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ABSTRACT

The recent global resurgence of arthritogenic alphaviruses, in particular chikungunya virus (CHIKV), highlights an urgent need
for the development of therapeutic intervention strategies. While there has been significant progress in defining the pathophysiology of alphaviral disease, relatively little is known about the mechanisms involved in CHIKV-induced arthritis or potential
therapeutic options to treat the severe arthritic symptoms associated with infection. Here, we used microcomputed tomographic
(CT) and histomorphometric analyses to provide previously undescribed evidence of reduced bone volume in the proximal
tibial epiphysis of CHIKV-infected mice compared to the results for mock controls. This was associated with a significant increase in the receptor activator of nuclear factor-B ligand/osteoprotegerin (RANKL/OPG) ratio in infected murine joints and in
the serum of CHIKV patients. The expression levels of the monocyte chemoattractant proteins (MCPs), including MCP-1/CCL2,
MCP-2/CCL8, and MCP-3/CCL7, were also highly elevated in joints of CHIKV-infected mice, accompanied by increased cellularity within the bone marrow in tibial epiphysis and ankle joints. Both this effect and CHIKV-induced bone loss were significantly
reduced by treatment with the MCP inhibitor bindarit. Collectively, these findings demonstrate a unique role for MCPs in promoting CHIKV-induced osteoclastogenesis and bone loss during disease and suggest that inhibition of MCPs with bindarit may
be an effective therapy for patients affected with alphavirus-induced bone loss.
IMPORTANCE

Arthritogenic alphaviruses, including chikungunya virus (CHIKV) and Ross River virus (RRV), cause worldwide outbreaks of
polyarthritis, which can persist in patients for months following infection. Previous studies have shown that host proinflammatory soluble factors are associated with CHIKV disease severity. Furthermore, it is established that chemokine (C-C motif) ligand 2 (CCL2/MCP-1) is important in cellular recruitment and inducing bone-resorbing osteoclast (OC) formation. Here, we
show that CHIKV replicates in bone and triggers bone loss by increasing the RANKL/OPG ratio. CHIKV infection results in
MCP-induced cellular infiltration in the inflamed joints, and bone loss can be ameliorated by treatment with an MCP-inhibiting
drug, bindarit. Taken together, our data reveal a previously undescribed role for MCPs in CHIKV-induced bone loss: one of recruiting monocytes/OC precursors to joint sites and thereby favoring a pro-osteoclastic microenvironment. This suggests that
bindarit may be an effective treatment for alphavirus-induced bone loss and arthritis in humans.

