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Abstract

Chikungunya virus (CHIKV) is a mosquito-borne alphavirus that causes explosive outbreaks of
febrile illness associated with rash, and painful arthralgia. The CHIK vaccine strain 181/clone25
(181/25) developed by the United States Army Medical Research Institute of Infectious Diseases
(USAMRIID) was shown to be well-tolerated and highly immunogenic in phase | and Il clinical
trials although it induced transient arthralgia in some healthy adult volunteers. In an attempt to
better understand the host factors that are involved in the attenuating phenotype of CHIK 181/25
vaccine virus we conducted studies in interferon (IFN)-compromised mice and also evaluated its
immunogenic potential and protective capacity. Infection of AG129 mice (defective in IFN-o/f3
and IFN-y receptor signaling) with CHIK 181/25 resulted in rapid mortality within 3-4 days. In
contrast, all infected A129 mice (defective in IFN-a/p receptor signaling) survived with temporary
morbidity characterized by ruffled appearance and body weight loss. A129 heterozygote mice that
retain partial IFN-o/f receptor signaling activity remained healthy. Infection of A129 mice with
CHIK 181/25 induced significant levels of IFN-y and IL-12 while the inflammatory cytokines,
TNFa and I1L-6 remained low. A single administration of the CHIK 181/25 vaccine provided both
short-term and long-term protection (38 days and 247 days post-prime, respectively) against
challenge with wt CHIKV-La Reunion (CHIKV-LR). This protection was at least partially
mediated by antibodies since passively transferred immune serum protected both A129 and
AG129 mice from wt CHIKV-LR and 181/25 virus challenge. Overall, these data highlight the
importance of IFNs in controlling CHIK 181/25 vaccine and demonstrate the ability of this
vaccine to elicit neutralizing antibody responses that confer short-and long-term protection against
wt CHIKV-LR challenge.
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1. Introduction

Chikungunya virus (CHIKV) is a mosquito borne alphavirus that has for decades been an
important etiologic agent of human disease in Africa and Asia. The virus recently reemerged
into the Indian Ocean islands, India and Southeast Asia to cause over two million cases of
severe and often chronic arthralgia [1, 2]. There are many factors that contributed to the
explosive nature of these recent outbreaks including a lack of CHIKV-specific immunity in
human populations of the Indian Ocean and India and a mutation in the E1 envelope
glycoprotein that adapted the epidemic strain for more efficient infection of the mosquito
vector, Aedes albopictus [3, 4]. Classically, CHIKV infection is clinically indistinguishable
from dengue and is characterized by fever, polyarthralgia, and myalgia, frequently
associated with rash. However, the hallmark of CHIKYV disease is a debilitating and
prolonged arthralgia which can persist for months or years. Epidemiologic studies in La
Reunion and India estimated case fatality rates of ~1:1,000 cases, principally among
newborn, infants and elderly patients [5].

CHIKYV is a small enveloped RNA virus in the family of Togaviridae. The RNA genome
encodes four non-structural proteins (nsP1-4) that are required for virus replication and three
main structural proteins C, E2 and E1. The E1 glycoprotein mediates pH-dependent fusion
with endosomal membranes whereas the E2 glycoprotein interacts with cell surface
receptors. In tropical regions of Africa CHIKYV is maintained in an enzootic sylvatic cycle in
primates while in Asia CHIKV is only known to persist in a human-mosquito-human cycle
[2]. Although past epidemics of CHIK have been confined to Africa and Asia, increased air
travel by humans and the new adaptation of CHIKYV to transmission by Aedes albopictus
have increased the risk of transmission and disease epidemics in Europe and the Western
Hemisphere [6, 7, 8]. Because humans appear to be the only amplification hosts during
urban transmission, the best means of controlling the spread of the infection is by
vaccination. Currently there is no licensed vaccine available. Several attempts to develop
CHIK vaccines have been described, including alphavirus chimeras [9], live attenuated virus
[10], formalin-killed vaccines [11, 12], consensus-based DNA vaccines [13] and more
recently, a virus-like particle vaccine [14].

