasculitis of
the foot/ankle and quadriceps as described in reference 45.

RESULTS
Host range mutant design. ChikV mutant design was based on
TMD deletions made in SINV, a related alphavirus (32). In the
SINV system, two HR mutants were found, which retained 16 and
17 aa of the WT 26-aa sequence in the TMD (32, 47). These mu-
tants were designated TM16 and TM17 for the number of amino
acids remaining in the membrane (32). Both mutants were tested
for immunogenicity and efficacy in mice, and TM17 was found to
be protective upon challenge (47). ChikV and SINV share 44%
homology in the structural proteins, and the SINV deletions were
used as a template for the design of the mutants made in ChikV
(48). The 26-aa sequence defining the ChikV TMD was deter-
mined by comparison to the SINV TMD (28, 33, 49–51) (Table 1).
The working hypothesis was that the sequence elements confer-
ring the HR phenotype should reside in similar locations within
related virus genomes. However, because of the specific geometry
of the helical TMD due to the differences in the amino acid se-
quence, the exact deletion resulting in the desired HR phenotype
may shift toward the amino or the carboxyl terminus. To address
this possibility, a series of 3 TM17 mutants was made, deleting the
sequences underlined in Table 1. ChikVTM17-1 replicated the
location of the original SINV TM17. Two other mutants, ChikV
TM17-2 and TM17-3, were designed to shift the deleted sequence
toward the carboxyl terminus 2 and 1 aa, respectively. Virus titers
of the ChikV mutants were determined after growth in both BHK
and C7-10 cells. All 3 ChikV mutants had peak titers over a 72-h
period in the range of 105 from BHK and 106 from C7-10 cells. WT
ChikV, TM17-1, and TM17-2 peaked at 48 h postinfection, while
TM17-3 peaked at 72 h postinfection (Table 1). These large dele-
tions do not revert in vitro or in vivo (37) and elicit protective
immunity which offers protection from challenge with WT virus
(36, 37). The retention of the correct 9-aa deletion in the E2 TMD
of each of the ChikV HR mutants was assessed by RT-PCR on day
2 foot/ankle tissue samples. All 3 mice in each group were con-
firmed to have the proper deletion (data not shown), verifying the
stability of each HR mutant in vivo.

Prechallenge viremia and vaccine reactogenicity. Chikungu-
nya virus causes arthritis and can establish persistent infection in
the joints (18). Thus, both serum and tissue surrounding the ankle
were examined for viremia and tissue disease. Viremias from in-
oculated mice were determined from sera and tissue samples 1, 2,
3, and 7 days p.i. and are shown in Fig. 1. All mice were injected
with 103 PFU of virus/10 �l in the footpad. Each of the viruses

FIG 1 Prechallenge viremia by plaque assay in mosquito cells in the desig-
nated tissues at 1, 2, 3, and 7 days after injection with 103 PFU of WT ChikV,
TM17-1, TM17-2, or TM17-3. The values of the mutant virus compared to the
WT viremia were analyzed by Welch-corrected Students’ t test, and the aster-
isks indicate where significant differences were found. The error bars indicate
standard deviations within sample groups. (A) Viremia detected in mouse
sera; analysis of the titers showed no significant difference between the mu-
tants and the WT until day 2 for TM17-2 (P � 0.05) and day 3 (P � 0.001) for
TM17-1. (B) Foot and ankle tissue titers differed from WT as follows: day 1, P
� 0.001 for TM17-1 and P � 0.01 for TM17-2; on day 2, TM17-1, -2, and -3
titers were significantly lower (P � 0.05). One day 3 virus was cleared from the
TM17-2/3-infected mice. However, the WT and TM17-1 were not cleared
from mouse feet/ankles at day 7. (C) Titers from quadriceps from which all the
mutant viruses were cleared by day 3. No viremia was detected in mice injected
with mock samples. The limit of detection of the plaque assay was 40 PFU.
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grew to a level of 107 PFU/ml within 24 h p.i. Serum virus titers
were not found to be significantly different from those of WT
ChikV until day 2 for TM17-2 (P � 0.05) and day 3 for TM17-1
(P � 0.001) (Fig. 1A). ChikV TM17-1 and -2 were not entirely
cleared from the serum on day 7 (102 PFU/ml). While the vaccine
viremia was high, no other symptoms of disease were observed
(see below). The infection profile changed when the feet/ankles
were examined (Fig. 1B). The values of the mutant virus com-
pared to the WT viremias were analyzed by Welch-corrected Stu-
dent’s t test. Foot/ankle tissue titers differed from WT as follows:
day 1 titers were significantly lower than WT for TM17-1 (P �
0.001) and for TM17-2 (P � 0.01). On day 2, TM17-1 (P � 0.05)
and TM17-2 (P � 0.01) were both lower than WT. TM17-1, -2,
and -3 were all significantly lower than WT on day 3 (P � 0.05). By
day 7, both TM17-2 and -3 were cleared from the foot/ankle, but
TM17-1 was still detected. ChikV quadriceps titers from the 3
mutants tested did not vary from WT titers on days 1 and 2
(Fig. 1C). However, for TM17-1, -2, and -3, virus was not detected
on day 3, while WT-virus-inoculated animals still expressed 104

