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BONE

JAK inhibition increases bone mass in steady-state
conditions and ameliorates pathological bone loss by
stimulating osteoblast function

Susanne Adam'?, Nils Simon'?, Ulrike Steffen'?, Fabian T. Andes'?, Carina Scholtysek1’2,
Dorothea I. H. Miiller'?, Daniela Weidner'?, Darja Andreev'?, Arnd KIeyer1'2, Stephan Culemann'?3,
Madelaine Hahn'?, Georg Schett"?, Gerhard Krénke'?, Silke Frey1’2**, Axel J. Hueber'?*

Janus kinase (JAK)-mediated cytokine signaling has emerged as an important therapeutic target for the treatment
of inflammatory diseases such as rheumatoid arthritis (RA). Accordingly, JAK inhibitors compose a new class of
drugs, among which tofacitinib and baricitinib have been approved for the treatment of RA. Periarticular bone
erosions contribute considerably to the pathogenesis of RA. However, although the immunomodulatory aspect
of JAK inhibition (JAKi) is well defined, the current knowledge of how JAKi influences bone homeostasis is limited.
Here, we assessed the effects of the JAK inhibitors tofacitinib and baricitinib on bone phenotype (i) in mice during
steady-state conditions or in mice with bone loss induced by (ii) estrogen-deficiency (ovariectomy) or (iii) inflam-
mation (arthritis) to evaluate whether effects of JAKi on bone metabolism require noninflammatory/inflammatory
challenge. In all three models, JAKi increased bone mass, consistent with reducing the ratio of receptor activator
of NF-kB ligand/osteoprotegerin in serum. In vitro, effects of tofacitinib and baricitinib on osteoclast and osteo-
blast differentiation were analyzed. JAKi significantly increased osteoblast function (P < 0.05) but showed no di-
rect effects on osteoclasts. Additionally, mRNA sequencing and ingenuity pathway analyses were performed in
osteoblasts exposed to JAKi and revealed robust up-regulation of markers for osteoblast function, such as osteo-
calcin and Wnt signaling. The anabolic effect of JAKi was illustrated by the stabilization of B-catenin. In humans
with RA, JAKiinduced bone-anabolic effects as evidenced by repair of arthritic bone erosions. Results support that
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JAKi is a potent therapeutic tool for increasing osteoblast function and bone formation.

INTRODUCTION

In the physiologic steady-state, bone turnover is a tightly regulated
process in which the rate of osteoclast-mediated resorption and
osteoblast-mediated bone formation are in balance (1). Sex hormones
and cytokines control the homeostasis of bone formation and re-
sorption by affecting the functional state of osteoblasts and osteo-
clasts, respectively. Dysregulation of cytokines, which is a hallmark
of chronic inflammatory diseases such as rheumatoid arthritis (RA),
triggers bone loss by skewing bone homeostasis toward bone resorp-
tion and reducing bone formation (2, 3).

Cytokine signaling pathways have been shown to regulate bone
resorption by affecting the differentiation of osteoclasts, highlight-
ing the role of receptor activator of nuclear factor kB (NF-«B) li-
gand (RANKL), macrophage colony-stimulating factor (M-CSF),
and tumor necrosis factor-o (TNF-a) in the bone (4). However,
much less is known regarding the effects of cytokine signaling path-
ways regulating bone formation. The Janus kinase (JAK)/signal
transducers and activators of transcription (STAT) system rep-
resents a central pathway mediating the cellular response to a vari-
ety of cytokines and growth factors (5). A limited number of data
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suggest that the JAK/STAT system plays a role in bone biology
as well, mainly, but not exclusively, by influencing osteoblast func-
tion. STAT1™"~ mice exhibit increased bone density despite having
increased osteoclasts (6), and decreased STAT1 expression has been
shown to accelerate bone formation during fracture healing (7).
The JAK/STAT pathway can be induced in osteoblasts by different inflam-
matory cytokines, such as oncostatin-M (OSM) or interleukin-6
(IL-6) (8, 9). Considering that inflammatory cytokines have been
described to dampen osteogenic induction (10), manipulation of
JAK/STAT signaling will likely affect osteoblast differentiation or
activity. Further elucidation of the role of the JAK/STAT system on
bone becomes even more important when considering that highly
specific JAK inhibitors, such as baricitinib and tofacitinib, have been
approved for the treatment of inflammatory diseases such as RA,
which are characterized by profound bone loss (11-15). Tofacitinib
is a pan-JAK inhibitor with higher activity against JAK3 and JAK1
and lower activity against JAK2 (16-18). Baricitinib, on the other
hand, has higher selectivity toward JAK1 and JAK2 (17, 18).
Both compounds exhibit marked anti-inflammatory properties
and retard bone erosions in the context of inflammation (19, 20).
Although there have been reports about the antiresorptive capaci-
ties of JAK inhibition (JAKi), the effects of JAKi on bone are not
well defined (21, 22).

Here, we investigated the effect of JAKi on bone by treatment
with baricitinib and tofacitinib during steady-state conditions and
in mouse models of noninflammatory [ovariectomy (OVX)-induced
osteoporosis] and inflammatory (serum-transfer arthritis) bone loss.
We established a role of JAK inhibitors as osteoprotective agents that
increase and maintain bone mass under both inflammatory and
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noninflammatory conditions. This bone-protective effect of JAKi is
not based on a direct effect on bone-degrading osteoclasts but rather
involves an increase in the expression of osteoanabolic genes and min-
eralization capability of osteoblasts. JAKi led to a robust decrease in
STATS3 phosphorylation, and ingenuity pathway analyses based on
mRNA sequencing data revealed an increased Wnt signaling in JAK
inhibitor-treated osteoblasts. These results suggest the JAK inhib-
itors baricitinib and tofacitinib may be useful as osteoprotective
agents to reinstate bone homeostasis.