The live-attenuated CHIKYV vaccine candidate (termed 181/25) developed at the United
States Army Medical Research Institute of Infectious Diseases (USAMRIID) was derived by
18 plaque-to-plaque passages of the 15561 Southeast Asian human isolate in MRC-5 cells
[10]. The CHIK 181/25 strain exhibited several attenuating characteristics including: 1)
small plaque phenotype, 2) temperature-sensitivity, 3) decreased virulence for infant mice
and, 4) reduced levels of viremia in monkeys. The strain was genetically stable and
immunogenic in mice and Rhesus macaques [10]. The vaccine was well tolerated and
immunogenic in Phase I/11 human trials although several vaccinees developed transient
arthralgia [15]. Given the promising results and attributes that the CHIK 181/25 vaccine
exhibited in this study we further probed its attenuation in interferon (IFN)-compromised
mice. Our goal was to understand host factors that control its replication and evaluate its
ability to induce immune responses that protect from wild type CHIKYV challenge.
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2. Materials and Methods

2.1. Viruses

The CHIK 181/25 vaccine was provided by Scott Weaver (University of Texas Medical
Branch, Galveston, Texas). The CHIKV strain La Reunion (LR) used for challenge
experiments was isolated from a human during the 2006 La Reunion outbreak. After 5
passages in Vero cells, one passage in infant mice, and one passage in C6/36 mosquito cells
viral RNA was isolated from the CHIKV-LR and was used to generate an infectious cDNA
clone. CHIKV-LR virus used in these studies was generated from the infectious cDNA by
electroporation of in vitro transcribed RNA into baby hamster kidney cells (BHK) as
described previously [16].

2.2. Virus titer determination

A TagMan real-time PCR assay was performed to estimate virus concentration [plaque
forming equivalents (PFU) per ml] from serum samples. First, viral RNA was isolated from
serum using the QiaAmp Viral RNA protocol (Qiagen, Valencia, CA). Total RNA was
extracted from 50ul of sample and eluted from the kit columns into a final volume of 60ul of
elution buffer. The RNA was stored at —80° C until use. The CHIKYV oligonucleotide sets
CHIKYV 243+, CHIKV 330-, and CHIKV 273 probe were designed with the Primer Select
software program and were based on the available full-length sequences. The real-time
probes were labeled with 5’ end FAM reporter dye and 3’ end BHQ1 quencher dye. The
QuantiTect probe RT-PCR kit (Qiagen, Valencia, CA) was used for the real-time (TagMan)
assay. Each reaction consisted of kit components, 10ul of RNA, 0.4uM of primer, and
0.15uM of probe in a total volume of 50pl. The reactions were subjected to 45 cycles of
amplification in an iQ5 Real-Time PCR detection system (BioRad, Hercules, CA) according
to the recommended conditions. A standard curve was used to quantify the viral nucleic acid
in each serum sample. The standard curve was completed by serially diluting a CHIK virus
stock for PFU conversion, titrating each dilution, and then extracting the RNA according to
the RNeasy protocol. A curve correlation coefficient of >0.950 and a 90-100% PCR
efficiency was used to validate each detection assay.

2.3. Plaque reduction neutralization test (PRNT)

Plaque reduction neutralization tests (PRNT) were used to detect neutralizing antibodies in
serum samples. Briefly, the samples were heat-inactivated for 30min at 56°C and then
serially diluted twofold in Dulbecco’s Minimum Essential Medium supplemented with 10%
FBS, 100U/ml of penicillin, and 100mg/ml of streptomycin (Gibco, Carlsbad, CA). A
suspension of 100 PFU /125ul was then mixed with the diluted serum samples and the
suspension incubated for 1h at 37°C. The serum-virus suspension was then transferred onto
6-well cell culture plates (Corning, Corning, NY) containing a confluent monolayer of Vero
cells. The virus/cell mixture was incubated for 1h at 37°C with the plate rocked every 20
min. Each well was then overlaid with a 0.4% Genepure LE agarose/DMEM medium layer
(ISC BioExpress, Kaysville, UT) and plates were incubated for 48h at 37°C. The agarose
layer was removed and the wells were covered with a fixative/staining solution (40%
methanol and 0.25% crystal violet) for five minutes. Then plates were rinsed with water to
remove the fixative/staining solution. Plaques were counted and titers were calculated and
expressed as the reciprocal of serum dilution yielding a >80% reduction (PRNTgg) in the
number of plaques.

2.4. Telemetry

For measurement of body temperature, animals were implanted subcutaneously with BMDS
IPTT-300 transponders (chip), purchased from BioMedic Data Systems, Inc. (BMDS,
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Seaford, Delaware) two to three days prior to start of the experiment and monitored for signs
of infection or migration of the transponder. Chips were scanned using a DAS-6007
transponder reader (BMDS).

