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The global emergence of Chikungunya virus (CHIKV) infection is alarming and currently there is no
licensed vaccine or antiviral treatment available to mitigate this disease. CHIKV infection typically results
in high viral load with an outcome of high fever, skin rashes, muscle pain, and sequelae of prolonged
arthritis, which occurs in >90% of the infected cases. In this study, using biochemical pull-downs,
mass-spectrometry, and microscopic imaging techniques, we have identified novel interactions between
CHIKV nsP3 or nsP4 proteins with the host stress-pathway chaperone HSP-90 protein. Indeed, silencing of
HSP-90 transcripts using siRNA disrupts CHIKV replication in cultured cells. Furthermore, drugs targeting
HSP-90, such as commercially available geldanamycin, as well as other specific HSP-90 inhibitor drugs
that had been obtained from a purinome mining approach (HS-10 and SNX-2112) showed dramatic
reduction in viral titers and reduced inflammation in a CHIKV mouse model of severe infection and mus-
culopathy. The detailed study of the underlying molecular mechanism of these viral and host protein

CHIKV mouse model

interactions may provide a platform to develop novel therapeutics against CHIKV infection.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Chikungunya virus (CHIKV) is an alphavirus that belongs to the
family Togaviridae and is responsible for a human disease known as
Chikungunya fever (Burt et al., 2012). Since its first isolation in
Tanzania in 1952, CHIKV has spread massively and at present sev-
eral millions of people living in Asia and Africa are at risk of con-
tracting the disease (Schwartz and Albert, 2010). Chikungunya
fever is typified by a very high viraemic load and associated abnor-
malities such as lymphopenia and thrombocytopenia (Borgherini
et al., 2007). The disease progression is rarely asymptomatic and
usually patients require medical attention, which constitutes a ma-
jor socioeconomic burden on society. The mortality rates associ-
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ated with CHIKV infections are low (1:1000) and the disease
predominantly is self-limiting. However, in some instances pa-
tients experience a relapse with persistent arthralgia or musculo-
skeletal pains that can last from several months to years.
Newborns and elderly people are particularly vulnerable for devel-
oping severe complications during the disease (Schwartz and Al-
bert, 2010).

The CHIKV genome, like all alphaviruses, is a single stranded
RNA molecule of ~12kb in size and positive polarity with a
7 mG cap at the 5’ end and a poly-A tail at the 3’ end. The CHIKV
genome reads in two open reading frames (ORFs), where the 5
OREF is directly translated from the genomic RNA encodes for four
non-structural proteins (nsPs) that serve various functions essen-
tial for virus replication; nsP1 contains methyl transferase and
guanyl transferase activities; nsP2 is a helicase/protease enzyme;
nsP3 is an accessory protein involved in viral RNA synthesis and
nsP4 is the RNA dependent RNA polymerase enzyme. The 3’ ORF
is translated from the 26S sub-genomic RNA and encodes for viral
structural proteins such as nucleocapsid C, viral glycoproteins E1
and E2 and small peptides E3 and 6k (Li et al., 2010; Lulla et al.,
2013; Strauss and Strauss, 1994; Voss et al., 2010).
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To fulfill various critical functions required for virus replication,
it is believed that viral non-structural proteins work in conjunction
with the numerous host cellular proteins. Detailed understanding
of these interactions between viral and host proteins are crucial
for unraveling the viral replication and pathogenesis mechanisms
and also help discover novel antiviral drug targets. In recent years
various antiviral strategies have been proposed to control CHIKV
infection, utilizing both viral and host targets (Kaur and Chu,
2013; Rashad et al., 2013). However, currently there is no safe anti-
viral treatment available to mitigate the disease. In our previous
study we investigated the role of Unfolded Protein Response
(UPR) machinery during CHIKV infection and showed that the
UPR signaling arms such as the PERK pathway was highly regu-
lated by viral nsP4 protein and the levels of protein folding chaper-
ones such as HSP-90 and p58IPK were significantly induced
(Rathore et al., 2013). HSP-90 has known functions in assisting
the key steps of virus replication during Influenza and HCV infec-
tions (Geller et al., 2012; Okamoto et al., 2006). However, the de-
tailed mechanism of HSP-90 involvement during CHIKV infection
is not known.