RESULTS

JAKi increases trabecular bone mass under

steady-state conditions

To evaluate whether JAKi affects bone mass in vivo, 5-week-old
C57BL/6 mice received the JAK inhibitor tofacitinib (50 mg/kg) or
vehicle (0.5% methylcellulose and 0.025% Tween solution) once daily
by oral gavage (23). After 6 weeks, the cohort receiving tofacitinib
showed significantly increased trabecular bone mass in the tibia
compared with the vehicle-treated group (P = 0.0152; Fig. 1, A and
C), whereas trabecular bone mass in the vertebrae was not signifi-
cantly affected (P > 0.05; Fig. 1, B and C). Cortical bone parameters
in the tibia and the spine were not affected by JAKi (fig. S1, A and
B). Serum was analyzed for the concentrations of RANKL, which
promotes osteoclastogenesis, and its regulatory decoy receptor os-
teoprotegerin (OPG). We found that JAKi by tofacitinib signifi-
cantly reduced RANKL/OPG ratio in blood serum (P = 0.0161;
Fig. 1D). This observation suggested a systemic osteoanabolic effect
of JAK], potentially providing an explanation for the increased bone
mass. Moreover, regulation of the RANKL/OPG ratio indicated the
potential involvement of osteoblasts and osteocytes, which repre-
sent the major source of both RANKL and OPG under steady-state
conditions. Histomorphometric analysis of tibial bone sections did
not show any change in osteoblast nor osteoclast numbers (fig. S1,
CandD).

JAKi mitigates OVX-induced bone loss

To clarify whether JAKi maintains its osteoanabolic function in
pathological bone loss, we investigated the effect of JAKi on OVX-
induced osteopenia in a therapeutic setting. C57BL/6 mice were
ovariectomized at 8 weeks of age, and bone loss was allowed to
establish for 14 days, after which mice received the JAK inhibitor
tofacitinib (50 mg/kg), the JAK inhibitor baricitinib (10 mg/kg), or
vehicle twice daily for 6 weeks. Weight development over time and
uterus degeneration compared with the sham-treated group con-
firmed that OVX had been established (fig. S2, A to H), in line with
bone loss (Fig. 2, A to C). Both JAK inhibitors increased trabecular
thickness; treatment with baricitinib resulted in significantly elevated
trabecular bone mass in both tibia and vertebra (P < 0.05; Fig. 2,
A to C). Cortical bone was not affected (fig. S2, I to K). With respect
to RANKL and OPG concentrations, RANKL was increased after
OVX in vehicle-treated mice, which is reflected by elevated RANKL/
OPG ratio (Fig. 2D). In contrast, when ovariectomized mice had
received JAK inhibitors, RANKL concentration returned to base-
line and RANKL/OPG ratio was reduced compared with the OVX
vehicle-treated group (Fig. 2D). Histomorphometric analysis of
tibiae did not show any change in the numbers of tartrate-resistant
acid phosphatase-positive (TRAP*) multinucleated osteoclasts (fig.
S2L) or osteoblasts after JAK inhibitor treatment (fig. S2M).
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JAKi halts bone loss in the context of arthritis

To assess the effects of JAKi on bone homeostasis during inflamma-
tory bone loss, we analyzed JAKi using the K/BxN serum-transfer
mouse model of arthritis (STA). For this purpose, C57BL/6 mice
were injected with K/BxN serum (150 ul) intraperitoneally at 8 weeks
of age, after which they received tofacitinib (50 mg/kg), baricitinib
(10 mg/kg), or vehicle treatment twice daily for 14 days. Clinical
parameters showed that mice during JAKi maintained their weight
and grip strength and developed little ankle or paw swelling, in ac-
cordance with diminished arthritis scores (Fig. 3, A to C, fig. S3, A
and B). Micro-computed tomography (LCT) analysis of tibia re-
vealed that trabecular bone density was increased in STA mice re-
ceiving JAK inhibitors compared with vehicle-treated STA mice, an
effect that was primarily a consequence of increased trabecular
thickness (Fig. 3, D and F). In contrast to noninflammatory condi-
tions, cortical bone was also protected by JAKi, as shown by increased
cortical thickness and, in the case of baricitinib, higher cortical area
fraction compared with mice treated with vehicle (Fig. 3E). Histo-
morphometry of tibial bone again showed no difference in osteoblast
numbers, whereas osteoclasts were increased with respect to arthritis
induction and returned to baseline upon JAK inhibitor treatment
(fig. S3, C and D).

JAKi does not affect osteoclastogenesis or

osteoclast function

To elucidate the mechanism of the bone-protective effect of JAKI,
we first investigated whether JAKi affects bone-resorbing osteoclasts.
Therefore, mononuclear cells were isolated from the bone marrow
of mice and from the peripheral blood of humans to assess the effect
of tofacitinib or baricitinib on RANKL-induced osteoclastogenesis,
using JAK inhibitor concentrations that are well established (24-27).
In the human system, both JAK inhibitors did not impair the differ-
entiation of multinucleated TRAP" osteoclasts (Fig. 4, A and B).
Similar results were found in the murine system: Neither tofacitinib
nor baricitinib reduced the differentiation of multinucleated TRAP*
osteoclasts (Fig. 4, C to F). Although the number of osteoclasts was
unaffected, the capability of osteoclasts to resorb bone might be
altered by JAKi. However, neither JAK inhibitor impaired the bone-
resorbing capacity of osteoclasts, as shown by bone resorption as-
says performed on bone matrix-coated surfaces (Fig. 4, G and H).

