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Abstract

Cherubism is a genetic disorder of the craniofacial skeleton caused by gain-of-function mutations
in the signaling adaptor protein, SH3-domain binding protein 2 (SH3BP2). In a knock-in mouse
model for cherubism, we previously demonstrated that homozygous mutant mice develop T/B
cell-independent systemic macrophage inflammation leading to bone erosion and joint destruction.
Homozygous mice develop multiostotic bone lesions while cherubism lesions in humans are
limited to jawbones. We identified a critical role of TNF-a in the development of
autoinflammation by creating homozygous TNF-a-deficient cherubism mutants, where systemic
inflammation and bone destruction were rescued. In the current study, we examined whether
postnatal administration of an anti-TNF-a antagonist can prevent or ameliorate the disease
progression in cherubism mice. Neonatal homozygous mutants, where active inflammation has not
yet developed, were treated with a high dose of etanercept (25 mag/kg, twice/week) for 7 weeks.
Etanercept-treated neonatal mice showed strong rescue of facial swelling and bone loss in jaws
and calvariae. Destruction of joints was fully rescued in the high dose group. Moreover, the high
dose treatment group showed a significant decrease in lung and liver inflammatory lesions.
However, inflammation and bone loss, which were successfully treated by etanercept
administration recurred after etanercept discontinuation. No significant effect was observed in low
dose- (0.5 mg/kg, twice/week) and vehicle-treated groups. In contrast, when 10-week-old
cherubism mice with fully active inflammation were treated with etanercept for 7 weeks, even the
high dose administration did not decrease bone loss, lung or liver inflammation. Taken together,
the results suggest that anti-TNF-a therapy may be effective in young cherubism patients, if
treated before the inflammatory phase or bone resorption occurs. Therefore, early genetic
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diagnosis and early treatment with anti-TNF-a antagonists may be able to prevent or ameliorate
cherubism, especially in patients with a mutation in SH3BP2.
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Introduction

Cherubism (OMIM#118400) is a craniofacial disorder in children characterized by bilateral
swelling of the lower face due to excessive development of expansile fibrous lesions, which
also results in the destruction of maxillary and mandibular bones. Cherubism lesions also
lead to tooth defects and a characteristic disfiguring facial appearance. Lesions contain a
large number of tartrate-resistant acid phosphatase (TRAP)-positive multinucleated giant
cells and spindle-shaped fibroblastoid cells. Typically, expansion of the lesions ceases and
they regress after puberty, but the multilocular radiolucent cavities fill with bone later in
life.(12) Previously, linkage analysis and subsequent sequencing of candidate genes have
successfully identified heterozygous mutations responsible for autosomal dominant
cherubism in the SH3 domain binding protein 2 (SH3BP2).3:4) SH3BP2 is a signaling
adaptor protein originally discovered as one of the proteins that bind to the SH3 domain of
the protein tyrosine kinase ABL1.(5 Subsequently, SH3BP2 turned out to interact with a
variety of proteins including SYK,®) 14-3-3,(") vAV,® LYN,® CIN85,(19) H|P-55,(10)
PLCy1 and PLCy2,(6:11) SHP-1,(12.13) BLNK,(4) and SRC(9) in various hematopoietic cell
types including T cells, B cells, mast cells, neutrophils and macrophages as well as in
osteoblasts and osteoclasts, suggesting that SH3BP2 is involved in signaling pathways that
control both the immune and skeletal system.

We generated a knock-in (KI) mouse model of cherubism and discovered that while
systemic bone loss due to increased RANKL-induced osteoclast differentiation was seen in
heterozygous K1 mutants (Sh3bp2KX!/+), homozygous mutants (Sh3bp2X!’Kly spontaneously
developed systemic inflammatory infiltrates rich in macrophages in skin, lung, liver,
stomach, lymph nodes, joints as well as in jawbones with serum TNF-q elevation (200 to
650 pg/ml).(18) Infiltrates surrounding jawbones caused bone erosion similar to cherubism
patients.(16) This inflammation is regarded as autoinflammatory since T and B cell are not
required for the pathology.(1718) The key role of TNF-a in the development of inflammation
in cherubism mice has been demonstrated in homozygous cherubism mutants deficient in
TNF-a, which showed significant rescue of systemic inflammation as well as of
inflammatory bone loss and erosion, suggesting that cherubism patients may benefit from
anti-TNF-a treatment.(16) Recently, it was discovered that SH3BP2 is a substrate of
TANKYRASE1 and TANKYRASE? (TNKS and TNKS2, respectively), members of the
poly (ADP-ribose) polymerase (PARP) superfamily. Reduced ADP-ribosylation of mutant
SH3BP2 protein results in decreased proteasomal degradation and is the key mechanism that
leads to the increased TNF-a production in macrophages, hence resulting in

inflammation. (19.20)
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Standard management of cherubism symptoms are generally limited to supportive care
including observation of the disease course with the expectation that lesions regress after
puberty.(@ Surgical intervention is considered only when functional or aesthetic concerns
arise, including nasal obstruction, proptosis or severe facial deformity.(?) Currently, there is
no established pharmacological treatment for cherubism.

Homozygous cherubism mice lacking TNF-a exhibit dramatically reduced inflammation as
well as increased bone mass, suggesting that pharmacological neutralization of TNF-a can
be a potential therapeutic approach to treat human cherubism patients.(X6) In Sh3bp2KI/Kl/
Tnf-a- double mutants, TNF-a protein is completely deficient throughout all embryonic
stages due to global deletion of the Tnf-a gene.(?1) However, human cherubism patients are
usually diagnosed at 2-5 years of age after manifesting facial or submandibular lymph node
swelling. Therefore, in this study, we examined whether postnatal pharmacological
treatment of our cherubism mice with an anti-TNF-a drug is effective to reduce
inflammation.

