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Abstract

Cherubism is a craniofacial disorder characterized by maxillary and mandibular bone destruction.
Gain-of-function mutations in the SH3-domain binding protein 2 (SH3BP2) are responsible for the
excessive bone resorption caused by fibrous inflammatory lesions. A homozygous knock-in (KI)
mouse model for cherubism (Sh36p25<”K1 develops autoinflammation resulting in systemic bone
destruction. Although administration of the TNF-a blocker etanercept to neonatal Sh3bp2K/KI
mice prevented the disease onset, this therapy was not effective for adult $A36p25"K! mice or
human cherubism patients who already had lesions. Because genetic ablation of spleen tyrosine
kinase (SYK) in myeloid cells rescues $h36p25”K! mice from inflammation, we examined
whether SYK inhibitor administration can improve fully developed cherubism symptoms in adult
Sh3bp2KKI mice. Entospletinib (GS-9973) was intraperitoneally injected into 10-week-old
Sh3bp2KKI mice every day for 6 weeks. Treatment with GS-9973 improved facial swelling and
histomorphometric analysis of lung and liver tissue showed that GS-9973 administration
significantly reduced inflammatory infiltrates associated with decreased levels of serum TNF-a
Micro—computed tomography («CT) analysis showed that GS-9973 treatment reduced bone
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erosion in mandibles, calvariae, and ankle and elbow joints of SA36025”K! mice compared to
Sh3bp2KVKI mice treated with dimethyl sulfoxide (DMSO). Taken together, the results
demonstrate that administration of the SYK inhibitor ameliorates an already established cherubism
phenotype in mice, suggesting that pharmacological inhibition of SYK may be a treatment option
for cherubism patients with active disease progression.
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Introduction

Cherubism (OMIM#118400) is a genetic disorder characterized by bilateral multilocular
cystic bone destruction in the maxilla and mandibula. The cystic bone lesions are filled with
proliferative fibro-osseous tissue containing a large number of tartrate-resistant acid
phosphatase (TRAP)-positive multinucleated giant cells. Excessive tissue proliferation at
around 2 to 5 years old leads to a disfiguring swelling of the lower face reminiscent of
Renaissance cherubic angels. Swelling of submandibular lymph nodes is an additional
characteristic symptom of cherubism.(!) Cherubism lesions usually begin to regress after
puberty by mechanisms that may involve the toll-like receptor (TLR)-myeloid differentiation
primary response 88 (MYD88) pathway.(23) In severe cases, the lesions expand into the
orbital walls or upper airway,#=7) resulting in upward gazing, optic neuropathy,(”) or
respiratory disturbance.(® Heterozygous mutations in the RSPPDG hexapeptide sequence of
the SH3-domain binding protein 2 (SH3BP2) are responsible for cherubism.(®) The mutant
SH3BP2 protein escapes from poly adenosine diphosphate (ADP)-ribosylation by tankyrase
that leads to proteasomal degradation; therefore, increased amounts of mutant SH3BP2
protein promote macrophage and osteoclast activation in a gain-of-function manner.(10.11)
The homozygous cherubism knock-in (KI) mouse model carrying a typical SH3BP2
mutation spontaneously develops systemic macrophage inflammation starting at around 1
week of age in a TNF-a-dependent manner(12.13) and exhibits joint destruction as well as
jawbone erosion by osteoclasts.(:3) Because inflammatory lesions in $h36p25"K! mice
develop in the absence of T and B cells, cherubism is considered a new form of
autoinflammatory disease.(1314)

We have previously shown that postnatal administration of the TNF-a blocker etanercept is
able to prevent the development of inflammation when administered to the inflammation-
free neonatal (1-week-old) Sh3bp25<7K! mice.(12) However, the effect was very limited when
it was administered to 10-week-old SA36p2K"K! mice with fully active inflammation.(12)
These results suggest that anti-TNF-a therapy may be effective in young cherubism patients,
if treated before the inflammatory phase or bone resorption occurs, but not in patients who
are in the active and destructive phase of the disease. In agreement with the observation in
mice, treatment with TNF-a antagonist adalimumab was not effective in two cases of active
cherubism.(1®) Recent studies showed clinical and functional improvement in a patient with
aggressive cherubism treated with the calcineurin inhibitor tacrolimus, suggesting that
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blocking of NFAT-mediated transcriptional activation might prevent the need for surgical
removal of growing lesions and recurring maxillofacial surgeries for severe cherubism.(16)
However, more clinical trials are necessary to confirm the efficacy and safety of tacrolimus
for mild and severe cherubism.

Spleen tyrosine kinase (SYK) is a cytoplasmic protein tyrosine kinase predominantly
expressed in the hematopoietic cell lineage. SYK signaling evokes diverse biologic functions
particularly in B cells, neutrophils, macrophages, mast cells, and osteoclasts by coupling
immune cell receptors to intracellular signaling pathways.(17) Thus, SYK has been a
promising drug target for immune and inflammatory disorders.(18) Because SYK is a key
mediator of mutant SH3BP2 in myeloid cells and because genetic depletion of SYK in the
myeloid cell lineage rescues inflammation in S#36p25"K! mice,(219) we examined whether
pharmacological inhibition of SYK improves cherubism symptoms in adult Sh3bp2KVK!
mice that are in active disease status. Here, we show that administration of the novel SYK
inhibitor GS-9973 ameliorates inflammation and bone destruction in adult cherubism mice.

