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Recent outbreaks of Chikungunya virus (CHIKV) infection have resulted in millions of cases of disease
with significant morbidity. No approved antiviral treatments exist for the prevention or treatment of this
viral disease. Infection with CHIKV results in a high rate of symptomatic disease that primarily includes a
debilitating arthralgia. To model this cardinal disease manifestation, adult DBA/1J mice were challenged
with CHIKV by footpad injection. Viremia and hind limb virus titers increased �100-fold while spleen
virus increased >1000-fold within 1 day post-virus infection (dpi). Footpad swelling was measured over
a 10-day period, with peak swelling observed between 6 and 7 dpi. Histology of the hind leg at the site of
virus challenge showed evidence of myositis and synovitis starting on 5 dpi. Cytokine profiling of the
hind limb at the site of inoculation revealed a biphasic inflammatory response represented by an increase
in IL-6, MCP-1, IFN-c, MIP-1a, RANTES, and IL-17. To investigate the prophylactic capacity of IFN, mice
were treated with mDEF201, an adenovirus-vectored IFN-a. Intranasal administration of a single
107 pfu/ml dose of mDEF201 administered 21 days to 24 h prior to infection, significantly reduced foot-
pad swelling, virus titers in the hind leg and spleen, and several inflammatory cytokines. Efficacy was not
observed when treatment was initiated 24 h after virus challenge. This arthralgia model of CHIKV reca-
pitulates relevant disease features commonly observed in human disease making it applicable to preclin-
ical testing of therapies that target both viral replication and the associated joint disease.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Chikungunya virus (CHIKV) is associated with significant mor-
bidity and mortality worldwide. Historically, the primary vector
for spread of CHIKV was Aedes aegypti, although recent adaptive
mutations within the virus have resulted in a more efficient infec-
tion of Aedes albopictus (Tsetsarkin et al., 2006). This has resulted in
outbreaks outside the historical range, making this emerging virus
a major public health concern.

The rapid emergence of CHIKV and the millions of cases of dis-
ease underscore the importance of the development of counter-
measures to prevent or treat the symptoms of CHIKV. Fever and
arthralgia are common symptoms of CHIKV infection, although a
small number (5–18%) of infected people, especially those below
age 25, are asymptomatic (Dupuis-Maguiraga et al., 2012). Mortal-
ity as a result of CHIKV infection is rare and is generally associated
with underlying health issues (Thiberville et al., 2013). Rheumatic
manifestations typically affect the extremities, primarily including
ankles, wrists and phalanges (Kennedy et al., 1980). A study con-
ducted after the La Reunion Island outbreak identified persistent
arthritis in over half of the participants 15 months after acute
infection, with 43% of those with persistent arthritis significantly
impaired in carrying out daily or household activities (Sissoko
et al., 2009). As the rheumatic disease is debilitating and very com-
mon in persons infected with CHIKV, it would be important to pre-
vent or treat this aspect of the disease.

An animal model that replicates human arthralgia is essential
for the development of countermeasures for the prevention and
treatment of disease associated with CHIKV infection. Macaques
have been used to study CHIKV, and this model mimics many acute
symptoms seen in humans such as fever, rash, and high viral titers
but displays inconsistent swelling of the joints and lacks the joint
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and muscle pathology typically observed after infection with
CHIKV (Higgs and Ziegler, 2010).

Various mouse models have been developed which model dif-
ferent aspects of the disease. The C57BL/6 neonatal mouse model
includes relevant disease manifestations such as joint swelling.
There is also consistency between disease seen in children less
than one year of age and this model, with virus being found in sim-
ilar organs and a strong age-dependent correlation with severity of
disease (Couderc et al., 2008). Interferon receptor knockout mice
were highly susceptible to infection with CHIKV and rapidly
succumbed to infection (Couderc et al., 2008), which serves to
model severe infection and mortality that is occasionally seen.
Infection of these immunocompromised mice results in dissemina-
tion of the virus to all tissue types, including the central nervous
system (Partidos et al., 2011). This pathology may have relevance
in light of recently reported neurologic complications of encepha-
lopathy in newborns and meningitis and encephalitis in older
children and adults (Arpino et al., 2009). Inoculation of the footpad
of 14-day old C57BL/6 mice resulted in swelling, arthritis, tenosyn-
ovitis and myositis (Morrison et al., 2011), but a neonatal model
has limitations, especially in regard to testing vaccines. Others
have developed a model of footpad swelling and joint involvement
in adult C57BL/6 by injecting virus into the footpad (Gardner et al.,
2010).