In mammalian cells, HSP-90s are a family of highly conserved
molecular chaperones. These include two cytoplasmic isoforms;
stress-induced HSP-90a and constitutively expressed HSP-908,
the latter of which has an ER resident homologue, Grp94, and a
mitochondrial homologue, TRAP-1 (Chen et al., 2005). The HSP-
90 proteins form a homodimeric complex with each monomer con-
sisting of a C-terminal dimerization domain, a middle domain and
an N-terminal ATPase domain (Pearl and Prodromou, 2006). In
general, HSP-90 is involved in maturation, localization, and turn-
over of its client proteins in a cell (Chadli et al., 2000; Prodromou
et al., 2000). Viral proteins, like cellular proteins, also require fold-
ing and assembly for function and HSP-90 has been known to play
an important role in the replication of many DNA and RNA viruses.
For instance, HSP-90 stabilizes and stimulates the reverse tran-
scription reaction step during hepatitis-B virus replication (Hu
and Anselmo, 2000; Hu et al., 1997). Similarly, during influenza
virus replication, the polymerase complex comprising of PB1,
PB2, and PA is stabilized by HSP-90 protein, an essential step for
virus replication (Momose et al., 2002; Naito et al., 2007). Other
viruses which utilize HSP-90 proteins during their replication in-
clude alpha-herpes simplex virus-1, human cytomegalovirus, flock
house virus, vesicular stomatitis virus, human parainfluenza 2/3
virus, hepatitis C virus, simian virus 5/41, and bunyavirus (Geller
et al., 2012). The reliance of many viruses on HSP-90 for replication
makes it an interesting potential broad-spectrum antiviral drug
target. Inhibitors of HSP-90 such as geldanamycin and its deriva-
tives, 17-allyl-17-demethoxygeldanamycin (17AAG) and 17-des-
methoxy-17-N,N-dimethylaminoethylaminogeldanamycin
(17DMAG) have been shown to possess antiviral activity in cell cul-
ture against range of DNA and RNA viruses (Geller et al., 2012). In
this study, we evaluated both in vitro and in vivo activities of spe-
cific HSP-90 inhibitor drugs, HS-10 and SNX-2112 against CHIKV
infection. Moreover, using biochemical techniques and by over-
expressing individual CHIKV non-structural proteins we identified
novel interactions between the HSP-90 protein and CHIKV nsP3
and nsP4 proteins. This study suggests an important role for
HSP-90 during CHIKV infection and opens up the possibility of tar-
geting this specific interaction.

2. Materials and methods

2.1. Cells and viruses

Mosquito cells Aedesalbopictus clone (C6/36) and baby hamster
kidney cells (BHK-21) were cultured in RPMI-1640 medium (Gib-

co) supplemented with 10% fetal bovine serum (FBS) (Gibco). Hu-
man embryonic kidney cells expressing SV40 large T antigen
(HEK-293T) were cultured in DMEM (Gibco) supplemented with
10% FBS. C6/36 cells were used for making virus stocks, grown
and maintained in 28 °C temperature incubator. BHK-21 and
HEK-293T cells were grown and maintained at 37 °C in a humidi-
fied incubator with 5% CO, atmosphere. CHIKV laboratory strain
‘ROSS’ and a human clinical isolate-CHIKV EAS (East African lineage
strain-DMERI09/08) was a generous gift from Dr. Ooi Eng Eong
(Duke-NUS reference laboratory). Viruses were amplified in C6/
36 cells supplemented with 5% FBS at 28 °C and titrated by plaque
assay as described previously (Rathore et al., 2011). Low passage
number virus (below passage 5) was used for performing all
experiments.

2.2. Therapeutic drugs

Geldanamycin was purchased from Sigma. HSP-90 inhibitor
drugs; HS-10 (HS-100010) and SNX-2112 were synthesized in
the laboratory of Dr. Timothy Haystead at Duke University as de-
scribed elsewhere (Huang et al., 2009; Hughes et al., 2012).

2.3. Anti-CHIKV antibodies

A rabbit anti-CHIKV E1 polyclonal serum was prepared in-
house. Anti-CHIKV-nsP3 and nsP4 polyclonal serum was raised
and characterized in the laboratory of Dr. Andres Merits.

2.4. Cell viability

The cytotoxicity of each test drug was separately measured on
BHK-21 or HEK-293T cells using the cell titer-Glo luminescent cell
viability assay, according to the manufacturer’s protocol (G7570;
Promega). The luminescence signals for cells treated with the test
drugs were compared to those for cells treated with the maximum
tolerated dimethyl sulfoxide (DMSO) to determine the 50% cyto-
toxic concentration (CCsg). Furthermore, the cytotoxicity data pre-
sented in Fig. 1 was determined by counting the number of viable
cells in the presence of drugs or DMSO at 24 h post-infection/
treatment.

2.5. CHIKV infection of HEK-293T or BHK-21 cells

The infections of HEK-293T or BHK-21 cells were done using
multiplicity of infection (MOI) of 1 of CHIKV-ROSS strain at 37 °C
in a humidified incubator with 5% CO, atmosphere for 1 h. Cells
were washed twice with non-serum containing growth media be-
fore mock or drug treatment for 12 or 24 h.