2.5. Animal studies

Mice with null mutations in the IFN-a/p receptor (A129) or both IFN-a/p and -y receptors
(AG129) were bred and housed at the University of Wisconsin animal facility (Charmany
Farms) under specific pathogen-free conditions. The A129 heterozygous IFN-a/p~* mice
were generated by cross-breeding male 129Sv/Ev mice with female IFN-o/B~/~ homozygote
A129 mice. All procedures were carried out in accordance with institutional and NIH
guidelines for animal care and use.

A129 (homozygote or heterozygote) and AG129 6-8 weeks old mice (n=5) were immunized
intradermally (ID) with various doses of CHIK 181/25 vaccine in their left hind footpad (in
50ul volume). Following infection mice were observed twice daily for morbidity (physical
appearance, weight loss, and temperature), and survival rates were recorded. Blood samples
were collected during the first four days post-infection to measure cytokine responses and
viremia and on days 21 and 35 (only for A129 homozygote and heterozygote mice) to
measure seroconversion. On day 38 or 247 post-primary vaccination A129 homozygote
mice were challenged ID with the wild-type (wt) CHIKV-La Reunion (CHIKV-LR) virus.
Mice were monitored for morbidity and mortality for two weeks and carcasses were
collected for histopathological examination.

The role of antibodies in protection was tested in groups of five AG129 and A129
homozygote mice (7-9 weeks old) by passively transferring pool anti-CHIK 181/25 immune
serum in 150ul or 200 pl volumes, respectively. Control mice received normal mouse serum.
One day later, AG129 mice were inoculated 1D with 10% PFU of CHIK 181/25 vaccine virus
whereas A129 mice with 100 PFU of wt CHIKV-LR. Following challenge all mice were
observed twice daily for morbidity (physical appearance, weight loss and temperature), and
survival rates were recorded.

2.6. Cytokine responses

The APIX™ Murine cytokine kit, 12-plex sandwich microarray (Gentel Inc, Madison WI)
was used to screen pooled sera for early cytokine responses (IL-1a, IL-1b, IL-2, IL-4, IL-5,
IL-6, IL-10, IL-12, IL-17, IFN-y, GM-CSF and TNF-a) from each bleed following the
manufacter’s protocol. Data were expressed as pg/ml and represent an average of
quadruplicates for each cytokine.

2.7. Histopathology

Tissues were fixed in 10% neutral buffered formalin (Fisher Scientific) and bone was
decalcified overnight using Fixative/Decalcifier (VWR International, West Cester, PA). The
tissue was then embedded in paraffin and 5um sections were cut. For hematoxylin and eosin
staining sections were deparaffinized in Xylene for 15 minutes and then rehydrated by
washing in ethanol and ethanol/water mixtures as follows: 100% ethanol for 9 minutes, 95%
ethanol/5% deionized water for 3 minutes, 80% ethanol/20% deionized water for 5 minutes.
Sections were stained with hematoxylin (Richard-Allan Scientific, Kalamazoo, MI) for 3
minutes and then rinsed with deionized water followed by another rinse in tap water for 5
minutes and then placed in Clarifier | (Richard-Allan Scientific, Kalamazoo, MI) for 5
minutes. Following a rinse in tap water for 2 minutes and deionized water for an extra 2
minutes the sections were then stained in eosin (Richard-Allan Scientific, Kalamazoo, MI)
for 30 seconds. Then they were placed in 95% ethanol/5% deionized water for 15 minutes
followed by 100% ethanol for 15 minutes and then placed in Xylene (Richard-Allan
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Scientific, Kalamazoo, MI) for 15 minutes. Cover slips were applied to the slides using
Permount (Fisher Scientific, Pittsburgh, PA) and dried overnight. Deparaffinizing and
hematoxylin-eosin staining was performed on the Varistain Gemini ES (Shandon, Thermo
Fisher Scientific, Kalamazoo, Ml).

2.8. Statistics

3. Results

Student T-tests were performed using Excel (Microsoft, Redmond, WA).