A

rthritogenic Old World alphaviruses, such as Sindbis virus
(SINV), o’nyong-nyong virus (ONNV), Ross River virus
(RRV), and chikungunya virus (CHIKV), are mosquito-borne viruses that cause myalgia and debilitating polyarthritis (reviewed in
reference 1). During the last decade, severe CHIKV outbreaks involving millions of cases have occurred in countries neighboring the
Indian Ocean, including India, La Reunion, Thailand, Indonesia, and
Singapore (2). Recently, CHIKV established itself among several Caribbean islands, where an estimated 170,000 suspected or confirmed
autochthonous cases have been reported (Pan America Health Organization, 2014).
CHIKV is a positive-sense RNA virus that causes chikungunya
fever (CHIKF), a self-limiting and febrile illness with clinical manifestations that include fever, headache, fatigue, rash, conjunctivitis, and incapacitating polyarthralgias that can persist for months
to years (3, 4). Following the 2005-2006 epidemic in Indian Ocean
islands, radiographic evidence emerged of bone pathologies similar to those in rheumatoid arthritis (RA) in CHIKV-infected patients (5, 6). Recently, bone pathologies in joints of CHIKV pa-
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tients have been reported, providing clinical evidence that
alphaviruses may also affect skeletal health (7). In RA joints, inflammation in the bone microenvironment triggers the activation
of osteoclast (OC)-mediated bone resorption and inhibits bone
formation by osteoblasts (OBs) (reviewed in reference 8). Differ-
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entiation of mature OCs is triggered by the binding of receptor
activator of nuclear factor-B (NF-B) ligand (RANKL) to its
signaling receptor RANK, which is expressed on monocytic precursors (9, 10). Cells from the osteoblastic lineage and nonosteoblastic cells, such as T cells, NK cells, and synoviocytes, express
RANKL in inflammatory arthritis (11–17). The activity of RANKL
can be blocked by its endogenous soluble decoy receptor, osteoprotegerin (OPG) (reviewed in reference 18). Hence, the RANKL/
OPG ratio within the local bone microenvironment regulates OC
differentiation and function, with an increase in the ratio leading
to bone pathology (19–22).
During alphavirus infection, the expression of RANKL/OPG
by OBs is also modified (23, 24). Recently, we reported that RRV
infection increases OB lineage support of OC formation and contributes to pathological bone loss in an established acute RRV
disease (RRVD) mouse model. In that study, the RANKL/OPG
ratio was increased in RRV-infected mice (24).
Increased infiltration of macrophages in joints has been reported in mouse models of RRV (25) and CHIKV infection (26,
27). Depletion of macrophages in an acute RRVD mouse model
resulted in a prominent reduction in cellular infiltrates and disease
signs (25). In a primate model of CHIKV infection, persistently
infected macrophages were detected in the joints, muscles, lymphoid organs, and liver, suggesting macrophages as a primary cellular reservoir of virus during the chronic phase of infection (28).
These findings concur with a recent study of CHIKV patients at 18
months postinfection, where CHIKV persisted in perivascular synovial macrophages (29). Collectively, it can be postulated that,
following an arthritogenic alphaviral infection, the recruitment of
monocytes which may serve as OC precursors and their differentiation are promoted by increased RANKL expression by cells in
the local bone microenvironment, thereby contributing to bone
loss.
Several chemokines have been associated with chemotaxis of
OC precursors (30) and osteoclastogenesis in pathological bone
conditions, including multiple myeloma (31, 32), RA (33), and
juvenile idiopathic arthritis (34). These include CXC chemokine
ligand 1 (CXCL1) (KC), CC chemokine ligand 3 (CCL3) (macrophage inflammatory protein-1␣ [MIP-1␣]), CCL4 (MIP-1␤),
CCL11 (eotaxin), CCL5 (RANTES), and CCL2 (monocyte chemotactic protein-1 [MCP-1]). CCL8 (MCP-2) and CCL7 (MCP-3) are
potent chemotactic cytokines involved in the egress of monocytic
cells and play crucial roles in maintaining the leukocyte homeostasis (35, 36). High levels of CCL8 and CCL7 have been detected
in synovial tissues of individuals suffering from RA, osteoarthritis,
and reactive arthritis (37). Studies in CCL2-deficient mice and
human peripheral blood mononuclear cells (PBMCs) have shown
CCL2 to be an osteoclastogenic factor (38, 39). PBMCs from RA
patients showed a higher osteoclastogenic potential than those of
healthy controls, and this correlated positively to serum levels of
CCL2 (40). In RRV and CHIKV infections, MCPs have an indispensable pathogenic role in mediating alphavirus-induced arthritis and myositis (41, 42). MCPs may also contribute to the exacerbated bone loss observed in these infections.
Bindarit is a small-molecule indazolic derivative with anti-inflammatory properties. Bindarit has been reported to reduce
symptoms in several animal models of human disease, such as
adjuvant-induced arthritis (43), breast cancer (44), autoimmune
encephalitis (45), severe acute pancreatitis (46), and lupus nephritis (47), through potent suppression of CCL2 transcription. Al-
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though CCL2 is the best characterized target of bindarit, it also
inhibits other inflammatory mediators, such as CCL8, CCL7, and
interleukin-12 (IL-12) (48). A recent study has also identified a
modulatory effect of bindarit on the classical NF-B pathway,
where bindarit specifically inhibits p65 and p65/p50-mediated
CCL2 promoter activation (48).
In this study, the role of MCPs in modulating alphavirus-induced bone loss was investigated. We demonstrate that CHIKV
infection stimulates osteoclastogenesis, leading to significant bone
loss. Recruitment of monocytic OC precursor cells to the ankle
joint and tibial epiphysis was mediated in part by MCPs. Bindarit
treatment both attenuated the joint swelling and prevented bone
loss. These results strongly suggest bindarit as a potential therapy
for bone loss caused by alphaviruses and other infectious agents
and for other diseases featuring localized increasing bone resorption, such as RA.
MATERIALS AND METHODS
Ethics statement. Animal experiments were approved by the Animal Ethics Committee of Griffith University (BDD/04/11/AEC and GLY/06/13/
AEC). All procedures involving animals conformed to the National
Health and Medical Research Council Australian code for the care and use
of animals for scientific purposes (49). All CHIKV human serum samples
had been submitted to the Centre for Infectious Diseases and Microbiology Laboratory Services (CIDMLS), Westmead Hospital, for diagnostic
testing and laboratory investigation of Chikungunya virus with written
and oral informed patient consent. Serum from healthy individuals was
provided by the Australian Red Cross with written and oral informed
patient consent, approved by Griffith University Human Research Ethics
Committee (BDD/01/12/HREC). No new human samples were collected
as part of this study. Serum samples were deidentified before being used in
the research project.
Virus. The CHIKV variant expressing the red fluorescent protein
mCherry (CHIKV-mCherry) was constructed using a full-length infectious cDNA clone of the La Reunion CHIKV isolate LR2006-OPY1 as
described previously (50).
Mice. C57BL/6 wild-type (WT) mice were obtained from the Animal
Resource Centre (Perth, Australia), and CSF1R-EGFP (MacGreen) mice,
expressing enhanced green fluorescent protein (EGFP)-labeled colonystimulating factor 1 receptor (CSF1R), were purchased from the University of Queensland. All mice were maintained in the animal facilities of
Griffith University (Gold Coast, Australia). Twenty-five-day-old male
and female mice, of equal distribution, were inoculated subcutaneously
(s.c.) in the ventral side of the foot with 105 PFU of CHIKV-mCherry
diluted in phosphate-buffered saline (PBS) to a volume of 20 l. Mockinfected mice were inoculated with PBS alone. Treatment with bindarit
(Nanjing Chemlin Chemical Industry Co., Nanjing, China), also known
as 2-methyl-2-{[1-(phenylmethyl)-1H-indazol-3yl] methoxy} propanoic
acid, was given to mice intraperitoneally twice daily at 100 mg/kg of body
weight in 0.5% methyl cellulose (vehicle). Mice were monitored daily for
diet and well-being. Mice were weighed, and CHIKV-induced footpad
swelling was assessed by measuring the height (H) and width (W) of the
perimetatarsal area of the hind foot using Kinchrome digital vernier calipers every 24 h as described previously (26). Disease score was expressed
as the increase of the ankle joint measurement relative to the measurement on day 0 postinfection (0dpi), calculated as [H(xdpi) ⫻ W(xdpi)] ⫺
{[H(0dpi) ⫻ W(0dpi)]/[H(0dpi) ⫻ W(0dpi)]}.
Human serum samples. Serum samples from 14 serologically positive
CHIKV patients (age range, 30 to 68 years; 8 females, 6 males) were collected between 3 and 22 weeks after onset of symptoms and were provided
by CIMMLS (Westmead Hospital, Sydney, Australia). Serum samples
from 7 healthy individuals (age range, 18 to 65 years; 4 females, 3 males)
were provided by the Australian Red Cross.
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FIG 1 CHIKV infection perturbs bone homeostasis through an upregulated
RANKL/OPG ratio in humans. Serum samples from CHIKV-infected patients
(n ⫽ 14) or healthy controls (n ⫽ 7) were analyzed by ELISA for RANKL and
OPG protein levels (A), and the RANKL/OPG ratios are shown (B). Data are
presented as means ⫾ standard errors of the means (SEM). *, P ⬍ 0.05; MannWhitney U test.