2.6. RNA extraction and real-time RT-PCR analysis

HEK-293T cells (1 x 10°) were infected with CHIKV at a MOI of
1. At indicated time intervals, total RNA was extracted using the
trizol (Invitrogen) extraction method and 1 pg of total RNA was
used for cDNA synthesis using ImProm II reverse transcription sys-
tem (Promega), with oligo-dT as primers. cDNA (50 ng) was used
for real-time amplification of specific genes using respective prim-
ers (Supplementary material) in a Bio-Rad iQ-5 real time thermal
cycler. The expression of viral and host gene products was normal-
ized to actin or 18S rRNA, followed by normalization to the expres-
sion levels at uninfected conditions.

2.7. Western blotting

HEK-293T cells (1 x 10°) were infected with MOI of 1 with
CHIKV and total cell lysate was collected in NET lysis buffer
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Fig. 1. HSP-90 inhibitors reduce CHIKV infection. (A) Plaque assay quantification of CHIKV replication in HEK-293T cells infected with MOI-1 of CHIKV for 1 h followed by
mock or geldanamycin (1.5 uM) treatment for 24 h. At 24 h post treatment plaque assay was performed using media supernatants. (B) Toxicity test for specific HSP-90
inhibitors HS-10 or SNX-2112 in HEK-293T cells treated with increasing concentrations of drugs for 24 h followed by viable cell counting using trypan blue stain. (C and D)
Dose-response curve for HS-10 or SNX-2112 in HEK-293T cells infected with MOI-1 of CHIKV for 1 h followed by mock or drug treatments at indicated concentrations for
24 h. At 24 h post treatments plaque assay was performed using media supernatant from each condition tested. A sigmoidal dose-response curve was plot using GraphPad-
prism software, where dotted line represents the error range at each concentration tested.

(20 mM Tris, 100 mM NaCl & 1 mM EDTA) containing 0.1% Triton
x-100 with protease inhibitor cocktail (Roche) at indicated time
points post infections. After 30 min on ice, lysates were centrifuged
at 13,000 rpm for 10 min and supernatants were used to quantitate
the amount of total protein by BCA assay (Pierce). Equal amounts
(2-5 pg each) of protein were loaded on 12% SDS-PAGE followed
by Western blotting. Blots were blocked overnight with blocking
solution [2% Fish gelatin (Sigma) in 1x-PBS] and were probed using
primary antibodies against various proteins: CHIKV-E protein (in-
house) anti-CHIKV-nsP3 serum, anti-CHIKV-nsP4 serum, total
HSP-90 protein (cell signaling), HSP-90a or HSP-908 subunit (Sin-
gapore Advanced Biologics (SABIO) Pte Ltd), anti-GFP (Abcam) and
anti-Actin antibody (Sigma) were used as the loading control anti-
bodies. All the antibodies used were diluted in blocking solution.
After incubating with secondary HRP-conjugated antibodies, blots
were developed using ECL detection reagent (GE healthcare) and
visualized using an Image-quant chemiluminescent machine.

2.8. Transfection of plasmids

For the transfection of plasmid DNA into HEK-293T cells, cells
were seeded to 70% confluency in a 24 well plate (Nunc) and incu-
bated overnight in a 37 °C incubator supplemented with 5% CO,
atmosphere. One or 2 pg of each of the plasmid (GFP vector, GFP-
CHIKV nsP1/2/3/4, described previously in (Rathore et al., 2013))
were transfected using the jet-prime transfection reagent (Polypus
BST scientific) as per the manufacturers described protocol. Trans-
fected cells were incubated for 24 h for protein expression and
then washed once with 1x-PBS (Gibco). Finally, cells were col-

lected in TNET-lysis buffer and then subjected to Western blotting
as described above. The transfection efficiencies were verified by
fluorescence microscopic visualization for each of the transfected
plasmids.

For siRNA transfections, 100 nM each of the non-targeted, si-
HSP-90(1) and si-HSP-90(2) (SABIO) were transfected in 24 well-
plates using jet-prime transfection reagent (Polypus BST scientific)
essentially following the manufacturers protocol. At 24 h post
silencing, cells were either mock or CHIKV infected for a further
24 h. The siRNA sequences are provided in the Supplemental
material.

2.9. Co-immunoprecipitation

HEK-293T cells (1 x 10%) were transfected with plasmids (GFP
vector, GFP-CHIKV nsP1/2/3/4) as described above or infected with
CHIKV-ROSS (MOI-1) and incubated for 24 h in a humidified CO,
incubator at 37 °C. At 24 h post-transfection, cells were washed
once with 1x-PBS and lysed using TNET lysis buffer containing
protease inhibitor cocktail. Lysis was continued on ice for a further
1 h with intermittent mixing at 15 min each. The cell lysates were
clarified at high speed (14,000 rpm and 4 °C) and the supernatants
were collected on ice. Two g of the polyclonal anti-GFP antibody
(Abcam) or HSP-90a or HSP-90p antibody (SABIO) were added in
each of the clarified lysates with further incubation overnight at
4 °C with a constant mixing using an end-over-end rotor. Immune
complexes formed were pulled out using 50 pl/reaction of protein
A/G beads (Pierce). Finally, beads were washed 3-times with lysis
buffer followed by elution of immune complexes in 1x-SDS load-
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ing dye with 15 min boiling in a water bath. Eluted samples were
spun at high speed before being analyzed by SDS-PAGE and Wes-
tern blotting.

