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Abstract

Background Rheumatoid arthritis (RA) is characterized by chronic inflammation and resultant cartilage/bone
destruction because of aberrantly activated osteoclasts. Recently, novel treatments with several Janus kinase (JAK)
inhibitors have been shown to successfully ameliorate arthritis-related inflammation and bone erosion, although their
mechanisms of action for limiting bone destruction remain unclear. Here, we examined the effects of a JAK inhibitor
on mature osteoclasts and their precursors by intravital multiphoton imaging.

Methods Inflammatory bone destruction was induced by local injection of lipopolysaccharides into transgenic mice
carrying reporters for mature osteoclasts or their precursors. Mice were treated with the JAK inhibitor, ABT-317, which
selectively inhibits the activation of JAK1, and then subjected to intravital imaging with multiphoton microscopy. We
also used RNA sequencing (RNA-Seq) analysis to investigate the molecular mechanism underlying the effects of the
JAK inhibitor on osteoclasts.

Results The JAK inhibitor, ABT-317, suppressed bone resorption by blocking the function of mature osteoclasts

and by targeting the migratory behaviors of osteoclast precursors to the bone surface. Further exhaustive RNA-Seq
analysis demonstrated that Ccrl expression on osteoclast precursors was suppressed in the JAK inhibitor-treated mice;
the CCR1 antagonist, J-113863, altered the migratory behaviors of osteoclast precursors, which led to the inhibition of
bone destruction under inflammatory conditions.

Conclusions This is the first study to determine the pharmacological actions by which a JAK inhibitor blocks bone
destruction under inflammatory conditions; this inhibition is beneficial because of its dual effects on both mature
osteoclasts and immature osteoclast precursors.
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Background

Rheumatoid arthritis (RA) is an autoimmune disease that
results in severe bone destruction because of inflamma-
tion [1]. RA is characterized by synovial inflammation,
hyperplasia of the joints, and destruction of both car-
tilage and bone. Bone erosion occurs rapidly from the
onset of RA; it results in deformation and functional
deterioration of the joints [2, 3]. Therefore, the treat-
ment of RA involves suppression of progressive bone
destruction.

Osteoclasts are multinucleated giant cells that differ-
entiate from cells of the monocyte/macrophage lineage
after stimulation with macrophage colony-stimulating
factor and receptor activator of NF-kB ligand (RANKL)
[4, 5]. Osteoclasts constitute a specialized subset of cells
that resorb bone via acid secretion; they have a critical
role in normal bone homeostasis [5]. However, inflam-
mation-activated osteoclasts cause severe bone erosion
and focal bone loss, which lead to joint destruction [6].
Previously, we developed an intravital multiphoton imag-
ing system to visualize bone tissues in living mice; we
have demonstrated the dynamic behaviors of osteoclasts
and their precursors. We first visualized the migration
and localization of osteoclast precursor macrophages
that are finely controlled by a blood-enriched media-
tor of lipid metabolism, sphingosine-1-phosphate (S1P),
representing a novel mechanism for the control of osteo-
clastogenesis and bone resorption in vivo [7, 8]. Further-
more, we visualized bone destruction by intact mature
osteoclasts, which exhibit two distinct functional states:
bone-resorbing (R) cells that are firmly attached to bones
and actively dissolve the bone matrix and non-resorbing
(N) cells that attach loosely to bones with less capacity
for bone resorption [9, 10].

A range of agents have been developed and clinically
applied for the treatment of RA and related arthritic dis-
eases. Notably, biological disease-modifying antirheu-
matic drugs (bDMARDs), such as anti-tumor necrosis
factor-alpha (TNF-a) antibody, anti-interleukin (IL)-6
receptor antibody, and cytotoxic T-lymphocyte antigen
(CTLA)-4 Ig, are effective for limiting arthritic inflamma-
tion and bone destruction in patients [11, 12]. Using our
intravital bone imaging system, we have directly visual-
ized the cellular dynamics of mature osteoclasts and their
precursors during inflammatory bone destruction; we
revealed that different biologics acted at specific points
in the process of osteoclastic bone destruction with vary-
ing efficacies. In particular, blockade of IL-6 receptor
and TNF-a markedly inhibited the bone resorptive func-
tion of mature osteoclasts, whereas CTLA-4 Ig mainly
affected the mobility of osteoclast precursors [13].

Janus kinase (JAK) inhibitors are emerging as a new
class of agents for the treatment of RA [14-19]. JAK
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inhibitors, which exhibit effectiveness comparable to
bDMARDs, can be administered orally because they
constitute low-molecular-weight compounds. The
JAK-signal transducers and activation of transcription
(STAT) signaling pathway is a representative intracel-
lular transduction pathway that is involved in many
crucial biological processes, including cell proliferation
and differentiation. Pro-inflammatory cytokines bind
to their receptors on the cell membrane; the intracellu-
lar JAKs bound to the receptors are phosphorylated. The
transcription factor STAT is activated by these JAKs; it
regulates the gene expression patterns of several inflam-
matory molecules [20]. JAK is the collective term for a
family of four tyrosine kinases consisting of JAK1, JAK2,
JAK3, and tyrosine kinase 2 (TYK2). Specific proinflam-
matory cytokines activate particular members of the JAK
family via signaling [21]. JAK inhibitors block activation
of the JAK-STAT signal transduction pathway, leading to
significant suppression of the progressive bone and artic-
ular destruction that occurs in RA. However, it remains
unclear how JAK inhibitors affect osteoclast dynamics
and functions, resulting in the suppression of bone ero-
sion in vivo.

Using our intravital bone imaging system, we visualized
the cellular dynamics of mature osteoclasts and their pre-
cursors. Specifically, we explored how the JAK inhibitor,
ABT-317, which selectively inhibits activation of JAK1,
affected osteoclast dynamics in vivo (e.g., the migration
of osteoclast precursors and the activation of mature
osteoclasts). We found that the JAK inhibitor blocked
both the bone resorptive function of mature osteoclasts
and the migration of osteoclast precursors to the bone
surface during inflammatory bone destruction.

Methods

Mice

Wild-type C57BL/6 ] mice were purchased from CLEA
Japan. CX3C receptor 1l-enhanced green fluorescent
protein (CX3;CR1-EGFP) knock-in mice were obtained
from the Jackson Laboratory [22]. Tartrate-resistant acid
phosphatase-tandem Tomato (TRAP-tdTomato) trans-
genic mice have been described previously [10]. All mice
were maintained under a 12-h/12-h light/dark cycle in
the specific pathogen-free animal facilities of Osaka Uni-
versity. All animal experiments were approved by the
Institutional Animal Experimental Committee of Osaka
University.