ELISA. The concentrations of human RANKL (PeproTech, Rocky
Hill, NJ, USA) and OPG (R&D Systems, Minneapolis, MN, USA) were
determined using enzyme-linked immunosorbent assay (ELISA) development kits. The concentrations of mouse RANKL and OPG were determined using mouse ELISA development kits (R&D Systems, Minneapolis,
MN, USA). To determine the concentrations of CCL2, CXCL1, CCL3,
CCL4, CCL11, and CCL5, joint tissues of mice were homogenized in PBS
and centrifuged, and supernatant was collected and used for multiplex
bead array kits (Bio-Plex pro mouse cytokine 23-plex kits; Bio-Rad, Hercules, CA). The concentrations of cytokines relative to total protein concentration for each tissue lysate are reported and are expressed as pg/mg
protein. All ELISAs were performed according to the manufacturer’s instructions.
Histology. Mice were sacrificed, and the hind limbs were collected,
fixed in 4% paraformaldehyde (PFA), decalcified in 14% EDTA, and embedded in paraffin. Five-micrometer sections were dewaxed, rehydrated,
and stained with hematoxylin and eosin (H&E), tartrate-resistant acid
phosphatase (TRAP), or Masson’s trichrome. Images were taken using a
Nikon Eclipse TS100 inverted microscope. OCs were identified as TRAPpositive (TRAP⫹) multinucleated cells (more than 3 nuclei) and were
counted in 8 different tibial sections per mouse at the distal epiphysis,
distal primary spongiosa, and proximal epiphysis (tibial-talar joint) using
ImageJ software. The nomenclature and units used in the analysis are as
recommended by the Nomenclature Committee of the American Society
for Bone and Mineral Research (51).
CT. Microcomputed tomography (CT) analyses were performed
on murine hind limbs with the Skyscan 1076 CT system (Skyscan,
Aartselaar, Belgium). Bone volume fraction (bone volume per total volume [BV/TV]), trabecular thickness (Tb.Th), trabecular separation
(Tb.Sp), and trabecular number (Tb.N) were determined using CTAN
(Skyscan). The settings for data acquisition were as follows: 9-m voxel
resolution, 0.5-mm aluminum filter, 48-kV voltage, 100-A current,
2,600-ms exposure, rotation of 0.5° across 180°, and frame averaging of 1.
Reconstruction was performed using NRecon (version 1.6.3.1) with the
following parameters: compressed sensing to image conversion (dynamic
range), 0.0 to 0.09; ring artifact, 6; pixel defect mask, 5%; and beam hardening correction, 35%. Analysis was performed using the CT Analyser
(CTAn, 1.12.0.0) on coronal data sets for epiphyseal bone generated using
Dataviewer (version 1.4.4). Regions of interest (ROI) were identified as
follows: epiphyseal bone, including cortical and trabecular bone above the
growth plate, was outlined across 1-mm ROI (anterior to posterior region
of the joint). Greyscale thresholds for quantitation of structural parameters were determined for the experimental groups using the automatic
otsu algorithm within CTAn. The algorithms used for structural analysis
were as follows: epiphyseal trabecular bone adaptive (mean and maximum) with prethreshold of 44 to 255, radius of 7, and constant of 1. Both
2-dimensional (2-D) and 3-dimensional (3-D) data were generated for all
analyses. 3-D models were generated from raw (unthresholded) data using CTVox (version 2.4.0) and pseudocolored according to greyscale intensity, which reflects tissue mineralization.
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FIG 2 CHIKV infection rapidly and transiently increases the RANKL/OPG
ratio. Twenty-five-day-old C57BL/6 WT mice (n ⫽ 4 per group) were subcutaneously injected with 105 PFU of CHIKV or PBS in the ventral side of the
foot. (A) Disease score quantified by measurement of joint swelling in mockand CHIKV-infected mice up to day 10 p.i. (B to D) Transcriptional profiles of
RANKL (B), OPG (C), and RANKL/OPG ratio (D) in ankle joints of C57BL/6
WT mock- and CHIKV-infected mice (n ⫽ 4 per group) at days 1, 3, 7, and 15
p.i., determined using qRT-PCR. Data are normalized to the results for HPRT
and shown as fold expression relative to the expression levels in the mockinfected group. Data are presented as means ⫾ SEM. *, P ⬍ 0.05; one-way
ANOVA, Dunnett’s posttest, compared to PBS-injected controls.

