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Abstract

Background: Chikungunya virus (CHIKV) is a re-emerging arbovirus associated with febrile illness often accompanied by
rash and arthralgia that may persist for several years. Outbreaks are associated with high morbidity and create a public
health challenge for countries affected. Recent outbreaks have occurred in both Europe and the Americas, suggesting
CHIKV may continue to spread. Despite the sustained threat of the virus, there is no approved vaccine or antiviral therapy
against CHIKV. Therefore, it is critical to develop a vaccine that is both well tolerated and highly protective.

Methodology/Principal Findings: In this study, we describe the construction and characterization of a modified Vaccinia
virus Ankara (MVA) virus expressing CHIKV E3 and E2 proteins (MVA-CHIK) that protected several mouse models from
challenge with CHIKV. In particular, BALB/c mice were completely protected against viremia upon challenge with CHIKV
after two doses of MVA-CHIK. Additionally, A129 mice (deficient in IFNa/b) were protected from viremia, footpad swelling,
and mortality. While high anti-virus antibodies were elicited, low or undetectable levels of neutralizing antibodies were
produced in both mouse models. However, passive transfer of MVA-CHIK immune serum to naı̈ve mice did not protect
against mortality, suggesting that antibodies may not be the main effectors of protection afforded by MVA-CHIK.
Furthermore, depletion of CD4+, but not CD8+ T-cells from vaccinated mice resulted in 100% mortality, implicating the
indispensable role of CD4+ T-cells in the protection afforded by MVA-CHIK.

Conclusions/Significance: The results presented herein demonstrate the potential of MVA to effectively express CHIKV E3-
E2 proteins and generate protective immune responses. Our findings challenge the assumption that only neutralizing
antibodies are effective in providing protection against CHIKV, and provides a framework for the development of novel,
more effective vaccine strategies to combat CHIKV.
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Introduction

Chikungunya virus (CHIKV; Togaviridae, Alphavirus), the

etiologic agent of Chikungunya fever is an emerging pathogen that

has recently caused several severe outbreaks throughout Africa

and Southeast Asia [1–3]. Large outbreaks have occurred on La

Réunion island (an overseas department of France), Mauritius, Sri

Lanka, and India, among others [4]. In addition, autochthonous

transmission has been seen in Europe, with outbreaks occurring in

both Italy and mainland France [5], suggesting temperate climates

can support virus transmission. Furthermore, as of January 2014,

the European Centre for Disease Control has confirmed 70 cases

of CHIKV on the Caribbean islands of St. Martin, Martinique,

Guadeloupe, and Saint Barthelemy, with many more suspected,

indicating spread to continental America is possible. CHIKV is

transmitted to humans by Aedes aegypti and Aedes albopictus
mosquitoes, the latter of which has been an important vector in

many of the recent outbreaks due to mutations in the envelope

genes of the virus that allow for more efficient transmission [6–9].

CHIKV causes a dengue-like illness associated with fever, rash

and joint pain and was first described in modern day Tanzania in

1952 [10]. The term Chikungunya is derived from the Makonde

word meaning ‘‘that which bends up’’ and describes the posture of

an infected individual [11]. Recently, the U.S. Army developed a

live-attenuated vaccine candidate, called CHIK 181/clone 25 or

181/25, but it caused transient arthralgia in a small number of

volunteers during phase II clinical trials [12,13]. Experimental

subunit [14], recombinant viruses [15–17], and VLP [18] based

vaccines have also been described which are currently at various

stages of preclinical or clinical development, however there

currently are no licensed vaccines or antiviral treatments available

for CHIKV.

An alternative approach for developing CHIKV vaccines is the

use of viral vectors. A complex adenovirus expressing the complete

CHIKV structural poly-protein has been described and was shown

to be immunogenic and protective in mice [19]. However, safety

concerns regarding adenovirus based-vectors may limit this

approach [20]. In contrast, Modified Vaccinia virus Ankara
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(MVA) has been tested in over 120,000 humans and was proven to

be highly safe and effective in protecting against smallpox [21,22].

MVA was attenuated by over 500 passages of Vaccinia virus

(VACV) in chicken embryo fibroblasts (CEFs), which resulted in

large deletions of its genome that restricted its host-range [23,24].

During passaging, MVA lost the ability to productively infect

mammalian cells, leading to abortive replication [25]. VACV,

which is far more reactogenic than MVA [26,27], has been used

previously against other alphaviruses, namely Sindbis and

Venezuelan equine encephalitis (VEEV) viruses, providing robust

immunity against the latter, suggesting poxviruses as suitable

vectors against alphaviruses [28–33]. Despite the presence of high

levels of neutralizing antibodies elicited by most of the VACV

vectored VEEV vaccine candidates, they were ineffective in

providing protection against airborne infection, suggesting they

were unable to elicit a sufficient T cell mediated immune response,

which has been shown to be critical for protection against lethal

VEEV encephalitis [34,35]. MVA, like its parent virus VACV, has

been extensively tested as a vaccine vector, expressing viral,

bacterial or parasite antigens and has been shown to induce both

humoral and cell-mediated protective immune responses [25,36–

42]. Furthermore, MVA can be delivered effectively by different

routes and has much greater stability than most other live virus

based vaccine approaches [43]. Additionally, because MVA

undergoes only abortive replication in mammalian cells, vector

stability is not a problem as only one infection cycle occurs

[25].Therefore, an MVA vectored CHIKV vaccine would be an

attractive option for resource-limited countries, where the majority

of CHIKV infections occur. Additionally, Volz and Sutter (2013)

have targeted MVA as an ideal vector for safe next generation

vaccines, with CHIKV being mentioned specifically as an

attractive candidate pathogen [44]. Furthermore, Garcia-Arriaza

et al. (2014) successfully used MVA for expression of the entire

CHIKV structural protein as a vaccine candidate, indicating

MVA can provide effective immunity against this virus [45].

In this report, we describe the construction and immunological

evaluation of an MVA-based CHIKV candidate vaccine based on

the E3-E2 proteins. The vaccine was tested in two mouse models-

one immunocompetent and the other lacking a/b interferon

signaling (A129)- and was uniformly protective. Mice deficient in

a/b interferon signaling have been used for many viruses and

have been shown repeatedly to be a good model for CHIKV,

providing many similarities to human infection [46–48]. Complete

protection against mortality was provided when MVA-CHIK was

administered in a prime-boost regimen. In addition, it provided

80% protection against mortality in this highly immunocompro-

mised mouse model after only 11 days post-vaccination. Surpris-

ingly, while playing a role, neutralizing antibodies did not appear

to be necessary for protection against CHIKV, contrary to other

recent reports [49,50]. Most importantly, depletion of CD4+ T

cells in vaccinated mice resulted in loss of protection, with 100%

succumbing to infection upon challenge with wild-type CHIKV,

indicating an indispensable role of MVA-CHIK immune CD4+ T

cells in protection.

Materials and Methods

Ethics statement
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of Labora-

tory Animals of the National Institutes of Health. The IACUC

protocol (Protocol #V01380) was approved by the Institutional

Animal Care and Use Committees of the University of Wisconsin.

Cell culture and viruses
African Green Monkey kidney cells (Vero, ATCC #CCL-81)

and baby hamster kidney cells (BHK-21, ATCC # CCL-10) cells

were maintained in Dulbecco’s modified Eagle medium (DMEM;

Gibco, Carlsbad, CA) supplemented with 5% fetal bovine serum

(FBS), 100 U/ml of penicillin, 100 mg/ml of streptomycin, and

2.5 mg/ml amphotericin B, and incubated at 37uC in 5% CO2.

Chicken embryo fibroblasts (CEFs) were obtained from Charles

River (Charles River Laboratories International, Inc., Wilming-

ton, MA) and maintained in OptiMEM (Invitrogen, Carlsbad,

CA) supplemented with 10% FBS under the same conditions.

Chikungunya virus strain La Reunion (CHIKV-LR; GenBank:

DQ443544.2) was used for both the construction of recombinant

poxviruses and challenge experiments. The virus was kindly

provided by Dr. Scott Weaver (University of Texas Medical

Branch, Galveston, Texas). The CHIK-IRES vaccine candidate

has been previously described [51] and was used in this study as a

positive control. Briefly, the vaccine was constructed by replacing

the subgenomic promoter in a cDNA CHIKV clone with an

internal ribosome entry site from encephalomyocarditis virus

(EMCV-IRES) and has shown to be effective and safe in mice [51]

and non-human primates [52]. The MVA virus used in these

studies was obtained through BEI Resources (NIAID, NIH,ref #
NR-727). A recombinant MVA virus expressing GFP (herein

called MVA-GFP) was based on the wild-type MVA and its

construction has been previously described [37,53].