JAKi increases osteoblast function and mineralization
activity and alters osteoblast gene networks

Having observed no effect of JAKi on osteoclasts, we suspected that
JAKi may instead affect bone-forming osteoblasts. We induced
mesenchymal stem cells (MSCs) using osteogenic cell culture medium
to undergo osteoblastogenesis and synthesize extracellular calcium
deposits. When treated with tofacitinib or baricitinib, mineralization
capability significantly increased as tested by Alizarin Red staining
(P <0.05; Fig. 5A). Similar results were found when testing the min-
eralization potential of primary calvaria-derived osteoblasts, which
was increased upon stimulation with the JAK inhibitor tofacitinib
(Fig. 5B). On the basis of the cell culture results that suggested no
effect of JAKi on osteoclasts but stimulation of osteoblasts, we per-
formed an in-depth analysis of the effects of JAKi on the genomic
transcriptional network of osteoblast gene expression. Whole tran-
scriptome RNA sequencing (RNAseq) was performed on MSC-
derived osteoblasts 1 day after osteogenic induction (Fig. 5C).
Treatment with baricitinib altered approximately 1300 genes with a
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Fig. 1. JAKi increases trabecular bone mass under steady-state conditions. C57BL/6 mice (5 weeks old) received tofacitinib (50 mg/kg) or 0.5% methylcellulose and
0.025% Tween solution as vehicle (control) once daily by oral gavage for 6 weeks. Trabecular (trab) bone phenotype was quantified by uCT, and serum was analyzed by
ELISA. (A and B) uCT quantification of trabecular bone mass in tibiae and vertebrae. Trabecular bone volume/total volume (BV/TV), trabecular thickness, and trabecular
numbers are shown. (C) Representative uCT images of trabecular bone in tibiae (top) and vertebrae (bottom). Arrows indicate regions of decreased trabecular density.
Scale bars, 500 um. (D) RANKL and OPG serum concentrations and RANKL/OPG ratio. Data are presented as means + SEM. Statistical significance was calculated by

Mann-Whitney U test (*P < 0.05, n = 6).

false discovery rate (FDR) of 0.1 compared with vehicle, and tofacitinib
affected approximately 1800 genetic targets at the same FDR. By
that, between 190 and 239 analysis-ready molecules were obtained
for tofacitinib- and baricitinib-treated MSCs, respectively, compared
with vehicle-treated cells. Changes in gene expression for both JAK
inhibitors varied in a range between 0.2- and 2.2-fold. Of these ef-
fects, few genes were compound specific, whereas the vast majority

Adam et al., Sci. Transl. Med. 12, eaay4447 (2020) 12 February 2020

of genes were affected by both JAK inhibitors. As expected, and val-
idating the accuracy of mRNA sequencing data, canonical pathway
analysis of gene expression revealed IL-6 and OSM signaling as the
prominent pathways, which were targeted upon JAKi (fig. S4A). In
accordance, expression of glycoprotein 130 (Gp130; 0.90-fold),
OSM-specific receptor subunit (Osmr; 0.41-fold), Jak3 (0.71-fold),
Stat3 (0.68-fold), and suppressor of cytokine signaling 3 (Socs3;
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Fig. 2. JAKi mitigates OVX-induced bone loss. C57BL/6 (8 weeks old) mice were bilaterally ovariectomized or underwent sham surgery. Bone loss was allowed to establish
for 2 weeks. Mice then started to receive tofacitinib (50 mg/kg), baricitinib (10 mg/kg), or vehicle (control) twice daily by oral gavage for 6 weeks. Trabecular (trab) bone
phenotype was quantified by uCT, and serum was analyzed via ELISA. (A and B) uCT quantification of trabecular bone mass in tibiae and vertebrae. Trabecular bone volume/
total volume, trabecular thickness, and trabecular numbers are shown. (C) Representative uCT images of trabecular bone in the tibiae (top, each) and vertebrae (bottom,
each) of mice receiving vehicle, tofacitinib, or baricitinib. Arrows indicate regions of decreased trabecular density. Scale bars, 500 um. (D) RANKL and OPG serum concentrations
and RANKL/OPG ratio. Data are presented as means + SEM. Statistical significance was calculated by Mann-Whitney U test (*P < 0.05, **P < 0.01, and ***P <0.001, n =5 to 14).

0.59-fold) were significantly down-regulated (P < 0.05; fig. S4A).  ing either agent effectively blocked inducible STAT3 phosphorylation,
Furthermore, analysis of STAT phosphorylation in MSCs, which ~ whereas STAT1 was not phosphorylated in osteoblasts (Fig. 5, D
were induced to undergo osteoblastogenesis, showed that JAKi us-  and E). Ingenuity pathway analysis for upstream regulators showed
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Fig. 3. JAKi halts bone loss in the context of arthritis. C57BL/6 mice (8 weeks old) induced for serum-transfer arthritis (STA) received treatment with tofacitinib (50 mg/kg),
baricitinib (10 mg/kg), or vehicle [control (ctrl)] twice daily by oral gavage for 2 weeks. An uninduced group, receiving vehicle twice daily by oral gavage, accompanied
the experiment. Animals were scored daily for clinical disease parameters. Trabecular (trab) and cortical (cort) bone phenotype was quantified by uCT. (A to C) Clinical
arthritis score, ankle swelling, and grip strength (top) and quantification of area under the curve (bottom). (D and E) uCT quantification of trabecular and cortical bone
phenotype in tibiae. (D) Trabecular bone volume/total volume (BV/TV), trabecular thickness, and connectivity density. (E) Cortical bone area/total cross-sectional area
inside the periosteal envelope (Ct.Ar/Tt.Ar) and cortical thickness. (F) Representative uCT images of tibial trabecular bone in uninduced mice and STA mice receiving vehicle,
tofacitinib, or baricitinib. Scale bars, 500 um. Data are expressed as means + SEM. Statistical significance was calculated by one-way ANOVA with Dunnett post hoc test
(*P < 0.05,**P <0.01,and ***P <0.001,n=7to 11).