Etanercept (Enbrel®) is a dimeric fusion protein consisting of human type 11 TNF-a receptor
linked to the Fc portion of human IgG1. Etanercept is one of the widely used anti-TNF-a
drugs which is approved for the treatment of a variety of inflammatory diseases including
rheumatoid arthritis, ankylosing spondylitis, psoriasis, and psoriatic arthropathies.(22:23)
While other anti-TNF-a inhibitors such as infliximab, adalimumab, golimumab,
certolizumab do not effectively inhibit mouse TNF-a, there are many reports that etanercept
blocks mouse TNF-a and reduces TNF-a mediated inflammatory reactions in various
disease models in rodents.(24-28)

First, we demonstrate that neonatal homozygous mice treated with etanercept develop
significantly reduced systemic inflammation and bone loss. Second, we show that etanercept
treatment of adult homozygous mutants with fully active inflammation does not result in a
reduction of inflammation and bone loss. These outcomes suggest that anti-TNF-a drugs
might be suitable as a therapeutic agent for cherubism when administered at the early stage
of the disease before the onset of inflammation and lesion formation and might be able to
prevent the future development of lesions in jawbones. Our study also indicates the
importance and usefulness of early genetic diagnosis of SH3BP2 mutations in children born
to families affected with cherubism, allowing the patients to undergo early anti-TNF-a
treatments.

Materials and Methods

Mice

A cherubism mouse model was created by introducing the most common mutation in
cherubism patients (P418R) into the mouse Sh3bp2 gene (P416R in mouse) by homologous
recombination.(!6) Homozygous cherubism mutant mice (Sh3bp2K!/Kl) and wild-type
littermates (Sh3bp2*/*) were created by crossing heterozygous mutants that have been
backcrossed into a C57BL/6 genetic background for at least 12 generations.
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Etanercept administration in cherubism mice

Etanercept (Enbrel®, Pfizer,Inc., New York, NY, USA) was chosen for our experiments,
because among five anti-TNF-a inhibitors (etanercept, infliximab, adalimumab, golimumab,
certolizumab), which have been approved for human use, only etanercept is reported to
effectively block mouse TNF-a (European Medicines Agency (http://www.ema.europa.eu/
ema/), Scientific Discussion in initial marketing authorization documents). The risk of
tuberculosis reactivation in patients receiving etanercept is lower than in those receiving
TNF antibodies, suggesting that soluble TNFR (Etanercept) may be safer and etanercept
might have advantages in human clinical use compared to other TNF inhibitors. (29-31) The
effective dose of etanercept in mice is dependent on the model of inflammatory disease,
ranging from 0.06 mg/kg/week for 60 weeks in degenerative/inflammatory changes in
skeletal muscle in aged SJL/J mice 7) to 100 mg/kg/week for 8 weeks in GGTase-
deficient arthritis model. 32) Generally, the effective dose in mice is higher compared to the
standard dose for the treatment of adult rheumatoid arthritis, ankylosing spondylitis,
psoriasis, and psoriatic arthropathies in humans (50 mg/week: 0.8mg/kg/week at a body
weight of 62.5 kg).(22) Therefore, we decided to use 1 mg/kg/week (0.5 mg/kg twice per
week; low dose in this study) as an equivalent dose for human use and 50 mg/kg/week (25
mg/kg twice per week; high dose in this study) as an intermediate dose for mice.

Etanercept diluted with phosphate buffered saline (PBS) was subcutaneously injected into
homozygous mutants and wild-type controls twice a week from either 1 or 10 weeks of age
for 7 weeks. For the administration of the 1-week-old mice, Sh3bp2KI/KI mice were divided
into 3 groups: low (0.5 mg/kg) and high (25 mg/kg) dose of etanercept and a PBS vehicle
control group. For 10-week-old mice, Sh3bp2XI’/KI mice were divided into 2 groups: high
dose of etanercept (25 mg/kg) and PBS vehicle control group. At age of 8 or 17 weeks,
respectively, mice were sacrificed and analyzed. Etanercept administration and all other
animal studies were approved by the Institutional Animal Care and Use Committee at the
University of Missouri-Kansas City.

Tissue preparation for histological analysis

Postmortem tissues were harvested and fixed with Bouin's fixative solution or PBS solution
containing 4% paraformaldehyde for 2-3 days, then embedded in paraffin. Sections (6um)
were stained with hematoxylin and eosin (H&E).

RNA and quantitative PCR analysis

Total RNA from liver tissue was extracted using TRIzol and converted to cDNA with
Superscript 11 First Strand Synthesis System (Life technologies, Grand Island, NY, USA).
Quantitative real-time PCR analysis was performed using a StepOnePlus system (Applied
Biosystems, Carlsbad, CA, USA) to compare TNF-a mRNA expression levels in whole
liver tissue by TagMan® probes (Mm00443260_g1) and normalized against f-actin
(Mm00607939_s1). To compare IL-1a and IL-1f mRNA expression levels in bone marrow-
derived M-CSF dependent macrophages, TagMan probes, Mm00439620_m1 and
MmO00434228 m1 were used, respectively. TNF-a, IL-1a, and IL-1 mRNA expression
levels relative to -actin were calculated with the A-A Ct method.

J Bone Miner Res. Author manuscript; available in PMC 2015 May 01.


http://www.ema.europa.eu/ema/
http://www.ema.europa.eu/ema/

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yoshitaka et al.

Page 5

MicroCT analysis

Paraformaldehyde-fixed mandibulae, calvariae, and elbow joints were subjected to microCT
(vivaCT 40, Scanco Medical, PA, USA) analysis. Resulting images were used to quantitate
inflammatory bone loss in mandibular and calvarial bone as well as to evaluate the rescue of
elbow joint destruction. Two-dimensional (2D) images were taken with a threshold of 300
for mineralized tissue and further processed for the three-dimensional (3D) image
reconstruction with a spatial resolution of 10um. Distance between cemento-enamel junction
(CEJ) and alveolar bone crest (ABC) at the distal lingual surface of mandibular first molar
(M1) was measured in reconstructed 3D images using modified procedures published by
Park and colleagues.(33) Calvarial microCT images (6 mm x 6 mm) were used to calculate
the proportion of erosion area (%) of calvarial bone. The intersections of the coronal and
sagittal sutures were set as reference positions of the square center. Total area of bone
erosions including suture areas in 6 mm x 6 mm calvarial bone images were measured as
pixels with ImageJ (NIH) and divided by the total number of pixels.