A replication-deficient adenovirus type 5 vector containing a
gene for mouse IFN-a, mDEF201, is administered intranasally
where it enters nasal epithelial cells and expresses the transgene
(Julander et al., 2011). This results in the production of systemic
levels of IFN several hours after treatment (Wu et al., 2007). With
non-lethal infections such as CHIKV, type I interferon (IFN) plays a
role in coordinating early antiviral immune response (Havenar-
Daughton et al., 2006), and plays a central role in controlling CHIKV
infection, acting indirectly as an antiviral through the induction of
IFN-stimulated genes that inhibit viral replication (Schilte et al.,
2010). The nonstructural proteins (nsPs) of CHIKV antagonize the
IFN response as infection progresses, so the timing of IFN interven-
tion is critical (Fros et al., 2010).

This manuscript details the establishment of an adult mouse
model of CHIKV arthritis and swelling. Footpad swelling, virus
replication, and cytokine profiles are used as parameters for the
characterization of the antiviral effect of mDEF201 against CHIKV.
These results demonstrate the utility of this model for use in anti-
viral studies.
2. Materials and methods

2.1. Cells

C6/36 cells were obtained from ATCC (Manassas, VA) and were
used for virus propagation. These cells were grown in RPMI at 28 �C
with 5% fetal bovine serum (FBS). Vero 76 cells, maintained in min-
imal essential medium (MEM) supplemented with 10% FBS, were
also obtained from ATCC and were used in viral titer assays. Media
was obtained from Hyclone Laboratories, Logan, UT.

2.2. Virus

Chikungunya virus strain S27 (VR-64) was obtained from ATCC.
Stock virus was prepared by harvesting supernatant from C6/36
cells 2 days after inoculation.

2.3. Animals

Seven-week old DBA/1J mice were obtained from Jackson
Laboratory. Mice were quarantined for 48 h prior to infection.
2.4. Test materials

A stock of mDEF201 was provided by Defyrus (Toronto, ON,
Canada), which had a titer of 1.45 � 109 pfu/ml (construction of
vector described fully in Wu et al., 2007). An empty Ad-5 vector
was also provided by Defyrus, which was used as a negative control.

2.5. Experimental design

For model characterization studies, DBA/1J mice were randomly
assigned to groups of 10 animals. Mice were challenged under iso-
flurane anesthesia by footpad and hock injection with 108 CCID50/
0.1 ml of virus (0.05 ml at each site) diluted in MEM. On days 1–10,
14, and 21, 4 mice were necropsied and serum, hind legs, and
spleen were collected, weighed and prepared for virus titration
and cytokine profiling. Animals were also weighed throughout
the study to determine the effect of infection on weight change.

For treatment studies, mice were randomly distributed into
groups of 10–15 animals and were treated with mDEF201, empty
vector or saline. Sham infected controls were also included to mon-
itor potential toxicity of treatment. In the first study, animals were
treated with a range of mDEF201 doses. At 2 dpi, 5 animals per
group were necropsied and spleens and hind limbs were harvested,
weighed, and the virus titer was determined. Virus titer and cyto-
kine levels were determined from hind limb homogenates. The
remaining animals were weighed on days 0, 2, 4, 6, 8, & 10. The
dorsoventral thickness of the footpad at the site of virus challenge
was measured with a digital caliper and the percent increase as
compared to the contralateral foot was calculated.

In subsequent studies, a dose of 107 of mDEF201 was adminis-
tered intranasally at various times prior to or after virus challenge
to determine the effect of extended prophylaxis or therapeutic
treatment on CHIKV infection. Footpad increase in all animals
was measured on 6 dpi as described above. Tissues were then har-
vested from a subset of animals on 6 dpi with virus and cytokine
titers determined as described below.

2.6. Tissue virus titer determination

Samples were homogenized and diluted in 1 ml MEM, contain-
ing 0.05 mg/ml gentamicin. The homogenate was centrifuged for
10 min at 2300 RCF added to Vero 76 cells in triplicate and exam-
ined for cytopathic effect (CPE) on 3 dpi. Virus titers were deter-
mined by end point titration as described previously (Reed and
Muench, 1938).