the expected down-regulation of upstream inflammatory mediators  been reported to dampen osteoblast activity (Fig. 5F). In contrast,
upon JAKIi of osteoblasts, in particular those directly related to JAK/  when applying the ingenuity pathway analysis to upstream regula-
STAT signaling, but also others such as Tnf-o and II-17, which have  tors that are induced by JAKi in osteoblasts, a Wingless/Int-1 (Wnt)
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Fig. 4. JAKi does not affect osteoclastogenesis or osteoclastic bone resorption. Osteoclasts were differentiated from human peripheral blood mononuclear cells or
murine bone marrow cells in the presence or absence of JAK inhibitors. Osteoclasts were stained for TRAP and quantified. Osteoclastic resorption capability was evaluated
by culturing osteoclasts in calcium phosphate matrix-coated wells and by quantifying the remaining calcium phosphate matrix. (A and B) Human osteoclastogenesis
assays showing (A) representative microphotographs and (B) quantification of osteoclast numbers in untreated (control), baricitinib-, or tofacitinib-treated conditions.
TRAP* cells appear purple. Scale bars, 500 um (n = 3). (C to F) Murine osteoclastogenesis assays showing (C and E) representative microphotographs of (C) baricitinib- and
(E) tofacitinib-treated samples, respectively, compared with the untreated control. TRAP* cells appear purple. Scale bars, 500 um. (D and F) Quantification of murine osteo-
clast numbers of (D) baricitinib- and (F) tofacitinib-treated conditions, respectively, compared with untreated control sample (n = 3 to 4). (G and H) Von Kossa staining of
calcium phosphate matrix-coated wells after murine osteoclastogenesis. The black area is the remaining calcium phosphate matrix, and the white area indicates resorbed
spots. (G) Representative images of untreated (control), baricitinib-, and tofacitinib-treated conditions. (H) Quantification of von Kossa staining (n = 8). Scale bars, 500 um.
Data are expressed as means + SEM. Statistical significance was calculated by one-way ANOVA with Dunnett post hoc test.

signature was observed with up-regulation of Wntl, Wnt3A, and
Wnt5A pathways (Fig. 5F). In-depth network analysis was conducted
subsequently (fig. S4B), showing that osteocalcin (Ocn, Bglap2;

1.38-fold) expression emerged as a central target downstream of
various osteoanabolic genes. In addition, network analysis revealed
osterix (Osx, Sp7; 1.19-fold), transmembrane protein 119 (Tmem119;
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1.32-fold), TSC22 domain family protein 3 (Tsc22d3; 1.15-fold), and
insulin-like growth factor-binding protein 5 (Igfbp5; 1.09-fold) were
part of the network of genes induced by JAKi in osteoblasts (fig. S4B).
In contrast, catabolic genes, such as matrix metalloproteinase 13
(Mmp13; 0.44-fold), were down-regulated by JAKIi (fig. S4B).

JAKi induces osteocalcin expression in osteoblasts

In accordance with the RN Aseq data, quantitative polymerase chain
reaction (QPCR) showed that Ocn expression was increased by JAK
inhibitor treatment as early as 1 day after osteogenic induction
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(Fig. 6A). In contrast, Runx2 expression was not affected by JAKi
(Fig. 6B), and markers of adipocyte differentiation, such as fatty
acid binding protein 4 (Fabp4), were down-regulated by JAKi
(Fig. 6C). Further confirming these findings, when primary calvaria-
derived osteoblasts were analyzed, JAKi induced increased expres-
sion of Ocn (Fig. 6D) and decreased expression of Rankl (Fig. 6E).
In line with the observation of an induced Wnt signaling and the
increased expression of osteocalcin in osteoblasts challenged with
JAK inhibitors, the expression of Wntl and the key component of
Wnat signaling, B-catenin, was induced after exposing osteoblasts to
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Fig. 6. JAKi increases Wnt1 and B-catenin protein expression in osteoblasts and induces repair of bone erosions. Osteoblastogenesis was induced in MSC- and
calvaria-derived osteoblasts, with DMSO vehicle control, 300 nM baricitinib (B), 500 nM tofacitinib (T), or as indicated. (A to C) qPCR analysis of gene expression at day 1in
MSC-derived osteoblasts (n = 4). (D and E) qPCR analysis of gene expression at day 21 in calvaria-derived osteoblasts (n = 6). (F to H) During osteoblastogenesis of MSCs,

intracellular protein content was analyzed by Western blot. Representative Western blots for (F)

B-catenin, (G) Wnt1, and (H) SOCS2 with GAPDH as loading control and

corresponding quantification of protein quantity (n = 4 to 6). Data are expressed as means + SEM. Statistical significance was calculated by (A to E) one-way ANOVA and
(F to H) repeated-measures ANOVA, each with Dunnett post hoc test (*P < 0.05, **P < 0.01, and ***P < 0.001).

JAK inhibitors (Fig. 6, F and G), whereas Wnt3A and Wnt5A were
not regulated by JAKi (fig. S4, C and D). In addition, suppressor of
cytokine signaling 2 (SOCS2), which has been described to bind
B-catenin (28) and act as a negative regulator of B-catenin (29), was
significantly down-regulated by both JAK inhibitors (P < 0.05;
Fig. 6H). SOCS3, on the other hand, showed no significant alteration
with respect to either baricitinib or tofacitinib (P > 0.05; fig. S4E).

JAKi induces repair of bone erosions in humans

To translate these effects to humans, we searched for evidence of
increased osteoblast activity and bone repair in patients treated with
JAK inhibitors. Tofacitinib and baricitinib are approved for the
treatment of RA (11-14) and have been shown to inhibit the progres-
sion of inflammatory bone erosion in the disease. However, evidence
for bone repair in patients treated with either one of these two agents
has not yet been reported. We explored this concept in two patients
who received the JAK inhibitor tofacitinib (5 mg, twice daily) for
treatment of RA. Patients received longitudinal high-resolution CT
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scans of their metacarpophalangeal joints, which allowed for a de-
tailed depiction of the bone architecture, particularly the accurate
visualization of bone repair. Follow-up scans showed evidence of
substantial reduction in erosion size, supporting the concept that
JAKi exerts bone-anabolic functions leading to erosion repair (Fig. 7).