Treatment with drugs

To perform intravital imaging, lipopolysaccharide (LPS)
(10 mg/kg body weight; Sigma-Aldrich) dissolved in
phosphate-buffered saline (PBS) was injected into the
calvarial periosteum of mice under isoflurane anesthesia.
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To perform RNA sequencing (RNA-Seq), reverse tran-
scription-quantitative polymerase chain reaction (RT-
qPCR), and flow cytometry analyses, LPS (20 mg/kg
body weight) dissolved in PBS was injected into the cal-
varial periosteum. From the day of LPS injection, the
JAK inhibitor ABT-317, which was provided by AbbVie
Bioresearch Center, at a dose of 60 mg/kg body weight
dissolved in 0.5% hydroxypropyl methylcellulose (Alfa
Aeser) and 0.02% Tween 80 (Sigma-Aldrich) in ster-
ile water was orally administered twice daily for 5 days.
To visualize osteoclastic bone resorption using intravi-
tal bone imaging, a pH-activatable fluorescent probe for
osteoclast activity sensing (pHocas)-3 dissolved in PBS
was subcutaneously injected at a dose of 6 mg/kg body
weight daily into TRAP-tdTomato mice, beginning 3 days
before imaging. The C—C motif chemokine receptor 1
(CCR1) antagonist, J-113863 (MedChemExpress, #HY-
103360) (3 mg/kg body weight) dissolved in 10% dime-
thyl sulfoxide (Sigma-Aldrich), 40% polyethylene glycol
300 (Wako), 5% Tween 80 (Sigma-Aldrich), and 45% PBS,
was injected intraperitoneally once daily for 5 days.

Intravital multiphoton bone tissue imaging

Calvarial bone tissues of TRAP-tdTomato and
CX;CR1-EGFP mice (7-20 weeks old) were examined
by intravital multiphoton microscopy using a previously
reported protocol with modifications [7-10]. The imag-
ing system consisted of a Carl Zeiss upright multiphoton
microscope (LSM 780 NLO) equipped with a 20 x water
immersion objective (W Plan-Apochromat: numeri-
cal aperture (N.A.), 1.0; Carl Zeiss) and a Nikon upright
multiphoton microscope (A1IR MP+) equipped with
a 25 x water immersion objective (CFI175 Apo 25XC
W 1300: N.A., 1.1; Nikon). The imaging system for Carl
Zeiss upright multiphoton microscopy was driven by a
femtosecond-pulsed infrared laser (Chameleon Vision
IT Ti: Sapphire; Coherent, Inc.). The imaging system for
Nikon upright multiphoton microscopy was driven by a
dual femtosecond-pulsed infrared laser (Chameleon Dis-
covery; Coherent, Inc.). Intravital bone imaging experi-
ments in the absence of pHocas-3 were performed using
a Nikon multiphoton microscope, whereas experiments
in the presence of pHocas-3 were performed using a
Zeiss multiphoton microscope.

Using a Carl Zeiss upright microscope, spectral imag-
ing was performed with specialized internal multi-
photomultiplier detectors. Acquired raw images were
subjected to spectral unmixing with ZEN software (Carl
Zeiss) to create unmixed images that excluded autofluo-
rescence. An excitation wavelength of 940 nm was used
to simultaneously excite second harmonic generation
(SHG), autofluorescence, pHocas-3, and tdTomato. To
obtain snapshot images, image stacks were collected in
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vertical steps of 3 um at a depth of 50—150 pum below the
skull bone surface with x 1.5 zoom, 512 x 512 X-Y reso-
lution, and a time resolution of 5 min. Spectral unmix-
ing was performed on intravital bone imaging data using
a Zeiss multiphoton microscope. Fluorescence spectra of
SHG, autofluorescence, pHocas-3, and tdTomato were
obtained using ZEN software by manual selection of
appropriate pixels on true color intravital bone images of
wild-type mice, wild-type mice-administered pHocas-3,
and TRAP-tdTomato mice, respectively. These spectral
libraries were initially saved on a computer and used to
create unmixed images via spectral unmixing algorithms
in which each type of fluorescence was discriminated and
autofluorescence was excluded [23].

Using a Nikon multiphoton microscope, multifluores-
cence images were acquired by direct detection of fluo-
rescence using four external non-descanned detectors
equipped with dichroics and emission filters, including
an infrared-cut filter (DM685), three dichroic mirrors
(DM458, DM506, and DM605), and four emission filters
(492/SP for the SHG image, 525/50 for EGFP, and 583/22
for tdTomato). The excitation wavelengths were 880 nm
for SHG and EGFP and 1040 nm for tdTomato. To obtain
snapshot images, image stacks were collected in vertical
steps of 3 pm at a depth of 90 um below the skull bone
surface with x 1.0 zoom and 512 x 512 X-Y resolution.
For intravital time-lapse bone imaging to analyze the
mean tracking speed of EGFP™ cells, image stacks were
collected in vertical steps of 3 pm at a depth of 6-9 pm
below the skull bone surface with x 1.5 zoom, 512 x 512
X-Y resolution, and a time resolution of 30 s.

Image analysis of bone resorbing index in mature
osteoclasts

To assess the bone resorption index of mature osteoclasts
after image acquisition, NIS-Elements software (Nikon)
was used. First, constant y corrections were applied to all
images to enhance the signal-to-noise ratio: tdTomato,
y=0.9; pHocas-3, y=2.5. Mature osteoclast areas were
binarized using Otsu’s thresholding method and auto-
matically extracted from the original maximum inten-
sity projection images. The mean pHocas-3 fluorescence
intensities in mature osteoclast areas (pHocas-3 signals)
and outside such areas (pHocas-3 noise) were measured.
The bone resorption index was calculated as the ratio of
pHocas-3 signal to pHocas-3 noise (Supplementary Fig.
S1A) [23].

Image analysis to track morphological changes in mature
osteoclasts

Cell shapes were recognized using the NIS-Elements
software (Nikon). We defined three distinct areas: ini-
tially (¢£=0) (A); in the final time frame (¢=5) (C); and
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overlapping between these two time frames (B). The cell
deformation index was calculated as (A+C)/(A+B),
representing the ratio of area change over 10 min divided
by the area change during the previous time frame. The
details have been described previously (Supplementary
Fig. S1B) [9].