PFU/g. This study also evaluated inflammation and swelling of the
foot/ankle at the site of injection of each of the vaccine viruses or
WT control compared to a mock-vaccinated group. Inflamma-
tion was monitored for 10 days p.i. Swelling at the site of injection
is indicative of primary reactogenicity and is a good predictor of
further tissue disease (45). Severity grades were assigned as mini-
mal, mild, moderate, or severe. WT virus produced severe swell-
ing. TM17-3 reactogenicity was minimal, and TM17-1 and
TM17-2 had no measurable swelling. WT-ChikV-infected mice
displayed mild to moderate inflammation beginning 2 days p.i.,
which progressed to severe by days 5 and 6 and began to diminish
by days 9 and 10 (data not shown). Because swelling following
vaccine administration is linked to other adverse pathology, only
the mutants that did not produce any inflammation at the site of
injection proceeded to the challenge portion of the study. Thus,
TM17-1 and TM17-2 were both challenged, while TM17-3 was
eventually eliminated from the study.

Virus persistence in foot/ankle and quadriceps. Virus persis-
tence in mice was observed previously by the presence of virus 21
days p.i. in affected tissue (45). The persistence of the HR mutants
was thus evaluated by RT-PCR at days 10 and 21 postinfection and
is shown in Table 2. The presence of a PCR product was scored as
plus or minus for each of 3 mice. On both days 10 and 21, 3
WT-ChikV-inoculated mice tested positive, following the same
profile: 1 mouse positive in the serum, 3 in the foot/ankle, and 1 in
the quadriceps. Of the mice infected with the mutant viruses,
TM17-1 tested minimally positive (1 mouse) in the foot/ankle on
day 21, and TM17-2 tested minimally positive (1 mouse) from

serum on day 21. This may have resulted from residual RNA,
which at this level would not be detectable by plaque assay.
TM17-3 tested positive (2 mice) from the serum on both days 10
and 21 p.i. WT-ChikV (strain 37997) infection was found to fol-
low the same time course as that reported for ChikV SL15649 (45).
The limit of detection of this assay was 12.8 pg RNA/reaction, or
10 PFU.

Vaccine immunogenicity. Immunogenicity was determined
by evaluating the amount of serum NAb through PRNT 7, 10, and
21 days p.i. (Fig. 2A). For the majority of serum samples, little to
no NAb titer was observed (PRNT50, �25). However, substantial
NAb titers (PRNT50, �400) were present in the WT-virus- and
TM17-3-injected mice 10 days p.i. Based on these results, it was
also important to determine the total ChikV-specific IgG postin-
jection. The total concentration of ChikV-specific IgG elicited was
determined by ELISA performed on the 21-day-p.i. samples. As
shown in Fig. 2B, WT-ChikV-inoculated animals were found to
have significantly more ChikV-specific IgG present. Animals vac-
cinated with TM17-1 and TM17-3 were found to elicit less total
ChikV-specific Ab than WT-vaccinated animals—TM17-1, P �
0.02; TM17-3, P � 0.04; naïve, P � 0.03—while no significant
difference was found between the respective mutant pairs.
There was also no significant difference between WT-ChikV-
inoculated mice and TM17-2-inoculated mice, and TM17-2-
inoculated mice were found to produce significantly more
ChikV-specific IgG than mock-inoculated mice (P � 0.03).
Thus, although all groups exhibited very low levels of NAb 21
days p.i., the total amount of IgG resulting from injection with
WT ChikV was significantly larger than that of each with the

FIG 2 (A) NAb titers present in mouse sera 7, 10, and 21 days after vaccination
with the wild type or the attenuated HR mutant ChikV 37997. (B) Total anti-
ChikV IgG (OD450) present in mouse serum 21 days postvaccination. The NAb
titers represent the geometric means of sera from 3 different mice per group
per day. The amount of total WT IgG measured was found to be statistically
larger than that of the IgG from TM17-1 and -3 (P � 0.03 for naïve; P � 0.02
for TM17-1; P � 0.04 for TM17-3), while no significant difference was found
among the respective mutant pairs. There was no significant difference be-
tween WT and TM17-2, whereas TM17-2 was statistically higher than mock
(P � 0.03). The error bars indicate standard deviations within sample groups.