DISCUSSION

Growing evidence recognizes the importance of JAK/STAT signal-
ing in the pathophysiology of inflammatory diseases such as RA
and colitis. Apart from that, JAK/STAT signaling may also affect
bone homeostasis (30). JAK inhibitors have already entered clinical
use for the treatment of RA (11-14), and their application for a va-
riety of other diseases is currently being developed. How JAK/STAT
inhibition affects bone homeostasis, however, is not fully under-
stood. Many cytokines, some of which have supposed bone-degrading
properties and bone-protective properties, signal through the JAK/
STAT system. Individual cytokines that signal through JAK/STAT
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After treatment

Before treatment

#2

Fig. 7. JAKi by tofacitinib induces repair of bone erosions in patients with RA.
3D HR-pQCT images of metacarpophalangeal joints were generated before (left,
each) and after treatment (right, each) from patients with RA (n = 2) who received
5 mg of tofacitinib twice daily for (top) 4 years and (bottom) 2 years. Scale bars, 5 mm.
Arrows indicate exemplary regions of erosion where bone formation occurred.

may have heterogeneous effects on bone (9, 31-33). To analyze the
implications of JAKi for bone metabolism, we made use of two JAK
inhibitors, tofacitinib and baricitinib, which are currently used for
the treatment of RA. They differ in their inhibitory specificities
against JAK family members. Whereas baricitinib preferentially in-
hibits JAK1 and JAK2, tofacitinib is reported to have a high degree
of selectivity against JAK3, JAK1, and, to a lesser extent, JAK2 (16-18).

Herein, we demonstrate that JAKi has beneficial effects on bone
in various models. Unexpectedly, even in steady-state conditions,
treatment with JAK inhibitors led to a modest but consistent in-
crease in trabecular bone mass in mice, suggesting that the effect of
JAK inhibitors such as tofacitinib and baricitinib is not exclusively
based on their anti-inflammatory function but instead due to direct
effects on bone. In accordance, JAKi also mitigated OVX-induced
osteoporosis, which is not “inflammatory” in nature per se. The ef-
fects of JAKi on OVX-induced osteoporosis were more pronounced
than on bone under steady-state conditions, suggesting that the ef-
fects of JAKi on T cell activation, which is part of the pathophysiology
of OVX-induced osteoporosis, may additionally contribute to the
bone-protective effects of JAKi in this model (34). In the arthritis
model, JAKi protected from local inflammatory and systemic bone
loss. Although the effect on local bone erosions and joint protection
is likely due to the antiarthritic effect of JAKi, which has been re-
ported previously (21, 22, 26, 35), the effect on systemic bone is in-
teresting and additionally points to a direct bone-sparing effect of
JAKi. Hence, a consistent bone-protective function of JAKi was ob-
served across a variety of models.

Data using murine and human osteoclasts showed that JAKi ex-
hibits no direct effect on the differentiation and function of bone-
degrading osteoclasts. Consequently, other mechanisms appear to
contribute to the bone-sparing effects of JAKi. Previous studies have
also shown that JAKi may not directly affect osteoclastogenesis (22)
but instead indirectly blunt bone resorption through altering RANKL
production in mesenchymal cells. This signature was observed in
our models treated with JAK inhibitors, which showed lower Rankl
expression, indicating drug effects on the osteoblast lineage. Further-
more, impaired differentiation of osteoblasts and lower bone forma-
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tion are part of the pathophysiology of bone loss in the context of
arthritis (36), and down-regulation of Wnt-induced bone formation
has been suggested to play a key role in arthritic bone loss (37). On
the basis of these observations, we hypothesized that JAKi may mod-
ulate osteoblast function and potentially affect key osteoblast sig-
naling pathways such as Wnt.

Ingenuity pathway analysis of mRNA sequencing data revealed a
limited number of upstream regulators that were enhanced upon
JAKI], all of which were Wnt proteins (Wntl, Wnt5A, and Wnt3A),
central promoters for bone formation (38, 39). Cross-talk between
STAT3 and the Wnt pathway has been previously reported, partic-
ularly related to cell survival and proliferation (40, 41). STAT3 has
been shown to suppress Wnt signaling and promote its degradation
(42-44). A proposed model includes direct interaction between
STAT3-induced SOCS and B-catenin, by which B-catenin degrada-
tion is enhanced (29, 42). Therefore, down-regulation of STAT3, and
consequently SOCS, can promote stabilization of B-catenin, culmi-
nating in the up-regulation of osteoanabolic factors, such as osteo-
calcin (45). We verified this by exposing osteoblasts to JAK inhibitors,
noting reduced activated STAT3 in osteoblasts, which was accom-
panied by increased Wntl, stabilization of B-catenin, decreased SOCS2
expression, increased expression of osteoanabolic genes such as osteo-
calcin, and higher mineralization capacity of osteoblasts. In addition,
the decreased RANKL production, which has been a consistent sig-
nal in JAK inhibitor-treated mice, can be attributed to reduced
STATS3 signaling (46), as modeled in fig. S5.

These findings may have substantial consequences for the treat-
ment of bone loss associated with arthritis, for which JAK inhibitors
are already used. Current concepts suggest that the bone protective
effect of antirheumatic drugs is related to the inhibition of osteo-
clast differentiation, which to some extent holds true for cytokine
inhibitors targeting TNF-o and IL-1 (4). On the other hand, clinical
data on IL-6R inhibition, which targets the JAK/STAT pathway, have
shown that inhibition of IL-6R increases osteocalcin, indicative of
enhanced bone formation (47). This would imply that existing bone
damage could be repaired if an osteoanabolic environment could be
restored and that JAKi would be a clinical strategy to accomplish
this. Using a technique that allows visualization of bone in humans
at high resolution, we found preliminary evidence that JAKi allowed
repair of existing bone erosions in patients with RA, validating the
concept in humans. These data provide the rationale for looking at
bone repair upon JAK inhibitor treatment in a prospective setting
in larger groups of patients.

Some limitations of this study should be acknowledged. The effect
of baricitinib could not be fully analyzed in steady-state conditions.
Moreover, the transfer of our in vitro findings to the in vivo situa-
tion is challenged by the ubiquity of JAK signaling and the plethora
of cell types affected by JAKi, whereas our in-depth focus remained
on the key regulators in bone homeostasis, osteoblasts and osteo-
clasts. Furthermore, the ramifications of this study for potential
clinical applications need further investigation. Other limitations
include the relatively small sample sizes, especially with respect to
the human high-resolution quantitative CT (HR-pQCT) data, which
did not allow for statistical analysis.