Assessment of facial swelling and analysis of elbow joint destruction

Facial swelling was assessed by whether the cornea right above pupil is located underneath
the eyelid margin by two blinded independent observers. Elbow joints were given semi-
quantitative scores (0 to 3) for joint destruction by two independent observers using 3D
microCT images of right elbow joint, according to the following criteria: 0 = normal; 1 =
mild coronoid fossa erosion with or without resorption pits at lateral epicondyle; 2 =
moderate coronoid fossa erosion with resorption pits at lateral epicondyle; 3 = severe
coronoid fossa erosion with resorption pits at lateral epicondyle.

Histomorphometry

Total inflammatory area in liver and lung stained with H&E was measured as pixels with
ImageJ (NIH), which was divided by the pixels of the entire tissue to calculate the
proportion of inflammatory area (%). With regard to liver inflammation, areas of vasculature
were excluded from entire tissue areas. Lung and liver images were taken with 1x or 4x
objectives, respectively (Nikon E800 microscope, NIKON Instruments Inc., Melville, NY,
USA). Results from four to five images from different areas of each tissue section were
averaged.

Bone marrow-derived M-CSF-dependent macrophages (BMMs) culture

Bone marrow cells were harvested from tibia and femur of 8- to 10-week-old of Sh3pp2K!/KI
and Sh3bp2*/* mice. After red blood cell lysis, non-adherent cells were collected and
cultured for 3 days with a—MEM supplemented with 10% FBS, penicillin/streptomycin, and
30 ng/ml of M-CSF (Peprotech, Rocky Hill, NJ, USA). Adherent macrophages were
harvested and 5x10* cells/well were plated in 96-well plates without M-CSF. After 6 to 8
hours, macrophages were stimulated with TNF-a (10 ng/ml), IL-1a (20 ng/ml), or IL-1p (20
ng/ml) (Peprotech).
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After 24 hours of BMMs stimulation with 1L-1a (20 ng/ml) or IL-1B (20 ng/ml) culture
supernatants were collected and TNF-a levels were measured with mouse TNF-a DuoSet
(R&D Systems Inc., Minneapolis, MN, USA) according to manufacturer's protocol.

Osteoclast culture

Statistics

Results

Non-adherent bone marrow cells were plated in 48-well plates at the density of 2.1x10°
cells/well with a—MEM supplemented with 10% FBS, penicillin/streptomycin, and 25 ng/ml
of M-CSF. After 48 hours, BMMs were stimulated with RANKL for 3 days with or without
etanercept. Osteoclasts were visualized by tartrate-resistant acid phosphatase (TRAP)
staining kit (Sigma, St. Louis, MO, USA) and TRAP-positive cells with more than 3 nuclei
were counted as osteoclasts.

Power analysis (G*Power 3.1.3)(34) with parameters obtained from preliminary studies
suggested that sample sizes of six would sufficiently detect a statistical difference of
therapeutic effects of high dose (25 mg/kg) etanercept compared to the PBS-treated group.
Statistical analyses were performed with SPSS statistics software (IBM, Armonk, New
York, USA). Mean value comparison between two groups was performed with Student's t-
test (two-tailed distribution, equal variance). One-way ANOVA was used to compare means
among three or more groups. If the ANOVA showed a significant difference, the Tukey-
Kramer test was used as a post-hoc test. p < 0.05 was considered as statistically significant.
The numbers after + represent SD except for joint destruction scores in Fig. 3E and 6E in
which the numbers after + represent SEM.

Postnatal development of macrophage inflammation in homozygous cherubism knock-in

mice

Previously we have shown that homozygous Sh3bp2X!’/Kl mutants develop severe systemic
inflammatory infiltrates rich in macrophages by 10 weeks of age.(16) Before starting
etanercept administration, we first examined when macrophage infiltrates start to develop in
homozygous mutants. We performed H&E staining and histologically inspected the
inflammation in the soft tissue of oral cavity, lung, and liver from various postnatal ages of
homozygous mutants compared with wild-type control mice. In the oral soft tissues, no
obvious inflammatory lesions were observed in 1-week-old mice, but at 2 weeks of age,
mild inflammatory cell accumulation rich in macrophages became evident and the
accumulation continued to increase thereafter (Fig. 1A). In the lung, initial accumulation of
macrophages was seen at 1 week of age in Sh3bp2XI’/KI mutants, followed by the
development of typical inflammatory nodules containing a large number of macrophages
and lymphocytes at 2 weeks of age (Fig. 1B). In contrast, inflammatory lesions in liver
started to appear at 2 weeks of age (Fig. 1C). We did not see any histological signs of
inflammation at embryonic day 18.5 (data not shown). These findings indicate that

J Bone Miner Res. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yoshitaka et al. Page 7

inflammation in homozygous Sh3bp2XI’/KI mice develops postnatally approximately at 1
week of age with tissue-dependent age of onset.

Etanercept administration to neonatal Sh3bp2K/KI mutants prevents facial swelling and
rescues loss of body weight

One-week-old Sh3bp2KI’KI mutants were subcutaneously injected with high (25 mg/kg) or
low (0.5 mg/kg) dose etanercept twice per week for 7 weeks. Results of TNF-a inhibition
were compared with vehicle (PBS)-injected Sh3bp2K!/KI mutants at the age of 8 weeks (Fig.
2A). Strikingly, high dose etanercept treatment rescued the closure of eyelids associated
with facial skin inflammation in all Sh3bp2K!/KI mutants examined (n=7) (Fig. 2B: red
arrow), which is typically seen in the all inflamed homozygous mutant mice(6) (n=9) (Fig.
2B: blue arrow), while low dose etanercept administration failed to rescue in all cases (n=6)
(Fig. 2B: green arrow). Consistent with this observation, loss of body weight was improved
in the homozygous mutants treated with 25 mg/kg etanercept in both males and females
compared with PBS-treated Sh3bp2K!/KI mutants (Fig. 2C). Next we investigated whether
facial inflammation recurs in the Sh3bp2K/KI mutants after etanercept treatment was
discontinued. The Sh3bp2XI/KI mice that were successfully treated for 7 weeks with 25
mg/kg etanercept administration showed closure of eyelids after 8 weeks discontinuation of
etanercept administration in all cases (n=9) (Fig. 2D), suggesting a relapse of inflammation.
Recurrence of inflammation was concurrent with the arrest of body weight gain in
etanercept-treated Sh3bp2X!/KI mutants after etanercept discontinuation (Fig. 2E).