2.10. Sample preparation for mass-spectrometry

HEK-293T cells (5 x 10°) were transfected with 10 pg of each of
the plasmids (GFP, GFP-nsP3 or GFP-nsP4) for 24 h. All the steps
described below were performed at 4 °C. For each immunoprecip-
itation reaction, cells were suspended in 200 pl of lysis buffer
(10 mM Tris/Cl, pH 7.5; 150 mM NacCl; 0.5 mM EDTA; 0.5% NP-40
and complete protease inhibitor cocktail). Lysis was further contin-
ued for 30 min with extensive mixing, before lysates were being
clarified at 20,000g for 10 min. Supernatants were collected in a
pre-cooled tube and the final volume was adjusted to 0.5 ml with
dilution buffer (10 mM Tris/Cl, pH 7.5; 150 mM NaCl; 0.5 mM
EDTA and complete protease inhibitor cocktail). GFP-TrapA beads
(30 ul each) were equilibrated in 0.5 ml dilution buffer for
15 min. Clarified cell lysates were added to equilibrated GFP-TrapA
beads and were incubated under constant mixing for overnight.
Beads were spun down at 2500g for 2 min and washed once with
0.5 ml ice-cold wash buffer (10 mM Tris/Cl, pH 7.5; 150 mM Nacl;
0.5 mM EDTA) and one time with 0.5% NP-40 in PBS followed by a
final 2 washes with 50 mM ammonium bicarbonate. Elution was
done using 60 pu of mass-spectrometry compatible elution buffer
(0.25% RapiGest SF in 50 mM ammonium bicarbonate) and in-solu-
tion mass-spec analysis of the trypsin-digested protein samples
was done using LC/ESI/MS/MS mass-spectrometry at the Duke pro-
teomic facility, USA. Peptide sequences from the mass-spec analy-
sis were matched against Swiss-prot 2013x database using
‘Mascot’ database search algorithm and the data analysis was car-
ried out using ‘Scaffold’ version 4.0.7 software using peptide
threshold of min 97% and protein threshold of min 45% (minimum
two peptides) (Bodnar et al., 2003).

2.11. Immunofluorescence

HEK-293T cells or BHK-21 cells were seeded on glass coverslips
at a density of 1 x 10° cells/well in a 12-well plate. Following incu-
bation overnight at 37 °C with 5% CO,, the cells were transfected
with plasmids (GFP vector, GFP-CHIKV nsP1/2/3/4) or infected with
CHIKV-ROSS (MOI-1). At 24 h post-transfection/infection, cells
were fixed with ice cold 80% acetone for 10 min followed by over-
night incubation with blocking buffer (5% BSA in 1x-PBS) at 4 °C.
The primary antibodies used were anti HSP-90-total (cell signal-
ing) or HSP-90a or HSP-90p (SABIO). The secondary antibody used
was anti-rabbit alexa-594 or anti mouse alexa-488. All the anti-
bodies used were diluted in blocking buffer. The coverslips were
mounted on glass slides using prolong gold anti-fade mounting
medium (Invitrogen) containing DAPI. Immunofluorescence
images were captured using an upright confocal microscope (Zeiss)
and image analysis was performed with Zeiss image analysis
software.

2.12. In vivo infection

Sv/129 mice deficient in type -1 IFN receptors (A129), purchased
from B&K Universal (UK), were housed in the BSL-2 animal facility
at Duke-NUS, Singapore and all animal experiments were approved
by the Animal Care Committee at Singapore General Hospital. For
infection, mice (n = 6) were inoculated with CHIKV EAS (100 pfu/
20 pl) via the footpad route and the control groups were given
5% DMSO in saline as either vehicle control or mock treatment.
For treatment during infection, mice were either mock or HS-10/
SNX-2112 treated (10 mg/kg/twice a day) for 3 days, starting from
day 0. Blood was collected for viremia at day 2 (~48 h) and 3

(~72 h) post infection/treatment. Animals were euthanized at hu-
mane end points and muscle tissues were collected for cryo-sec-
tioning, staining and microscopic visualizations.

Limb swelling measurements: For measuring swelling in the in-
fected limbs, animals were very briefly held in the restrainer and
the measurement was done using a standard surgical ruler.

Tissue processing: Muscle tissues were harvested and frozen in
OCT compound (Tissue-Tek), and frozen sectioned (~10 pm thick-
ness) using a cryostat (Leica). Sections were fixed with acetone at
4 °C and air dried before being stained with 0.1% Mayer's Hematox-
ylin (Sigma) for 10 min followed by 5 min wash with water. Sec-
tions were further stained with 0.5% Eosin for 2 min, washed
with water and then sequentially dehydrated using 50%, 70%,
95%, and 100% ethanol followed by final dehydration step in xy-
lene. Slides were mounted with permount (Bio-world) before visu-
alization and image capturing using an inverted fluorescence
microscope (Olympus IX71, USA).