Construction of recombinant MVA vaccines
For the production of recombinant MVA vaccines, the CHIKV

E2 and E3 genes (hereafter called p62) were PCR amplified using

Phusion High-Fidelity DNA polymerase (New England Biolabs,

Ipswich, MA) and cloned into a specially modified poxvirus

transfer vector, pI2-Red [37]. E2 was chosen because it has been

previously demonstrated that most neutralizing antibodies mapped

to epitopes in this region [49,54,55]. E3 has not been strongly

associated with protection; however, it was included to allow

proper folding of the E2 protein [56]. The expression of p62 was

controlled by a synthetic early/late Vaccinia virus promoter and

used the Vaccinia virus transcription terminator, which have been

previously described [57]. The vector used in this study contained

flanking sequences that when transfected into MVA-GFP infected

cells can recombine into the Deletion III region of the viral

Author Summary

Chikungunya virus (CHIKV) has recently re-emerged from
Africa to cause disease outbreaks in Asia, Europe, and
more recently the Caribbean. The virus is transmitted by
Aedes mosquitoes and causes a disease that is character-
ized by high fever and incapacitating joint pain that can
cause great personal and economic loss. At present, no
approved vaccine or antivirals are approved against CHIKV.
In this study, we developed a novel CHIKV vaccine that is
vectored by Modified Vaccinia virus Ankara (MVA), an
attenuated vaccine vector which has been shown to be
safe in humans and induce a strong immune response. The
vaccine expresses the E3 and E2 proteins of CHIKV, the
latter of which is thought to be the main mediator of
protection. The vaccine was effective in two mouse models
and protected against all markers of disease tested despite
the absence of high levels of neutralizing antibodies, the
gold standard of protection. Depletion of CD4+ T cells from
vaccinated mice resulted in loss of protection, implicating
these cells in the protection induced by the vaccine.
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genome [58]. This vector contains DsRed under the control of a

late p11 promoter to allow for visual based selection and permits

an easy distinction between recombinant (red) and wild-type

(green) viruses (Fig. 1A).

Recombinant MVA-CHIK viruses were generated as described

previously [59,60]. Briefly, CEFs were seeded into six-well plates

the day before transfection and then infected at a multiplicity of

infection (MOI) of 0.05 PFU/cell for 1.5–2 hours with MVA-

GFP. Cells were then washed with 16 PBS and transfected with

appropriate transfer vectors using FuGENE HD (Roche Diagnos-

tics, Indianapolis, IN) following manufacturer’s protocol. Cells

were monitored for the presence of red fluorescence 24 hours after

transfection. At 48–72 h post-transfection, monolayers were

harvested, centrifuged at 5006g for 5 min at 4uC and cells

disrupted by freeze–thaw (3 times) followed by sonication (2 times

for 15 s using a cup sonicator). The disrupted cell extracts

containing recombinant viruses expressing DsRed were plated

onto fresh CEF cells and overlaid with 0.8% agarose. After 48–

72 h, recombinant virus-generated plaques were detected by

observing fluorescence and picked into 300 mL media with a sterile

filter pipette tip. The cell/virus samples were subjected to freeze

thaw and sonication (as described above) and plated to continue

passaging. Plaques were passaged until no wild-type (GFP

expressing) virus was observed at which point PCR was performed

to confirm the presence of only recombinant virus [61]. High titer

virus stocks were prepared from PCR positive cultures and

recombinant MVA-CHIK viruses were further characterized.

PCR analysis was performed on final virus stocks to ensure genetic

homogeneity and stability. DNA was extracted using the quick-

gDNA Miniprep kit from Zymo Research per manufacturer’s

instructions (Zymo Research, Irvine, CA). PCR was then

performed using Phusion polymerase with deletion III specific

primers (Forward 59-atgcggcacctctcttaa-39, Reverse 59-tgggctcctta-

taccaagca- 39).

In vitro characterization of recombinant MVA-CHIK
vaccines

Western blot analyses were used to determine the in vitro
expression patterns of MVA-CHIK constructs. For this purpose,

BHK-21 cells were seeded at 3.06105 cells/well into six-well plates

and 24 hours (hr) later infected at an MOI of 5 PFU/cell in

OptiMEM in the absence of FBS. At 24 hr after infection, cells

were harvested and lysed using Radio-Immunoprecipitation Assay

buffer (RIPA; 150 mM NaCl, 1.0% NP-40, 0.5% sodium

deoxycholate, 0.1% SDS, and 50 mM Tris, pH 8.0) at 4uC for

30 minutes (min) under gentle agitation. Lysates were then

centrifuged for 20 min at 12,000 rpm and supernatant was

collected for further analysis. Supernatants were diluted into 26
Laemmli buffer (Bio-Rad, Richmond, CA), heated at 95uC for

5 min and 50 mL were loaded into a Bio-Rad 4–20% precast

gel. Gels were transferred to a nitrocellulose membrane using

Trans-Blot Turbo Blotting System following manufacturer’s

instructions. Polyclonal serum obtained from specific-pathogen-

free (SPF) rabbits inoculated with a vaccine strain of CHIKV was

used to probe blots at a dilution of 1:5000 and developed using

BCIP/NBT alkaline phosphatase system (Bio-Rad).

BHK-21 cells were used for immunocytochemistry (ICC)

experiments. One day prior to infection, 26105 cells were plated

onto glass coverslips, which had been placed inside of 24 well

tissue culture plates. The following day, the cells were infected at

an MOI of 10 PFU/cell. Infection was allowed to progress for

24 hrs and then fixed using 2% paraformaldehyde (PFA) solution

in phosphate buffer. For permeabilization, cells were treated with

0.5% Triton X-100 for 10 min at 4uC, followed by 50 mM NH4Cl

in PBS for 10 min at room temperature (RT), and then blocked

with PBS containing 10% bovine serum albumin (BSA) for 3 to

4 hr at RT. Cells were then incubated overnight at 4uC with a

1:1000 dilution of anti-CHIKV polyclonal rabbit serum. Cells

were subsequently washed three times with PBS containing 0.05%

Tween and then incubated with a 1:2000 dilution of anti-rabbit

IgG Alexafluor-488 for 45 min at RT. Cells were mounted using

Vectashield mounting medium (Vector Laboratories). Images were

acquired using an Evos microscope with attached camera.

ELISAs were performed as described by Brewoo et al., 2010

[37]. Briefly, 96-well ELISA plates were coated with purified

CHIKV (0.5 mg in 100 mL carbonate buffer, pH 9.6 per well) at

4uC overnight. Coated plates were washed twice with 0.05%

Tween-20 in PBS (washing buffer) and incubated with blocking

buffer (1% BSA in PBS) at RT for 1 hr. Serum samples then were

serially diluted from 1:100–1:12,800 in ELISA diluent (0.1% BSA

in washing buffer) and added in triplicate to the prepared ELISA

plates and plates were incubated at RT for 1 hr. Known negative

(uninoculated) and positive serum samples from mice inoculated

with CHIK-IRES from previous studies were used as controls.

After washing, 100 mL per well of a 1:10,000 dilution of

horseradish peroxidase (HRP)-conjugated rabbit anti-mouse

IgM+G (Abcam Inc, Cambridge, MA) was added to each well

and incubated at RT for 1 hr. Plates were washed, and 100 mL per

well of tetra-methyl-benzidine (TMB) chromogen (Sigma, St

Louis, MO) was added to each well and incubated in the dark

for 5 min. The reaction was then stopped by adding 100 mL per

well of 2 mM H2S04. Colorimetry was measured using an ELx800

absorbance microplate reader (BioTek, Winooski, VT) at test

wavelength of 450 nm and a reference wavelength of 630 nm.

The highest dilution that was positive (exceeded the mean of

known negative serum samples plus three standard deviations) was

considered the endpoint, and its reciprocal value was recorded as

the titer.