Together, this study shows that JAKi directly supports the func-
tion of bone-forming osteoblasts by enhancing the Wnt signaling
pathway. This effect leads to an increase in bone mass under steady-
state conditions, consistent mitigation of pathological bone loss,
and repair of bone erosions in arthritis. Hence, JAK inhibitors
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should be considered bone-active drugs, in addition to their estab-
lished role as immune regulatory interventions.

MATERIALS AND METHODS

Study design

The objective of this study was to investigate the effect of JAKi on
bone metabolism using two clinically approved JAK inhibitors, ba-
ricitinib and tofacitinib. Three models were used to address whether
JAKi affects bone: treatment (i) under steady-state conditions, (ii)
in pathological bone loss during estrogen deficiency (OVX model),
and (iii) in pathological bone loss during inflammation (arthritis
model). In addition, patients with RA who received treatment with
the JAK inhibitor tofacitinib were studied to detect signs of bone
repair. To elucidate the mechanism of bone protection by JAKi,
bone-forming osteoblasts and bone-degrading osteoclasts were an-
alyzed regarding their function in the presence of JAK inhibitors.
Investigation of all murine and human samples was performed in a
blinded manner. The person scoring the mice and evaluating the
histology, uCT, and immunological readout was unaware of the
treatment mice had received. Mice were randomly assigned to exper-
imental groups, which were distributed among cages to compensate
for microbiome effects. At least three independent experimental
runs were performed for all laboratory analysis in this study. Animal
studies were approved by the ethics committees of the government
of Unterfranken (Regierung von Unterfranken, Germany). Donors and
patients gave written informed consent, and sample use for research
was approved by the ethics committee of University Erlangen and
complied with the World Medical Association Declaration of Helsinki-
Ethical Principles for Medical Research Involving Human Subjects.

Murine ex vivo osteoclast differentiation assay

Bone marrow cells were isolated from the femur and tibia of 8- to
12-week-old C57BL/6 mice. After lysis of erythrocytes, cells were
incubated overnight in osteoclast growth medium [a-minimum essential
medium eagle (a-MEM) supplemented with 10% heat-inactivated
fetal calf serum (FCS), penicillin (100 U/ml), and streptomycin
(100 ug/ml) (all by Gibco)] to remove stromal cells by plastic adher-
ence. The nonadherent cell fraction was seeded at 2 x 10° cells per
well in a 96-well plate in growth medium supplemented with M-CSF
(30 ng/ml; R&D Systems), RANKL (6 ng/ml; PeproTech), and incu-
bated for 4 days with tofacitinib, baricitinib, or vehicle as indicated.
To evaluate osteoclast differentiation, cells were stained for TRAP
using a leukocyte acid phosphatase staining kit (Sigma-Aldrich) ac-
cording to the manufacturer’s manual. TRAP” cells with two or more
nuclei were considered osteoclasts. For von Kossa stain, cells were
plated in an osteo assay surface 96-well plate (Corning) and removed by
osmotic lysis after 5 to 7 days. The remaining bone matrix was stained
with 5% silver nitrate (Roth) for 30 min in the dark and developed with
5% sodium carbonate (Merck) in 25% formaldehyde (Roth) for 20 s.
For the removal of unreacted silver, wells were washed with 5% sodium
thiosulfate (Sigma-Aldrich) for 2 min. Pictures of the entire wells were
captured. With image analysis software (Adobe Photoshop CS6 version
13.0.1), ratio of resorbed surface area in relation to whole surface area
was quantified as a measurement of osteoclastic resorption capacity.

Human ex vivo osteoclast differentiation assay
All work with human cells was approved by the local ethics com-
mittee of University Erlangen and complies with the World Medical
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Association Declaration of Helsinki-Ethical Principles for Medical
Research Involving Human Subjects. Human osteoclastogenesis assay
was performed, according to Steffen et al. (48). Briefly, blood of nor-
mal healthy donors was collected in EDTA monovettes (Sarstedt) and
diluted 1:1 with phosphate-buffered saline (PBS) (Gibco). Leukocyte
fraction was isolated by density gradient centrifugation (Lymphoflot,
Bio-Rad) and washed twice with chilled PBS supplemented with
EDTA (1 mM; Roth). Cells were plated at a density of 3 x 10° cells
per well in a 96-well plate in growth medium [0-MEM supplemented
with penicillin (100 U/ml), streptomycin (100 pg/ml), and 10% heat-
inactivated FCS (all Gibco)]. After 2 hours, medium was replaced
with fresh growth medium, containing M-CSF (30 ng/ml), RANKL
(3 ng/ml), and TGF-B (1 ng/ml) (all Peprotech). Medium was re-
placed every 3 days for a total duration of 6 to 8 days.

Osteogenic induction of MSCs

MSCs were isolated as previously described (49) from the bone mar-
row of C57BL/6 mice, following the MSC minimal criteria (50), and
cultured in MSC growth medium [a-MEM supplemented with pen-
icillin (100 U/ml), streptomycin (100 pug/ml) (all Gibco), and 10% heat-
inactivated FCS (Biochrome)]. Cells were plated at 3 x 10* cells in
35-mm cell culture dishes. Upon reaching 100% confluency, medium
was changed to either differentiation medium [MSC growth medium
supplemented with L-ascorbic acid 2-phosphate sesquimagnesium
salt hydrate (568 uM; Sigma-Aldrich)] or mineralization medium
[(MSC growth medium supplemented with L-ascorbic acid 2-phosphate
sesquimagnesium salt hydrate (568 uM; Sigma-Aldrich) and B-glycerol
phosphate disodium salt pentahydrate (5 mM; Calbiochem)]. Me-
dium contained vehicle, tofacitinib, or baricitinib as indicated and
was changed three times a week. Alizarin Red staining was performed
between days 4 and 6. To stain calcium deposits, cells were fixed with
95% ethanol and stained with 2% Alizarin Red (pH 4.2) (Sigma-Aldrich)
for 2 min. Pictures of entire wells were captured. With image analysis
software (Adobe Photoshop CS6 version 13.0.1), ratio of mineral-
ized surface area in relation to whole surface area was quantified as
a measurement of osteoblastic mineralization activity.