2.13. Serum cytokine levels

Equal volumes of serum from individual mice were pooled in
each of the experimental groups and the concentration of each
pro-inflammatory cytokines in the serum was measured using ELI-
SA kits (R&D systems), following the manufacturer’s described
protocol.

2.14. Statistics

Statistical comparison of results were performed using un-
paired Student’s t-test using GraphPad Prism 5.0 software or using
Microsoft Excel software with p < 0.005 considered statistically sig-
nificant. For more than two comparisons one-way ANOVA test was
used.

3. Results
3.1. Drugs targeting HSP-90 reduce CHIKV infection

To determine the role of HSP-90 during CHIKV infection we
firstly used a commercially available, HSP-90 inhibitor drug ‘gel-
danamycin’. Geldanamycin binds in the ATP binding site on HSP-
90 and renders the protein in an open conformation (Stebbins
et al.,, 1997). However, the ATP-driven closed conformation of
HSP-90 is required for its chaperone function (Ali et al., 2006).
HEK-293T cells were infected with CHIKV (MOI-1) for 1 h followed
by mock or geldanamycin treatment for 24 h and virus production
in the cells was monitored by plaque assay. We found that gel-
danamycin treatment reduced CHIKV infection by ~2.5 log sug-
gesting a significant involvement of HSP-90 during CHIKV
infectionor replication (Fig. 1A). Indeed, to rule out the possibility
of any off-target effects of geldanamycin during CHIKV infection,
we employed two very specific synthetic inhibitors of HSP-90,
HS-10, and SNX-2112, that are close structural analogs of the clin-
ical candidate SNX-5422 (Fadden et al., 2010). First we confirmed
that the drug concentrations used in this study are not toxic to
the cells (Fig. 1B). Furthermore, no cytotoxicity was observed for
either of the test drugs up to 100 uM for 24 h post-drug treatments
(Fig. S1). Next, we measured the efficacy of HS-10 and SNX-2112
test drugs against CHIKV infection. For this, CHIKV infected HEK-
293T cells were treated at various concentrations of HS-10 or
SNX-2112 for 24 h and the virus infection was measured by plaque
assay. Both HS-10 and SNX-2112 showed a dose-dependent reduc-
tion in viral titers, further implicating a specific role of HSP-90 dur-
ing the CHIKV infection cycle (Fig. 1C and D).
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3.2. HSP-90 inhibitors affect CHIKV replication

Next, we sought to understand if the inhibitory effects seen
with HSP-90 inhibitors have any direct effect on CHIKV replication.
For this, HEK-293T cells were infected with MOI-1 of CHIKV fol-
lowed by mock treatment or drug treatment with 10 M dose of
HS-10 or SNX-2112 for 12 h. At 12 h post infection/treatment,
the amount of viral RNA (nsP1 or E2 gene) or total HSP-90 mRNA
was measured by real time RT-PCR and the protein levels were
measured by Western blotting (Fig. 2). Interestingly, a significant
reduction (~50-100 fold) in the levels of viral RNA was observed
during both HS-10 and SNX-2112 treatments (Fig. 2A and C); how-
ever, the mRNA levels of HSP-90 were not altered (Fig. 2B and C).
Similarly, viral protein levels measured by Western blot detection
of the CHIKV-E1 protein were also dramatically reduced during
drug treatments with no significant change in the levels of total
HSP-90protein (Fig. 2D). Furthermore, using immunofluorescence
microscopy we observed a visually striking reduction in virus
infection upon HS-10 or SNX-2112 (2 uM) treatment for 12 h
(Fig. 2E). Together our data suggest that blocking the chaperone
function of HSP-90 does not affect its protein level or its transcrip-
tion, but, results in a marked, early (12 h) reduction in the levels of
both viral RNA and protein. This early inhibition of CHIKV infection
could be due to the effects of HS-10 or SNX-2112 at virus replica-
tion level.