Image analysis of tracking speed mean of osteoclast
precursors

To correct the drift of visual fields, raw time-lapse imag-
ing data were processed using NIS-Elements software
(Nikon). EGFP™ cells were automatically identified using
Imaris software (Bitplane). This tracking algorithm uses
autoregressive motion, with max distance of 6 pm and
gap size of 3.

Image analysis of the bone adhesion area of osteoclast
precursors

CX;CR1-EGFP/TRAP-tdTomato mice were used in this
analysis. The surface tool of Imaris software (Bitplane)
was used to perform automatic cell-surface segmentation
of each area of SHG" bones, tdTomatot mature osteo-
clasts, and EGFP" osteoclast precursors. The 3D surface
objects of bones were manually adjusted to the 3D sur-
face objects of mature osteoclasts tightly adhering to the
bone surface. EGFP" surface objects <50 pum? in volume
were not included in the analysis, because such group-
ings were unlikely to represent cells. The surface tool was
then used to detect colocalized SHG and EGFP voxels,
defined as the adhesion areas between bones and osteo-
clast precursors (Supplementary Fig. S2A). EGFP" osteo-
clast precursor areas and adhesion areas were binarized
using Otsu’s thresholding method and automatically
extracted from the edited images by NIS-Elements soft-
ware (Nikon). The ratio of the sum of osteoclast precur-
sor areas to the sum of adhesion areas was calculated.

Flow cytometry and cell sorting

For sample collection, LPS was injected into the calvarial
periosteum of CX;CR1-EGFP mice, together with JAK
inhibitor or vehicle twice per day; 5 days later, bone mar-
row cells were collected from calvarial bone tissues with
flow cytometry buffer (FACS buffer) (1 x PBS, 4% heat-
inactivated fetal bovine serum, and 2 mM ethylenedi-
aminetetraacetic acid) using a mortar. EGFP* cells were
then isolated from the extract using an SH800 cell sorter
(Sony). Isolated murine cells were blocked with anti-
CD16/32 antibody (BD Biosciences, #553141) for 15 min,
followed by staining with anti-CD191 (CCR1)-phyco-
erythrin (BioLegend, #152507) and phycoerythrin-conju-
gated Rat IgG2b, k isotype control antibody (BioLegend,
#400607) for 30 min. Measurements such as the mean
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fluorescence index were performed using FlowJo soft-
ware (TreeStar).

RNA-Seq analysis

Cells were digested in QIAZOL (Qiagen) to extract total
RNA, in accordance with the manufacturer’s instruc-
tions. The library was prepared using a TruSeq Stranded
mRNA Sample Prep Kit (Illumina), in accordance with
the manufacturer’s instructions. Sequencing was per-
formed on an Illumina HiSeq 2500 platform in 75-base
single-end mode. Illumina Casava 1.8.2 software was
used for base calling. Bioinformatics analysis was per-
formed using Integrated Differential Expression and
Pathway (iDEP) analysis software, version 94. Access
to raw data concerning this study was submitted under
Gene Expression Omnibus (GEO) accession number
GSE193104.

Cell culture

For immunoblot analysis, murine macrophage RAW
264.7 cells were cultured with 100 nM or 2 pM ABT-
317 or with vehicle for 1 h and then stimulated with IL-6
(RSD) at a concentration of 10 ng/mL or 1 ng/mL for
5 min or 10 min. Cell lysates were then prepared and sub-
jected to immunoblotting.

For RT-qPCR analysis, the RNeasy Micro Kit (Qiagen)
was used to extract mRNA from RAW 264.7 cells cul-
tured for 24 h with 100 nM ABT-317 or vehicle in the
presence of IL-6 at a concentration of 10 ng/mL. RT-
qPCR was then performed as described below.

Immunoblot analysis

Cell lysates prepared in a radioimmunoprecipitation
assay (RIPA) buffer (Thermo Scientific) containing a pro-
tease inhibitor (cOmpleteTM, Mini, EDTA-free, Roche)
and a phosphatase inhibitor (PhosSTOP", Roche) were
subjected to immunoblot analysis using antibodies spe-
cific for STAT1 (Cell Signaling Technology, #9172), Phos-
pho-STAT1 (Cell Signaling Technology, #7649), STAT3
(Cell Signaling Technology, #4904), and Phospho-STAT3

(Cell Signaling Technology, #9145).

RT-qPCR

Cells were digested in QIAZOL (Qiagen) to extract total
RNA, in accordance with the manufacturer’s instructions.
Total RNA and cDNA of the cells from bone tissues were
obtained using RNeasy Mini Kit (Qiagen) and Super-
script III reverse transcriptase (Thermo Fisher Scien-
tific), in accordance with the manufacturer’s instructions.
Quantitative reverse transcription-polymerase chain
reaction was performed for 50 cycles using a Thermal
Cycler Dice Real-Time System TP800 (TaKaRa Bio) with
TB Green Premix EX Taq (Tli RnaseH Plus) and Bulk
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(TaKaRa Bio). The relative levels of the mRNA transcripts
of interest were calculated using the 222t method. The
relative levels were normalized to the housekeeping gene,
Gapdh, and the specificities of the amplified products
were confirmed from dissociation curves. The follow-
ing specific primer pairs were used (forward and reverse,
respectively): Gapdh (5'-ACCACAGTCCCATGCCAT
CAC-3" and 5'-TCCACCACCCTGTTGCTGTA-3’) and
Cerl (5-GTGTTCATCATTGGAGTGGTGG-3' and
5-GGTTGAACAGGTAGATGCTGGTC-3').

Statistical analysis

Data shown are representative of at least three inde-
pendent experiments unless otherwise indicated. All
data were analyzed using GraphPad Prism 6 (GraphPad
Software, Inc.) and are presented as means + or =+ stand-
ard deviations (SDs) unless otherwise stated. Statistical
analyses were performed using the unpaired two-tailed
t-test or the Mann-Whitney U-test for between-group
comparisons. Statistical analyses of comparisons among
three groups were performed using the Kruskal-Wallis
test with Dunnett’s post hoc test and analysis of variance
(ANOVA) with the Tukey’s post hoc test. In all analyses,
P<0.05 was considered to indicate statistical significance.