TABLE 2 Persistence of ChikV RNA in mouse tissue after vaccination

Vaccine
group

Mice testing positivea

10 days p.i. 21 days p.i.

Serum Foot/ankle Quadriceps Serum Foot/ankle Quadriceps

WT ChikV � ��� � � ��� �
TM17-1 � � � � � �
TM17-2 � � � � � �
TM17-3 �� � � �� � �
Naive � � � � � �

a The number of plus signs represents the number of mice per sample group that tested
positive (n � 3). A minus sign means all mice tested negative. The limit of detection
was 12.8 pg RNA/reaction, or �10 PFU.
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HR mutants, except TM17-2. It is notable that TM17-2 did not
induce high NAb titers by PRNT50, nor did it induce high over-
all titers of IgG either pre- or postchallenge. Interpretation of
these data suggests that the protection conferred by ChikV
TM17-2 is not solely antibody dependent.

Vaccine efficacy. To ascertain the level of vaccine efficacy, vac-
cinated animals were challenged with a pathogenic strain of
ChikV (ChikV SL15649) (45) and then sacrificed 1, 2, and 3 days
p.c. to determine viremia and pathology. The challenge was 103

PFU of WT ChikV SL15649 injected into mice previously inocu-
lated with TM17-1, TM17-2, WT ChikV, or no vaccine (naive).
Table 3 displays the viremia levels measured for the indicated tis-
sue on 3 consecutive days p.c. WT-ChikV-challenged mice had a
titer of 8.5 � 103 PFU/g from the foot/ankle and 5.1 � 102 PFU/g
from the quadriceps on day 1. WT-ChikV-infected mice displayed
continued infection in the quadriceps on day 2 (1.3 � 104 PFU/g)
that was cleared by day 3 p.c. It was not possible to determine if
this viremia was caused by the challenge virus or continued infec-
tion with the original ChikV 37997 inoculum. As shown in Table
3, TM17-1-inoculated mice had a titer of 1.3 � 104 PFU/ml in the
serum on day 1 p.c. (day 29 postvaccination). This titer is attrib-
uted to the challenge virus, because all prechallenge serum viremia
was cleared for this mutant by day 21 (Table 2). ChikV TM17-1-
inoculated mice also had a titer of 6.4 � 102 PFU/ml virus in the
quadriceps on day 2 p.c. No further viremia was detected for this
mutant from any tissue on day 3 p.c. in any mouse. ChikV TM17-2
mice had no detectable viremia in any of the tissues sampled on
the 3 days p.c. The challenge virus, ChikV SL15649, gave serum
titers in naive mice of 4.7 � 107 and 8.6 � 105 PFU/ml on days 1
and 2, respectively, but was cleared by day 3. These mice also had
foot/ankle titers of 4.3 � 103, 7.3 � 103, and 9.8 � 102 PFU/g,
respectively, on each of the 3 days p.c. and quadriceps titers of
1.7 � 105, 4.0 � 105, and 2.1 � 103 PFU/g, respectively, on each of
the 3 days p.c. Collectively, these data demonstrate that ChikV
infection targets the joints and surrounding musculature and that
vaccination with TM17-2 protected all tissues assayed from WT-
virus challenge beginning day 1 of the viremic period. Seven days
p.c., naive mice challenged with ChikV SL15649 generated little to
no NAb titer (Fig. 3A), while ChikV TM17-1- and TM17-2-vac-
cinated mice gave PRNT50 titers of �3,000 and �500, respec-
tively. Mock-challenged animals displayed PRNT50 titers consis-
tent with background levels. Surprisingly however, the levels of
total IgG were not significantly different for TM17-1- or TM17-
2-inoculated mice, whether they were challenged or remained un-
challenged (Fig. 3B).