Animal experiments
Groups of four- to six-week-old female BALB/c mice (Harlan

Sprague Dawley, Indianapolis, IN) or six- to ten-week-old mixed

Figure 1. Generation and characterization of candidate MVA-CHIK vaccine virus. Diagram of the MVA-GFP genome and transfer vector
used for homologous recombination for creation of MVA-CHIK. The different areas where deletion occurred in the vaccinia virus genome to create
MVA are shown. MVA-CHIK was created by transfecting the plasmid containing CHIKV p62 under control of a se/l promoter which also expressed
dsRed2 under control of a p11 promoter. This plasmid contains flanking regions to deletion III (DelIII) which is where the recombinant gene was
inserted into the genome with a fluorescent marker (A). PCR analysis of the DelIII region. Viral DNA was extracted from purified, final virus stocks of
MVA-CHIK, MVA-GFP and MVA-WT. PCR was performed using primers specific for the DelIII flanking regions. A DNA ladder is included for comparison
of size (B). Monolayers of CEF cells were infected with recombinant MVA-CHIK viruses at MOI of 5 or 10 PFU/cell for Western Blot or Immunostaining,
respectively. After 24 h post infection, cells were harvested and subjected to SDS-PAGE followed by western blot analysis (C) or fixed with 2% PFA as
described in the methods. Both the cellular pellet and supernatant were analyzed for expression of CHIKV E3/E2. The order is the same for both and is
as follows, wild-type CHIKV (1), MVA-CHIK (2), MVA-GFP (3), and mock infected cells (4). Following fixation, cells for immunostaining were either
allowed to remain intact or permeabilized with triton X-100 (D). Anti-CHIKV polyclonal rabbit was used for primary staining for both assays. Green
represents CHIKV E2 positive cells, red is dsRed protein produced by the virus and blue is nuclear staining with Hoechst.
doi:10.1371/journal.pntd.0002970.g001
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gender a/b interferon signaling deficient mice (A129) received

either primary only or primary and booster immunizations (28

days apart) with each vaccine candidate via intradermal (i.d.)

injection into the hind, left footpad. A dose of 16107 TCID50 units

in 50 mL was used for all MVA vaccinations. The dose chosen is

either lower than or consistent with many previous reports of

MVA vectored vaccines [62–64]. Negative control groups were

immunized with MVA-GFP at the same dose. As a positive

control, mice were vaccinated with experimental control vaccine

virus CHIK-IRES [17] at a dose of 104 TCID50 units. At either 11

days post-prime or two weeks post-boost (where applicable), all

animals were challenged with wild-type CHIKV-LR by i.d.

inoculation of 104 (BALB/c) or 102 (A129) TCID50 units in 50 mL

into the hind, left footpad. Mice were bled prior to boost and prior

to challenge following vaccination to monitor levels of neutralizing

and anti-virus antibodies. Passive transfer studies were performed

using A129 mice as previously described [37]. Briefly, serum was

collected from vaccinated BALB/c or A129 mice and equal

volumes from each sample were used to create a pool of sera for

each mouse strain separately. 100 mL (BALB/c) or 200 mL (A129)

of this inoculum were then injected into naive mice intraperito-

neally (i.p.). Serum from CHIK-IRES vaccinated A129 mice

(100 mL) was used as a positive control. 24 hours after passive

transfer, mice were challenged in the same manner as described

above. Following challenge, mice were bled three days consecu-

tively to monitor viremia via the maxillary vein. With the

exception of the BALB/c experiment, all animal experiments

were repeated at least once, with similar results.

In vivo depletion of T-cells
For depletion studies, groups of six- to ten-week-old A129 mice

(n = 5), were vaccinated i.d. with 107 TCID50 units of MVA-

CHIK on day 0 and boosted day 28. On days 39 and 41 post

priming, immune mice were treated i.p. with 100 mg of anti-CD4

mAb (GK1.5) or 250 mg of anti-CD8a mAb (2.43) (Bio X Cell).

Control groups included untreated immune and non-immune

animals. Each treatment group was challenged i.d. with 500

TCID50 units of CHIKV-LR three days later. Mice were further

treated with depleting antibodies 3, 7 and 10 days post-challenge.

The depletion efficiency in PBMCs on the day of infection was

more than 99% for both T cell subsets as assessed by flow

cytometry by staining with anti-mouse CD4 FITC (RM4-5), anti-

mouse CD8a PerCP (53–6.7) mAbs (from BD Bioscience) (data not

shown). Mice were monitored for morbidity and mortality for two

weeks.

Histopathology
Histopathology was performed on tissues collected from A129

mice 7 days post infection (d.p.i.). Footpad and leg tissues were

severed from euthanized mice, cut in half to expose the tissues, and

fixed in 4% buffered PFA for two days. Hind limbs were then

decalcified in 4% PFA containing 14% EDTA for 3–4 weeks,

changing decalcification solution weekly. Tissues were paraffin

embedded, sectioned and stained with hematoxylin and eosin

(H&E). Pictures were taken using a Sony NEX-5N camera

attached to a Nikon microscope.

Virus quantification and serology
Blood samples collected from mice following challenge were

used to assess viremia. Viremia was assessed via end point dilutions

in 96 well plates seeded with Vero cells (seeded the night before at

26104 cells/well) and was expressed as tissue culture infectious

dose 50 (TCID50) per ml. For prime only studies a serum sample

was taken ten days post-vaccination to measure neutralizing

antibodies. For studies with prime and boost serum samples were

collected on days 28 and 42 post-primary vaccination. Neutral-

ization titers were determined using a TCID50 based assay that

was modified from Grosfeld et al. [65]. Briefly, sera were

incubated at 56uC for 60 min to inactivate complement and then

serially diluted two-fold starting at a dilution of 1 in 5. Dilutions

were performed in DMEM as described above except containing

only 2% FBS. Subsequently, 100 TCID50 units of CHIKV were

added to each well in the same dilution media. The virus/serum

mixture was then incubated at 37uC for 1 hr. Following

incubation, 100 mL of the mixture was added to 96 well plates

seeded with Vero cells and monitored for 3–4 days for presence of

cytopathic effects (CPE).

Flow cytometric analysis of T cell responses
T cell responses were analyzed as previously described [50,53].

Briefly, A129 mice were euthanized 2 weeks post-boost. After red

blood cell (RBC) lysis, single-splenocyte suspensions were resus-

pended in RPMI-1640 medium supplemented with 10% FBS 16
penicillin/streptomycin and 0.14 mM of b-mercaptoethanol.

Splenocytes were stimulated with three CHIKV peptide pools

that cover the entire protein sequences of E3, E2 and NSP2,

respectively. The peptide pools were used at a concentration of

1 mg/well separately in 200 mL total volume for 16 h in the

presence of Brefeldin A. Peptide pools were a generous gift from

Dr. Daniel Streblow [66] and were synthesized by Thermo Fisher

Scientific. Cells were stained intracellularly for IFN-c APC

(XMG1.2), IL-2 PE (JES6-5H4), TNF-a PE (MP6-XT22) and

CD40L (MR1) after surface staining of CD4 FITC (RM4-5) or

anti-mouse CD8a PerCP (53–6.7). The samples were acquired on

a BD FACSCalibur and analyzed with FlowJo v7.6.5 (Tree Star).

Statistical analysis
GraphPad Prism 6 software (La Jolla, CA) was used for all

statistical analyses. Statistical analysis of viremia levels were

performed using an unpaired T-test with Welch’s correction for

unequal variance. Survival analysis was performed to assess

vaccine effectiveness against; reported P-values are from the

Mantel-Cox test.

Results

Characterization of MVA-CHIK recombinant vaccine: PCR
analysis, protein expression and cellular localization

Genetic homogeneity of final virus constructs was analyzed by

PCR. Purified viral DNA was used as a template for amplification

by primers specific for the flanking regions of deletion III. The

presence of E3/E2 was confirmed in MVA-CHIK by a band at

the expected size of roughly 3 kb (Fig. 1b) which indicated the

maintenance of the insertion throughout plaque selection. MVA-

GFP (,1500 bp) and wild-type MVA (657 bp) were included as

controls. In addition, DNA sequencing confirmed that no genetic

alterations were present in the final construct (data not shown).