Results

JAK inhibitor suppressed the function

of inflammation-activated mature osteoclasts

To investigate the effects of JAK inhibitor on the cellu-
lar dynamics of mature osteoclasts and their precursors
in vivo, we used a lipopolysaccharide (LPS)-induced
inflammatory bone destruction model, as described pre-
viously [13]. LPS causes bone destruction both directly
and indirectly. In the former, LPS promotes osteoclast
differentiation and activation through toll-like recep-
tor 4 (TLR4) signaling [24, 25], and in the latter, LPS/
TLR4 signaling induces the production of proinflamma-
tory cytokines, which upregulate RANKL expression in
osteoblasts or fibroblasts, leading to osteoclast activation
[26, 27]. IL-6 is a proinflammatory cytokine that acti-
vates the JAK-STAT signaling cascade. As JAK inhibitors
block JAK-STAT signaling, but not the LPS/TLR4 signal-
ing pathway, they would inhibit osteoclast activation by
suppressing IL-6-mediated RANKL production. First,
we used intravital multiphoton microscopy to exam-
ine the effects of JAK inhibitor on the bone resorptive
function of mature osteoclasts in living mice. To visual-
ize osteoclastic bone resorption, we used mice express-
ing the reporter tdTomato in the cytosol of mature
osteoclasts (TRAP-tdTomato mice) [9]; we also used
pHocas-3, which is capable of detecting localized acidifi-
cation by bone-resorbing mature osteoclasts on the bone
surface in vivo [10]. LPS was injected into the calvarial
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periosteum of TRAP-tdTomato mice; the JAK inhibitor,
ABT-317, was administered orally twice daily for 5 days.
Five days after LPS injection, mouse skull bone tissues
were visualized to assess the functions of mature osteo-
clasts (Fig. 1A, Supplementary Fig. S1A). Compared with
steady-state conditions, the bone resorptive activity of
mature osteoclasts was significantly activated under LPS-
induced inflammatory conditions (Fig. 1 A and B, Sup-
plementary Video 1). The bone resorptive activity was
significantly inhibited in mice treated with JAK inhibitor,
compared with vehicle-treated controls (Fig. 1 A and B,
Supplementary Video 1).

Previously, we characterized two different populations
of living mature osteoclasts in terms of their motility
and function: static bone resorptive (R-type) and mov-
ing non-resorptive (N-type) cells [9]. To further investi-
gate the effects of the JAK inhibitor on the dynamics of
mature osteoclasts, we tracked morphological changes
in mature osteoclasts (Supplementary Fig. S1B). Com-
pared with mice in steady-state conditions, the motility
of mature osteoclasts was significantly decreased in LPS-
stimulated mice, indicating an increase in the population
of R-type mature osteoclasts under inflammatory condi-
tions (Fig. 1C, Supplementary Video 1). The motility of
mature osteoclasts was significantly increased in mice
treated with JAK inhibitor, compared with vehicle-treated
controls (Fig. 1C, Supplementary Video 1), indicating an
increase in the population of N-type mature osteoclasts.
These results suggested that the JAK inhibitor affects the
bone resorptive function of mature osteoclasts.

JAK inhibitor influenced the migration of osteoclast
precursors to the bone surface

Next, we focused on the effects of the JAK inhibitor on
osteoclast precursors, which are the source of mature
osteoclasts. LPS was injected into the calvarial peri-
osteum of reporter mice expressing EGFP under the
control of the CX;CR1 promoter to label osteoclast pre-
cursor monocytes (CX;CR1-EGFP mice) [7, 28, 29]. Five
days after LPS injection, intravital multiphoton micros-
copy was used for visualization of mouse skull bone tis-
sues to assess the mobility of EGFP™ monocytoid cells.
The mean tracking velocity of CX;CR1-EGFP™ osteoclast
precursors was significantly lower under LPS-induced
inflammatory conditions than in steady-state conditions
(Fig. 2 A and B, Supplementary Video 2). The osteo-
clast precursors tightly adhered to the endosteum in the
inflammatory environment, which is regarded as a criti-
cal step during differentiation into mature osteoclasts
[5]. In contrast, treatment with JAK inhibitor signifi-
cantly increased the mean tracking velocity of osteoclast
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Fig. 1 JAKinhibitor suppressed the function of inflammation-activated mature osteoclasts. A Representative intravital multiphoton imaging results
of the bone resorptive activity of mature osteoclasts in calvarial bones in JAK inhibitor (JAKi)-treated LPS-induced mice. Green, pHocas-3; red,
TRAP-tdTomato™* mature osteoclasts; blue, bones (second harmonic generation). Arrowheads: bone resorption areas. Scale bar, 30 um. B The bone
resorption index (BRI) of mature osteoclasts. A higher BRI indicates increased osteoclast activity (steady state, n =43 images; vehicle, n=40 images;
JAKi, n=38images from 5 mice per group). Error bars indicate the means + SDs. C Mobility of mature osteoclasts. A higher cell deformation index
(CDI) indicates increased mobility (steady state, n =32 cells from 3 mice; vehicle, n =36 cells from 3 mice; JAKi, n=30 cells from 4 mice). Error bars

indicate the means 4= SDs. Statistical significance was determined by Kruskal-Wallis test. **P < 0.01, ***P <0.001 ****P<0.0001

precursors compared with vehicle-treated controls (Fig. 2
A and B, Supplementary Video 2).

To clarify whether the JAK inhibitor interferes with
the migration of osteoclast precursors to the bone sur-
face, we analyzed the adherence of osteoclast precursors
to the bone surface. The bones were visualized using the
SHG signal; the adhesion area between CX,CR1-EGFP™
osteoclast precursors and bone was extracted from the
original images (Supplementary Fig. S2A). Compared
with steady-state conditions, the adhesion area was
increased under LPS-induced inflammatory conditions
(Supplementary Fig. S2 B, C). In contrast, the adhesion
area was significantly smaller in JAK inhibitor-treated
mice than in vehicle-treated controls (Supplementary
Fig. S2 B, C), indicating that the JAK inhibitor prevented
the migration of osteoclast precursors to the bone sur-
face under inflammatory conditions associated with bone
destruction.

Furthermore, to examine the number of mature oste-
oclasts at the site of LPS-induced inflammation, the
areas of TRAP-tdTomato™ mature osteoclasts were

automatically extracted from the original images and
statistically evaluated (Fig. 2 C, D). In comparison with
steady-state conditions, the TRAP-tdTomato™ area was
significantly increased under LPS-induced inflammatory
conditions. Treatment with JAK inhibitor decreased the
area of mature osteoclasts (Fig. 2 C, D), compared with
vehicle-treated controls. These results suggest that the
JAK inhibitor has an inhibitory effect on the firm attach-
ment of osteoclast precursors to the bone surface, thus
limiting the number of mature osteoclasts.