2.7. Cytokine analysis

Homogenized leg samples were evaluated for proinflammatory
cytokine/chemokine levels using the Quansys Q-plex™ Mouse
Cytokine Array (Quansys Biosciences, Logan, UT). The Quansys array
quantifies levels of murine IL-1a, IL-1b, IL-2, IL-3, IL-4, IL-5, IL-6,
IL-10, IL12p70, IL-17, MCP-1, IFNc, TNFa, MIP-1a, GMCSF and
RANTES. Samples were diluted in sample diluent at 1:5 and 1:20
concentrations. A standard curve for each antigen was generated
by serial dilution of antigen standards from 1:3 to 1:729. Standards
were plated in duplicate on opposite sides of the plate and samples
were plated at two dilutions. Manufactures instructions were fol-
lowed for adding substrate, incubating and washing. Plates were
quantified on a Quansys Q-View™ Imager with Q-View™ software.

2.8. Histopathology

Right and left hind legs were collected at 6 and 12 h, and days
1–10, 14 and 21 post-infection. Samples were fixed in 10% formalin
and sent for analysis to the Utah State University Veterinary
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Diagnostic Laboratory. Samples were paraffin-embedded and sec-
tioned for histopathologic evaluation. Slides were stained with
hematoxylin and eosin.
2.9. Statistical analysis

Statistical analyses were done using one-way ANOVA using a
Bonferroni group comparison (Prism 5, GraphPad Software, Inc).
2.10. Ethics statement

This study was conducted in accordance with the approval of
the Institutional Animal Care and Use Committee of Utah State
University under the approved protocol numbers 1526 and 2339.
The work was done in the AAALAC-accredited and PHS Animal
Welfare Assurance-approved Laboratory Animal Research Center
of Utah State University.
Fig. 1. Disease parameters of mice infected with the S27 strain of CHIKV. (A) The
effect of CHIKV infection on the time course of footpad swelling of DBA/1J mice at
the site of virus challenge when compared to contralateral footpad. (B) Time-course
of virus in serum, spleen, right hind leg, and left hind leg of DBA/1J mice infected
with CHIKV. Viral titer is plotted as 50% cell culture infectious dose (CCID50) per
gram of tissue or ml of serum. Upper dashed line is the average limit of detection for
tissue homogenates and lower line is for serum. (C) Comparison of Sham infected
and CHIKV infected spleen weights in grams throughout course of infection
(⁄⁄⁄P < 0.001, ⁄P < 0.05, as compared with sham-infected controls).
3. Results

3.1. Characterization of CHIKV infection of DBA/1 mice

Several mouse strains, including C57BL/6, AG129, CAST/EiJ and
DBA/1J, were inoculated with CHIKV and disease signs, including
footpad swelling, differences in behavior, weight change and
mortality, were observed. The DBA/1J strain was selected based
on the development of robust footpad swelling, availability and
use in arthritis research (Chiba et al., 2012; Eros et al., 2009;
Nishida et al., 2002). To characterize CHIKV replication and disease
in this mouse strain, DBA/1J mice were inoculated with S27 CHIKV
in the rear hind footpad and footpad swelling, virus titer of various
tissues, cytokine levels, and weight change were quantified. Signif-
icant swelling of the footpad, ankle and hock at the site of virus
challenge was observed as early as 6 dpi (Fig. 1A). The contralateral
footpad was normal and served as a control for measuring percent
increase in footpad thickness. Swelling was time-dependent and
showed a dose responsive increase depending on virus challenge
dose (data not shown). Significant swelling (P < 0.001) of the foot-
pad was initially observed on 6 dpi, with peak swelling on 7 dpi.
Footpad thickness returned to baseline levels by 9 dpi.

Average virus titer in the right hind leg at the site of inoculation
was approximately 6 log10 CCID50/g at 6 h after virus challenge
(Fig. 1B), which was due to the footpad inoculation at this site.
Titers increased approximately 100-fold to just below 8 log10

CCID50/g at 24 h after virus challenge. The right hind leg virus titers
persisted at an average titer of 6–7 log10 CCID50/g until 6 dpi, at
which point they began to return to baseline levels and were below
the limit of detection on 8 dpi. In contrast, no virus was observed in
the left hind leg contralateral to the injection site.