3.1. CHIK 181/25 vaccine administration to mice lacking type-l and/or type-Il IFN receptor
signaling pathways

The attenuation of CHIK 181/25 vaccine was tested in adult A129 and AG129 mice that are
deficient in IFN-o/p or IFN-o/B-y receptor signaling pathways, respectively after ID
administration of various doses. Inoculation of AG129 mice with 104 PFU of vaccine virus
resulted in the rapid onset of clinical signs of disease, including ruffled fur and hunched
posture after which animals rapidly deteriorated and died (Fig. 1). Mice injected with 10° or
1038 PFU succumbed to infection three and four days post-injection, respectively (data not
shown). In contrast, all infected A129 mice survived after developing temporary signs of
morbidity characterized by ruffled appearance and weight loss (Fig. 1 & 2). Interestingly,
there was an inverse relationship between observed morbidity and vaccine dose (Fig. 2).
Injection of immunocompetent BALB/c or G129 mice (deficient in IFN-y receptor
signaling) with 10° PFU CHIK 181/25 vaccine resulted in no morbidity or mortality (data
not shown). Viremia was detectable in both A129 and AG129 mice (Fig. 3). However, virus
titers were significantly higher in AG129 mice by day 2 (p<0.03) and 3 (p<0.01) post-
infection.

Mice heterozygous for the interferon deletion (IFN-a/B~*) are partially deficient in
interferon responses and demonstrate clinical signs when infected with the wild type
CHIKV-LR [17]. They develop human-like disease that is milder than that observed in
A129 homozygote mice (IFN-a/p~/7) [17]. Although ID injection of A129 (IFN-a/p~) or
A129 (IFN-o/B~*) mice with 104 PFU CHIK 181/25 virus did not induce any mortality, the
homozygotes showed significant weight loss (p<0.01) beginning on day 5 post-infection
until the end of the monitoring period, day 14. In contrast, the heterozygote mice maintained
stable weights after exposure to CHIK 181/25 (Fig. 4a). In addition, the temperature of IFN-
o/B~/~ mice dropped by day 7 post-infection as compared to the IFN-o/f~"* mice (Fig. 4b).
IFN-o/B~"* mice had no detectable viremia 1-4 days post-infection, whereas viremia was
detectable in IFN-o/B~" mice with titers ranging from 1.27 + 0.27, 1.81 £ 0.31, 2.90 £ 0.32
and 2.59 + 0.20 log1g PFUeg/ml on days 1, 2, 3 and 4 post-infection, respectively. All but
one A129 heterozygote mice seroconverted following a single injection with CHIK 181/25
vaccine. Measured neutralizing antibody titers were 80, 40, 10, <10, 10 and 20, 20, 10, 10,
<10 three and five weeks post-primary inoculation, respectively for each mouse.

3.2. Proinflammatory cytokine responses following infection of A129 and AG129 mice with
CHIK 181/25 vaccine

Since IFN-y appears to have an antiviral effect in A129 mice we measured its Kinetics in the
serum following injection with CHIK 181/25 vaccine. As expected and shown in Figure 5,
the IFN-y response had an earlier onset and was more elevated in A129 mice (peak response
on day 2) as compared to the response in AG129 mice (detectable only on day 3). Serum
levels of IL-6 and TNF-a were low in both mouse strains on day 3 post-infection. The IL-6
concentrations were 16.2 and 25.2 pg/ml and TNF-a were 13.7 and 15.9 pg/ml in A129 and
AG129 mice, respectively. In contrast, IL-1a and IL-1 responses were elevated by day 3.
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Peak concentrations for IL-1a were 354.8 and 8 pg/ml, and for IL-1p were 150.9 and 756.9
pg/ml for A129 and AG129 mice, respectively. IL-12 was detectable only in A129 mice
with levels ranging from 156.5, 129.8, 305.6 and 22 pg/ml on days 1, 2, 3, and 4 post-
infection, respectively.

3.3. Control of CHIK 181/25 vaccine virus in AG129 mice by antibodies

Antibodies are believed to be the primary effectors of protection against alphavirus disease
[18], including CHIK [19]. Therefore, we sought to determine if anti-CHIK 181/25 vaccine
antibodies can protect against fatal CHIK 181/25 virus infection independently of a
functional IFN response. As shown in Figure 6a, passively transferred neat (pre-transfer
neutralizing titer of 50) or 1:10 anti-CHIK 181/25 serum conferred full protection from
challenge with 104 PFU CHIK 181/25 virus. Protected mice had no weight loss (Fig. 6b) nor
any significant temperature change (Fig. 6¢). In contrast, control animals injected with neat
normal mouse serum succumbed to infection by day 5 post-challenge (Fig. 6a).