3.3. siRNA silencing of HSP-90 has detrimental effects on CHIKV
replication

To better understand the importance of HSP-90 protein during
CHIKV replication, we silenced the HSP-90 transcripts using two
specific siRNAs targeting the HSP-9OmRNA and measured the
CHIKYV replication in HSP-90-knockdown cells. First, we confirmed
using real time PCR that the siRNAs successfully knocked-down the
transcription of HSP-90 at 24 h and noted that siRNA(2) showed
more pronounced knockdown of HSP-90 and also a greater reduc-
tion in HSP-90 protein level compared to siRNA(1) or non-targeted
siRNA control (Fig. 3B and C). Next, to assess the effects of HSP-90
knockdown on CHIKV replication, we infected HSP-90-knockdown
cells with CHIKV at an MOI of 1 for 24 h, collected the cell superna-
tant for plaque assay analysis and harvested the total cells for RNA
or protein analysis. Consistent with the drug inhibition of HSP-90,
siRNA silencing of HSP-90 transcript showed a dramatic reduction
in virus production (Fig. 3A), viral RNA (Fig. 3B) and viral protein
levels (Fig. 3C), compared to the non-targeted siRNA infection con-
trol (Fig. 3). Despite the differing levels of HSP-90 mRNA knock-
down with both specific siRNAs, a significant reduction in the
CHIKYV replication was observed (Fig. 3). Overall siRNA knockdown
data here support the HSP-90 specific drug inhibition of CHIKV
infection and suggest that HSP-90 has a critical function in CHIKV
replication.

3.4. CHIKV nsP3 or nsP4 proteins interact with HSP-908 or HSP-90c.
subunits

With an aim to explore the mechanism of HSP-90 function dur-
ing CHIKV replication, we used our previously described GFP-
tagged CHIKV protein expressing constructs (Rathore et al.,
2013). Based on the results shown above in Figs. 1 and 3, we
hypothesized that HSP-90 protein must interact with the CHIKV
non-structural proteins to help virus replication. To prove this,
we over-expressed each of the GFP-CHIKV non-structural proteins
for 24 h followed by fluorescent confocal microscopy imaging
using antibody against total HSP-90 protein. Interestingly, two of
the CHIKV nsPs (nsP3 and nsP4) showed strong co-localization
with HSP-90 protein (Fig. 4A). Visually, nsP2 also appeared to show

some degree of co-localization (Fig. 4A); however, this interaction
was not validated by the GFP-pull-down assay that we performed.
Indeed, despite the similar levels of expression of CHIKV nsP2 and
nsP4 in our pull-down experiment, we did not observe any bio-
chemical interaction between nsP2 and HSP-90. This suggests that
the observed interaction with nsP4 is specific (Fig. 4B). Moreover,
our data shows strong evidence of a novel, unreported, interaction
between CHIKV nsP3 and HSP-90 protein (Fig. 4A). To further con-
firm the visual association of HSP-90 with CHKV proteins, we ad-
dressed the question whether HSP-90 protein could be pulled
down along with the over-expressed GFP-CHIKV nsPs using an
anti-GFP antibody. Indeed, in our pull-down assay we show strong
and specific interactions between CHIKV nsP3 or nsP4 proteins and
HSP-90 (Fig. 4B). These studies investigated the role of total HSP-
90 protein during CHIKV infection; however, HSP-90 protein in a
mammalian cell exists in two isomeric forms; a cytoplasmic HSP-
90a subunit and an ER predominant HSP-908 subunit (Little
et al., 1994; Meng et al., 1996). Therefore, we sought to investigate
whether there is any specificity in interaction between CHIKV nsP3
or nsP4 proteins with HSP-90a or HSP-908 subunits. For this, we
over-expressed CHIKV nsP3, nsP4 or GFP-only in HEK-293T cells
for 24 h followed by GFP pull-downs using GFP-TrapA beads. The
pull-down samples were run on SDS-PAGE and silver stained.
We observed minimal background interaction with GFP, yet many
interacting bands were seen in CHIKV nsP3 or nsP4 pull-down
lanes (Fig. 4C). Further analysis of these pull-down samples using
LC/ESI/MS/MS mass-spectrometry revealed unique specific inter-
actions between CHIKV GFP-nsP3 with HSP-908 subunit (17 un-
ique peptides matched) or GFP-nsP4 with HSP-90a and HSP-908
subunits, respectively (16 or 13 unique peptides matched, respec-
tively). GFP alone as a control did not show any significant interac-
tion with either HSP-90a or HSP-90B subunits (only 1 or O unique
peptides matched, respectively) (Figs. 4D and S2). This data sug-
gests that nsP3 may interact more specifically with HSP-908 while
nsP4 may interact with both HSP-90a and HSP-90B8 subunits
(Figs. 4D and S2). Next to further verify our mass-spectrometry
data we probed the GFP-pull-down samples with specific HSP-
90a and HSP-908 antibodies by Western blotting. Consistent with
our mass-spectrometry interaction data, we saw HSP-90a co-pre-
cipitated with over-expressed nsp4 while HSP-90p co-precipitated
with over-expressed nsP3. GFP as a control did not precipitate
either of the HSP-90 subunits (Fig. S3A). This specific interaction
between HSP-90a and CHIKV-nsP4 could also be visualized using
immunofluorescence confocal imaging (Fig. S3B). To address the
significance of these interactions in the context viral infection,
we did the reverse pull-downs using antibodies specific to HSP-
90o and HSP-90B subunits and probed the western blots with
anti-CHIKV-nsP3 and anti-CHIKV nsP4 polyclonal serum (Fig. 4E).
Indeed, our data show that CHIKV-nsP3 co-precipitated with
HSP-908 and CHIKV-nsP4 co-precipitated with HSP-90aproteins
(Fig. 4E), thus validating all of the data obtained above through
an over-expression system.