JAK inhibitor decreased the expression of Ccr1

on osteoclast precursors under inflammatory conditions
To determine the molecular mechanism by which the
JAK inhibitor prevented the migration of osteoclast pre-
cursors to the bone surface, CX;CR1-EGFP™ cells were
isolated from the calvaria of LPS-induced inflammatory
bone destruction model mice treated with JAK inhibi-
tor or vehicle; RNA sequencing (RNA-Seq) analysis was
then performed. Several genes associated with osteoclast
differentiation were downregulated upon treatment with
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panels). The movement of CX;CR1-EGFPT cells was tracked for 10 min. Colored lines show the cell trajectories (lower panels). B Tracking velocities
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imaging of mature osteoclasts in calvarial bones in JAK inhibitor (JAKi)-treated LPS-induced mice. Red, TRAP-tdTomato™ mature osteoclast; blue,
bones (second harmonics generation). Scale bar, 50 um. D Area of TRAP-tdTomato™ mature osteoclasts relative to steady state (steady state,
n=35 images; vehicle, n =39 images; JAKi, n=36 images from 5 mice per group). Error bars indicate the means &+ SDs. Statistical significance was

determined by Kruskal-Wallis test. ***P<0.001, ****P<0.0001

JAK inhibitor (Ocstamp, Dcstamp, Ctsk, and Atp6v0d2)
(Supplementary Fig. S3A). Gene Ontology (GO) path-
way enrichment analysis showed that most of the down-
regulated genes were related to the regulation of cell
migration (Supplementary Fig. S3B). Next, we examined
changes in the gene expression patterns of representative

(See figure on next page.)

chemokine receptors and S1P receptors (SIprl, Slpr2)
[7, 30], which are known to influence the mobility of
osteoclast precursors in vivo (Fig. 3A). The predicted tar-
get gene affected by the JAK inhibitor was Ccrl (< —two-
fold change, P<0.05). This downregulation was validated
at both mRNA and protein levels (Fig. 3 B, C).

Fig. 3 JAKinhibitor decreased expression of Ccr1 in osteoclast precursors under inflammatory conditions. A Heatmap of representative receptors
on CX5CR1-EGFP™ cells in JAK inhibitor (JAKi)-treated LPS-induced mice. Green, downregulation; red, upregulation (n=3 mice per group). B
Relative mRNA expression of Cer1 in CX;CR1-EGFPY cells (n=6 mice per group). C Representative histograms (upper) and quantitative mean
fluorescence intensity (MFI) (lower) of CCR1 in CX;CR1-EGFP cells (vehicle, n=6; JAKi, n="5 mice). D Representative intravital imaging of osteoclast
precursors of CCR1 antagonist-treated LPS-induced mice. Green, CX;CR1-EGFP™ cells. Scale bar, 30 um (upper panels). Colored lines show the cell
trajectories for 10 min (lower panels). E Mean tracking velocities of C><3CR1—EGFP+ cells (vehicle, n =589 cells; CCR1 antagonist, n= 1281 cells from
6 mice per group). F Representative intravital imaging of mature osteoclasts. Red, TRAP-tdTomato™ cells; blue, bones. Scale bar, 50 um. G Areas of
TRAP-tdTomato™* mature osteoclasts relative to vehicle controls (vehicle, n=51 images; CCR1 antagonist, n =44 images from 6 mice per group).
Statistical significance was determined by two-tailed Student’s t-test (B, C) and Mann-Whitney test (E, G). Error bars indicate the means 4 SDs.

*P<0.05,**P<0.01, ****P<0.0001
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CCR1 is a representative inflammatory chemokine
receptor expressed on monocytes, macrophages,
immature dendritic cells, and natural killer cells [31]
and is involved in the chemotaxis of osteoclast precur-
sors in vitro [32]. According to the ChIP-Atlas, an inte-
grative, comprehensive database [33], Ccrl expression
is controlled by STAT1. In murine macrophage RAW
264.7 cells, its expression is increased by IL-6-induced
STAT3 activation [34]. Whether the JAK inhibitors
directly affect osteoclast precursors, by suppressing
STAT phosphorylation and regulating Ccrl expres-
sion, was investigated in vitro using RAW 264.7 cells
cultured with JAK inhibitor or vehicle for 1 h and then
stimulated with IL-6 for 5 min or 10 min. STAT phos-
phorylation was then analyzed by immunoblotting.
The results showed that the JAK inhibitor blocked the
IL-6-induced phosphorylation of STAT1 and STAT3
(Supplementary Fig. S4 A and B). To examine the direct
effect of the JAK inhibitor on CcrlI expression in osteo-
clast precursor, RAW 264.7 cells were cultured for 24 h
with JAK inhibitor or vehicle in the presence of IL-6.
The RT-qPCR analysis showed that the JAK inhibi-
tor suppressed the IL-6-induced upregulation of Ccrl
expression (Supplementary Fig. S4C). These results
suggest that the JAK inhibitor acts directly on osteo-
clast precursors and decreases Ccrl expression.

Finally, we investigated whether CCR1 has an effect
on the migration of osteoclast precursors to the bone
surface under inflammatory conditions in vivo. LPS was
injected into the calvarial periosteum of CX;CR1-EGFP
mice; the CCR1 antagonist, J-113863, was administered
intraperitoneally once daily for 5 days. Five days after
LPS injection, intravital multiphoton microscopy was
used to visualize the mobility of CX;CR1-EGFP™ osteo-
clast precursors in calvarial bone tissues (Fig. 3D). The
mean tracking velocity of CX;CR1-EGFP" osteoclast
precursors was significantly faster in the CCR1 antago-
nist-treated mice than in vehicle-treated controls (Fig. 3
D and E, Supplementary Video 3). To clarify whether
the CCR1 antagonist interferes with the migration of
osteoclast precursors to the bone surface, we analyzed
the adherence of osteoclast precursors to the bone sur-
face. Compared with vehicle-treated controls, the adhe-
sion area was decreased under CCR1 antagonist-treated
mice (Supplementary Fig. S5 A, B). We also examined
the effects of CCR1 antagonist on the number of mature
osteoclasts at the site of LPS-induced inflammation using
TRAP-tdTomato mice. Compared with vehicle-treated
controls, the area of TRAP-tdTomato™ mature osteo-
clasts was significantly decreased in mice treated with
CCRI1 antagonist (Fig. 3 F, G). These results suggested
that the JAK inhibitor decreases the expression of Ccri
on osteoclast precursors, resulting in the inhibition of
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their migration to the bone surface and a decrease in the
number of mature osteoclasts.