The expression of p62 antigen by the MVA-CHIK recombinant

viruses and wild-type CHIKV was monitored by immunoblot

analysis. Cell pellet lysates and supernatants from infected CEFs

were tested for protein expression (Fig. 1c). The p62 (62 kD)

protein was detected at 24 hr p.i. in both wild-type CHIKV and

MVA-CHIK infected cells, but not in MVA-GFP or mock

infected cells. Interestingly, a cleaved E2 protein (,50 kD) was

detected in wild-type infected cells, but not in the MVA-CHIK

lysates, suggesting the lack of furin cleavage and release of the E3

peptide from the p62 precursor protein. Expression of E2 was

observed in the supernatant of CHIKV infected cells, but there

MVA Vectored Vaccine Protects Mice against Chikungunya Virus
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Figure 2. MVA-CHIK candidate vaccine protected A129 mice against CHIK-LR challenge. A129 mice were vaccinated with either prime
alone or a prime and boost (day 28) of each vaccine virus (107 TCID50 units of MVA-CHIK or MVA-GFP, or 104 TCID50 units of CHIK-IRES). Mice were
then challenged with 102 TCID50 units of wild-type CHIKV intradermally (in the hind left footpad) eleven days post-prime or two weeks post-boost.
Prior to boost (where applicable) and challenge, mice were bled and serum was monitored for both total Ig(G+M) and neutralizing activity by TCID50
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was no detection of E2 expression in MVA-CHIK, suggesting that

the protein was not being secreted.

To determine the cellular localization of CHIKV proteins,

MVA-CHIK infected cells were fixed and then probed for

production of CHIKV E3/E2 proteins using polyclonal serum.

In order to determine if the E2 protein was reaching the surface of

the cells, a single cell set was permeabilized while the other set

remained intact. Permeabilized cells stained much brighter than

those that were not (Fig. 1d). This indicated that CHIKV E3/E2

proteins were being maintained inside the cell and not reaching

the cell surface as is observed with wild-type CHIKV infection.

Immunogenicity and protection in A129 mice
To evaluate the protective efficacy of the MVA-CHIK vaccine,

an active immunization study was conducted in A129 mice. This

mouse strain is more sensitive to CHIKV infection and experience

high viremia, footpad swelling and succumb to infection [51]

compared to immunocompetent strains of mice. Mice were

vaccinated as described previously and then challenged with wt-

CHIKV. MVA-CHIK or MVA-GFP vaccinated mice had

background levels of neutralizing antibodies, whereas all CHIK-

IRES vaccinated mice seroconverted (Fig. 2a). Serum collected

from these mice post-prime and post-boost was tested for total

anti-virus Ig(G+M) antibodies by ELISA. A clear booster effect

was seen in MVA-CHIK vaccinated mice, as the differences

between post-prime and post-boost samples were highly significant

(p,0.001) (Fig. 2b). This difference was not as profound with

CHIK-IRES vaccinated mice as they had high levels of anti-virus

antibodies even prior to boost. MVA-CHIK and CHIK-IRES

groups were protected 100% from lethal challenge after prime and

boost (Fig. 2c). In addition, MVA-CHIK mice were completely

protected against both viremia and footpad swelling (Figs. 2d–e).

Next, we compared by histopathology the footpads of MVA-

CHIK and MVA-GFP vaccinated A129 mice. Vaccinated mice

were challenged in the same way described above and subse-

quently were euthanized seven d.p.i. to assess local tissue damage.

Following infection, footpads from MVA-CHIK vaccinated mice

displayed mild inflammation with limited muscle damage (Fig. 3a).

In contrast, footpads from MVA-GFP mice exhibited severe

necrotic muscle degeneration with edema, consistent with previous

reports from unvaccinated mice (Fig. 3b) [47,67].

Immunogenicity and protection in BALB/c mice
The immunocompetent BALB/c mouse model was selected to

evaluate the immunogenicity of MVA-CHIK as it has been used

previously with MVA and CHIKV [37,53,68]. Following vacci-

nation, low levels of neutralizing antibodies were detected in mice

immunized with MVA-CHIK (Fig. 4a). Immunized mice were

then challenged with wild-type CHIKV to determine protection

against viremia. Viremia was not detected in any of the MVA-

CHIK vaccinated mice (n = 6) (Fig. 4b). In contrast, all MVA-GFP

immunized mice had significant levels of viremia (p = 0.027).

Passive transfer of immune serum
To determine whether antibodies present in BALB/c (Avg.

neut. titer of 9.2) or A129 (undetectable neut. titer) vaccinated

mice were sufficient for protection against CHIKV, pooled

immune serum was passively transferred into naı̈ve A129 mice.

As a positive control, an additional group of mice was treated in

the same manner with a pool of serum (avg. neut. titer of 64) from

A129 mice vaccinated with CHIK-IRES candidate vaccine. All of

the mice treated with either anti-MVA-CHIK or MVA-GFP

immune serum had high levels of viremia and succumbed to

infection (Fig. 4c–d). Viremia in mice passively transferred serum

from MVA-CHIK vaccinated A129 was slightly reduced on day 2

post-infection, however this was not significant (p = 0.11). In

contrast, CHIK-IRES immune serum provided full protection

against viremia and mortality (Figs. 4c–d).

MVA-CHIK immune CD4+ T cells are indispensable for
protection in the A129 model

To determine the role of T cells in protection we first

investigated whether MVA-CHIK could elicit a T cell response

in A129 mice by measuring cytokine production. Upon in vitro re-

stimulation with a CHIKV peptide pool that covers the protein

sequence of E2, MVA-CHIK immune CD4+ T cells produced the

cytokine IFNc and upregulated co-stimulatory molecule CD40L at

significantly higher levels as compared to MVA-GFP vector

control (p = 0.02 and 0.01, respectively) (Fig. 5a–b). No response

was observed when MVA-CHIK splenocytes were stimulated with

peptide pools against either E3 or NSP2 (viral protein negative

control) (Fig. 5c–d), suggesting the immune response is specific to

E2. In addition, there were no significant differences in other

cytokines monitored, including TNFa, IL-2, IL-4, IL-6, IL-10, and

Il-17a (data not shown). Furthermore, none of the cytokines tested

showed a difference between the two groups in immune CD8+ T

cells (data not shown). Similar results were obtained when MVA-

CHIK immune splenocytes were stimulated with live or inacti-

vated whole virus preparations (data not shown).

To test whether MVA-CHIK-specific immune CD4+ or CD8+

T cells were indeed protective, we depleted CD4+ or CD8+ T cells

from vaccinated mice prior to challenge with wt-CHIKV. Mice

depleted of CD8+ T cells or control non-depleted mice had no

footpad swelling and survived the challenge (Fig. 6a–b). In

contrast, CD4+ depleted mice along with MVA-GFP controls

succumbed to infection (Fig. 6b). Mice depleted of CD4+ T cells

also had high levels of viremia and footpad swelling, similar to the

MVA-GFP controls (Fig. 6a–c). Interestingly, CD8+ T cell

depleted vaccinated mice remained healthy without footpad

swelling throughout the duration of the study despite developing

a low level of viremia three d.p.i.

Discussion

The recent re-emergence of CHIKV has resulted in several

explosive outbreaks and underscores the need for an effective

vaccine. Several groups have recently employed varying strategies

to construct effective vaccines against CHIKV. Live-attenuated,

inactivated, adenovirus vectored, DNA, and VLP based strategies

all have been tested and have been shown to be effective in

providing protection against CHIKV [12,13,68,69]. Despite

promising results, these vaccine candidates all have some

drawbacks. Safety, stability, and production of a broad long-lived

immune response are necessary for any effective vaccine. Safety

concerns remain for both live-attenuated and adenovirus based

approaches. Inactivated and VLP based approaches require

adjuvants and normally elicit weak T cell responses. In contrast,

MVA has been shown to be safe in thousands of human patients

micro-neutralization assay (A) and ELISA (B), respectively. Prime only MVA-GFP data is not shown because it does not differ with the prime & boost
groups. Mice were monitored for 14 days following challenge for survival (C) and footpad swelling (D). The first three days following challenge
viremia levels were measured via TCID50 (E). The dotted line indicates the limit of detection of the assay.
doi:10.1371/journal.pntd.0002970.g002
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and also in every animal tested [21,22,58]. Furthermore, mice

deficient in a/b/c interferon signaling experienced no clinical

symptoms following vaccination with MVA-CHIK (data not

shown) and we have previously shown other MVA constructs to be

safe in highly immunodeficient SCID mice [37]. In addition, the

stability of poxviruses and MVA’s ability to be lyophilized are

optimal for use in developing countries where the vaccine is

needed most and cold-chains cannot be reliably maintained. MVA

also has been shown to stimulate a broad immune response,

including the induction of cellular immunity [62,70].