3.4. Protective efficacy of CHIK 181/25 vaccine in A129 mice

To test the efficacy of CHIK 181/25 vaccine, immunized A129 homozygote mice (IFN-a/
B~) were challenged with 100 PFU of wt CHIKV-LR. Prior to challenge all mice were
bled and seroconversion was measured by PRNT. A single injection of CHIK 181/25
vaccine elicited a strong neutralizing antibody response in all A129 mice with titers =160
measured five weeks post-primary inoculation. Following challenge with 100 PFU wt
CHIKV-LR, temperatures and body weights of vaccinated mice remained relatively stable
(data not shown) and all animals survived (Fig. 7). In contrast, PBS immunized control mice
succumbed to infection by day 4 post-challenge.

To assess tissue damage after challenge, a histopathologic analysis was conducted in both
PBS immunized and CHIK 181/25 vaccinated groups of mice after challenge with CHIKV-
LR. The organs from the PBS immunized group were harvested on day 4 post-challenge and
the organs from CHIK 181/25 vaccinated mice were harvested at day 14 post-challenge (end
of the monitoring period). There was no significant histopathologic change in the brain,
lung, heart, small bowel, large bowel, pancreas, skeletal muscle, kidney or bone after
CHIKV-LR challenge in the PBS immunized and CHIK 181/25 vaccinated groups (data not
shown). However, there was a marked difference in the spleens of these two groups of mice
(Fig. 8). The spleens of the CHIK 181/25 vaccinated groups demonstrate no significant
histological change with a normal follicular pattern and architecture after CHIKV-LR
challenge (Fig. 8c). In contrast, CHIKV-LR infection caused severe necrosis with a paucity
of lymphocytes in the spleens of the PBS immunized control group (Fig. 8a & b). In these
mice succumbing to viral challenge, there were no intact splenic lymphoid follicles and
splenic architecture was disrupted. The viable splenic cells consisted of collections of
monocytes with abundant eosinophilic cytoplasm along with occasional plasma cells. The
liver of the PBS control group demonstrated severe congestion (data not shown) which
could be due to the virus replication in the liver as demonstrated by Courdec et al [17] or
due to splenic necrosis and a congestion of blood in the portal circulation.

We studied the ability of a single dose of CHIK 181/25 vaccine to provide protection from
wt CHIKV-LR challenge in A129 homozygous mice. Mice immunized with 103 or 104 PFU
of CHIK 181/25 vaccine were fully protected 247 days after vaccination as compared to
age-matched control mice immunized with PBS that succumbed to infection 4-6 days after
challenge with CHIKV-LR. None of the protected mice manifested any sign of morbidity. In
addition, serum neutralizing antibody responses were detectable in both immunized groups
just prior to challenge (day 247) with mean titers of 88 + 43.8 to 112 + 65.7 for animals
vaccinated with 103 and 104 PFU of CHIK 181/25 vaccine, respectively.
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To examine the role of anti-CHIK 181/25 virus antibodies in protection against wt CHIKV-
LR challenge, A129 homozygote mice were passively immunized with a pool of serum
collected three weeks post-primary immunization with 10* PFU of CHIK 181/25 vaccine
(neutralizing titers of individual sera prior to pooling were 160, 160, 80 and >640). Passively
transferred immune serum conferred full protection against infection by 100 PFU wt
CHIKV-LR, whereas all animals that received normal mouse serum succumbed to infection
(data not shown).

4. Discussion

In these studies, we probed the attenuation, immunogenicity and efficacy profile of the
chikungunya vaccine candidate, CHIK 181/25 in adult mice deficient in IFN-o/p and/or
IFN-y receptor signaling. In the absence of a functional IFN-a/p response, A129 mice
developed only transient morbidity after administration of the CHIK 181/25 vaccine and
then fully recovered. In contrast, wt CHIKV-LR administration to A129 mice lead to rapid
mortality (Fig. 7). Therefore, our findings highlight the attenuated nature of the CHIK
181/25 vaccine. Surprisingly, the duration of morbidity was inversly proportional to the
vaccine dose. It is possible that the higher vaccine doses induce a more potent innate
immune response resulting in a quicker recovery.