Etanercept administration to neonatal Sh3bp2K/KI mutants prevents bone loss in jaws and
calvariae and inflammation-induced joint destruction

We examined whether jaw and calvarial bone loss in Sh3bp2KI/KI mutants can be prevented
by etanercept administration. Remarkably, microCT images of mandibular bone of
Sh3bp2XI’KI muytants treated with high dose etanercept were indistinguishable from those of
PBS-treated Sh3bp2*/* mice (Fig. 3A). To quantitate the jawbone loss, distance between
cemento-enamel junction (CEJ) and alveolar bone crest (ABC) at the distal lingual surface
of the mandibular first molar (M1) was measured using reconstructed three-dimensional
microCT images from etanercept-treated Sh3bp2K!/KlI mutants, compared with those from
the PBS-treated Sh3bp2X!/K! control group. Both low- (0.5 mg/kg) and high- (25 mg/kg)
dose etanercept administration significantly contributed to the reduction in the average CEJ-
ABC distance (0.31 + 0.045 mm and 0.25 = 0.028 mm, respectively) compared to those of
PBS-treated Sh3bp2XI’KI mutants (0.38 + 0.050 mm) (Fig. 3B). Next, we investigated the
erosion pits on calvarial bone surface in etanercept-treated Sh3bp2K!/KI mutants and
compared with those from PBS-treated Sh3bp2X!/KI mutants. Consistent with the reduction
in the number of erosion pits (Fig. 3C), the total area of bone erosion was significantly
reduced in Sh3bp2XI/Kl mutants treated with 25 mg/kg etanercept (7.2 + 2.6%), compared
with PBS-treated Sh3bp2XI’/Kl mutants (10.8 + 2.9%) (Fig. 3D).

We further examined whether etanercept administration ameliorates inflammatory joint
destruction because our previous data showed that Sh3bp2X!/Kl mutants develop bone-
destructive synovial tissue inflammation in elbow and knee joints.(16) MicroCT analysis of
elbow joints from Sh3bp2XI/KI mutants treated with high dose etanercept revealed protection
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from bone destruction and intact coronoid fossa in all elbow joints examined (n=6), which
were indistinguishable from wild-type controls (Fig. 3E). However, after discontinuation of
etanercept administration, Sh3bp2X!’/Kl mutants, which were successfully treated with 25
mg/kg etanercept, showed a relapse of jaw and calvarial bone loss at levels comparable to
those of PBS-treated 8-week-old Sh3bp2K/KI mice (Fig. 3A, B, C, D). Elbow joint
destruction redeveloped as well, but less severe compared to PBS-treated Sh3bp2KI/Kl mice
(Fig. 3E). Taken together, these results demonstrate that etanercept treatment effectively
prevents the bone loss associated with inflammation and discontinuation of etanercept
treatment results in the relapse into inflammatory bone loss in Sh3bp2K!/KI mutants.

Etanercept administration to neonatal Sh3bp2K/KI mutants reduces the development of
inflammation in lung and liver

In Sh3bp2XI/Kl mutants, accumulation of inflammatory infiltrates is not only seen in
craniofacial tissues but also in various internal organs including lung and liver tissues.(6)
Therefore, we examined if etanercept treatment can effectively reduce the development of
inflammation in lung and liver. In lung, a large number of inflammatory nodules, which look
whitish on the surface of lung tissue after fixation with Bouin's solution, are typically seen in
8-week-old Sh3bp2K!/KI mice (Fig. 4A: white arrows, top panel). However, Sh3bp2XI/Kl
mutants administered with 25 mg/kg etanercept exhibited significantly decreased superficial
inflammatory nodules compared to the PBS-treated Sh3bp2X!’Kl mice. Homozygous mutants
injected with 0.5 mg/kg etanercept did not exhibit the reduction in the number of superficial
nodules (Fig. 4A, top panel). This reduction was confirmed by histomorphometric analysis
of lung tissue showing the proportion of total inflammatory area to the total lung tissue area
in lung sections (average lesion area: 9.1 + 4.0% in PBS treatment, 9.6 £ 5.7% in 0.5 mg/kg
treatment vs. 2.7 £ 2.3% in 25 mg/kg treatment) (Fig. 4A, bottom panel, 4B). In liver, 25
mg/kg etanercept administration significantly reduced the total area of inflammation,
compared to 0.5 mg/kg etanercept- and PBS-treated Sh3bp2K!/KI mutants (Fig. 4C). This
striking reduction was also confirmed by histomorphometric analysis of the total
inflammatory area in liver tissue (average lesion area: 10.6 + 5.0% in PBS treatment, 9.9 +
7.2% in 0.5 mg/kg treatment vs. 0.1 = 0.08% in 25 mg/kg treatment) (Fig. 4D). Consistent
with a decreased area of the inflamed lesion, lower expression levels of TNF-a mRNA in
liver tissue were seen in 25 mg/kg etanercept-treated Sh3bp2KI/KI mice as quantitated by
real-time PCR (Fig. 4E). After discontinuation of etanercept treatment, lung lesions which
were reduced by high dose 25 mg/kg etanercept showed a trend of regrowth (p = 0.18) to
comparable levels of PBS-treated 8-week-old Sh3bp2X!I’KI mice (Fig. 4A, B). Liver lesions
redeveloped in Sh3bp2K!/KI mice after etanercept discontinuation, which was also equivalent
to PBS-treated Sh3bp2K!/KI mice (Fig. 4C, D). However, liver TNF-a mRNA expression
was still comparable to 25 mg/kg etanercept-treated Sh3bp2X/’/KI mice (before
discontinuation) (Fig. 4E), suggesting that TNF-a produced outside the liver is involved in
the redevelopment of liver lesions. Collectively, these results demonstrate that etanercept
treatment effectively prevents lung and liver inflammation, but discontinuation of etanercept
results in the relapse of inflammation in lung and liver in Sh3bp2X!/Kl mutants.
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Etanercept administration to adult Sh3bp2K/KI mutants with active inflammation does not
improve facial swelling