Here, we describe the construction, expression, and preclinical

efficacy and safety of a novel MVA-CHIK vaccine candidate.

BALB/c mice, which are immunocompetent, were 100%

protected from viremia upon challenge. A129 mice, which are

deficient in a/b interferon signaling, and therefore highly

susceptible to CHIKV infection, were also completely protected

against challenge with wtCHIKV after prime and boost vaccina-

tions. In addition, 80% of mice were protected from lethal

challenge following prime only vaccination with MVA-CHIK.

Despite the robust protection observed, mice did not produce a

strong neutralizing antibody response following vaccination.

Although vaccinated A129 mice developed undetectable levels of

neutralizing antibodies, they did produce a significant amount of

anti-virus antibodies, which for other alphaviruses have been

shown to be protective [71–73]. A129 mice passively transferred

MVA-CHIK immune serum from either BALB/c or A129 mice

were not protected against mortality, or footpad swelling following

challenge, despite a slight reduction in viremia 2 days post-

infection in mice transferred A129 MVA-CHIK immune serum

(p = 0.11). This suggests antibodies induced by vaccination were

not sufficient to provide protection in this manner. This could be

due to the fact that passively administered immune serum is

significantly diluted in the circulation of naı̈ve mice. Further

evidence that antibodies are not sufficient for protection alone was

provided by depletion studies conducted in MVA-CHIK vacci-

nated mice. When immune CD4+ T-cells were depleted, despite

the presence of full levels of circulating anti-virus antibodies, mice

were 100% susceptible to lethal infection. If anti-virus antibodies

were essential for protection a reduction in mortality or viremia

would be expected in the CD4+ depleted mice, which was not

observed. These data suggest that MVA-CHIK is providing

protection by a novel mechanism that is not based solely on

vaccine induced serum circulating antibodies.

While antibodies do not protect via passive transfer or during

depletion, it remains unclear what role they may be playing during

infection of an MVA-CHIK immunized mouse. Immunocyto-

chemistry and western blot analysis suggested CHIKV p62 protein

was being maintained inside of the cell and that furin cleavage was

not occurring to separate E3 from E2, respectively. P62 was

chosen due the presence of immunodominant epitopes and the

fact that previous reports have shown that it could be an effective

immunogen against other alphaviruses [71,74]. In addition, it has

been previously observed that when expressed by a plasmid, the

presence of E1 is not a requirement to allow E2 to be placed on

the outside of the plasma membrane [75,76]. Barth et al. (1997)

also demonstrated that in the context of an E1 deleted Semliki

Forest virus, p62 is not transported efficiently to the plasma

membrane while E2 alone is [77]. Therefore, absence of E2 on the

surface of infected cells is not completely unexpected and may

have proven to be serendipitous in allowing the production of a

more robust CD4+ immune response. This could provide an

explanation for the lack of a strong humoral immune response, as

antibodies would have limited access to this intracellular protein.

In addition, an improperly folded protein would be expected to

produce many virus binding antibodies but few that are

neutralizing, which our data suggest. A recent report by Metz et

al. (2013), suggested that E2 produced in combination with E1 in a

baculovirus system is more immunogenic (i.e., produces higher

neutralizing antibodies) than either protein alone [78]. This might

suggest that E1 and E2 are more efficient together to obtain a

robust neutralizing antibody response and might explain why

MVA-CHIK produces few neutralizing antibodies.

Analysis of ex vivo cellular responses indicated that MVA-

CHIK induced antigen-specific CD4+ T cells but not CD8+ T

cells, suggesting that immune CD4+ T cells are the main effector

cells. This is supported by the cellular depletion studies that

showed the protective role of CD4+ T-cells. T-cell mediated

protection has previously been demonstrated with another

alphavirus, VEEV [79]. Yun et al. (2009) were able to adoptively

transfer CD4+ T-cells and obtain protection after multiple

immunizations, where passive transfer of hyper-immune serum

was not protective. Interestingly, they did not observe a difference

in viral titers in the brain from surviving mice, while MVA-CHIK

vaccination completely protected against viremia in our studies.

Recent studies based on another vaccine candidate, CHIK-

IRES, have shown that a correlate of protection based on

antibodies can be established for CHIKV [50]. Herein, we present

data that suggest that this is specific to the vaccine being used and

that there may be more than one way to provide protection against

CHIKV. MVA-CHIK selectively expresses E2-E3 proteins. It

could be argued that the processing of this virus is substantially

different than the live attenuated CHIK-IRES vaccine or wild-

type CHIKV. As a result, during infection a different set of

epitopes are generated that may well be protective via alternative

mechanisms. In another report, using mice deficient in either B-

cells or CD4+ T cells, data were presented that suggested that

antibodies are essential in controlling CHIKV infection and that

CD4+ T cells may exacerbate disease [49,80]. Hawman et al.

(2013) found similarly, that mice deficient in both B and T-cells

had less severe tissue pathology early after CHIKV infection when

compared to wild-type controls [81]. However, in the same report

it was demonstrated that virus was inefficiently cleared in the

absence of lymphocytes, suggesting a possible dual role for these

cells during early CHIKV infection where some tissue damage is

allowed in order to control viral dissemination. While we observe

very little evidence of tissue damage in vaccinated mice, it is

possible that MVA-CHIK induced specific CD4+ T-cells which

are able to effectively control viral replication while minimizing

collateral tissue injury. It remains possible that CD4 T-cells are

required for recall responses to produce antibodies following

challenge, although this is unlikely as mice would be expected to

have early viremia, which we did not observe in vaccinated mice

(Fig. 2E). Currently, we are conducting studies to determine the

role of CD4+ T cells in protection. Our data are also contrary to

the previous report by Teo et al. (2013), where no footpad swelling

was observed upon antibody depletion of CD4+ T cells during

Figure 3. MVA-CHIK vaccine protects against local inflammation following CHIK-LR challenge. 7 d.p.i, A129 mice were sacrificed and
hind limbs were harvested, fixed, decalcified and processed for staining with Hematoxylin and eosin (H&E). MVA-CHIK vaccinated mice showed low
levels of inflammation (A) upon infection with 102 TCID50 units of wild-type CHIKV. MVA-GFP vaccinated mice developed massive inflammation with
necrotic muscle degeneration and edema following challenge (B).
doi:10.1371/journal.pntd.0002970.g003
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CHIKV infection [80]. However, their studies were performed in

naı̈ve mice with a functional interferon system, in contrast, our

studies used vaccinated mice without proper IFN a/b signaling,

and thus might account for the differences observed. Additionally,

recent studies in humans show that there is a strong CD4+ IFNc
positive T-cell response directed against the E2 protein, suggesting

it might be playing a role in the protective immune response

against the virus [82]. Therefore, the data presented here may be

relevant to human infection, and suggest that antibodies may not

be the only mediator of protection against alphaviruses.

A recently published report by Garcia-Arriaza et al. (2014) also

has used MVA as a vector as a CHIKV vaccine candidate [83].