The importance of IFN-a/B in controlling infection by the CHIK 181/25 virus is supported
by two lines of evidence. First, G129 mice that have a functional IFN-a/p receptor showed
no mortality nor morbidity after CHIK 181/25 vaccination. Secondly, A129 heterozygote
mice also show no morbidity after CHIK 181/25 virus infection demonstrating that a single
copy of the IFN-a/B receptor is capable of further inhibiting CHIK 181/25 virus replication
and pathogenesis. These data are consistent with the findings by Couderc et al [17]
highlighting the dependence of wt CHIKYV infection in A129 mice on the strength of IFN-o/
B receptor signaling pathway. IFN-a/p provides the first line of defense by inducing an anti-
viral state that controls viral replication and modulates the adaptive immune response [20].
In the case of CHIKV, IFN-a/p controls early virus replication via its action on
nonhematopoietic cells [21]. After secretion from the infected cells IFN-o/f binds to its
INFAR receptor in an autocrine or paracrine manner to amplify the signal or prime
uninfected cells to establish an antiviral state. However, in primate cell lines once viral
replication has been established further CHIKYV replication becomes resistant to inhibition
by IFNs. This is due to the suppressive effect exerted by the CHIKV nonstructural protein 2
which inhibits IFN-induced JAK-STAT signaling and therefore prevents IFN-induced
stimulating genes (1ISGs) expression [22]. More recently, it was shown that CHIKV envades
innate immune response to infection by widespread shut off of cellular protein synthesis and
a targeted block of late synthesis of antiviral mMRNA transcripts [23].

In contrast, AG129 mice that lack both functional IFN-o/p and/IFN-y receptors rapidly
succumbed to CHIK 181/25 virus infection. Thus, in the absence of IFN-o/f, IFN-y is able
to partially control replication of an attenuated CHIKV. These data suggest that although the
IFN-y response is subordinate to IFN-a/p in terms of antiviral activity, it contributes to the
control of viral replication and spread. The pattern of cytokine expressed after infection in
these mice is consistent with this hypothesis. In A129 mice, the IFN-y response was stronger
and had an earlier onset relative to the AG129 mice following CHIK 181/25 vaccination. In
addition, I1L-12 was detectable in A129 mice but not in AG129 mice. IFN-a/f normally
regulates the induction of IL-12 and IFN-y during a viral infection [24]. However, our
findings suggest that the induction of both of these cytokines occurs in the absence of IFN-
ofB.
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In these studies, levels of proinflammatory cytokines TNF-a and IL-6, which are typically
induced in response to an inflammatory stimulus, were low. This is in contrast to the
proinflammatory cytokine responses observed following infection of A129 mice by other
alphaviruses [25, 26, 27]. Levels of IL-1p were elevated in AG129 mice as compared to the
A129 mice. Interestingly, high levels of IL-1p have similarly been observed in humans and
associated with disease severity [28]. This cytokine is known to be involved in the
immunopathogenesis of many arthritic pathologies [29] but also could participate in viral
control [6, 30]. The A129 model with defective IFN-a/p signaling, may result in
abnormalities in the cytokine patterns observed after infection. However, since CHIKV has
evolved to blunt the human IFN-a/B signaling cascade [22, 23] or mobilize the apoptotic
machinery to invade host cell defenses [31] these findings may still be reflective of viral
pathogenesis in humans.

We evaluated the efficacy of passively transferred anti-CHIK 181/25 antibodies in AG129
mice that have both IFN-type responses compromised and are susceptible to CHIK 181/25
virus. Passive transfer of anti-CHIK 181/25 antibodies abrogated lethality associated with
the CHIK 181/25 virus. These data are consistent with earlier findings demonstrating
antibody-mediated protection of IFN-deficient mice against Sindbis virus infection [32]. The
protective effect of passively transferred serum could be attributed to its capacity to directly
neutralize CHIKYV and/or its capacity to induce other protective immune responses such as
antibody-dependent and complement—mediated cellular cytotoxicity. Our findings are in
agreement with data demonstrating the protective effect of passively transferred low titer
anti-Ross River Virus (RRV) antibodies against RRV challenge [33] and suggest that low
levels of antibody responses might be sufficient in mediating effective protection.