Histopathology pre- and postchallenge. It was important to
determine if any tissue pathology presented as a result of vaccina-
tion with TM17-1 or TM17-2. To determine this, sections of
mouse foot/ankle joints were taken at 7 days postvaccination,
H&E stained, and scored blindly. Slides from a representative an-
imal are shown in Fig. 4 at �20 magnification. Pathology was
assessed by scoring slides from each animal based on muscle in-
flammation, muscle necrosis, tendonitis, synovitis, and perivasc-
ulitis. For scoring pathology, the following scale was used: 0, 0 to
2%; 1, 2 to 20%; 2, 20 to 40%; 3, 40 to 60%; 4, 60 to 80%; and 5, 80
to 100%. For scoring of synovium and perivascular inflammation,
the following scale was used: 0, no change; 1, minimal; 2, mild
(inflammatory infiltrate); 3, moderate; 4, severe (destruction of
synovial membrane). Scores for individual animals postvaccina-
tion are shown in Table 4. As shown in Fig. 4A and B, infection of
mice with WT ChikV produced severe muscle inflammation and
necrosis with apparent destruction of the synovial membrane. In
contrast, animals vaccinated with TM17-1 displayed mild muscle
inflammation with no other signs of pathology (Fig. 4C). Impor-
tantly, animals vaccinated with TM17-2 displayed no signs of any
pathology at 7 days postvaccination (Fig. 4D). These results con-
firm the primary reactogenicity studies, in which no swelling was
seen in animals vaccinated with TM17-2.

To determine if vaccination with TM17-1 or TM17-2 pro-
tected animals from developing ChikV-associated pathology dur-
ing challenge, foot/ankle sections of mice were taken at 7 days
postchallenge, H&E stained, and scored for pathology as de-
scribed above (Table 5). Slides from a representative animal taken
at �20 magnification are shown in Fig. 5, with scores from each
individual animal shown in Table 5. As shown in Fig. 5A, naive
mice challenged with ChikV SL15649 displayed moderate mus-
cle inflammation and necrosis. Mice vaccinated with TM17-1
displayed minimal muscle inflammation following challenge
with ChikV SL15649, with no other pathology apparent (Fig.
5B). Most importantly, samples taken from mice vaccinated
with TM17-2 prior to challenge with ChikV SL15649 had no
detectable pathology and appeared similar to samples taken
from naive mice challenged with medium alone (Fig. 5C and D,
respectively). Taken together, these data suggest that TM17-2
is not only nonreactogenic, it is also sufficient to protect mice
from pathology associated with ChikV infection. This suggests
that TM17-2 is a ChikV vaccine strain that warrants further
investigation and development as a live-attenuated vaccine
strain (LAV).

TABLE 3 Viremia detected in mouse tissue after challenge with ChikV SL15649

Vaccine

Viremiaa (PFU/ml)

Serum Foot/ankle Quadriceps

Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3

TM17-1 1.3 � 104 ND ND ND ND ND ND 6.4 � 102) ND
(P � 0.05) (NS) (NS) (P � 0.05) (P � 0.001) (P � 0.05) (P � 0.01) (P � 0.01) (NS)

TM17-2 ND ND ND ND ND ND ND ND ND
(P � 0.001) (P � 0.001) (NS) (P � 0.05) (P � 0.001) (P � 0.05) (P � 0.001) (P � 0.01) (NS)

ChikV 37997 ND ND ND 8.5 � 103 ND ND 5.1 � 102 1.3 � 104 ND
(P � 0.001) (P � 0.01) (NS) (P � 0.001) (P � 0.001) (P � 0.05) (P � 0.001) (P � 0.01) (NS)

Naive 4.7 � 107 8.6 � 105 ND 4.3 � 103 7.3 � 103 9.8 � 102 1.7 � 105 4.0 � 105 2.1 � 103

a ND, below the detection limit of the assay (40 PFU/ml); NS, not statistically significant. The P values demonstrate significant difference from the naive control group.
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DISCUSSION

The search for a suitable ChikV vaccine is not new (52). In the
development of inactivated LAVs, one including an internal ribo-
some entry site (IRES) that confers attenuation (53) and chimeric
viruses (54, 55) are in various stages of study. Other platforms,
such as virus-like particles (VLPs) (56) and DNA vaccines (57),
have been tested (58). However, none of these potential vaccines
have been approved for use in humans.