Plaque assay. Vero cells were seeded into 24-well plates at a density of
1 ⫻ 105 cells per well and cultured to confluence. Serially diluted samples
(10⫺1 to 10⫺6) were added to cell monolayers and incubated for 1 h at
37°C in a 5% CO2 incubator. The cells were then overlaid with Opti-MEM
(Life Technologies, Victoria, Australia) containing 3% heat-inactivated
fetal calf serum (HI-FCS) and 1% agarose (Sigma-Aldrich, Sydney, Australia) and incubated at 37°C for 48 h in a 5% CO2 incubator. The cells
were fixed with 1% formalin, and plaques were visualized by staining with
0.1% crystal violet. Viral titers were expressed as PFU per milliliter per
gram of tissue.
Total RNA extraction and quantitative real-time PCR (qRT-PCR).
RNA was prepared from cell pellets using TRIzol (Life Technologies, Victoria, Australia) according to the manufacturer’s instructions. Eluted
RNA was stored at ⫺80°C. Quantification of total RNA was performed
with a NanoDrop 1000 spectrophotometer (Thermo Scientific, Victoria,
Australia). Extracted total RNA (20 ng/l) was reverse transcribed using
an oligo(dT) primer and reverse transcriptase (Sigma-Aldrich, Sydney,
Australia) according to the manufacturer’s instructions. SYBR green realtime PCR was performed using 10 ng of template cDNA on a CFX96
Touch real-time PCR system in 96-well plates, using QuantiTect primer
assay kits (Qiagen, Hilden, Germany) with the following conditions: (i)
PCR initial activation step of 95°C for 15 min, 1 cycle, and (ii) 3-step
cycling of 94°C for 15 s, followed by 55°C for 30 s and 72°C for 30 s, 40
cycles. Amplification specificity was evaluated by a melting curve analysis
of PCR products. The fold change in mRNA expression relative to the
expression in mock-infected samples for each gene was calculated with
the cycle threshold (⌬⌬CT) method, with normalization to the level of the
housekeeping gene HPRT, encoding hypoxanthine phosphoribosyltransferase. Briefly, ⌬⌬CT ⫽ ⌬CT (CHIKV-infected) – ⌬CT (mock-infected),
where ⌬CT ⫽ CT(gene of interest) – CT(HPRT). The fold change for each
gene was calculated as 2⫺⌬⌬CT.
Immunofluorescence. Mice were sacrificed and perfused with PBS.
The femur, tibia, patella, and foot from the hind limb were collected, fixed
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FIG 3 CHIKV replicates in bones of murine model. Twenty-five-day-old
C57BL/6 WT mice (n ⫽ 5 per group) were subcutaneously injected with 105
PFU of CHIKV-mCherry or PBS in the ventral side of the foot. (A) At day 3 p.i.,
the femur, tibia, patella, and foot were collected and homogenized, and the
presence of infectious virus determined by plaque assays. (B) RANKL and
OPG protein levels in the knee joints were analyzed by ELISA, and the RANKL/
OPG ratios are shown. Data are presented as means ⫾ SEM. *, P ⬍ 0.05;
Mann-Whitney U test.

in 4% PFA, decalcified in 14% EDTA, embedded in optimal cutting temperature (OCT) compound, and cryosectioned. Five-micrometer sections
were prepared, followed by 4=,6-diamidino-2-phenylindole (DAPI) staining, and were visualized on an FV1000 confocal microscope (Olympus,
Victoria, Australia). For quantification of CSF1R-positive (CSF1R⫹) cells,
the total numbers of CSF1R⫹ cells were quantified and expressed over the
total nucleus count (n ⫽ 100 to 200 cells) as percentages.
Statistical analysis. ELISA data for patients’ serum samples, ELISA/
multiplex protein analysis of CHIKV-infected mouse knee joint homogenate, bone morphometric indices, viral titer analyses of mouse specimens, and TRAP⫹ cell and CSF1R⫹ cell numberss were statistically
analyzed by Mann-Whitney U test. For comparison between vehicle- and
bindarit-treated groups, the disease score was analyzed by two-way
ANOVA with Bonferroni posttest. TRAP⫹ cell numbers, bone morphometric indices, and the results of qRT-PCR of mouse specimens were
analyzed by one-way ANOVA with Tukey’s posttest. Longitudinal qRTPCR analyses of mouse specimens were performed using one-way
ANOVA with Dunnett’s posttest. All data were assessed for Gaussian dis-

FIG 4 CHIKV infection induces bone pathology in the mouse model. (A) Paraffin sections (5 m) from proximal tibia of mock- and CHIKV-infected WT mice
were stained with Masson’s trichrome and TRAP stain at day 3 after infection (magnification, ⫻20). Representative images for 4 to 5 mice per group are shown.
The numbers of TRAP⫹ multinucleated (⬎3 nuclei) osteoclasts per bone perimeter (N.Oc/B.Pm) were quantified. Data are presented as means ⫾ SEM. *, P ⬍
0.05; Mann-Whitney U test. (B) Volume-rendered 3-D images of raw (unthresholded) data pseudocolored according to gray scale intensity, which is indicative
of tissue mineralization of the hind limbs of C57BL/6 WT PBS-injected and CHIKV-infected mice harvested at day 3 p.i. Color-coded 3-D model is indicative of
tissue mineralization; low mineralization is represented in red, which changes to yellow and blue when mineralization increases. Representative images for 4 to
5 mice per group are shown. (C) Results of quantitation of bone volume fraction (BV/TV), trabecular number (Tb. N), trabecular spacing (Tb. Sp), and
trabecular thickness (Tb. Th) in the proximal tibial epiphysis of PBS-injected and CHIKV-infected mice (n ⫽ 4 or 5 per group) at day 3 p.i. are shown. Data are
presented as means ⫾ SEM. *, P ⬍ 0.05; Mann-Whitney U test.
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FIG 5 CCL2 is involved in cellular infiltration during CHIKV infection. Twenty-five-day-old C57BL/6 CSF1R-EGFP (MacGreen) mice (n ⫽ 5 per group) were
subcutaneously injected with 105 PFU of CHIKV-mCherry or PBS (mock) in the ventral side of the foot. (A) At day 3 p.i., hind limbs of mock- and CHIKVinfected mice were harvested, fixed, decalcified, and either paraffin sectioned (5 m) or cryosectioned (5 m) for H&E and immunofluorescence staining,
respectively. CSF1R (green), replicating CHIKV-mCherry (red), and nuclei (blue) were visualized by confocal microscopy. Magnification, ⫻20 (H&E) and ⫻60
(immunofluorescence). Scale bar, 30 m. Images are representative of 2 independent experiments. (B) The percentages of CSF1R⫹ cells in 100 to 200 cells per
group were quantified. Data are presented as means ⫾ SEM. *, P ⬍ 0.05; Mann-Whitney U test. (C) Protein concentrations of CCL2 (MCP-1), CXCL1 (KC),
CCL3 (MIP-1␣), CCL4 (MIP-1␤), CCL11 (eotaxin-1), and CCL5 (RANTES) were determined by using a multiplex cytokine assay. Data are presented as
means ⫾ SEM. *, P ⬍ 0.05; Mann-Whitney U test.

tribution using the D’Agostino-Pearson normality test before analysis
with these parametric tests. Statistical analyses were performed with
GraphPad Prism 5.02.