Their vaccine, which expressed the entire structural protein is

effective at inducing a high level neutralizing antibody response

accompanied by a strong CD8+ T-cell specific cell mediated

response, in direct contrast to the results reported here. They

report that the E2 protein can be found in both the plasma

membrane and the cytoplasm, in contrast to our results which

clearly showed E2 is not on the surface of the cell (Figure 1). This

could explain why the immune responses are so drastically

different between the two vaccine candidates. While depletion

studies indicated CD4+ T cells are indispensable for protection for

MVA-CHIK in this report, the mechanism of protection is unclear

in their report, although high levels of neutralizing antibodies

Figure 4. MVA-CHIK candidate vaccine fully protects BALB/c mice against CHIKV viremia. BALB/c mice were vaccinated with a prime and
boost (day 28) of 107 TCID50 units of MVA-CHIK vaccine virus and then challenged with 104 TCID50 units of wild-type CHIKV intradermally (in the hind
left footpad) two weeks post-boost. Prior to challenge, BALB/c mice were bled and serum was monitored for neutralizing activity by TCID50 micro-
neutralization assay (A). Mice were bled two days following challenge and viremia levels were measured via TCID50 (B). For passive immunization,
prime and boost vaccinated BALB/c and A129 mice were bled and serum taken from each mouse was pooled with equal volumes into separate pools
from each strain. Pools of serum (100 mL for BALB/c and 200 mL for A129) were then injected i.p. into A129 mice which were challenged 24 hrs later
with 102 TCID50 units of wild-type CHIKV. Viremia was measured 2 d.p.i (C) and survival was monitored for two weeks post-challenge (D). The dotted
line indicates the limit of detection of the assay.
doi:10.1371/journal.pntd.0002970.g004
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Figure 5. MVA-CHIK elicited a CHIK-E2-specific CD4+ T cell response in A129 mice. Two weeks following boost, splenocytes from MVA-GFP
or MVA-CHIK immunized mice were stimulated with CHIKV NSP2, E2 or E3 peptide pools (1 mg/well). T-cells were then stained for intracellular IFNc (A
and C) or CD40L (B and D). Representative dot plots (for only one mouse per group) are shown for both cytokines with MVA-CHIK and MVA-GFP
stimulated with E2 peptide pools or background media control (A and B). For stimulation with E2, E3 and NSP2 peptide pools data are presented as
the mean+SD of the percentages cytokine-positive cells among gated CD4+ T cells (3 mice/group) with background subtracted (C and D). Stimulation
was significantly higher for IFNc and CD40L in the MVA-CHIK immune group, as compared to MVA-GFP control (p = 0.02 and p = 0.01, respectively).
No cytokine production in CD8+ T cells was observed (data not shown).
doi:10.1371/journal.pntd.0002970.g005
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Figure 6. Depletion of MVA-CHIK immune CD4+ T cells, but not CD8+ T cells, abolished the protective immunity afforded by MVA-
CHIK in A129 mice. A129 mice were depleted of CD4+ or CD8+ T cells with anti-CD4 or CD8 mAbs and were then challenged with 500 TCID50 units
of CHIK-LR i.d. via the left hind footpad on day 14 post boost. Mice were monitored for (A) footpad swelling; (B) survival and (C) Viremia (measured
2 d.p.i by TCID50 assay). The dotted line indicates the limit of detection of the assay.
doi:10.1371/journal.pntd.0002970.g006
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induced by their vaccine are likely protective [50]. Additionally,

the vaccine constructed by Garcia-Arriaza et al. (2014) uses the

entire structural protein consisting of Capsid-E3-E2-6K-E1. In

contrast, our vaccine contains only the E3-E2 portion. Recent

reports have shown that the capsid protein contains immunodo-

minant epitopes for both B and T cells [55,82], and was therefore

excluded from our vaccine construct in favor of E2 with its

accessory protein E3. Furthermore, we used a footpad injection

which more closely mimics intradermal vaccination a human

might be expected to receive. Garcia-Arriaza et al. (2014) used

intraperitoneal vaccinations, which are not given to humans and

therefore could potentially induce a vastly different immune

response delivered by another route.

In conclusion, these studies demonstrate the potential of MVA

to effectively express CHIKV E3-E2 proteins and generate

protective immune responses despite the presence of low or absent

neutralizing antibody responses. The MVA construct expressing

CHIKV p62 protein was effective in several mouse models and

provided protection against two critical markers of disease, viremia

and joint swelling. The vaccine was protective despite low levels of

neutralizing antibodies which are normally considered to be the

golden standard for protection against alphaviruses. Therefore the

results reported here challenge the assumption that only these

antibodies are effective in providing protection against CHIKV or

other alphaviruses. Future studies combining a T-cell targeted

vaccine, like the one presented here, along with a more traditional

vaccine which induces strong neutralizing antibodies could

provide a more robust and comprehensive immune response in

a safe and easy to deliver vaccine regimen. However, further work

is required to characterize the protective mechanisms it provides.

Acknowledgments

We are grateful to Andrea Trujillo and Attapon Kamlangdee for their

technical assistance and help with data analysis.

Author Contributions

Conceived and designed the experiments: JWL CDP JEO. Performed the

experiments: JWL HC. Analyzed the data: JWL HC MTA. Contributed

reagents/materials/analysis tools: JWL HC MTA. Wrote the paper: JWL.

References

1. Borgherini G, Poubeau P, Staikowsky F, Lory M, Le Moullec N, et al. (2007)

Outbreak of Chikungunya on Reunion Island: Early clinical and laboratory

features in 157 adult patients. Clinical Infectious Diseases 44: 1401–1407.

2. Centers for Disease C, Prevention (2012) Chikungunya outbreak–Cambodia,

February-March 2012. MMWR Morb Mortal Wkly Rep 61: 737–740.

3. Rianthavorn P, Prianantathavorn K, Wuttirattanakowit N, Theamboonlers A,
Poovorawan Y (2010) An outbreak of chikungunya in southern Thailand from

2008 to 2009 caused by African strains with A226V mutation. Int J Infect Dis 14
Suppl 3: e161–165.

4. Powers AM (2011) Genomic evolution and phenotypic distinctions of

Chikungunya viruses causing the Indian Ocean outbreak. Exp Biol Med
(Maywood) 236: 909–914.

5. Tomasello D, Schlagenhauf P (2013) Chikungunya and dengue autochthonous

cases in Europe, 2007–2012. Travel Med Infect Dis 11: 274–284.

6. Tsetsarkin KA, Weaver SC (2011) Sequential adaptive mutations enhance
efficient vector switching by Chikungunya virus and its epidemic emergence.

PLoS Pathog 7: e1002412.

7. Pialoux G, Gauzere BA, Strobel M (2006) [Chikungunya virus infection: review

through an epidemic]. Med Mal Infect 36: 253–263.

8. Tsetsarkin KA, McGee CE, Volk SM, Vanlandingham DL, Weaver SC, et al.
(2009) Epistatic roles of E2 glycoprotein mutations in adaption of chikungunya

virus to Aedes albopictus and Ae. aegypti mosquitoes. PLoS One 4: e6835.

9. Tsetsarkin KA, Vanlandingham DL, McGee CE, Higgs S (2007) A single
mutation in chikungunya virus affects vector specificity and epidemic potential.

PLoS Pathog 3: e201.

10. Robinson MC (1956) An epidemic of a dengue-like fever in the southern
province of Tanganyika. Cent Afr J Med 2: 394–396.

11. Powers AM, Logue CH (2007) Changing patterns of chikungunya virus: re-

emergence of a zoonotic arbovirus. J Gen Virol 88: 2363–2377.

12. Edelman R, Tacket CO, Wasserman SS, Bodison SA, Perry JG, et al. (2000)

Phase II safety and immunogenicity study of live chikungunya virus vaccine TSI-
GSD-218. Am J Trop Med Hyg 62: 681–685.

13. Levitt NH, Ramsburg HH, Hasty SE, Repik PM, Cole FE, Jr., et al. (1986)

Development of an attenuated strain of chikungunya virus for use in vaccine
production. Vaccine 4: 157–162.

14. Khan M, Dhanwani R, Rao PV, Parida M (2012) Subunit vaccine formulations

based on recombinant envelope proteins of Chikungunya virus elicit balanced
Th1/Th2 response and virus-neutralizing antibodies in mice. Virus Res 167:

236–246.

15. Partidos CD, Paykel J, Weger J, Borland EM, Powers AM, et al. (2012) Cross-
protective immunity against o’nyong-nyong virus afforded by a novel

recombinant chikungunya vaccine. Vaccine 30: 4638–4643.

16. Wang E, Kim DY, Weaver SC, Frolov I (2011) Chimeric Chikungunya viruses
are nonpathogenic in highly sensitive mouse models but efficiently induce a

protective immune response. J Virol 85: 9249–9252.

17. Plante K, Wang E, Partidos CD, Weger J, Gorchakov R, et al. (2011) Novel
chikungunya vaccine candidate with an IRES-based attenuation and host range

alteration mechanism. PLoS Pathog 7: e1002142.

18. Akahata W, Yang ZY, Andersen H, Sun S, Holdaway HA, et al. (2010) A virus-

like particle vaccine for epidemic Chikungunya virus protects nonhuman

primates against infection. Nat Med 16: 334–338.