A desirable therapeutic strategy for patients already diagnosed with cherubism would be to
stabilize or shrink actively growing lesions. We therefore raised the question whether
etanercept treatment is able to improve fully active inflammatory lesions in Sh3bp2KI/KI
mice. We administered etanercept to 10-week-old Sh3bp2KI/KI mice, which have already
developed active inflammatory lesions. Sh3bp2XI/Kl mice were treated for 7 weeks with 25
mg/kg etanercept (twice per week) (Fig. 5A). This same dose that successfully prevented
facial swelling in neonatal Sh3bp2X’/Kl mice (Fig. 2B: red arrow) failed to rescue facial
swelling associated with eyelid closure in all 17-week-old Sh3bp2X!/KI mice after 7-week
etanercept treatment (n=7) (Fig. 5B: red arrow, bottom panel). However, the progressive
loss of body weight with age was ameliorated by etanercept injection (Fig. 5C), suggesting
that TNF-a inhibition can substantially improve the systemic condition of Sh3bp2KI/KI mice.

Etanercept administration to adult Sh3bp2X/KI mutants with active inflammation does not
improve jaw and calvarial bone loss and joint destruction

Consistent with the unsuccessful rescue of facial swelling in adult Sh3bp2X!/KI mice (Fig.
5B), microCT analysis followed by the quantitative measurement of the distance between
the CEJ and ABC revealed that 25 mg/kg etanercept treatment for 7 weeks does not reduce
mandibular pitting (Fig. 6A: arrows) and bone loss (average distance: 0.41 + 0.07 mm in
PBS-treated group vs. 0.37 + 0.04 mm in etanercept-treated group) (Fig. 6B). Interestingly,
the average area of calvarial bone erosion was decreased in 17-week-old Sh3bp2K!/KI mice
treated with PBS (6.1 + 1.1%) (Fig. 6D) compared to 8-week-old Sh3bp2K!/KI mice treated
with PBS (10.8 + 2.9%) (p = 0.004) (Fig. 3D). The improved calvarial bone formation in the
adult 17-week-old Sh3bp2KX!/KI mice suggests that calvarial bone erosion ameliorates with
age, which may be comparable to the regression of bone lesions after puberty in human
cherubism patients. Further microCT analysis revealed that the elbow joint destruction
continued after etanercept treatment in 17-week-old Sh3bp2K!/KI mice in all cases examined
(n=7) (Fig. 6E). Taken together, these results indicate that inhibition of TNF-a in adult
cherubism mice with active inflammation is less effective in improving bone loss.

Etanercept administration to adult Sh3bp2K/KI mutants with active inflammation does not
improve lung and liver inflammation

Next, we quantitated the inflamed area in lung and liver from 17-week-old Sh3bp2KI/KI
mice, which had received etanercept treatment for 7 weeks. Etanercept treatment failed to
reduce inflammatory lesions in lung (Fig. 7A, B). Interestingly, similar to the age-associated
resolution of calvarial bone erosion, the area of inflamed lung tissues showed a decreasing
trend with age in PBS-treated Sh3bp2X//K! mice from 9.1 + 4.0% at 8 weeks (Fig. 4B) to 5.2
+2.7% at 17 weeks (p = 0.079) (Fig. 7B). However, we even saw a non-significant increase
(p =0.31) in inflamed lung tissue area in the etanercept-treated group (7.4 + 4.3%)
compared to the PBS-treated controls (5.2 £ 2.7%) (Fig. 7B). Therefore, it can be assumed
that etanercept does not contribute to the age-related resolution of lung lesions. In liver, the
proportion of inflammation area is quite variable at 17 weeks of age and the average
inflammation area in the PBS-treated Sh3bp2K!/KI group (10.6 + 6.2%) (Fig. 7D) did not
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change with age compared to the PBS-treated 8-week-old Sh3bp2K!/KI mice (10.6 + 5.0%)
(Fig. 4D). However, etanercept treatment effectively reduced the total area of inflammation
in the 17-week-old treated cohort (4.1 + 3.50%) compared to the PBS-treated group (10.6 £
6.2%) (Fig. 7C, D). In contrast, TNF-a mRNA expression in liver was comparable between
etanercept- and PBS- treated groups (p = 0.13) (Fig. 7E). Interestingly, TNF-a stimulation
of bone marrow derived M-CSF-dependent macrophages (BMMs) from Sh3bp2XI/KI mice
induced more IL-1a and IL-18 mRNA expression compared to wild-type macrophages (Fig.
7F). Furthermore, TNF-a secretion in response to IL-1a and IL-1p was increased in
Sh3bp2XI’KI BMMs (Fig. 7G), suggesting that a (TNF-a) =» (IL-1a/B) =» (TNF-a)
inflammatory circuit is involved in the development of inflammatory lesions in cherubism
mice and that IL-1a/p play a potential role in the maintenance of active lesions. Collectively,
these results demonstrate that etanercept treatment of adult cherubism mice with fully active
inflammation has limited efficacy only for the reduction of liver inflammation.

Discussion

Cherubism is a human craniofacial bone disorder developing in childhood with
characteristic bilateral jaw swelling and jawbone destruction caused by excessive osteoclast
activity and progressive proliferation of fibrous tissues. Because the growing lesion is a non-
malignant tumor and jaw swelling typically regresses after puberty, current standard
management of cherubism is conservative and includes close observation of disease
progression unless aesthetic or functional concerns such as nasal obstruction, proptosis or
severe facial deformity develop. In such cases surgical resection is considered.(?) At present,
there is no promising pharmacological treatment for cherubism.

In this study, we demonstrate that administration of etanercept, an FDA-approved TNF-a
blocker for the treatment of inflammatory diseases such as rheumatoid arthritis, to
inflammation-free neonatal Sh3bp2K!/Kl mice is effective in preventing the development of
inflammation. Therefore, our study presents a new pharmacological therapeutic approach for
cherubism treatment, which can potentially prevent any future facial swelling and jawbone
destruction. In contrast, we also demonstrate that the same etanercept treatment of adult
Sh3bp2XI’KI' mice with fully active inflammation does not necessarily contribute to the
reduction and regression of inflammation.