RESULTS

Disruption of serum RANKL/OPG ratio in CHIKV patients.
The serum RANKL levels were higher in CHIKV patients than
in healthy control subjects (Fig. 1A). There was no significant
difference in the serum OPG levels of patients and controls.
The resulting serum RANKL/OPG ratio was significantly
higher in CHIKV patients than in healthy control subjects,
suggesting that pro-osteoclastic conditions exist in response to
CHIKV infection (Fig. 1B).
Bone homeostasis is disrupted at peak disease in an acute
CHIKV mouse model. To determine whether CHIKV infection
can affect bone homeostasis, we next examined the RANKL/OPG
ratio in a mouse model of CHIKV described previously (52).
Twenty-five-day-old C57BL/6 mice were infected s.c. in the ventral side of the foot with 105 PFU of CHIKV-mCherry. At day 3
postinfection (p.i.), peak swelling was observed in the ankle joint
of CHIKV-infected mice, and the swelling was fully resolved by
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day 10 p.i. (Fig. 2A). The RANKL transcript levels in the joint were
significantly higher at days 1, 3, and 15 p.i. but not on day 7 p.i.
compared to the RANKL transcript levels in PBS-injected control
mice (Fig. 2B). At days 3 and 15 p.i. but not on days 1 and 7 p.i., the
OPG transcript levels were significantly elevated compared to
the OPG transcript levels in PBS-injected control mice (Fig. 2C).
The RANKL/OPG ratio was significantly elevated at day 1 p.i. (Fig.
2D), suggesting that CHIKV infection leads to a pro-osteoclastic
microenvironment within the infected tissues at early acute infection.
CHIKV replicates in murine bone and induces bone loss. To
investigate whether CHIKV can replicate in bone in vivo, CHIKVinfected WT mice were sacrificed and the femur, tibia, patella, and
foot collected for virus titer measurement using plaque assays. At
peak swelling (day 3 p.i.), high viral titers were detected in each of
these sites (Fig. 3A). Similar to the serum results in CHIKV patients, the RANKL/OPG ratios were elevated in knee joints of
CHIKV-infected mice at day 3 p.i. (Fig. 3B). Consistent with the
increased RANKL/OPG ratio, there were increased numbers of
TRAP⫹ cells in CHIKV-infected mice compared to the numbers
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FIG 6 CCL2, CCL7, and CCL8 mRNA transcripts are highly expressed at
CHIKV peak disease. Longitudinal transcriptional profiles of CCL2 (MCP-1)
(A), CCL8 (MCP-2) (B), and (C) CCL7 (MCP-3) (C) in ankle joints of
C57BL/6 WT PBS-injected and CHIKV-infected mice (n ⫽ 4 per group) at
days 1, 3, 7, and 15 p.i. were determined by qRT-PCR. Data are normalized to
the results for HPRT and shown as fold expression relative to the expression in
the PBS-injected group. Data are means ⫾ SEM. *, P ⬍ 0.05; one-way
ANOVA, Dunnett’s posttest, compared to mock-infected group.

in mock-infected mice in tibial trabecular bone (Fig. 4A), and this
was associated with low trabecular bone mass in the secondary
spongiosa of tibias in CHIKV-infected mice as evidenced by histology, suggesting that CHIKV-induced bone loss may be mediated through enhanced osteoclastogenesis (Fig. 4A). In addition,
CHIKV-infected mice showed reduced growth plate width, indicating growth impairment due to infection (Fig. 4A). CT analysis of the trabecular and cortical bone within the tibial epiphysis
revealed significant bone loss in CHIKV-infected mice compared
to the results for PBS-injected control mice (Fig. 4B). In CHIKVinfected mice, the bone volume fraction (BV/TV) was reduced by
approximately 25%, associated with reductions in trabecular
thickness (Tb. Th) and trabecular bone numbers (Tb. N) and
increased trabecular separation (Tb. Sp) (Fig. 4C). The elevated
RANKL/OPG ratio, increased number of TRAP⫹ cells, and reduced bone volume were consistent with the observed bone loss
following CHIKV infection.
Specific upregulation of MCPs in response to CHIKV infection. Recruitment of inflammatory cellular infiltrates to the joint
has been associated with bone loss in inflammatory arthritis, including RA (8). To investigate the involvement of infiltrates of the
monocyte/macrophage lineage during CHIKV-induced bone
loss, C57BL/6 CSF1R-EGFP (MacGreen) mice were inoculated
with CHIKV-mCherry. Increased numbers of CSF1R⫹ cells were
observed within the bone marrow in the ankle joints of CHIKVinfected mice at day 3 p.i. (Fig. 5A and B). To further identify the
immune mediators responsible for CHIKV-elicited cellular infil-