Virus titer in the spleen was detected as early as 12 h after virus
challenge. Spleen titers peaked at around 7 log10 CCID50/g tissue,
which was >1000-fold increase in virus above the level of detection
in that organ (Fig. 1B). Virus was reduced below the limits of
detection by 4 dpi. A similar increase in serum virus was also
observed, although a more rapid clearance of viremia was observed
with virus titer reduction to undetectable levels a day earlier on
3 dpi as compared with spleen titers (Fig. 1B). No virus was
detected in any of the tissues assayed from sham-infected animals
(data not shown).

Splenomegaly was observed in mice infected with CHIKV as
early as 2 dpi, with spleen size continuing to increase through
10 dpi (Fig. 1C). Weight change of CHIKV-infected mice did not
differ significantly from that of sham-infected animals (data not
shown).
Histologic analysis of the right hind limbs demonstrated
cellulitis, myositis, tendinitis, and teno and arthrosynovitis as early
as 5 dpi, which continued over the course of the infection (Fig. 2).
No significant histological lesions were seen on the left hind limb
(Fig. 2A and C).

Several proinflammatory cytokines were significantly elevated
in tissue homogenate of the limb inoculated with CHIKV. There
appeared to be a biphasic increase in cytokine levels in the hind
leg with an initial peak in IL-6, MCP-1, IFN-c, MIP-1a, RANTES,



Fig. 2. Hematoxylin and eosin stained sections of skeletal muscle (A and B) and footpads (C and D) show pathologic changes after CHIKV infection. (A) Normal skeletal muscle
taken 5 dpi from control mice. (B) Myositis (arrow head) and tendinitis (arrow) are apparent in the skeletal muscle of a CHIKV-infection mouse taken on 5 dpi (400�
magnification of skeletal muscle, bar = 50 lm). (C) Normal footpad section from a mouse on 7 days after mock infection. (D) Cellulitis due to mixed inflammatory cell
infiltration is observed on 7 dpi in footpad sections taken 7 dpi from mice challenged with CHIKV (200� magnification of footpad sections, bar = 200 lm).
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and IL-17 around 1 dpi with a subsequent peak in levels 5–7 dpi
(Fig. 3). Other cytokines, including IL-1a, IL-1b, IL-2, IL-3, IL-5,
IL-10, IL-12p70, TNF-a, and GM-CSF did not appear to be affected
by CHIKV infection of mice as compared with control mice (data
not shown). Cytokine levels in the serum of infected animals were
not significantly altered after CHIKV infection (data not shown).
There did appear to be some slight increase in serum IL-6,
MCP-1, MIP-1a, and RANTES on 2 dpi, which corresponded with
the initial peak observed in the hind limb at the site of virus inoc-
ulation, but the second peak around 8 dpi was only observed with
IL-6 and MCP-1 (Table 1), suggesting a more localized effect at the
site of inoculation. Cytokine titers in the spleen were similar to
those in the serum, with the exception of RANTES levels that were
elevated 20–87-fold in the spleen homogenates as compared with
serum on 2 and 9 dpi (Table 1). Sham-infected animals also had
higher levels of RANTES in the spleen as compared with serum,
suggesting higher baseline levels in this tissue.

3.2. Treatment of CHIKV with mDEF201

To determine the effect of mDEF201 treatment on the develop-
ment of disease after CHIKV infection, animals were treated with a
single intranasal instillation 24 h prior to virus challenge. Evalua-
tion parameters used to determine mDEF201 efficacy included
percent footpad swelling as compared with the contralateral foot,
virus titers in the hind leg and spleen and cytokine levels in the
hind leg.

Footpad swelling was significantly (P < 0.001) reduced on 7 dpi
in animals treated with 107 pfu/ml of mDEF201 as compared with
placebo- and empty vector-treated controls and was comparable
with sham-infected controls (Fig. 4A). A significant (P < 0.001)
reduction of viral load was observed on 2 dpi in hind limbs and
spleens of animals treated with 107 pfu/ml of mDEF201 as com-
pared with placebo- or empty vector-treated animals (Fig. 4B and
C, respectively). Average titers in these tissues were reduced
approximately 2 log10 CCID50/g. Footpad swelling and tissue titers
in groups treated with lower doses of mDEF201 were similar to
those parameters of saline- or empty vector-treated controls and
had no observed effect on disease (Fig. 4A–C).