It is reported that mice treated with etanercept generate antibodies against etanercept.(3%)
Although generation of anti-etanercept antibodies in Sh3bp2!’KI mice during treatment
could be one of the causes of failed etanercept treatment in adult Sh3bp2X/K! mice, the
unsuccessful therapeutic effect of TNF-a antagonist on adult Sh3bp2K/KI mutants with
active inflammation is consistent with a recent report by Hero et al.(36) In this report, the
authors treated two juvenile cherubism patients with actively growing lesions due to a
mutation in SH3BP2 with the human anti-human TNF-a antibody adalimumab over 2-years
and failed to find regression or prevention of lesion growth, although the number of giant
cells decreased substantially.(37) The fact that there is only limited therapeutic efficacy of
the TNF-a antagonist in both adult cherubism mice and human cherubism patients with
active lesions (38), but high efficiency in preventing lesions in young mice suggests that anti-
TNF-a treatment is more effective when started prior to the development of cherubism
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lesions. In other words, anti-TNF-a treatment is not likely to suppress the growth of active
lesions or enhance their regression. This age-associated effectiveness further suggests that
TNF-a plays a role exclusively in the initiation of lesion development. Hence, other
inflammatory cytokines following initial TNF-a expression contribute most likely to the
maintenance and progression of the cherubism lesions. IL-1a or IL-1f may play such a role,
since both cytokines mediate TNF-a—driven inflammatory positive feedback loop in
Sh3bp2KI/KI macrophages (Fig. 7F, G). Therefore, treatment with anti-TNF-a drugs in
combination with IL-1a or IL-1f inhibitors might show increased therapeutic efficacy in
cherubism patients with active lesions. Interestingly, a clinical study reported that continued
treatment with denosumab, a human monoclonal antibody against human RANKL, could be
useful as a therapeutic agent for giant cell tumors of bone (GCTB) by eliminating osteolytic
giant cells and inhibiting tumor progression.(38) This drug has recently been approved by
FDA for the treatment of GCTB. Because there is an indistinguishable histological similarity
between GCTB and cherubism,39 RANKL could be an additional potential target to inhibit
osteoclast-mediated bone loss in cherubism.

Since most cherubism patients are diagnosed after showing active signs like submandibular
lymph node swelling and bilateral jaw expansion around 2-5 years of age,#0) starting anti-
TNF-a treatment for pre-symptomatic cherubism patients is not realistic. However, anti-
TNF-a treatment could be started early if genetic testing of children in cherubism family
showed positive for a mutation in SH3BP2 shortly after birth. Given the fact that long-term
TNF-a suppression increases the risk for serious infectious diseases such as
tuberculosis,(41-46) anti-TNF-a therapy needs to be cautiously applied and long-term
administration, most likely until puberty, should be carefully monitored.

The 25 mg/kg administration twice per week, which prevented the inflammation and bone
loss in Sh3bp2KI/KI mice, is about 60-fold higher compared to the standard dose in
humans.(?2) The requirement of such a high dose of etanercept in cherubism mice may be
due to the circumstances that mice generate anti-etanercept antibodies, 3> inflammation in
cherubism mice is more systemic, and etanercept is designed to neutralize human TNF-a.
We have also tested a 5 mg/kg dose, but the prevention was not as successful as with 25
mg/kg (Supplemental Fig. 1). Therefore, the effective dose of TNF-a inhibitor for
cherubism patients should be carefully determined, since the severity of cherubism lesions
and immune reactions differ between human and mouse.

TNF-a inhibits osteoblast differentiation in vitro(”48) and in vivo,9) where Li et al.
showed that the increased bone mass in TNF-a knock-out mice is associated with the
elevation of serum osteocalcin with no change in the serum type | collagen C-terminal
telopeptide (CTX). This suggests that endogenous TNF-a controls bone formation through
osteoblasts. On the other hand, TNF-a stimulates osteoclast differentiation.(#8:50) Taken
together, both promotion of bone formation and inhibition of bone resorption due to TNF-a
inhibition by etanercept are likely to contribute to the prevention of bone loss and joint
destruction in etanercept-treated Sh3bp2K!/KI mice. However, the effect of TNF- inhibition
on osteocyte-dependent regulation of osteoclastogenesis through RANKL expression(51:52)
or via apoptotic osteocytes(®354) still needs to be investigated to fully understand the
mechanisms by which TNF-a inhibition prevents bone loss in Sh3bp2KI/Kl mice. Our
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osteoclast cultures with RANKL-stimulated BMMs treated with high dose etanercept
showed a small, but statistically significant, reduction in the osteoclast formation
(Supplemental Fig. 2), suggesting that the prevention of bone loss is, at least in part, due to
the direct inhibition of osteoclastogenesis by etanercept.

We found that the effectiveness of etanercept in cherubism mice is organ-dependent because
the treatment of neonatal mutants with 25 mg/kg etanercept failed to prevent inflammation
in stomach and lymph nodes in all examined cases (n=7) (data not shown). The organ-
specific efficacy of etanercept in cherubism mice is consistent with previous reports that
each TNF inhibitor has a distinct efficacy profile in human inflammatory diseases(®>:56) and
that etanercept treatment failed to show clinical response in Crohn's disease,®”) whereas
other TNF-a antagonist such as infliximab and adalimumab were effective.(58.59) These
studies suggest that each TNF-a antagonist has specific disease targets and TNF-a
antagonists other than adalimumab (administered by Hero et al. (38)) may have better clinical
efficacy for the treatment of cherubism patients.

In cherubism patients, regression of the jaw swelling after puberty is a characteristic clinical
feature. Age-related spontaneous regression of resorptive areas in calvariae and
inflammatory lesions in lung were also found in Sh3bp2K!/KI mice. But bone loss in
mandibulae, hepatic lesions, and facial swellings were unchanged with age in Sh3bp2K!/KI
mice, suggesting that spontaneous regression occurs in a tissue-specific manner. However,
etanercept administration did not seem to contribute to age-associated regression of lesions
in Sh3bp2XI’KI mice. Given the fact that Sh3bp2XI’/Kl mice that were successfully treated
with etanercept develop inflammation after termination of etanercept administration,
cherubism patients will likely need to undergo anti-TNF-a treatment until they reach
puberty at which time cherubism lesions normally start to regress. The mechanism of this
age-associated regression remains unknown and needs to be investigated to fully understand
the pathogenesis of cherubism and to establish more effective therapeutic strategies.