Discussion

JAK inhibitors are remarkable therapeutic agents to
inhibit progression of structural joint damage in patients
with RA [14-19]. In this study, we analyzed the in vivo
effects of the JAK inhibitor, ABT-317, on the dynamics
of mature osteoclasts and their precursors in a model
of inflammatory bone destruction using intravital mul-
tiphoton microscopy. The results showed that the JAK
inhibitor suppressed both the bone resorptive activity of
mature osteoclasts and the migration of osteoclast pre-
cursors to the bone surface under conditions associated
with inflammatory bone destruction (Fig. 4). In addition,
we found that treatment with JAK inhibitor decreased
the expression of Ccrl on osteoclast precursors. Imaging
experiments with the CCR1 antagonist, J-113863, showed
that CCR1 has a regulatory role in the migration of oste-
oclast precursors to the bone surface under inflammatory
conditions. Taken together, these observations indicated
that the JAK inhibitor regulated the migration of osteo-
clast precursors by suppressing the expression of Ccrl,
resulting in a reduced number of mature osteoclasts on
the bone surface (Fig. 4). Previously, we reported that
anti-IL-6 receptor antibody and anti-TNF-a antibody
mainly affected mature osteoclasts, whereas CTLA-4 Ig
exclusively affected their precursors [13]. In contrast to
these bDMARDs, the JAK inhibitor affected both mature
osteoclasts and their precursors under conditions associ-
ated with inflammatory bone destruction, which should
facilitate stricter control of bone destruction (Fig. 4).

The results of this study showed that the JAK inhibitor
suppressed bone resorption by mature osteoclasts. There
are several possible mechanisms for this inhibitory effect.
A previous study showed that the plasma and hind paw
tissue levels of inflammatory cytokines, such as IL-6, were
decreased by treatment with JAK inhibitor in a rat model
of adjuvant-induced arthritis [35]. JAK inhibitors may
suppress inflammation-related IL-6 signaling; it may also
abrogate osteoclastic bone resorption, which is abnor-
mally activated by inflammatory cytokines. Another
possible molecular mechanism is the downregulation of
Ccr5 in mature osteoclasts. In this study, RNA-Seq analy-
sis showed that treatment with JAK inhibitor prevented
the expression of Ccr5 on osteoclast precursors under
inflammatory conditions (Fig. 3A). In a previous study,
Ccr5-deficient mature osteoclasts showed decreased
bone resorption activity and increased cell deformation
index in comparison with controls [36]. These results
were consistent with the effects of JAK inhibitors on the
in vivo dynamics of mature osteoclasts observed in the
present study (Fig. 1 B, C). Further studies concerning a
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method for the isolation of mature osteoclasts from bone
tissues are needed to identify the target molecules of JAK
inhibitors on mature osteoclasts.

The results of this study showed that the JAK inhibi-
tor blocked the migration of osteoclast precursors to the
bone surface and decreased the number of mature osteo-
clasts. In addition, the JAK inhibitor appeared to prevent
osteoclast differentiation because the expression levels
of osteoclast-related genes (e.g., Ocstamp and Dcstamp)
were decreased in osteoclast precursors from JAK inhib-
itor-treated mice (Supplementary Fig. S3A). A previous
study showed that the JAK inhibitor, tofacitinib, did not
regulate RANKL-induced osteoclast differentiation [35],
but in another study, tofacitinib was shown to inhibit
the IL-6-mediated activation of osteoclast differentia-
tion in vitro [37]. When IL-6 binds to its receptor, JAK1
is activated and phosphorylated [20]. Thus, the selective
JAK1 inhibitor used in this study, ABT-317, may have
suppressed the IL-6-mediated activation of osteoclast
differentiation under inflammatory conditions. Moreo-
ver, bone marrow cells of CcrI-deficient mice reportedly
have a low capacity of osteoclastogenesis, indicating that
CCRI plays an essential role in osteoclast differentiation
[38]. The CD45" CD11b™ CD115" cell population with
osteoclast differentiation potential is also decreased in
bone marrow cells of CCR1 knockout mice [38]. In addi-
tion to suppressing osteoclast precursor migration by
downregulation of Ccrl, JAK inhibitor may change the
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Fig.4 Scheme of the effects of JAK inhibitor on osteoclasts in vivo. Under inflammatory conditions, many osteoclast precursors migrate to the
bone surface at the inflammatory site through CCR1-induced signaling. These cells differentiate into mature osteoclasts and cause abnormal bone
destruction (left). JAK inhibitor decreased the expression of Ccrl on osteoclast precursors and blocked the migration of these cells to the bone
surface, resulting in a decrease in the number of mature osteoclasts. In addition, JAK inhibitor suppressed the bone resorptive activity of mature
osteoclasts (right)

cell population of osteoclast precursors in bone marrow,
thereby reducing the number of mature osteoclasts.

Previously, we reported that CTLA-4 Ig increased
the mobility of osteoclast precursors and suppressed
inflammatory bone destruction [13]. We performed
RNA-Seq analysis of osteoclast precursors in LPS-
induced inflammatory bone destruction model mice,
which were treated with CTLA-4 Ig [13]. The RNA-Seq
data showed that there were no changes in the expres-
sion patterns of chemokine receptors, such as Ccrl
or Ccr5 (Supplementary Fig. S6), suggesting that the
molecular mechanisms underlying the inhibition of
osteoclast precursor migration may differ between the
JAK inhibitor and CTLA-4 Ig.

Conclusion

In this study, intravital bone imaging was used to visual-
ize the in vivo behavior of mature osteoclasts and their
precursors under conditions associated with inflam-
matory bone destruction. The ability of ABT-317 to act
on both mature osteoclasts and their precursors during
osteoclastic bone destruction demonstrated the potential
of this JAK inhibitor to limit bone destruction in arthritic
regions. Future studies should examine pharmacological
variance among the different JAK inhibitors used in the
clinical setting. The information provided by our intra-
vital bone imaging system may contribute to optimizing
drug regimens.