Reduced levels of key cytokines, including IL-6, MCP-1, MIP-1a,
and RANTES, were observed on 2 dpi in the virus-inoculated hind
limb of mice treated with the highest dose of mDEF201 as
compared with saline treatment (Fig. 4D–G, respectively). These
reductions were significant (P < 0.05) for MCP-1 and RANTES
(Fig. 4E and G, respectively). In a subsequent study, cytokine levels
from hind leg samples taken 6 dpi from animals treated with 107

mDEF201 or with saline were quantified and showed a similar
trend towards reduction of IL-6, MCP-1, and MIP-1a (Fig. 4H–J,
respectively), as well as a significant (P < 0.001) reduction in RAN-
TES (Fig. 4K).

To determine the effect of treatment with mDEF201 after virus
challenge, 107 pfu was administered 24, 48 or 72 h post-inocula-
tion. Administration of mDEF201 at these time points failed to
significantly impact footpad thickness, virus titer or reduction of
cytokine levels in the hind limb (data not shown). As a positive
control to this study, mDEF201 was administered at 24 h prior to
virus challenge, which reduced footpad thickness as in previous
studies. Virus titers measured in hind limb samples taken on
6 dpi, however, were not significantly reduced (data not shown),
despite a previously observed reduction of virus titer on 2 dpi after
treatment with DEF201 given along the same schedule (Fig. 4B).

Extended prophylaxis evaluation was conducted to test the
efficacy of mDEF201 when administered as early as 21 days prior
to infection. Swelling of the footpad was significantly reduced
(P-value <0.001) in animals treated one day prior to virus challenge
(Fig. 5A), as seen in previous studies A single treatment with
mDEF201 on 7, 14, or 21 days prior to virus challenge prevented
footpad swelling at the site of virus inoculation (right hind leg).
Treatment at these time points resulted in footpad thickness
similar that observed for sham-infected, treated controls, and were
significantly (P < 0.001) lower than that of infected animals treated
with empty vector or with placebo (Fig. 5A).



Fig. 3. Cytokines levels, including IL-6, MCP-1, IFN-c, MIP-1a, RANTES and IL-17, in hind leg homogenates at the site of virus injection were elevated as compared with levels
in tissue taken from sham-infected animals.

Table 1
Serum and spleen levels (pg/ml) of selected cytokines of DBA/1J mice challenged with CHIKV. Virus challenge did not appear to cause an increase in cytokines in these tissues as
compared with cytokine levels at the site of virus challenge.

Tissue Challenge 2 dpi 9 dpi

IL-6 MCP-1 MIP-1a RANTES IL-6 MCP-1 MIP-1a RANTES

Serum CHIKV 6.6 ± 9.4a 223 ± 147 10 ± 0.8 50 ± 20 10.4 383 ± 503 14 ± 0.8 35 ± 1.8
Sham bdlb 25 9.9 ± 2.0 31 ± 0.8 bdl 26 ± 0.4 16 ± 4.4 34 ± 1.1

Spleen CHIKV bdl 107 ± 41 219 ± 181 4351 ± 661 9.9 ± 1.6 29 ± 4.3 20 ± 9.1 669 ± 7.7
Sham bdl 26 28 1056 bdl 26 23 1959

a Mean ± standard deviation for 2 samples is shown. Values with no SD listed are from single data points.
b Below detection limits.
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Fig. 4. The effect of mDEF201 administered intranasally 24 h prior to virus challenge at doses of 107, 106, or 105 pfu/animal. (A) The percent increase in footpad swelling at the
site of virus challenge was significantly reduced as compared with the contralateral footpad on 7 days post infection (dpi) in animals treated with the highest dose of
mDEF201. Virus titer of (B) the inoculated limbs and (C) spleen of mDEF201-treated or control mice on 2 dpi. Significant reduction in virus titer was observed at the highest
dose of mDEF201. Cytokines including (D) IL-6, (E) MCP-1, (F) MIP-1a, (G) RANTES, all cytokines show a trend towards reduction with mDEF201 treatment. Cytokine
reduction was verified in a subsequent study and a similar trend towards reduction of (H) IL-6, (I) MCP-1, (J) MIP-1a, and (K) RANTES was observed in the hind limb on 6 dpi
after prophylactic treatment with 107 pfu of mDEF201.
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Treatment of mice with mDEF201 1 or 7 days prior to virus
challenge had no effect on reducing virus replication in the hind
leg (at the site of virus challenge) as measured on 6 dpi (Fig. 5B).
However, mice that were treated 14 or 21 days prior to virus chal-
lenge had significantly lower (P < 0.01) virus titers than animals
treated with empty vector or placebo.