FIG 7 Inhibition of MCPs with bindarit suppresses CHIKV-induced chemotactic responses and reduces disease. Twenty-five-day-old C57BL/6 CSF1R-EGFP
(MacGreen) mice (n ⫽ 4 or 5 per group) were subcutaneously injected with 105 PFU of CHIKV-mCherry or PBS (mock infection) in the ventral side of the foot.
Treatment with methyl cellulose (vehicle) or 100 mg/kg bindarit was given 3 h prior to infection and then twice daily through intraperitoneal injection. Mice were
sacrificed at day 3 p.i., and ankle joints and hind limbs were harvested. Transcriptional profiles of CCL2 (MCP-1) (A), CCL8 (MCP-2) (B), and CCL7 (MCP-3)
(C) in ankle joints of vehicle- or bindarit-treated C57BL/6 WT PBS-injected and CHIKV-infected mice (n ⫽ 4 or 5 per group) at day 3 p.i. were determined by
qRT-PCR. Data are normalized to the results for HPRT and shown as fold expression relative to the expression in the PBS-injected vehicle-treated group. Data
are means ⫾ SEM. *, P ⬍ 0.05; one-way ANOVA, Tukey’s posttest. (D) Quantification of disease score was performed through measurement of joint swelling in
vehicle- or bindarit-treated, PBS-injected and CHIKV-infected mice up to peak disease (day 3 p.i.). (E) Tibia, patella, and foot of mice were collected and
homogenized, and the presence of infectious virus determined by plaque assays. Data are presented as means ⫾ SEM. *, P ⬍ 0.05; Mann-Whitney U test.
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FIG 8 Bindarit treatment reduced cellular infiltration during CHIKV infection. Twenty-five-day-old C57BL/6 CSF1R-EGFP (MacGreen) mice (n ⫽ 4 or 5 per
group) were subcutaneously injected with 105 PFU of CHIKV-mCherry or PBS (mock) in the ventral side of the foot. Treatment with methyl cellulose (vehicle)
or 100 mg/kg bindarit was given twice daily through intraperitoneal injection. Mice were sacrificed at day 3 p.i., and ankle joints and hind limbs were harvested.
(A) Hind limbs of vehicle- or bindarit-treated, CHIKV-infected mice were fixed, decalcified, and either paraffin sectioned (5 m) or cryosectioned (5 m) for
H&E and immunofluorescence staining, respectively. CSF1R (green), replicating CHIKV-mCherry (red), and nuclei (blue) were visualized by confocal microscopy. Magnification, ⫻20 (H&E) and ⫻60 (immunofluorescence). Scale bar, 30 m. Images are representative of 2 independent experiments. (B) The
percentages of CSF1R⫹ cells in 100 to 200 cells per group were quantified. Data are presented as means ⫾ SEM. *, P ⬍ 0.05; Mann-Whitney U test.

tration, the protein expression profiles of several chemokines
(CCL2, CXCL1, CCL3, CCL4, CCL11, and CCL5) were investigated at day 3 p.i. by multiplex cytokine assay. CCL2 was significantly elevated in CHIKV-infected knee joints, while no significant change was observed for the other chemokines (Fig. 5C). In a
separate experiment, the mRNA levels of CCL2 (Fig. 6A), CCL8
(Fig. 6B), and CCL7 (Fig. 6C) were found to be significantly increased at peak disease in ankle joints of CHIKV-infected mice
compared to their levels in PBS-injected control mice and to have
resolved by day 15 p.i. along with the resolution of joint swelling.
Hence, our results identify the MCPs (CCL2, CCL7, and CCL8) as
potential candidates that may mediate the recruitment of CSF1R⫹
cells and contribute to the increased osteoclastogenesis during the
early phase of CHIKV infection.
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Inhibition of MCP production with bindarit ameliorates disease and reduces virus replication in ankle joints. To investigate
the role of MCPs in CHIKV-induced bone loss, treatment with
bindarit, a potent inhibitor of MCPs, was tested. At peak disease,
inhibition of CCL2 transcript expression was confirmed in ankle
joints of bindarit-treated CHIKV-infected mice by using qRTPCR (Fig. 7A). Transcriptional inhibition was also observed in
other members of the MCP family, including CCL8 (Fig. 7B) and
CCL7 (Fig. 7C). Bindarit treatment of CHIKV-infected mice resulted in a significant amelioration of acute joint swelling at days 2
and 3 p.i. compared to the results for vehicle-treated CHIKVinfected mice (Fig. 7D), with a corresponding reduction of infectious virus recovered from the ankle joint (Fig. 7E). However, no
difference in virus titers was observed in distant sites, such as the
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and Tb. Th (Fig. 11A and B). This suggests that MCPs may be a
major mediator of virus-induced bone loss during CHIKV infection.
DISCUSSION

FIG 9 Bindarit treatment differentially modulates CHIKV-induced proinflammatory responses. Transcriptional profiles of IL-6 (A), IL-1␤ (B), TNF
(C), and IL-12␤/p40 (D) in ankle joints of vehicle- or bindarit-treated
C57BL/6 WT PBS-injected and CHIKV-infected mice (n ⫽ 4 or 5 per group) at
day 3 p.i. were determined by qRT-PCR. Data are normalized to the results for
HPRT and shown as fold expression relative to the expression in the PBSinjected, vehicle-treated group. Data are presented as means ⫾ SEM. *, P ⬍
0.05; one-way ANOVA, Tukey’s posttest.