The importance of these specific interactions with unique HSP-
90 subunits was further studied by specifically amplifying both
HSP-90o and HSP-908 in the HSP-90 knockdown cells using siR-
NAs. By amplifying HSP-90o and HSP-90B transcripts separately
we observed that siRNA(1) moderately silenced both the HSP-
90a and HSP-908 subunits (Figs. 4F and S4). However, in the case
of siRNA(2), only HSP-90a transcript was suppressed and not the
HSP-908, suggesting that siRNA(2) was specific to HSP-90a subunit
(Figs. 4F and S4). Next, we dissected the roles of each individual
HSP-90 subunit during CHIKV replication, using the specifically
targeting siRNAs. Interestingly the amount of viral RNA produced
was significantly reduced in the presence of siRNA(2) where
HSP-90o. subunit was knocked-down; however, the levels of
HSP-90B subunit were not altered (Figs. 4F and S4). The data here
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shows for the first time that in addition to HSP-908, HSP-90a plays
an essential role in CHIKV replication and that the interaction be-
tween CHIKV nsp4 and HSP-90a might be critical for assembly of
the viral replication complex.

3.5. HSP-90 inhibitors reduce CHIKV viremia and inflammation in vivo

The specificity of the action of HSP-90-targeted drugs and the
finding that specific biochemical interactions occur between HSP-
90 subunits and viral nsPs, prompted us to evaluate the efficacy
of these drugs in a CHIKV mouse model of lethal infection and
inflammation. Mice (SvA129) deficient in type-I interferons (IFN-
o and IFN-B) were infected with 100 pfu of a clinical isolate of
CHIKV via the footpad route and either mock or HS-10 or SNX-
2112 treated via i.p. injection at a dose of 10 mg/kg twice a day
for 3 days. Serum viremia levels on day 2 (~48 h) in the treated
group showed significant reduction in the virus titers compared
to the mock-treated group (Fig. 5A). Viral infection was also probed
in the limb muscle using RT-PCR at 24, 48, and 72 h from the ani-
mals that were either mock or SNX-2112 treated (Fig. S5). Consis-
tent with the viremia data we show that at 24 and 48 h post
infection, viral burden in the muscle of animals treated with
SNX-2112 was significantly reduced compared to the untreated
animals (Fig. S5). However since CHIKV infection of A129 mice is
lethal, no difference in the level of viral RNA was observed between
the mock and treated animals at 72 h post infection (Fig. S5). Next,
to determine the effects of the drug treatments on inflammation,
we harvested the muscle tissues from animals from each group
and processed them for cryo-sectioning followed by Hematoxylin
and Eosin (H&E) staining. The cross-sections stained with H&E
showed substantial infiltration of mononuclear cells and consider-
able tissue damage in mock-treated infected animals (Fig. 5B).
However, muscle cross-sections from mice treated with either
HS-10 or SNX2112 showed significant reduction in both the tissue
damage and infiltration of mononuclear cells (Fig. 5B). The mea-
surement of width and thickness of the limbs of infected animals
treated with HS-10 or SNX-2112 showed that CHIKV induced
inflammation is significantly reduced compared to the untreated
animals (Figs. 5C and S6). To explore further, we measured the ser-
um concentrations of selected cytokines such as IL-6, IL-12, IFN-vy,
and TNF-o, which have been associated with inflammation during
CHIKV infection (Hoarau et al., 2010). Our data showed that the
serum cytokine levels of IL-12 and IFN- y were significantly re-
duced upon treatment with HS-10 or SNX-2112 when compared

to the levels in mock-treated infected animals (Fig. 5D). On the
other hand the levels of IL-6 and TNF-o, were higher in the SNX-
2112 treated animals compared to untreated or HS-10 treatment
(Fig. 5D).