Cytokine levels were measured from hind leg homogenates of
the inoculated limb (also used for virus titration), which were
taken from a subset of animals on 6 dpi. In general, treatment with
mDEF201 at all time points prior to virus challenge resulted in sig-
nificant reduction (P < 0.001) in IL-6, MCP-1, MIP-1a, and RANTES
when measured 6 dpi (Fig. 5C–F, respectively). One exception was
the lack of significant reduction of IL-6 in animals treated one day
prior to virus challenge (not shown), which was consistent with
previous results (Fig. 4H).
4. Discussion

Infection of DBA/1J mice with CHIKV mirrors several disease
signs observed in humans, including arthralgia, high acute viral
titers and increased cytokine levels (Couderc and Lecuit, 2009).
This non-lethal model focuses primarily on the arthritic disease
manifestations that occur most commonly in infected individuals.
The primary clinical and economic burden of human CHIKV disease
is arthralgia, which renders infected individuals unable to work



Fig. 5. The effect of prophylactic mDEF201 treatment administered i.n. on 21, 14, 7, or 1 day prior to virus challenge at a dose of 107 pfu. (A) Footpad swelling was
significantly reduced on 6 days post infection in all treatment groups when compared with empty vector and saline treated control groups. (B) Virus titer in the hind limb
homogenates on 6 days post infection were reduced in earlier treatment groups and (C) IL-6, (D) MCP-1, (E) MIP-1a and (F) RANTES were generally reduced on 6 days post
infection.
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and perform other necessary activities, which in a setting of lim-
ited resources, can be a large drain to the financial wellbeing of
hundreds of thousands of people. Treatment or prevention of
arthralgia in infected individuals, therefore, would be very impor-
tant to reducing the burden of this viral disease.

Increased levels of several cytokines, accompanied by swelling
and severe tissue damage, were observed in mice infected with
CHIKV 6–7 dpi. Infected patients have elevated IL-6, GM-CSF and
MCP-1 during infection (Chirathaworn et al., 2013; Lohachanakul
et al., 2012), further supporting the relevance of this mouse model
to human infection. In addition, mDEF201 prophylactic treatment
alleviated cytokine elevation and footpad swelling. The immune
response to infection, including recruitment of macrophages by
MCP-1 and activation of these cells by IL-6 within the joint, plays
an important role in the immunopathogenesis associated with
CHIKV infection and is a common mechanism of disease of various
viral arthritides (Suhrbier and Mahalingam, 2009). It is likely that
the arthrogenic immune response in CHIKV infection is excessive
and may be targeted as an immunopathology, as evidenced herein
by progressive clearance of the virus as the joint swelling and cyto-
kine response mounts. This must be further delineated, but future
studies will focus on targeting specific aspects of the immune
response to determine the effect of immunotherapy as a treatment
for arthralgia associated with CHIKV infection.

The DBA/1J mouse strain appears to better model arthralgia after
CHIKV infection than other mouse strains tested in our lab. Infection
of C57BL/6 mice with the S27 East African isolate of CHIKV was also
conducted in parallel with infection of DBA/1J mice but no signifi-
cant swelling was observed. A virus inoculum of 108 CCID50/mouse
was used, which would be much higher than the amount
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transferred after the bite of a mosquito during natural infection.
Infection with high challenge doses of virus has been shown to alter
disease profile in non-human primate models, with higher virus
challenges with a Reunion Island isolate resulting in a more severe
disease phenotype and death (Labadie et al., 2010). Subsequent
studies in our lab have utilized the same Reunion Island strain
(LR2006-OPY1) of CHIKV, which requires around approximately
100,000-fold less virus infectious doses in DBA/1J mice to cause a
similar disease profile as reported herein (manuscript in
preparation).

Despite the utility observed with the C57BL/6 model in other
labs, including use in vaccine studies (Wang et al., 2011), the
DBA/1J mice appear to be more sensitive to infection with CHIKV
as compared during parallel challenge studies using the same virus
inoculum in both mouse strains. In addition to infection of DBA/1J
and C57BL/6 mice, we also challenged AG129 mice in parallel (data
not shown). Similar results including rapid mortality were
observed as previously reported (Partidos et al., 2011). The CAST/
EiJ mouse has previously been shown to be susceptible to infection
with monkeypox, a virus that does not cause disease in BALB/c,
C57BL/6, and other commonly used inbred strains (Americo
et al., 2010). For this reason, we included CAST/EiJ mice in our
mouse strain screen to determine if they would be suitable for
modeling CHIKV disease. Significant swelling of the foot and hock
was observed at the site of virus injection after footpad inoculation,
which was similar to swelling observed in DBA/1J mice. The CAST/
EiJ mice, however, are limited in availability and were abandoned
in favor of the more readily available DBA/1J strain.