19. Wang D, Suhrbier A, Penn-Nicholson A, Woraratanadharm J, Gardner J, et al.

(2011) A complex adenovirus vaccine against chikungunya virus provides

complete protection against viraemia and arthritis. Vaccine 29: 2803–2809.

20. Raper SE, Chirmule N, Lee FS, Wivel NA, Bagg A, et al. (2003) Fatal systemic
inflammatory response syndrome in a ornithine transcarbamylase deficient

patient following adenoviral gene transfer. Mol Genet Metab 80: 148–

158.

21. Mayr A, Stickl H, Muller HK, Danner K, Singer H (1978) The smallpox

vaccination strain MVA: marker, genetic structure, experience gained with the
parenteral vaccination and behavior in organisms with a debilitated defence

mechanism (author’s transl). Zentralbl Bakteriol B 167: 375–390.

22. Stickl H, Hochstein-Mintzel V, Mayr A, Huber HC, Schafer H, et al. (1974)

MVA vaccination against smallpox: clinical tests with an attenuated live vaccinia

virus strain (MVA) (author’s transl). Dtsch Med Wochenschr 99: 2386–2392.

23. Mayr A, Munz E (1964) Changes in the vaccinia virus through continuing

passages in chick embryo fibroblast cultures. Zentralbl Bakteriol Orig 195: 24–
35.

24. Antoine G, Scheiflinger F, Dorner F, Falkner FG (1998) The complete genomic
sequence of the modified vaccinia Ankara strain: comparison with other

orthopoxviruses. Virology 244: 365–396.

25. Sutter G, Wyatt LS, Foley PL, Bennink JR, Moss B (1994) A recombinant vector

derived from the host range-restricted and highly attenuated MVA strain of

vaccinia virus stimulates protective immunity in mice to influenza virus. Vaccine
12: 1032–1040.

26. Frey SE, Couch RB, Tacket CO, Treanor JJ, Wolff M, et al. (2002) Clinical
responses to undiluted and diluted smallpox vaccine. N Engl J Med 346: 1265–

1274.

27. Rock MT, Yoder SM, Talbot TR, Edwards KM, Crowe JE, Jr. (2004) Adverse

events after smallpox immunizations are associated with alterations in systemic
cytokine levels. J Infect Dis 189: 1401–1410.

28. Wedman EE, Smith AW, Oliver RE (1988) Immunogenicity, pathogenicity, and

transmissibility of a recombinant vaccinia virus in calves. Am J Vet Res 49:
2018–2021.

29. Franke CA, Berry ES, Smith AW, Hruby DE (1985) Immunisation of cattle with
a recombinant togavirus-vaccinia virus strain. Res Vet Sci 39: 113–115.

30. Kinney RM, Esposito JJ, Mathews JH, Johnson BJ, Roehrig JT, et al. (1988)
Recombinant vaccinia virus/Venezuelan equine encephalitis (VEE) virus

protects mice from peripheral VEE virus challenge. J Virol 62: 4697–4702.

31. Kinney RM, Esposito JJ, Johnson BJ, Roehrig JT, Mathews JH, et al. (1988)

Recombinant vaccinia/Venezuelan equine encephalitis (VEE) virus expresses

VEE structural proteins. J Gen Virol 69 (Pt 12): 3005–3013.

32. Sviatchenko VA, Kiselev NN, Ryzhikov AB, Bulychev LE, Mikriukova TP, et al.

(2000) Immunogenicity of a recombinant strain of vaccinia virus, expressing a
Venezuelan equine encephalomyelitis virus structural protein gene in peroral

immunization. Vopr Virusol 45: 38–41.

33. Sviatchenko VA, Agapov EV, Urmanov I, Serpinskii OI, Frolov IV, et al. (1993)

[The immunogenic properties of a recombinant vaccinia virus with an

incorporated DNA copy of the 26S RNA of the Venezuelan equine
encephalomyelitis virus]. Vopr Virusol 38: 222–226.

34. Paessler S, Yun NE, Judy BM, Dziuba N, Zacks MA, et al. (2007) Alpha-beta T
cells provide protection against lethal encephalitis in the murine model of VEEV

infection. Virology 367: 307–323.

35. Brooke CB, Deming DJ, Whitmore AC, White LJ, Johnston RE (2010) T cells

facilitate recovery from Venezuelan equine encephalitis virus-induced enceph-
alomyelitis in the absence of antibody. J Virol 84: 4556–4568.

36. Garcia-Hernandez E, Gonzalez-Sanchez JL, Andrade-Manzano A, Contreras

ML, Padilla S, et al. (2006) Regression of papilloma high-grade lesions (CIN 2

MVA Vectored Vaccine Protects Mice against Chikungunya Virus

PLOS Neglected Tropical Diseases | www.plosntds.org 13 July 2014 | Volume 8 | Issue 7 | e2970



and CIN 3) is stimulated by therapeutic vaccination with MVA E2 recombinant

vaccine. Cancer Gene Ther 13: 592–597.
37. Brewoo JN, Powell TD, Stinchcomb DT, Osorio JE (2010) Efficacy and safety of

a modified vaccinia Ankara (MVA) vectored plague vaccine in mice. Vaccine 28:

5891–5899.
38. Gilbert SC, Moorthy VS, Andrews L, Pathan AA, McConkey SJ, et al. (2006)

Synergistic DNA-MVA prime-boost vaccination regimes for malaria and
tuberculosis. Vaccine 24: 4554–4561.

39. Moorthy VS, Imoukhuede EB, Milligan P, Bojang K, Keating S, et al. (2004) A

randomised, double-blind, controlled vaccine efficacy trial of DNA/MVA ME-
TRAP against malaria infection in Gambian adults. PLoS Med 1: e33.

40. Gomez CE, Najera JL, Krupa M, Perdiguero B, Esteban M (2011) MVA and
NYVAC as vaccines against emergent infectious diseases and cancer. Curr Gene

Ther 11: 189–217.
41. Gomez CE, Perdiguero B, Garcia-Arriaza J, Esteban M (2013) Clinical

applications of attenuated MVA poxvirus strain. Expert Rev Vaccines 12:

1395–1416.
42. Cottingham MG, Carroll MW (2013) Recombinant MVA vaccines: dispelling

the myths. Vaccine 31: 4247–4251.
43. Hanke T, McMichael AJ, Dennis MJ, Sharpe SA, Powell LA, et al. (2005)

Biodistribution and persistence of an MVA-vectored candidate HIV vaccine in

SIV-infected rhesus macaques and SCID mice. Vaccine 23: 1507–1514.
44. Volz A, Sutter G (2013) Protective efficacy of Modified Vaccinia virus Ankara in

preclinical studies. Vaccine 31: 4235–4240.
45. Garcia-Arriaza J, Cepeda V, Hallengard D, Sorzano CO, Kummerer BM, et al.

(2014) A Novel Poxvirus-Based Vaccine, MVA-CHIKV, Is Highly Immuno-
genic and Protects Mice against Chikungunya Infection. J Virol 88: 3527–3547.

46. Couderc T, Chretien F, Schilte C, Disson O, Brigitte M, et al. (2008) A mouse

model for Chikungunya: young age and inefficient type-I interferon signaling are
risk factors for severe disease. PLoS Pathog 4: e29.

47. Gardner CL, Burke CW, Higgs ST, Klimstra WB, Ryman KD (2012)
Interferon-alpha/beta deficiency greatly exacerbates arthritogenic disease in

mice infected with wild-type chikungunya virus but not with the cell culture-

adapted live-attenuated 181/25 vaccine candidate. Virology 425: 103–112.
48. Orozco S, Schmid MA, Parameswaran P, Lachica R, Henn MR, et al. (2012)

Characterization of a model of lethal dengue virus 2 infection in C57BL/6 mice
deficient in the alpha/beta interferon receptor. J Gen Virol 93: 2152–2157.

49. Lum FM, Teo TH, Lee WW, Kam YW, Renia L, et al. (2013) An essential role
of antibodies in the control of Chikungunya virus infection. J Immunol 190:

6295–6302.

50. Chu H, Das SC, Fuchs JF, Suresh M, Weaver SC, et al. (2013) Deciphering the
protective role of adaptive immunity to CHIKV/IRES a novel candidate

vaccine against Chikungunya in the A129 mouse model. Vaccine 31: 3353–
3360.