RNA isolation, complementary DNA synthesis, and qPCR
RNA isolation was performed according to the manufacturer’s in-
structions using peqGOLD TriFast (VWR). Purity and concentra-
tion were assessed by spectrophotometry of 260 and 280 nm using
the NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific)
before first-strand complementary DNA (cDNA) synthesis, which
was conducted with the MultiScribe Reverse Transcriptase system
(Applied Biosystems), following the manufacturer’s manual. gPCR
performed in the QuantStudio 6 Flex Real-Time PCR System (Thermo
Fisher Scientific), assessed the relative gene expression with SYBR
Green I ANTP (deoxynucleotide triphosphate) (Eurogentec) according
to the manufacturer’s manual. For evaluation, relative expression
(ACt), normalized to B-actin, and the AACt method were used. Primers
used are listed in table S1.

nCT imaging and analysis

Tibiae were fixed in 4% paraformaldehyde overnight at 4°C and
transferred to 70% ethanol. The proximal metaphyses of tibiae were
scanned with cone-beam desktop pCT 40 (SCANCO Medical AG)
with settings optimized for calcified tissue visualization (145 pA,
55 kVp, and 200-ms integration time for 500 projections per 180°).
Segmentation of three-dimensional (3D) volumes was conducted
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with the evaluation script Open VMS (Scanco Medical AG) con-
taining adjusted grayscale thresholds and an isotropic voxel size of
8.4 um. The analysis area started at 420 um from the approximate
middle of the growth plate and extending 1680 pm (200 tomograms)
distally.

Enzyme-linked immunosorbent assay

Blood was harvested by cardiac puncture and serum separated with
serum separation tubes (Becton Dickinson). Enzyme-linked immu-
nosorbent assays (ELISAs; R&D Systems) were performed according
to the instructions of the manufacturer’s protocol. Serum concen-
trations of RANKL and OPG were measured undiluted and as 1:10
dilution in PBS, respectively.

Animal housing conditions

Mice were maintained in a specific pathogen-free facility with iden-
tical housing conditions controlling for the same environment and
temperature at a 12-hour light/12-hour dark cycle, with free access
to water and regular rodent chow. Experimental groups were distributed
among cages to compensate for microbiome effects. The study was
approved by the ethics committees of the Government of Unterfranken
(Germany). Mice were obtained from Charles River Laboratories.
Depending on the experiment, mice received tofacitinib (50 mg/kg),
baricitinib (10 mg/kg) in 0.5% methylcellulose and 0.025% Tween
solution, or vehicle only (0.5% methylcellulose and 0.025% Tween),
as indicated, once or twice daily per oral gavage. The dosages of the
two JAK inhibitors applied were based on previous works, with tofacitinib
at 50 mg/kg twice daily, as exemplified by Ghoreschi et al. (23), and
baricitinib dosing at 10 mg/kg twice daily by Fridman et al. (26).
The divergence in tofacitinib and baricitinib administration was also
reflected in varying dosing recommendations by both the European
Medicines Agency and U.S. Food and Drug Administration, setting
the dosage for tofacitinib at 5 to 10 mg/day and for baricitinib at 2 to
4 mg/day (51-54).

OVX-induced mouse model of osteoporosis

OVX was performed according to guidelines of laboratory animal
care and use. For OVX, female C57BL/6 mice aged 8 weeks were
anesthetized with a ketamine-xylazine solution and bilaterally
ovariectomized, as previously described (55), whereas ovaries of
sham mice were left intact. To ensure proper development of osteo-
porosis, mice were allowed to recover for 2 weeks, after which they
started to receive tofacitinib (50 mg/kg), baricitinib (10 mg/kg), or
vehicle twice daily for 6 weeks. Successful OVX was confirmed
by assessment of uterus weight and weight development during the
experiment.

K/BxN serum-transfer mouse model of arthritis

Serum from K/BxN mice, generated from breeding KRN TCR-
transgenic mice with NOD/Lt mice, was collected and pooled. To
induce arthritis, arthritogenic K/BxN serum (150 pl) was intra-
peritoneally injected into female C57BL/6 mice, aged 8 weeks. Simul-
taneously, mice started to receive tofacitinib (50 mg/kg), baricitinib
(10 mg/kg), or vehicle twice daily per oral gavage for 2 weeks. A
non-serum-induced healthy control group accompanied the exper-
iment. Mice were scored for weight, grip strength, redness and
swelling of hind paws (termed arthritis score) according to Chondrex,
and footpad thickness and ankle thickness of hind paws monitored
with dial thickness gauge (Peacock).

Adam et al., Sci. Transl. Med. 12, eaay4447 (2020) 12 February 2020

High-resolution quantitative computed

tomography (HR-pQCT)

HR-pQCT scanning was performed with the high-resolution pe-
ripheral XtremeCT I scanner (Scanco Medical AG) with settings
optimized for metacarpophalangeal joints (900 pA, 60 kVp, and
100-ms integration time for 750 projections per 180°). Segmentation
of 3D volumes was conducted with the evaluation script Open VMS
(Scanco Medical AG) containing adjusted grayscale thresholds and
an isotropic voxel size of 82 pum, with 322 slices of analysis.