Neonatal mouse models of CHIKV are also commonly used.
Intradermal infection of 12-day old mice results in morbidity and
mortality (Couderc et al., 2008), representing severe disease phe-
notype. Virus is detected in the muscle, joint, skin and brain tissue
of these mice, which is similar to rare cases of encephalitic disease
of patients infected with CHIKV (Gerardin et al., 2008; Ramful
et al., 2007; Robin et al., 2008). While virus was very rarely
detected in the brains of infected DBA/1J mice (data not shown),
detectable titers were observed in various tissues including joints,
spleen, and serum. Use of adult DBA/1J mice allows for virus inter-
action with a developed immune system and may better model
aspects of human disease that arise as a result of immunopatho-
genesis, which may be different in neonatal mice.

Another potential benefit of the DBA/1J model is the consis-
tency of swelling among animals. All infected mice had fairly
consistent swelling, as compared with inconsistent swelling of
joints and rash observed in infected macaques in a recent study
(Chen et al., 2010). In addition, no evidence of arthritis was
observed in the macaques, as compared with histopathology con-
sistent with arthritis in DBA/1J mice after CHIKV infection. Notably,
no rash is detected in these mice, despite being a common disease
sign associated with CHIKV infection in man (Schmidt-Chanasit
et al., 2012).

The main limitation of CHIKV infection in DBA/1J mice is the
lack of the development of a persistent chronic arthralgia that is
observed in human patients (Jaffar-Bandjee and Gasque, 2012).
Measurable swelling was observed between 5 and 8 days after
virus inoculation, while joint pain and swelling in infected patients
can be observed for weeks to months, and may even persist for
years in some individuals (Couturier et al., 2012). The few days
of swelling, however, does provide a measurable parameter of dis-
ease that can be used to determine the effect of antiviral or host-
directed therapeutics on the amelioration of this important disease
manifestation. No animal models have been shown to develop
chronic arthralgia, and the basis for the persistence of this disease
parameter in man has yet to be elucidated.

Another potential limitation of this model is the lack of mortal-
ity associated with CHIKV infection at a relatively high virus
challenge. Despite the lack of mortality in this model, other mouse
strains, such as AG129 mice deficient in IFN receptors, may be used
to further characterize the effect of antiviral therapies against more
severe disease manifestations. A study conducted during the 2005–
2006 Reunion outbreak identified 610 atypical cases where 546 of
these cases had underlying medical conditions and 65 patients
died (Economopoulou et al., 2009). This aspect of underlying med-
ical conditions shows the potential for CHIKV to affect immune
compromised individuals. Nevertheless, arthralgia, the primary
disease manifestation in this mouse model, is still the most
prominent and debilitating aspect overall of CHIKV disease in
man and should be a focus for the development of therapeutics.

Prophylaxis with mDEF201 may have clinical potential in ende-
mic areas of CHIKV disease. In the event of an outbreak of CHIKV, it
would be useful to have a single dose prophylactic agent that could
provide protection over several weeks to those at risk of infection.
Future studies will be conducted to determine the pre-exposure
prophylactic window for mDEF201 utilizing the DBA/1J model.

Studies in the DBA/1J model demonstrate a rapid course of virus
replication and clearance, suggesting a limited treatment window
for antiviral compounds targeting the lifecycle of the virus. Treat-
ment with DEF201 results in the production of consensus IFN
and a decrease in disease when given prior to virus challenge. Virus
was significantly reduced at the site of virus challenge on 2 dpi, but
virus titers were similar or slightly higher than placebo-treated
controls on 6 dpi. While the reasons for this are unknown, there
is an apparent disconnect between virus titer in the tissues and
footpad swelling. This is evident as treatment with an immune
modulator such as mDEF201 may significantly impact footpad
swelling while having no effect on virus tissue titers. Additional
research will be needed to delineate this effect further. These stud-
ies demonstrate prophylaxis with a safe and effective mediator of
antiviral response is effective in preventing or ameliorating disease
as a result of CHIKV infection. In addition, vaccine development
would likely be an effective means of disease prevention within
endemic regions.
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