In the present study, the results shown above indicate that
ChikV TM17-2 is an attenuated, nonreactogenic, efficacious vac-
cine strain that should be further developed for use in humans. It
must be noted that ChikV TM17-2 grew to relatively high titers in
mice, but this result is not sufficient to rule out the virus as a

FIG 3 NAb titers (A) and total anti-ChikV IgG (OD450) (B) present in mouse
sera 7 days after challenge with wild-type ChikV SL15649 or mock challenge
(complete medium). The NAb titers represent the geometric means of sera
from 3 different mice per group per day. The NAb titers in both the challenged
and unchallenged naïve-mouse groups were below detection (�10), while
challenge with ChikV SL15649 generated a significant boost in the NAb titers
of the TM17-1- and -2-vaccinated mice compared to the mock-challenged
groups. The error bars indicate standard deviations within sample groups.

FIG 4 Pathology of mouse foot/ankle joint histology sections 7 days after vaccination (magnification, �20) of a representative animal. (A) Evidence of extensive
muscle inflammation and necrosis following administration of ChikV 37997. (B) Administration of ChikV 37997 also resulted in severe synovitis with destruc-
tion of the synovial membrane and moderate perivasculitis. (C) TM17-1-vaccinated animals displayed minimal muscle inflammation with no evidence of muscle
necrosis, synovitis, or perivasculitis. (D) TM17-2-vaccinated animals displayed no evidence of pathology in the foot/ankle joint. Bar, 50 �m.

TABLE 4 Pathology scoring assigned to slides for individual animals for
foot/ankle sections taken 7 days after vaccination

Group/
mouse

Score

Muscle
inflammationa

Muscle
necrosisa Tendonitisa Synovitisb Perivasculitisb

WT/1 5 5 1 3 3
WT/2 5 5 1 4 2
WT/3 5 5 1 4 2
TM17-1/1 1 0 0 0 0
TM17-1/2 0 0 0 0 0
TM17-1/3 1 0 0 0 0
TM17-2/1 0 0 0 0 0
TM17-2/2 0 0 0 0 0
TM17-2/3 0 0 0 0 0

a Scale: 0, 0 to 2%; 1, 2 to 20%; 2, 20 to 40%; 3, 40 to 60%; 4, 60 to 80%; 5, 80 to 100%.
b Scale: 0, no change; 1, minimal; 2, mild (inflammatory infiltrate); 3, moderate; 4,
severe (destruction of synovial membrane).
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vaccine candidate. Conventionally, while high viremia is seen as
an indicator of virulence, it is not a universal characteristic of all
virus infections. One study of the relationship between virus fit-
ness and virulence with vesicular stomatitis virus (VSV) con-

cluded that, in general, viremia and viral fitness correlated with
virulence, but in some cases, complex host and virus interactions
could uncouple this relationship (59). For some vaccines, there
are no true correlates of protection (5). There is intensive inves-

TABLE 5 Pathology scoring assigned to slides for individual animals for foot/ankle sections taken 7 days postchallenge

Group/mouse (challenge)a

Score

Muscle inflammationb Muscle necrosisb Tendonitisb Synovitisc Perivasculitisc

Naïve/1 (mock) 0 0 0 0 0
Naïve/2 (mock) 0 0 0 0 0
Naïve/3 (mock) 0 0 0 0 0
Naïve/1 (challenged) 3 1 0 1 0
Naïve/2 (challenged) 4 3 0 2 0
Naïve/3 (challenged) 3 2 0 3 0
TM17-1/1 (mock) 0 0 0 0 0
TM17-1/2 (mock) 0 0 0 0 0
TM17-1/3 (mock) 0 0 0 0 0
TM17-1/1 (challenged) 0 0 0 0 0
TM17-1/2 (challenged) 2 0 0 0 0
TM17-1/3 (challenged) 0 0 0 0 0
TM17-2/1 (mock) 0 0 0 0 0
TM17-2/2 (mock) 0 0 0 0 0
TM17-2/3 (mock) 0 0 0 0 0
TM17-2/1 (challenged) 0 0 0 0 0
TM17-2/2 (challenged) 0 0 0 0 0
TM17-2/3 (challenged) 0 0 0 0 0
a Challenge, challenged with ChikV SL15649; mock, mock challenged.
b Scale: 0, 0 to 2%, 1, 2 to 20%; 2, 20 to 40%; 3, 40 to 60%; 4, 60 to 80%; 5, 80 to 100%.
c Scale: 0, no change; 1, minimal; 2, mild (inflammatory infiltrate); 3, moderate; 4, severe (destruction of synovial membrane).