The CHIK 181/25 vaccine elicited a uniformly robust neutralizing antibody response after a
single injection and protected A129 immune mice after challenge with wt CHIKV-LR. This
protection was shown to be at least partially mediated by antibodies confirming the
important role that humoral immunity plays in controlling CHIKYV infection [19]. However,
studies with other alphaviruses have demonstrated that cellular immunity can protect mice
against fatal disease in the absence of an antibody response [34, 35]. The contribution of
cellular immune responses to protection from wt CHIK-LR virus challenge remains to be
addressed in future studies. In addition, after CHIKV-LR challenge, there was no overt
organ damage in the CHIK 181/25 vaccinated mice. In contrast, the spleen of PBS injected
animals showed large areas of necrosis and lacked any lymphoid follicles with only a few
scattered lymphocytes. The organ damage and lack of lymphocytes could be a direct
consequence of wt CHIKYV infection in this model [19] or could be an indirect consequence
of cytokine dysregulation and immunopathogenesis.

The CHIK 181/25 vaccine conferred long-term protection against wt CHIKV-LR virus
challenge in A129 mice (ca, 8 months after a single intradermal injection). Neutralizing
antibody responses were detectable prior to challenge following vaccination with only 103
PFU/mouse. The long-term duration of neutralizing anti-CHIK 181/25 antibody responses is
consistent with the kinetics of antibody responses observed in humans that received this
vaccine. Follow-up of healthy vaccinated volunteers demonstrated persistence of antibodies
with in vitro neutralizing activity after 12 months [15]. Similarly, 18 months after natural
infection anti-CHIKYV antibodies are still detectable in 40% of patients [36].

These studies highlight the role of IFN-a/p in controlling CHIK 181/25 virus replication and
demonstrate the potential of a live, attenuated candidate CHIKYV vaccine to elicit
neutralizing antibody responses that confer short-and long-term protection against wt
CHIKV-LR challenge.
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Survival of adult A129 and AG129 mice (n=5) injected ID in their footpad with 10* PFU of
CHIK 181/25 vaccine. Animals were monitored for two weeks.
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Figure 2.

Morbidity in adult A129 mice (n=>5) injected ID in their footpad with 10°, 104 or 103 PFU of
CHIK 181/25 vaccine. Animals were monitored for weight loss for two weeks. Each data
point represents the arithmetic mean + standard deviation.
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Kinetics of viremia in adult A129 and AG129 mice (n=>5) injected ID with 10* PFU of
CHIK 181/25 vaccine. Virus titers were determined by real-time RT-PCR relative to a
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standard curve of stock virus for PFU conversion (PFUeq). Each data point represents the

arithmetic mean + standard deviation.
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Figure 4.

Morbidity [weight loss (a) and temperature change (b)] in A129 IFN-a/B~/* heterozygote
and IFN-a/p~~ homozygote adult A129 mice (n=5) injected ID with 104 PFU of CHIK
181/25 vaccine. All mice were monitored daily for a period of two weeks. Each data point
represents the arithmetic mean + standard deviation.
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Kinetics of IFN-y response in the serum of A129 and AG129 mice (n=5) following injection
with 10° PFU CHIK 181/25. The IFN-y levels were determined using the Gentel microarray

system in pooled sera collected from each sampling day post-infection.
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Figure 6.

Passively transferred CHIK 181/25 immune serum protects AG129 mice from infection with
10* PFU CHIK 181/25 virus. Pooled serum samples raised in A129 mice after ID injection
with 104 PFU CHIK 181/25 vaccine were passively transferred IP (undiluted or diluted 1:10
in 150ul volume) in groups of 5 naive adult AG129 mice. One day later all mice were
injected 1D with 10% PFU of CHIK 181/25 virus. Control mice received IP normal mouse
serum (NMS). Following infection mice were monitored daily for survival (a) and morbidity
(b and c).
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Protection of CHIK 181/25 immunized A129 homozygote mice following challenge with wt
CHIKV-LR. Mice were injected 1D with 104 PFU CHIK 181/25 vaccine (n=4) or PBS (n=5)
and challenged 1D with 100 PFU CHIKV-LR 38 days post-primary inoculation.
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Figure 8.
Spleens of control mice (sham vaccinated 20 X) (a) demonstrate necrosis and disruption of

follicular architecture. The remaining cells are composed mainly of monocytes (arrows) (b)
(40X). The spleens of 181/25 (20 X) (c) demonstrate a normal follicular architecture with
appropriate amounts of white pulp and red pulp.

Vaccine. Author manuscript; available in PMC 2012 April 5.