In summary, this study provides evidence that anti-TNF-a therapy might be effective for
cherubism patients, if it can be started at an age when active lesions are not fully developed.
Early treatment could prevent future development of cherubism lesions. To maximize the
effectiveness of anti-TNF-a therapy, early genetic testing for SH3BP2 mutations will be
required and a combination therapy with inhibitors that target inflammatory cytokines other
than TNF-a or anti-bone resorptive agents should be considered for improved treatment
efficacy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Postnatal development of inflammation in homozygous Sh3bp2K”KI knock-in mice
H&E staining of (A) first molar in maxilla and surrounding oral soft tissues, (B) lung, and

(C) liver tissue section from wild-type (Sh3bp2*/*) and homozygous knock-in (K1)
cherubism mutant mice (Sh3bp2X!/K!). Tissues were harvested at various postnatal ages from
P1 (postnatal 1 day) to 7 weeks of age. Arrows indicate inflammatory lesions. Insets are
magnifications of the dotted areas. Inflammatory nodular lesions in lung (B) develop at 1
week of age, and inflammatory infiltrates in oral (A) and liver (C) tissues are observed at 2
weeks of age.
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Fig. 2. Etaner cept administration to neonatal Shabp2<!/KI mutantsimproves facial swelling and

loss of body weight

(A) Overall experimental procedure of the etanercept administration to neonatal mice. One-
week-old wild-type (Sh3bp2*/*) and homozygous cherubism mutant (Sh3bp2K!/K!) mice
were injected with PBS or etanercept (0.5 mg/kg or 25 mg/kg twice per week) for 7 weeks
following genotyping at 3-5 days of age. Mice were sacrificed at 8 weeks of age for
analysis. Some of the Sh3bp2KI/Kl mice treated with 25 mg/kg etanercept were analyzed 8
weeks after discontinuation of etanercept treatment (16 weeks old). (B) Facial appearance of
8-week-old PBS-administered Sh3bp2K!/KI mouse and etanercept-treated Sh3bp2*/* and
Sh3bp2XI’KI mouse after 7 weeks of treatment. Blue or green arrow indicates the closed
eyelids caused by skin inflammation, which is typically seen in Sh3bp2XI/Kl mice around 6
weeks after birth. Red arrow points at open eyelids of a Sh3bp2X!’/Kl mouse treated with 25
mg/kg etanercept, demonstrating rescue of facial skin inflammation. Numbers represent
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percentages of Sh3bp2KI/KI mice with rescue of facial swelling. (C) Body weight changes in
PBS- or etanercept-administered Sh3bp2*/* and Sh3bp2KI/KI mice. Weights are significantly
higher in etanercept-administered Sh3bp2KI/Kl mice (red line) compared to PBS-
administered Sh3bp2X!I’/KI mice (blue line) after 7-week treatment. Numbers in parentheses
represent the number of the mice weighed. (D) Facial appearance of 8-week-old etanercept
(25 mg/kg)-treated Sh3bp2KI/KI mouse (top) and the same mouse after 8 weeks of etanercept
discontinuation (bottom). (E) Body weight changes in PBS- or etanercept-treated Sh3bp2*/*
and Sh3bp2KI/KI' mice. Weight gain is arrested in etanercept-discontinued Sh3bp2K!/KI mice
(red line) compared to PBS or etanercept-treated Sh3bp2*/* mice (black line). Arrows
indicate the age at etanercept discontinuation. Numbers in parentheses represent the number
of the mice weighed. Error bars represent £ SEM. Asterisks represent the significant
difference (p < 0.05).
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Fig. 3. Rescued craniofacial bone erosion and elbow joint destruction in etaner cept-treated
SthpZK”K' mice
(A) Reconstructed microCT images of the mandibular bone from 8-week-old PBS- or

etanercept-treated Sh3bp2*/* and Sh3bp2KI/KI mice. Thick arrows indicate erosion pits due
to inflammation (M1: first molar, M2: second molar, CEJ: cemento-enamel junction, ABC:
alveolar bone crest). (B) Quantitative measurement of the distance between CEJ and ABC at
the lingual distal end of the mandibular first molar. (C) Reconstructed microCT images of
the calvarial bone from PBS- or etanercept-treated 8-week-old Sh3bp2*/* and Sh3bp2KI/KI
mice. Arrows indicate inflammatory erosion pits on the surface. (D) Quantitative analysis of
calvarial bone erosion. Proportion (%) of bone erosion area including suture to total
calvarial bone area (6 mm x 6 mm) was calculated. (E) Reconstructed microCT images of
elbow joint from PBS- or etanercept-administered Sh3bp2*/* and Sh3bp2KI/Kl mice. Dotted
box on Sh3bp2KI/Kl image treated with 25 mg/kg etanercept indicates the prevented elbow
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joint destruction by etanercept treatment. Numbers represent average joint destruction score
with + SEM. Joint destruction score in Sh3bp2XI/Kl mice treated with 25 mg/kg etanercept or
in mice which underwent 8-week etanercept discontinuation (asterisks) is lower than in
those with 0.5 mg/kg etanercept and PBS treatment (p < 0.05). Error bars represent SD.
Asterisks represent significant difference (p < 0.05). N.S.: not significant. n=6-7 except for
n=5-9 in Fig. 3E.
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Fig. 4. Reduced lung and liver inflammatory infiltratesin etaner cept-treated Sh3bp2K”KI mice
(A) Lung tissues fixed with Bouin's solution (top), and H&E-stained lung tissue sections

(bottom). Arrows indicate inflammatory nodules on the lung surface (white) and in sections
(black). (B) Quantitative analysis of total inflamed areas in lung. (C) Liver sections from
PBS- or etanercept-treated Sh3bp2*/* and Sh3bp2X//Kl mice (H&E). Arrows indicate
inflammatory infiltrates surrounding vessels. (D) Quantitative measurement of total area of
the inflammatory infiltrates in liver. (E) Quantitative-PCR analysis of TNF-a mRNA
expression in liver. Values are the average of 2-9 independent RNA samples from each
group. Average expression level of two Sh3bp2*/* mice treated with PBS was set as 1. Error
bars represent SD. Asterisks represent significant difference (p < 0.05). N.S.: not significant.
N.D.: not detected. n=6-7. In Fig. 4E, n=3-9 per group except for n=2 in each Sh3bp2*/*

group.