Yari et al. Inflammation and Regeneration (2023) 43:18

Abbreviations
bDMARDs  Biological disease-modifying antirheumatic drugs

CTLA Cytotoxic T-lymphocyte antigen

IL-6 Interleukin-6

JAK Janus kinase

LPS Lipopolysaccharide

PBS Phosphate-buffered saline

pHocas pH-activatable fluorescent probe for osteoclast activity sensing
RA Rheumatoid arthritis

RANKL Receptor activator of nuclear factor-kappa B ligand
RNA-seq  RNA sequencing

SHG Second harmonic generation

STAT Signal transducers and activation of transcription
TNF-a Tumor necrosis factor-alpha

TLR4 Toll-like receptor 4

TRAP Tartrate-resistant acid phosphatase

TYK2 Tyrosine kinase 2

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/541232-023-00268-4.

Additional file 1: SupplementaryVideo 1.
Additional file 2: SupplementaryVideo 2.
Additional file 3: SupplementaryVideo 3.

Additional file 4: Fig S1. Evaluation of osteoclastic function by intravital
imaging. Fig S2. JAK inhibitor reduced the bone adhesion area of osteo-
clast precursors at the site of inflammation. Fig $3. RNA sequence-based
transcriptional profiling of osteoclast precursors in JAK inhibitor-treated
mice. Fig S4. JAK inhibitor acted directly on osteoclast precursors and
decreased Ccr1 expression. Fig S5. CCR1 antagonist reduced the bone
adhesion area of osteoclast precursors at the site of inflammation. Fig S6.
RNA sequence-based transcriptional profiling of osteoclast precursors in
CTLA-4 Ig-treated mice.

Acknowledgements

We thank Y. Uchida, T. Sudo, A. Morimoto, E. Yamashita, M. Kawasaki, and A.
Sakai of the Department of Immunology and Cell Biology, Graduate School

of Medicine and Frontier Biosciences, Osaka University, for assisting with the

in vivo experiments. This work was supported by CREST (JPMJCR15G1 to M.

1) from the Japan Science and Technology (JST) Agency; Grant-in-Aid for
Scientific Research (19H05657 to M. I.and 21H02716 to J. K) from the Japan
Society for the Promotion of Science (JSPS); Grant-in-Aid for JSPS Fellows
(22J14149 10 S.Y)) from JSPS; Innovative Drug Discovery and Development
Project (JP21am0401009 to M. I. and J. K)) and PRIME (JP21gm6210005 to J. K))
from the Japan Agency for Medical Research and Development (AMED); and
Uehara Memorial Foundation (to M. 1), Kanae Foundation for the Promotion of
Medical Sciences (to M. |.), Mochida Memorial Foundation (to M. I.), and Takeda
Science Foundation (to M. I.and J. K)).

Authors’ contributions

JKand MI conceived and designed the study. SY performed the imaging
experiments and data analysis with assistance from JK, HS, and YM. DO
performed RNA-Seq analysis. YF substantially contributed to discussions of
the experiments and results. MM and KK provided the pH-sensing fluorescent
chemical probe. SY and JK co-wrote the initial draft of the manuscript. Ml
revised the final draft of the manuscript. The authors read and approved the
final manuscript.

Funding
AbbVie, Inc. was the study sponsor and contributed to providing ABT-317,
reviewing, and approval of the final version.

Availability of data and materials

The authors confirm that the data supporting the findings of this study are
available within the article or its supplementary materials. Raw data were
generated at Osaka University. Access to raw data concerning this study

Page 11 of 12

was submitted under Gene Expression Omnibus (GEO) accession number
GSE193104. Derived data supporting the findings of this study are available
from the corresponding author M. I. and J. K. on request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
Y. F.is a full-time employee of AbbVie GK. The other authors declare that they
have no competing interests.

Received: 15 December 2022 Accepted: 20 February 2023
Published online: 03 March 2023

References

1. McInnes IB, Schett G. The pathogenesis of rheumatoid arthritis. N Engl J
Med. 2011;365:2205-19.

2. @degdrd S, Landewé R, van der Heijde D, et al. Association of early radio-
graphic damage with impaired physical function in rheumatoid arthritis:
a ten-year, longitudinal observational study in 238 patients. Arthritis
Rheum. 2006;54:68-75.

3. Ostrowska M, Maslinski W, Prochorec-Sobieszek M, et al. Cartilage and
bone damage in rheumatoid arthritis. Reumatologia. 2018;56:111-20.

4. Teitelbaum SL, Ross FP. Genetic regulation of osteoclast development
and function. Nat Rev Genet. 2003;4:638-49.

5. Boyle WJ, Simonet WS, Lacey DL. Osteoclast differentiation and activation.
Nature. 2003;423:337-42.

6. Gravallese EM, Harada Y, Wang JT, et al. Identification of cell types respon-
sible for bone resorption in rheumatoid arthritis and juvenile rheumatoid
arthritis. Am J Pathol. 1998;152:943-51.

7. Ishii M, Egen JG, Klauschen F, et al. Sphingosine-1-phosphate mobi-
lizes osteoclast precursors and regulates bone homeostasis. Nature.
2009;458:524-8.

8. Ishii M, Kikuta J, Shimazu Y, et al. Chemorepulsion by blood S1P regulates
osteoclast precursor mobilization and bone remodeling in vivo. J Exp
Med. 2010;207:2793-8.

9. Kikuta J,WadaY, KowadaT, et al. Dynamic visualization of RANKL and
Th17-mediated osteoclast function. J Clin Invest. 2013;123:866-73.

10. Maeda H, Kowada T, Kikuta J, et al. Real-time intravital imaging of pH vari-
ation associated with osteoclast activity. Nat Chem Biol. 2016;12:579-85.

11. Smolen JS, Steiner G. Therapeutic strategies for rheumatoid arthritis. Nat
Rev Drug Discov. 2003;2:473-88.

12. Aletaha D, Smolen JS. Diagnosis and management of rheumatoid arthri-
tis: a review. JAMA. 2018;320:1360-72.

13. Matsuura Y, Kikuta J, Kishi Y, et al. In vivo visualisation of different modes of
action of biological DMARDs inhibiting osteoclastic bone resorption. Ann
Rheum Dis. 2018;77:1219-25.

14. van der Heijde D, Landewé RBM, Wollenhaupt J, et al. Assessment of
radiographic progression in patients with rheumatoid arthritis treated
with tofacitinib in long-term studies. Rheumatology. 2021;60:1708-16.

15. Emery P, Durez P, Hueber AJ, et al. Baricitinib inhibits structural joint dam-
age progression in patients with rheumatoid arthritis-a comprehensive
review. Arthritis Res Ther. 2021,23:3.