tibia and patella, suggesting that bindarit has no direct antiviral
effect (Fig. 7E). Similarly, reduced numbers of CHIKV-infected
cells and reduced CSF1R⫹ cell recruitment were observed in the
ankle joint and tibial epiphysis of bindarit-treated CHIKV-infected mice compared to the results for vehicle-treated controls
(Fig. 8A and B). In addition, bindarit treatment of CHIKV-infected mice suppressed the expression of the proinflammatory
cytokine IL-6 (Fig. 9A). However, no significant reduction of IL1␤, tumor necrosis factor (TNF), or IL-12␤/p40 expression was
observed in bindarit-treated CHIKV-infected mice compared to
their expression in vehicle-treated CHIKV-infected mice (Fig. 9B,
C, and D).
Bindarit prevents CHIKV-induced bone loss by protecting
the RANKL/OPG ratio. Having shown that bindarit treatment
reduces both CHIKV disease and virus titers, we further investigated the impact of bindarit on CHIKV-induced bone loss. An
increased RANKL/OPG ratio was evident in vehicle-treated
CHIKV-infected knee joints, whereas bindarit treatment of
CHIKV-infected mice prevented this increase (Fig. 10A), suggesting that bindarit-treated CHIKV-infected mice have reduced
capacity to support osteoclastogenesis. A decrease in TRAP⫹
multinucleated OCs in the tibial epiphysis, trabecular bone, and
tibial-talar joint was observed in CHIKV-infected mice treated
with bindarit, confirming reduced osteoclastogenesis (Fig. 10B
and C).
To characterize the bone architecture of bindarit-treated
CHIKV-infected mice, CT analysis was performed. Bone loss in
the tibial epiphysis was evident in the vehicle-treated CHIKVinfected mice, as indicated by lower BV/TV, Tb. N, and Tb. Th and
greater Tb. Sp values compared to the results for noninfected
mice. Treatment with bindarit prevented this CHIKV-induced
bone loss in the tibial epiphysis, preserving BV/TV, Tb. N, Tb. Sp,
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Arthritogenic alphaviruses, such as CHIKV, cause arthritis in humans, but the underlying mechanism responsible for joint swelling and subsequent arthralgia is still largely unknown. High levels
of urinary hydroxyproline, which has been used as a marker for
bone resorption in metabolic bone diseases (53), have been reported in CHIKV patients (54), suggesting elevated bone resorption. Several cases with bone pathology, including bone erosions,
joint space narrowing, and periarticular osteopenia, have been
reported for CHIKV patients negative for RA-associated factors
(anti-cyclic citrullinated peptide antibody and rheumatoid factor)
(6, 7, 55). Whether there is a link between RA and CHIKV arthritis
is an area that requires further study, since there are other examples in the literature of CHIKV cases positive for rheumatoid factor that qualify under American College of Rheumatology (ACR)
criteria for a diagnosis of RA. In addition, radiolucent bone lesions
have been reported in the shoulder joint (head of humerus) and
tibial intercondylar region in CHIKV patients, indicating that infection may lead to osteolysis at joint sites (7).
Several cytokines and local mediators, together with many cell
types, including OBs, OCs, and inflammatory cells, are involved in
the bone remodelling process (56). We have previously reported
that CHIKV-infected primary human OBs express a higher
RANKL/OPG ratio in response to infection (23), in addition to the
potential for nonosteoblastic cells, such as NK cells (12), T cells
(15), and synovial fibroblasts (14), to also stimulate osteoclastogenesis by RANKL production. CHIKV-infected primary human
fibroblastlike synoviocytes were also reported to contribute to osteoclastogenesis by secreting osteotropic factors, such as IL-6 and
CCL2 (57). Although our longitudinal gene expression study
showed elevated RANKL and OPG transcript levels, the RANKL/
OPG ratio was only significantly elevated at day 1 p.i., prior to
peak disease. Hence, the dysregulation in the RANKL/OPG ratio
in CHIKV-infected joints favors an osteoclastogenic microenvironment, resulting in differentiation of TRAP⫹ multinucleated
OCs. These results are consistent with human serum data from
CHIKV patients, where we observed an increase in the serum
RANKL/OPG ratio, indicating a systemic pro-osteoclastogenic
condition in response to CHIKV infection. We observed an approximate 2-fold increase in the RANKL/OPG ratio using serum
specimens from CHIKV patients. This is similar in magnitude to
the increases in RANKL/OPG ratios reported for patients with
postmenopausal osteoporosis (1.8-fold) (58), osteoarthritis patients (⬃1.5-fold) (59), and children with osteoporosis due to
glucocorticoid therapy for idiopathic nephrotic syndrome (⬃1.5fold) (60).
In this study, we provide evidence of CHIKV-induced bone
loss in the proximal tibial epiphysis due in part to increased OCmediated bone resorption associated with an increased RANKL/
OPG ratio and increased MCP expression. This is consistent with
the periarticular bone loss occurring in several chronic inflammatory diseases, such as RA and systemic lupus erythematosus (SLE)
(61, 62). We have recently reported periarticular and systemic
bone loss in an established RRV murine model and demonstrated
that RRV-induced bone loss is in part a result of an IL-6-dependent increase in the RANKL/OPG ratio and the subsequent in-
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FIG 10 Bindarit treatment suppresses CHIKV-induced disruption of RANKL/OPG ratio and osteoclastogenesis. (A) Transcriptional profiles of RANKL/OPG
ratio in knee joint of vehicle- or bindarit-treated C57BL/6 WT PBS-injected and CHIKV-infected mice were determined using qRT-PCR. Data are normalized
to the results for HPRT and shown as fold expression relative to the expression in the PBS-injected vehicle-treated group. Data are presented as means ⫾ SEM.
*, P ⬍ 0.05; one-way ANOVA, Tukey’s posttest. (B) Paraffin sections (5 m) from proximal tibia of bindarit-treated, PBS-injected or CHIKV-infected WT mice
were stained with TRAP stain at day 3 after infection. Representative images for 4 to 5 mice per group are shown. Magnification, ⫻20. Scale bar, 30 m. (C) The
numbers of TRAP⫹ multinucleated (⬎3 nuclei) osteoclasts per bone perimeter (N.Oc/B.Pm) were quantified. Data are presented as means ⫾ SEM. *, P ⬍ 0.05;
one-way ANOVA, Tukey’s posttest.