J Bone Miner Res. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Yoshitaka et al.

Page 23

A Genotyping
l Etanercept (25mg/kg, twice per week) or PBS
0 3 10 17 (analysis) Aan ek
(PBS, 25mg/kg)
B Sh3bp 2Kk
10
weeks
old
17
weeks

old

PBS Etanercept Etanercept
(25mg/kg) (25mglkg)
Rescued (%): 0 (n=8) 0 (n=7)
Male (g) Female (g)
35 1

35 1
SO-M =

=@~ +/+,PBS or 25mg/kg (5)

25 2 M

p=0.11

@ +/+, PBS or 25mgfkg (4)

5 1 -8 KIKI, 25mglkg (4) 5 1 @~ KIUKI, 25mg/kg (3)
-@- KI/KI, PBS (5) @ KIKI, PBS (3)
0 T T T T T T T 1 0 T T T T T T ' Age
10 11 12 13 14 15 16 17 10 11 12 13 14 15 16 17 (week)

Fig. 5. Etaner cept administration to actively inflamed 10-week-old Sh3bp2K”KI mice does not
rescue facial swelling
(A) Experimental procedure of etanercept administration to the 10-week-old Sh3bp2XI/K

mice with active inflammatory lesions. Ten-week-old Sh3bp2*/* and homozygous
Sh3bp2XI’KI mytant mice were treated with PBS or 25 mg/kg of etanercept twice per week
for 7 weeks. Mice were sacrificed at 17 weeks of age for analysis. (B) Facial appearance of
PBS- or etanercept-treated mice (top: before treatment at 10 weeks of age; bottom: after
treatment at 17 weeks of age). Blue arrows indicate closed eyelids due to facial skin
inflammation. Etanercept treatment failed to rescue eyelid closure in Sh3bp2XI/KI mice after
etanercept administration (red arrows). Numbers represent the percentages of Sh3bp2KI/KI
mice rescued from facial swelling. (C) Body weight changes in PBS- or etanercept-
administered Sh3bp2*/* and Sh3bp2XI’/Kl mice. Body weight in etanercept-administered
Sh3bp2XI’KI mice (red line) was maintained, whereas weight of PBS-administered
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Sh3bp2XI’KI mice (blue line) continued to decrease. Numbers in parentheses represent the
number of the mice weighed. Error bars represent + SEM. Asterisk represents the significant
difference (p < 0.05). N.S.: not significant.
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Fig. 6. No significant improvement in bone loss when etaner cept isadministered to adult
SthpZK”K' mice with active inflammation
(A) Reconstructed microCT images of the mandibular bone from 17-week-old Sh3bp2*/*

and Sh3bp2KI/KI mice treated with PBS or etanercept for 7 weeks. Thick arrows indicate
erosion pits due to inflammation (M1: first molar, M2: second molar, CEJ: cemento-enamel
junction, ABC: alveolar bone crest). (B) Quantitative measurement of the CEJ-ABC
distance at the lingual distal end of the mandibular first molar. (C) Reconstructed microCT
images of the calvarial bone from PBS- or etanercept-treated 17-week-old Sh3bp2*/* and
Sh3bp2XI’KI mice. Arrows indicate inflammatory erosion pits. Note that overall numbers and
areas of erosion pits in PBS-treated Sh3bp2X!/KI mutant are decreased compared to PBS-
treated 8-week-old Sh3bp2K!’KI mice (Fig. 3C). (D) Quantitative measurement of calvarial
bone erosion. Proportion (%) of bone erosion area including suture to total calvarial bone
area (6 mm x 6 mm) was calculated. (E) MicroCT images of elbow joint from PBS- or
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etanercept-administered 17-week-old Sh3bp2*/* and Sh3bp2X!/KI mice. Etanercept-
treatment of Sh3bp2K!/KI mice did not improve destruction of the elbow joint. Dotted box on
Sh3bp2XI’KI image treated with 25 mg/kg etanercept indicates the unchanged elbow joint
destruction after etanercept treatment. Numbers represent average joint destruction score
with + SEM. Joint destruction score in Sh3bp2XI’KI mice treated with 25 mg/kg etanercept is
comparable to that in PBS-treated Sh3bp2K!/KI mice. Error bars represent SD. Asterisks
represent significant difference (p < 0.05). N.S.: not significant. n=5-7 except for Fig. 6E
(n=6-7).
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Fig. 7. Limited effect of etaner cept treatment on active lung and liver lesionsand IL-1a/8-
mediated TNF-a. positive feedback loop in Sh3bp2K!/Kl macr ophages

(A) Lung tissue sections from PBS- or etanercept-treated 17-week-old Sh3bp2*/* and
Sh3bp2KI/KI mice stained with H&E. Arrows indicate inflammatory nodules. (B)
Quantitative analysis of total inflamed nodule area in lung sections. (C) H&E staining of
liver sections from PBS- or etanercept-treated mice. Arrows indicate inflammatory
infiltrates. (D) Quantitative measurement of the total area of inflammatory infiltrates in
liver. (E) Quantitative-PCR analysis of the TNF-a mRNA expression in liver. Average
expression level of two PBS-treated Sh3bp2*/* mice was set as 1. (F) Quantitative-PCR
analysis of the IL-1a and IL-1p mRNA expression in BMMs stimulated with TNF-a. Values
are the average of three independent RNA samples from each genotype. Average expression
level in Sh3bp2*/* macrophages was set as 1. (G) TNF-a level in the culture supernatants of
BMMs stimulated with IL-1a or IL-1f. Error bars represent SD. Asterisks represent
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significant difference (p < 0.05). N.S.: not significant. N.D.: not detected. n=5-7. In Fig. 7E,
n=2 in each Sh3bp2*/* group.
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