16. Peterfy CG, Strand V, Friedman A, et al. Inhibition of structural joint
damage progression with upadacitinib in rheumatoid arthritis:
1-year outcomes from the SELECT phase 3 program. Rheumatology.
2022;3(61):3246-56.

17. TakeuchiT, Tanaka Y, Tanaka S, et al. Efficacy and safety of peficitinib
(ASPO15K) in patients with rheumatoid arthritis and an inadequate
response to methotrexate: results of a phase Il randomised, double-
blind, placebo-controlled trial (RAJ4) in Japan. Ann Rheum Dis.
2019;78:1305-19.


https://doi.org/10.1186/s41232-023-00268-4
https://doi.org/10.1186/s41232-023-00268-4

Yari et al. Inflammation and Regeneration

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34

35.

36.

37.

38.

(2023) 43:18

Combe B, Kivitz A, Tanaka Y, et al. Filgotinib versus placebo or adali-
mumab in patients with rheumatoid arthritis and inadequate response
to methotrexate: a phase Il randomised clinical trial. Ann Rheum Dis.
2021;80:848-58.

Westhovens R, Rigby WFC, van der Heijde D, et al. Filgotinib in com-
bination with methotrexate or as monotherapy versus methotrexate
monotherapy in patients with active rheumatoid arthritis and limited or
no prior exposure to methotrexate: the phase 3, randomised controlled
FINCH 3 trial. Ann Rheum Dis. 2021;80:727-38.

Yamaoka K, Saharinen P, Pesu M, et al. The Janus kinases (Jaks). Genome
Biol. 2004;5:253.

Schwartz DM, Kanno Y, Villarino A, et al. JAK inhibition as a therapeutic
strategy for immune and inflammatory diseases. Nat Rev Drug Discov.
2017;16:843-62.

Jung S, Aliberti J, Graemmel P, et al. Analysis of fractalkine receptor CX(3)
CR1 function by targeted deletion and green fluorescent protein reporter
gene insertion. Mol Cell Biol. 2000;20:4106-14.

Furuya M, Kikuta J, Fujimori S, et al. Direct cell-cell contact between
mature osteoblasts and osteoclasts dynamically controls their functions
in vivo. Nat Commun. 2018;9:300.

Nyati KK, Masuda K, Zaman MM, et al. TLR4-induced NF-kB and MAPK
signaling regulate the IL-6 mRNA stabilizing protein Arid5a. Nucleic Acids
Res. 2017;45:2687-703.

Hou GQ, Guo C, Song GH et al. Lipopolysaccharide (LPS) promotes osteo-
clast differentiation and activation by enhancing the MAPK pathway and
COX-2 expression in RAW264.7 cells. Int J Mol Med. 2013;32:503-10.
AlQranei MS, Senbanjo LT, Aljohani H, et al. Lipopolysaccharide- TLR-4
axis regulates osteoclastogenesis independent of RANKL/RANK signaling.
BMC Immunol. 2021;22:23.

Medzhitov R, Horng T. Transcriptional control of the inflammatory
response. Nat Rev Immunol. 2009,9:692-703.

Kotani M, Kikuta J, Klauschen F, et al. Systemic circulation and bone
recruitment of osteoclast precursors tracked by using fluorescent imag-
ing techniques. J Immunol. 2013;190:605-12.

Koizumi K, Saitoh Y, Minami T, et al. Role of CX3CL1/fractalkine in osteo-
clast differentiation and bone resorption. J Immunol. 2009;183:7825-31.
Kikuta J, Kawamura S, Okiji F, et al. Sphingosine-1-phosphate-mediated
osteoclast precursor monocyte migration is a critical point of control in
antibone-resorptive action of active vitamin D. Proc Natl Acad Sci USA.
2013;110:7009-13.

Mantovani A, Sica A, Sozzani S, et al. The chemokine system in diverse
forms of macrophage activation and polarization. Trends Immunol.
2004;25:677-86.

Yu X, Huang Y, Collin-Osdoby P, et al. CCRT chemokines promote the
chemotactic recruitment, RANKL development, and motility of osteo-
clasts and are induced by inflammatory cytokines in osteoblasts. J Bone
Miner Res. 2004;19:2065-77.

Oki S, OhtaT, Shioi G, et al. ChIP-Atlas: a data-mining suite powered by full
integration of public ChIP-seq data. EMBO Rep. 2018;19: e46255.
Makitani K, Ogo N, Asai A. STX-0119, a novel STAT3 dimerization inhibitor,
prevents fibrotic gene expression in a mouse model of kidney fibrosis by
regulating Cxcr4 and Ccr1 expression. Physiol Rep. 2020;8:214627.
LaBranche TP, Jesson MI, Radi ZA, et al. JAK inhibition with tofacitinib
suppresses arthritic joint structural damage through decreased RANKL
production. Arthritis Rheum. 2012;64:3531-42.

Lee JW, Hoshino A, Inoue K; et al. The HIV co-receptor CCR5 regulates
osteoclast function. Nat Commun. 2017;8:2226.

Yokota K, Sato K, Miyazaki T, et al. Combination of tumor necrosis factor a
and interleukin-6 induces mouse osteoclast-like cells with bone resorp-
tion activity both in vitro and in vivo. Arthritis Rheumatol. 2014;66:121-9.
Hoshino A, limura T, Ueha S, et al. Deficiency of chemokine receptor
CCR1 causes osteopenia due to impaired functions of osteoclasts and
osteoblasts. J Biol Chem. 2010,285:28826-37.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	JAK inhibition ameliorates bone destruction by simultaneously targeting mature osteoclasts and their precursors
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Mice
	Treatment with drugs
	Intravital multiphoton bone tissue imaging
	Image analysis of bone resorbing index in mature osteoclasts
	Image analysis to track morphological changes in mature osteoclasts
	Image analysis of tracking speed mean of osteoclast precursors
	Image analysis of the bone adhesion area of osteoclast precursors
	Flow cytometry and cell sorting
	RNA-Seq analysis
	Cell culture
	Immunoblot analysis
	RT-qPCR
	Statistical analysis

	Results
	JAK inhibitor suppressed the function of inflammation-activated mature osteoclasts
	JAK inhibitor influenced the migration of osteoclast precursors to the bone surface
	JAK inhibitor decreased the expression of Ccr1 on osteoclast precursors under inflammatory conditions

	Discussion
	Conclusion
	Acknowledgements
	References