51. Partidos CD, Weger J, Brewoo J, Seymour R, Borland EM, et al. (2011) Probing

the attenuation and protective efficacy of a candidate chikungunya virus vaccine
in mice with compromised interferon (IFN) signaling. Vaccine 29: 3067–3073.

52. Roy CJ, Adams AP, Wang E, Plante K, Gorchakov R, et al. (2014) Chikungunya
Vaccine Candidate is Highly Attenuated and Protects Nonhuman Primates

Against Telemetrically-monitored Disease Following a Single Dose. J Infect Dis
209: 1891–1899.

53. Brewoo JN, Powell TD, Jones JC, Gundlach NA, Young GR, et al. (2013) Cross-

protective immunity against multiple influenza virus subtypes by a novel
modified vaccinia Ankara (MVA) vectored vaccine in mice. Vaccine 31: 1848–

1855.
54. Kam YW, Lum FM, Teo TH, Lee WW, Simarmata D, et al. (2012) Early

neutralizing IgG response to Chikungunya virus in infected patients targets a

dominant linear epitope on the E2 glycoprotein. EMBO Mol Med 4: 330–343.
55. Kam YW, Lee WW, Simarmata D, Harjanto S, Teng TS, et al. (2012)

Longitudinal analysis of the human antibody response to Chikungunya virus
infection: implications for serodiagnosis and vaccine development. J Virol 86:

13005–13015.

56. Snyder AJ, Mukhopadhyay S (2012) The alphavirus E3 glycoprotein functions in
a clade-specific manner. J Virol 86: 13609–13620.

57. Chakrabarti S, Sisler JR, Moss B (1997) Compact, synthetic, vaccinia virus
early/late promoter for protein expression. Biotechniques 23: 1094–1097.

58. Sutter G, Moss B (1992) Nonreplicating vaccinia vector efficiently expresses
recombinant genes. Proc Natl Acad Sci U S A 89: 10847–10851.

59. Earl PL, Cooper N, Wyatt LS, Moss B, Carroll MW (2001) Preparation of cell

cultures and vaccinia virus stocks. Curr Protoc Protein Sci Chapter 5: Unit5 12.
60. Earl PL, Moss B, Wyatt LS, Carroll MW (2001) Generation of recombinant

vaccinia viruses. Curr Protoc Protein Sci Chapter 5: Unit5 13.
61. Staib C, Drexler I, Sutter G (2004) Construction and isolation of recombinant

MVA. Methods Mol Biol 269: 77–100.

62. Gomez CE, Perdiguero B, Cepeda MV, Mingorance L, Garcia-Arriaza J, et al.
(2013) High, broad, polyfunctional, and durable T cell immune responses

induced in mice by a novel hepatitis C virus (HCV) vaccine candidate (MVA-
HCV) based on modified vaccinia virus Ankara expressing the nearly full-length

HCV genome. J Virol 87: 7282–7300.

63. Song F, Fux R, Provacia LB, Volz A, Eickmann M, et al. (2013) Middle East

respiratory syndrome coronavirus spike protein delivered by modified vaccinia
virus Ankara efficiently induces virus-neutralizing antibodies. J Virol 87: 11950–

11954.

64. Earl PL, Americo JL, Wyatt LS, Eller LA, Whitbeck JC, et al. (2004)
Immunogenicity of a highly attenuated MVA smallpox vaccine and protection

against monkeypox. Nature 428: 182–185.

65. Grosfeld H, Velan B, Leitner M, Cohen S, Lustig S, et al. (1989) Semliki Forest

virus E2 envelope epitopes induce a nonneutralizing humoral response which
protects mice against lethal challenge. J Virol 63: 3416–3422.

66. Messaoudi I, Vomaske J, Totonchy T, Kreklywich CN, Haberthur K, et al.

(2013) Chikungunya virus infection results in higher and persistent viral

replication in aged rhesus macaques due to defects in anti-viral immunity. PLoS
Negl Trop Dis 7: e2343.

67. Gardner J, Anraku I, Le TT, Larcher T, Major L, et al. (2010) Chikungunya

virus arthritis in adult wild-type mice. J Virol 84: 8021–8032.

68. Kumar M, Sudeep AB, Arankalle VA (2012) Evaluation of recombinant E2

protein-based and whole-virus inactivated candidate vaccines against chikungu-
nya virus. Vaccine 30: 6142–6149.

69. Weaver SC, Osorio JE, Livengood JA, Chen R, Stinchcomb DT (2012)

Chikungunya virus and prospects for a vaccine. Expert Rev Vaccines 11: 1087–
1101.

70. Garber DA, O’Mara LA, Gangadhara S, McQuoid M, Zhang X, et al. (2012)
Deletion of specific immune-modulatory genes from modified vaccinia virus

Ankara-based HIV vaccines engenders improved immunogenicity in rhesus
macaques. J Virol 86: 12605–12615.

71. Hodgson LA, Ludwig GV, Smith JF (1999) Expression, processing, and

immunogenicity of the structural proteins of Venezuelan equine encephalitis

virus from recombinant baculovirus vectors. Vaccine 17: 1151–1160.

72. Griffin D, Levine B, Tyor W, Ubol S, Despres P (1997) The role of antibody in
recovery from alphavirus encephalitis. Immunol Rev 159: 155–161.

73. Boere WA, Benaissa-Trouw BJ, Harmsen M, Kraaijeveld CA, Snippe H (1983)

Neutralizing and non-neutralizing monoclonal antibodies to the E2 glycoprotein

of Semliki Forest virus can protect mice from lethal encephalitis. J Gen Virol 64
(Pt 6): 1405–1408.

74. Bennett AM, Phillpotts RJ, Perkins SD, Jacobs SC, Williamson ED (1999) Gene

gun mediated vaccination is superior to manual delivery for immunisation with
DNA vaccines expressing protective antigens from Yersinia pestis or Venezuelan

Equine Encephalitis virus. Vaccine 18: 588–596.

75. Metz SW, Geertsema C, Martina BE, Andrade P, Heldens JG, et al. (2011)

Functional processing and secretion of Chikungunya virus E1 and E2
glycoproteins in insect cells. Virol J 8: 353.

76. Cutler DF, Garoff H (1986) Mutants of the membrane-binding region of Semliki

Forest virus E2 protein. I. Cell surface transport and fusogenic activity. J Cell

Biol 102: 889–901.

77. Barth BU, Garoff H (1997) The nucleocapsid-binding spike subunit E2 of
Semliki Forest virus requires complex formation with the E1 subunit for activity.

J Virol 71: 7857–7865.

78. Metz SW, van den Doel P, Geertsema C, Osterhaus AD, Vlak JM, et al. (2013)

Chikungunya virus-like particles are more immunogenic in a lethal AG129
mouse model compared to glycoprotein E1 or E2 subunits. Vaccine 31: 6092–

6096.

79. Yun NE, Peng BH, Bertke AS, Borisevich V, Smith JK, et al. (2009) CD4+ T
cells provide protection against acute lethal encephalitis caused by Venezuelan

equine encephalitis virus. Vaccine 27: 4064–4073.

80. Teo TH, Lum FM, Claser C, Lulla V, Lulla A, et al. (2013) A pathogenic role

for CD4+ T cells during Chikungunya virus infection in mice. J Immunol 190:
259–269.

81. Hawman DW, Stoermer KA, Montgomery SA, Pal P, Oko L, et al. (2013)

Chronic joint disease caused by persistent chikungunya virus infection is

controlled by the adaptive immune response. J Virol 87: 13878–13888.

82. Hoarau JJ, Gay F, Pelle O, Samri A, Jaffar-Bandjee MC, et al. (2013) Identical
Strength of the T Cell Responses against E2, nsP1 and Capsid CHIKV Proteins

in Recovered and Chronic Patients after the Epidemics of 2005–2006 in La
Reunion Island. PLoS One 8: e84695.

83. Garcia-Arriaza J, Cepeda V, Hallengard D, Sorzano CO, Kummerer BM, et al.
(2014) A Novel Poxvirus-based Vaccine (MVA-CHIKV) is Highly Immunogenic

and Protects Mice against Chikungunya Infection. J Virol 88: 3527–3547.

MVA Vectored Vaccine Protects Mice against Chikungunya Virus

PLOS Neglected Tropical Diseases | www.plosntds.org 14 July 2014 | Volume 8 | Issue 7 | e2970