Whole transcriptome analysis (RNAseq)

RNAseq was performed at the next-generation sequencing core unit
in the Institute of Human Genetics, University Hospital Erlangen,
Friedrich-Alexander University Erlangen-Nuremberg. Samples were
generated from at least 3 pg of high-quality RNA, with the Illumina
TrueSeq Stranded mRNA Kit and sequenced on an Illumina HiSeq
2500 platform. Reads were purified from ribosomal RNA (rRNA),
transfer RNA (tRNA), mitochondrial tRNAs (mt-tRNAs), and
transposons by alignment against a custom reference list (BWA
v0.7.14, SAMtools v1.8), and low-quality or masked bases, poly-A,
and poly-T segments were removed (fqtrim v0.9.5). Quality of reads
was determined on the raw data and after each processing step
(fastqc v0.11.7). Reads were aligned against the Mus musculus refer-
ence genome (GRCm38, Ensembl 93) and quantified as the sum of
nonoverlapping exonic reads per gene (SAMtools v1.8, subread
v1.6.1). On the basis of this matrix, differentially expressed genes
were determined (R v3.5.1, DESeq2 v1.20). Genes with a Benjamini-
Hochberg-corrected FDR of P < 0.1 were considered for further
cellular pathway analysis in ingenuity pathway analysis (QIAGEN
Inc.; https://www.qiagen.com/se/products/discovery-and-translational-
research/next-generation-sequencing/informatics-and-data/
interpretation-content-databases/ingenuity-pathway-analysis)
(56). RNAseq data are filed in the public database ArrayExpress
with the accession number E-MTAB-8536.

Protein sampling, quantification, and Western blot analysis

For osteogenic induction, MSCs were plated at 3 x 10* cells per well
in a six-well plate. At 100% confluency, medium was changed to
differentiation medium. For sampling, cells were washed with ice-
cold PBS (Gibco) and lysed in radioimmunoprecipitation assay buffer
[PBS (Gibco) with 1% NP-40 (Roche), 0.5% sodium deoxycholate
(Roth), and 0.1% SDS (Roth)] supplemented with 1x protease inhibitor
cocktail, sodium orthovanadate (1 mM; both Sigma-Aldrich), and
sodium fluoride (10 mM; VWR). After cell lysis, cellular debris was
discarded by centrifugation. To adjust protein concentration, extracts
were quantified with the DC Protein Assay Kit (Bio-Rad) according
to the manufacturer’s instructions and denatured in SDS sample
buffer containing B-mercaptoethanol. Protein extracts were separated
on 10, 12, and 15% SDS-polyacrylamide gels for anti-STAT/B-catenin,
anti-Wnt, and anti-SOCS blotting, respectively, and transferred onto
0.2-um nitrocellulose membranes (Bio-Rad). Membranes were blocked
with 5% bovine serum albumin (Sigma-Aldrich) in tris-buffered saline
solution with 0.05% Tween 20 (Roth) for 1 hour. Blots were probed with
antibodies against phosphorylated targets and developed with Pierce
ECL Western blotting substrate (Thermo Fisher Scientific) in a chemi-
luminescence imager (Biostep). For staining of unphosphorylated
isoforms, blots were stripped with ReBlot Plus Strong Antibody
Stripping Solution (Millipore) for 10 min, blocked, and probed as
described earlier. Horseradish peroxidase—conjugated immunoglobulin
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G (DAKO) was used as secondary antibody. Antibodies and controls
used are depicted in table S2.

Histomorphometric analysis

For histological analyses, tibiae of mice were fixed in 4% para-
formaldehyde overnight at 4°C and transferred to 70% ethanol. For
toluidine blue (Fluka), hematoxylin and eosin (Merck, Sigma-Aldrich),
and TRAP staining with a leukocyte acid phosphatase staining kit
(Sigma-Aldrich), tibiae were decalcified in 14% EDTA (Sigma-Aldrich)
adjusted to pH 7.2 with 25% ammonia hydroxide (Sigma-Aldrich)
for 7 to 10 days until bone was pliable. Tibiae were then embedded
in paraffin, and 2-pm sections were cut before respective staining.
For Goldner trichrome staining, 5-um methacrylate sections were
prepared from undecalcified tibiae. Analysis was performed blinded
using the OsteoMeasure histomorphometry system (OsteoMetrics Inc.)
with a Zeiss Axioskop 2 microscope (Carl Zeiss AG).

Statistical analysis

Datasets are expressed as means + SEM with sample sizes indicated
in each legend. Outliers within datasets were excluded according to
Grubb’s test for variation from a normal distribution. Values below
the detection limit were given values of zero. All statistical analyses
were performed in Prism 5.03 (GraphPad) either by one-way repeated-
measures analysis of variance (ANOVA) with Dunnett post hoc test,
one-way ANOVA with Dunnett post hoc test, Wilcoxon signed-
rank test, or two-tailed Mann-Whitney U test. Group differences
were considered having a tendency toward significance or statisti-
cally significant when P value was less than 0.1 and 0.05, respectively.
Raw data are reported in data file S1.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/12/530/eaay4447/DC1

Fig S1.JAKi does not affect cortical bone parameters or bone cell numbers under steady-state
conditions.

Fig S2. Confirmation of OVX and cortical bone effects of JAKi after OVX.

Fig S3. Effects of JAKi on arthritis-mediated bone loss.

Fig S4. Gene network changes in MSCs during JAKi.

Fig. S5. Proposed model for the role of JAKi by baricitinib and tofacitinib in osteoblasts.
Table S1. Genetic targets and primers used for qPCR.

Table S2. Protein targets, antibodies, and control extracts used for Western blot analysis.
Data file S1. Raw data.

View/request a protocol for this paper from Bio-protocol.
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Boosting osteoblasts to battle bone erosion

Inhibitors of Janus kinase (JAK) reduce inflammation and are approved to treat rheumatoid arthritis;
however, the direct effects of inhibitors on bone remain unclear. Adam et al. found that JAK inhibitors increased
bone mass in mice under homeostatic conditions and mitigated bone loss in a mouse model of osteoporosis. Mice
with inflammatory bone loss mimicking rheumatoid arthritis had reduced bone erosions after treatment with JAK
inhibitors, and two patients with rheumatoid arthritis treated with tofacitinib showed similar results. The authors
determined that JAK inhibitors induced bone repair by altering gene expression and increasing activity of
osteoblasts, supporting use of inhibitors as potential osteoanabolics.
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