FIG 5 Pathology of mouse foot/ankle joint histology sections 7 days postchallenge (magnification, �20) of a representative animal. (A) Naive mice challenged
with ChikV SL15649 displayed moderate muscle inflammation and necrosis. (B) Mice vaccinated with TM17-1 and challenged with ChikV SL15649 displayed
minimal muscle inflammation. (C and D) Mice vaccinated with TM17-2 prior to challenge with ChikV SL15649 (C) displayed no notable pathology, similar to
samples obtained from naive mock-challenged animals (D). Bar, 50 �m.
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tigation for molecular markers of virus attenuation to deter-
mine the mechanisms of attenuation for current vaccines. Hy-
pothetically, a thorough understanding of the molecular
factors involved in virus attenuation and how they relate to the
disease process will aid in the development of new vaccines or
antiviral factors (60, 61).

While antibodies are believed to be the primary method of
protection against ChikV infection (62), cell-mediated immunity
has been shown to be sufficient for protection against alphavirus
disease in the absence of strong antibody response (63, 64). Inter-
estingly, the lack of IgG induced by ChikV TM17-2 could be con-
tributing to the lack of inflammation. Severe joint pain and rheu-
matoid arthritis (RA)-like symptoms, which begin at the onset of
infection, can persist for months or even years after virus clearance
and are the most notable markers of ChikV disease (65, 66). One
hypothesis for pathogenic symptoms during RA is the interaction
of IgG with mast cells and cytokines (26, 67). Furthermore, in-
creased IgG titers have been shown to correlate with disease sever-
ity and persistence in ChikV infection (68). Taken together, this
suggests the low IgG titers induced by ChikV TM17-2 may be
responsible for the lack of inflammation seen postvaccination but
are sufficient to prevent disease upon challenge.

Further studies are currently being undertaken to determine
the mechanism by which TM17-2 confers immunity as a vaccine.
Although the data do not point directly to a specific mechanism
for protection by this particular mutant, there is one notable point
to consider. All the ChikV TM17 mutants had the same number of
amino acids deleted: 9. The only distinction between these mu-
tants is the position of the deletion with respect to the amino and
carboxyl termini of the TMD. While the identical position in the
SINV TM17 was found to provide protection against challenge
with pathogenic Sindbis-like virus isolate S.A.AR86 (GenBank ac-
cession number U38305) (47), it is evident from the data pre-
sented here that this was not the optimal protective mutation in
the ChikV sequence. While interpretation of how these small con-
textual changes affect virus interactions with an incredibly com-
plex immune response is not clear, there is a possibility that slight
conformational differences can and do affect interaction of the
cells involved in the primary infection and effectors of the innate
immune response. If this were not the case, no attenuation would
result from the mutation. The different responses of HR mutants
and the WT viruses could result from effects on virus receptor
affinity or epitope presentation or other effects of E2 conforma-
tional changes and protein-protein interactions. The HR pheno-
type of these mutants has been proposed in previous studies to
identify a marker of attenuation and now has additional support
from studies in monkeys for DV2 (37) and ChikV (this study).

This study of ChikV HR mutants TM17-1, -2, and -3 has pro-
vided additional evidence that arbovirus HR mutants attenuated
for growth in mammals provide a paradigm that can be applied to
alphaviruses and flaviviruses to construct vaccine strains (32, 36,
37). There are 600 to 700 known pathogenic agents in the arbovi-
rus class, such as dengue virus, West Nile virus, and many forms of
encephalitic viruses. Any of these viruses can also be targeted using
this technology. Although standard technologies have been used
to produce HR mutant LAVs, there is an accumulating body of
evidence that the TMD deletion method of attenuation can pro-
vide safe and efficacious vaccines. LAV vaccines provide all
epitopes of the virus to the host immune system and are immu-
nologically indistinguishable from the WT, unlike killed viruses,

viral subunit proteins, chimeric viruses, or other molecular ap-
proaches. The vaccine strain ChikV TM17-2 has been found to be
safe and efficacious in mice. Selection of TMD deletion mutants
that are HR and restricted to growth in insect cells has been found
to be a reproducible method of attenuation of arboviruses. After
the target deletion was determined for each virus family, the con-
struction of these mutants has become straightforward, as the lo-
cations and the sequences to be deleted have been found to be
more predictable. By this simple and effective method of creating
safe and protective LAVs, reemerging viruses, such as Chikungu-
nya and dengue viruses, as well as other arboviruses, can be rapidly
targeted and controlled.
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