crease in OC differentiation and bone resorption (24). In addition
to IL-6, several proinflammatory factors, such as CCL2, are upregulated in response to alphaviral infection (26, 63, 64). During
inflammation, CCL2 is thought to be an important chemoattractant for monocytic precursors (65).
We demonstrated recruitment of CSF1R⫹ monocytic cells to
the inflamed ankle and knee joints during CHIKV disease in mice.
Chemokines such as CCL2, CCL3, CCL4, CCL5, CCL11, and
CXCL1 are involved in modulating chemotaxis of OBs and OCs
during many arthritic conditions (30–34, 66) and are elevated in
plasma specimens from CHIKV-infected patients (63). Here, we
showed that CCL2, CCL8, and CCL7 are highly elevated within
the inflamed joints of CHIKV-infected mice, suggesting that
MCPs may contribute to alphavirus-induced bone loss. Hence,
our data are in agreement with prior reports that MCPs are highly
expressed during alphaviral infection (25, 41).
In the present study, inhibition of the expression of CCL2 and
other members of the MCP family, including CCL8 and CCL7, by
bindarit dampened the influx of CSF1R⫹ cells to the inflamed
joints, reducing joint inflammation and virus replication in ankle
joints. Several in vitro studies have identified active infection of
human monocytes and macrophages during CHIKV infection,
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which may assist in virus dissemination (28, 67, 68). In addition,
an in vivo study conducted in nonhuman primates demonstrated
persistence of CHIKV within macrophages in lymphoid, liver,
muscle, and joint tissues (28). Collectively, these studies suggest
that macrophages may be a primary cellular target during in vivo
CHIKV infection. Since cells of the monocyte/macrophage lineage are a cellular target of CHIKV, inhibition of their infiltration
to inflamed ankle joints (also the direct site of infection) may in
part account for the reduction in virus recovered after bindarit
treatment. The lack of reduced viral replication in distant sites of
infection, such as the patella and tibia, of CHIKV-infected mice
suggests that bindarit does not play any direct antiviral role during
alphaviral infection, consistent with a previous study conducted
in a mouse model of RRV (41).
We have previously demonstrated that bindarit treatment
ameliorates alphavirus-induced muscle damage and cellular infiltration in ankle joints, identifying MCPs as pivotal pathogenic
factors in alphaviral inflammatory disease (41, 42). Here, we further characterize MCPs as key players in the underlying pathology
of alphavirus-induced bone loss. Bindarit treatment during
CHIKV infection suppressed the alphavirus-induced disruption
of the RANKL/OPG ratio, inhibiting the osteoclastogenesis elic-
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FIG 11 Bindarit treatment ameliorates CHIKV-induced bone pathology. (A) Volume-rendered 3-D images of raw (unthresholded) data pseudocolored
according to gray scale intensity (indicative of tissue mineralization) of the hind limbs of vehicle- or bindarit-treated C57BL/6 WT PBS-injected and CHIKVinfected mice harvested at day 3 p.i. Color-coded 3-D model indicates levels of tissue mineralization; low mineralization is represented in red, which changes to
yellow and blue when mineralization increases, as indicated by the key at the bottom of the panel. Representative images from a total of 4 to 5 mice per group are
shown. (B) Trabecular bone volume fraction (BV/TV), trabecular number (Tb. N), trabecular spacing (Tb. Sp), and trabecular thickness (Tb. Th) in the proximal
tibial epiphysis of mock- and CHIKV-infected mice (n ⫽ 4 or 5 per group) at day 3 p.i. are shown. Data are presented as means ⫾ SEM. *, P ⬍ 0.05; one-way
ANOVA, Tukey’s posttest.

ited by CHIKV. More importantly, treatment with bindarit also
alleviated bone damage in the tibial epiphysis of CHIKV-infected
mice. This finding is, at first glance, inconsistent with a recent
report of disease exacerbation, including cartilage damage, during
the chronic stage of disease in CCR2-deficient mice infected with
CHIKV (69). However, it is worth noting that CCR2 is a promiscuous receptor that interacts not only with CCL2 but also with
seven other ligands, including CCL7 and CCL12 (70), which may
suggest that other ligands for CCR2 play an inhibitory role in
CHIKV, particularly in terms of cartilage damage. Notably, while
low-dose, monoclonal antibody treatment targeting CCR2 (MC21) efficiently reduced murine collagen-induced arthritis symptoms, high doses exacerbated disease (71).
The efficacy of bindarit in inhibiting CCL2 expression has been
demonstrated in vitro and in vivo (43, 47, 72, 73). In adjuvantinduced arthritis in rats, bindarit treatment led to a drastic reduction of radiological scores assigned based on joint effusion and
bone erosion, reflective of a protective effect (43, 74, 75). The
safety of bindarit has been demonstrated in an SLE clinical trial:
bindarit treatment was safe and well-tolerated in patients, and
there was no evidence of immunosuppressive effects on acquired
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immunity (76). Although bindarit has also been associated with
inhibition of other immune mediators, including TNF (43) and
IL-12 (48), CCL2 remains the best-characterized target of bindarit. A previous in vivo study conducted with bindarit demonstrated an inhibitory effect on TNF but no effect on IL-6 or IL-1
(43). In the present study, CHIKV-infected mice showed reduced
expression of IL-6 but not of IL-1␤, TNF, or IL-12␤/p40 after
treatment with bindarit. These observations likely represent a secondary effect of reduced cellular recruitment rather than a direct
inhibitory effect of bindarit on these cytokines. The downstream
suppressive effect on IL-6 may also contribute to protection from
inflammatory bone loss.
In summary, CHIKV infection stimulates a rapid, transient
increase in the RANKL/OPG ratio, leading to a chronic enhancement in osteoclastogenesis and pathological bone loss. A similar
increase in the RANKL/OPG ratio in human patients after peak
infection suggests a risk of systemic bone loss in patients with
CHIKV infection, a topic requiring further investigation. We have
also identified CCL2 as a major chemokine contributing to this
increased osteoclastogenesis that acts by promoting recruitment
of CSF1R⫹ monocyte-macrophage cells, which may serve as a
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reservoir of osteoclast precursors. The capacity of bindarit to prevent alphavirus-induced bone loss not only highlights the potential of this drug as a candidate for therapy of alphavirus-induced
bone loss but also suggests it may be applicable to other infectious
arthritides and destructive inflammatory arthritic conditions,
such as RA.
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