4. Discussion

Small RNA viruses such as CHIKV must rely on the host cellular
machinery to complete the viral life cycle, which includes folding
and maturation of viral proteins by host chaperones. Drugs target-
ing these host cellular factors provide an added advantage over the
conventional approach of directly targeting viral proteins that usu-
ally results in rapid acquisition of drug resistance by viruses. The
protein homeostasis in a cell is monitored by the UPR that func-
tions through the use of several signaling and chaperone proteins,
including HSP-90. Our previous study has shown the relevance of
UPR during CHIKV infection and revealed the key interplay of viral
nsP4 in modulating the host UPR machinery (Rathore et al., 2013).
HSP-90 has been shown to facilitate various aspects of virus repli-
cation during many viral infections. In this study we show that the
drugs targeting HSP-90 have profound effects on CHIKV replica-
tion. HSP-90 is a highly druggable target and to date many struc-
turally diverse pharmacological inhibitors have been identified.
The majority of these inhibitors block the ATP binding site in the
HSP-90 protein. Both the inhibitors used in this study, HS-10 and
SNX-2112, reduced CHIKV infection in a dose-dependent manner.
Indeed, real time RT-PCR amplification of viral specific nsP1 or E2
genes confirmed the effect of these inhibitors on CHIKV replication.
Treatment of cells with HS-10 or SNX-2112 showed significant
reduction of viral RNA as early as 6 h post infection (data not
shown) or protein levels at 12 h post infection suggesting the ef-
fects of HS-10 and SNX-2112 at the virus replication level. To fur-
ther understand the importance of HSP-90 during CHIKV
replication, we silenced HSP-90 mRNA using two different siRNAs
targeting different sites in the gene. Interestingly, a dramatic
reduction in the virus replication both at the RNA and protein level
was observed upon siRNA knockdown of HSP-90 gene, implicating
the critical role of HSP-90 during CHIKV replication. Next, to
understand the detailed function of HSP-90 during CHIKV replica-
tion we hypothesized that viral non-structural proteins must inter-
act with the HSP-90 protein to complete its function in the viral
replication cycle. By over-expressing each of the CHIKV non-struc-
tural proteins followed by co-immunoprecipitation or by using
confocal microscopy we showed that CHIKV nsP4 physically inter-
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by infection of cells with CHIKV at an MOI-1 for 24 h. At 24 h post infection, total RNA was extracted using a Trizol extraction reagent and cDNA was synthesized using oligodT
as primers. Equal amounts of cDNA (50 ng) were used for PCR amplification of CHIKV E2 (305 bp) and individual HSP-90a (2196 bp) or HSP-908 (2172 bp) subunits. Actin was
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acts with HSP-90. Similar interaction has been shown for Sindbis
virus using Flag-tagged protein and also by yeast-2-hybrid interac-
tion analysis (Bourai et al., 2012; Cristea et al., 2010). Very interest-
ingly, using our co-immunoprecipitation system we identified
CHIKV nsP3 as a novel interacting partner of HSP-90 protein. The
specificity in interactions between nsp3 and HSP-908 or nsP4
and HSP-90a shown using over-expression system as well as in
viral infection system along with the mass-spectrometry data
and siRNA knockdown experiments, suggest an integral role for
these interactions during CHIKV replication. Since HSP-90a is pre-

dominantly cytosolic (Lees-Miller and Anderson, 1989), it may help
in stabilization of CHIKV nsP4 and formation of the CHIKV replica-
tion complex (Strauss and Strauss, 1994). This notion is supported
by the siRNA knockdown of HSP-90a subunit that resulted in
greater inhibition of viral replication than targeting theHSP-90pB
subunit. Overall the current data implicates a pivotal role for
HSP-90a and a possible ancillary role for HSP-908 subunits in facil-
itating CHIKV replication. However, further detailed studies are
warranted to clearly show the involvement of HSP-90a or
HSP-90B in a CHIKV replication complex. Since, the alphavirus
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treatment.

replication complex is shown to involve several host proteins as re-
vealed by extensive studies in Semliki Forest virus and Sindbis
virus infections (Cristea et al., 2010; Varjak et al., 2013), the role
of HSP-90 in CHIKV replication is firmly anticipated.

Having shown the effectiveness of HSP-90 targeting drugs in
cell culture and also understanding the mechanism of HSP-90 dur-
ing CHIKV replication, we sought to evaluate the efficacy of HSP-90
inhibitor drugs in an in vivo infection model. We chose to use the
IFN-deficient animals to facilitate maximal CHIKV replication
in vivo. Both the drugs HS-10 and SNX-2112 significantly reduced
viral titers on day 2 (~48 h). However, viremia in all the animals
further increased to the levels of untreated control group on day
3 (~72 h) (data not shown), likely due to the lack of any IFN re-
sponse in these animals. Nevertheless, unlike untreated CHIKV in-
fected mice, all the animals treated with either HS-10 or SNX-2112
never developed swelling or inflammation during the course of
infection. Further studies using microscopic visualizations of
cross-sections of muscle tissues and by measuring the serum con-
centrations of pro-inflammatory cytokines (IL-6, IL-12, IFN-y, and
TNF-a) clearly demonstrated the ability of these drugs to suppress
the CHIKV-induced inflammation in mice. Increased suppression in
the levels of some of these inflammatory cytokines in our severe
immune-compromised animals could also explain why the viral ti-
ters in the treated animals were increased at day 3, aside from the
direct role of IFN on viral clearance. All in all, in this study we have
shown the importance of HSP-90 protein during CHIKV replication
and, indeed, drugs targeting HSP-90 could significantly reduce

CHIKV infection or inflammation. The precise mechanism of inter-
action and the immuno modulatory mechanisms remain to be
teased out in detail in studies that are currently underway.
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