Materials and Methods

Animals

Cherubism mice (Sh3bp25<7KN on C57BL/6 background carrying the most common P418R
mutation in human cherubism (P416R in mice) have been described.(X3) All mice were bred
under specific-pathogen-free conditions. All animal experiments were approved by the
Institutional Animal Care and Use Committee at the University of Missouri—Kansas City.

SYK inhibitor administration

Entospletinib (GS-9973, MedChem Express) diluted with dimethyl sulfoxide (DMSO) was
intraperitoneally injected into male and female SA36p2K"K! and wild-type control mice
(Sh3bp2*'*) every day for 6 weeks from 10 weeks of age (100 mg/kg) or for 7 weeks from 1
week of age (50 mg/kg; Supplemental Fig. 5).

Micro—computed tomography analysis

Tissues including mandible, calvaria, femur, and elbow and ankle joints were fixed with 4%
paraformaldehyde (PFA)/phosphate buffered saline (PBS) for 24 hours and soaked in 70%
ethanol for a scan with the Skyscan1174 (Bruker, Kontich, Belgium) under the following
conditions: 80 kV X-ray energy, 6.67 um pixel size (mandible, femur, and elbow and ankle
joints) or 11.6 um pixel size (calvaria), and 0.4-degree rotation step with 3000 ms exposure
time. Scanned data were reconstructed with NRecon software (Bruker) with dynamic ranges
as follows: 0 to 0.14 (elbow joint), 0 to 0.15 (ankle joint), 0 to 0.16 (femur), 0 to 0.18
(calvaria), or 0 to 0.22 (mandible). Three-dimensional (3D) images were created using
CTVox software (Bruker).

Quantification of bone properties

Reconstructed data with NRecon were segmented by CTAnN software (Bruker) to define the
region of interest in each tissue. Distance between the cementoenamel junction (CEJ) and
alveolar bone crest (ABC) at the distal lingual surface of mandibular first molar (M1) was
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measured in reconstructed 2D images with CTAn software. The region for alveolar bone
volume analysis comprised 15 slices of the furcation area underneath the M1. Calcaneus
bone volume was used for quantitative assessment of bone erosion in ankle joints. Calvarial
micro— computed tomography (LCT) images (6 mm x 6 mm) were used to calculate the
erosion area (%) and bone surface/bone volume (BS/BV). The intersection of coronal and
sagittal sutures was used as the center position. The total area of bone erosion including
suture area in 6-mm x 6-mm calvarial bone images was measured as pixels with ImageJ
software (NIH, Bethesda, MD, USA; https://imagej.nih.gov/ij/) and divided by the total
number of pixels. The region for trabecular bone analysis comprised 1 mm (151 slices) of
the distal femur beneath the growth plate. The region for cortical bone analysis comprised
100 slices at the midshaft of the femur. Results from right and left bones were averaged in
each mouse except for calvariae.

Histological analysis

Postmortem tissues were fixed with 4% PFA/PBS for 1 day before paraffin embedding.
Sections (6 um) were stained with hematoxylin and eosin (H&E).

RNA and quantitative PCR analysis

Total RNA from liver tissue extracted with Ribozol (VWR) was transcribed to cDNA using
the High Capacity cDNA Reverse Transcription Kit (Life Technologies). Quantitative PCR
(gPCR) reactions were performed with the StepOne Plus system (Life Technologies) using
Maxima SYBR Green mix (Thermo Fisher). Relative gene expression levels were calculated
using a relative standard curve method to compare 7N/F-a expression levels in whole liver
tissue. Results were normalized by Gapdh expression levels. gqPCR primers used in this
study are: Tnfa-F 5'-GATCGGTCCCCAAAGGGATG-3’, Tnfa-R

5 TGTGAGGGTCTGGGCCATAG-3"; Gapdh-F 5 -ATCAAGAAGGTGGTGAAGCA-3’,
Gapd h-R 5"-GACAACCTGGTCCTCAGTGT-3’.

Histomorphometry

Total inflammatory area in liver and lung sections stained with H&E was measured as pixels
with ImageJ, which was divided by total pixels of the entire tissue to calculate the proportion
of inflammatory area (%).(? For the liver measurement, vasculature areas were excluded.
Lung and liver images were taken with 1x or 4x objectives, respectively (Nikon E800).
Results from four to five images from different areas of each tissue section were averaged.

Serum ELISA

Statistics

Mouse TNF-a Duo-Set ELISA kit (R&D Systems, Minneapolis, MN, USA) was used.
Serum was separated from blood with Vacutainer collection tube (BD) and stored at —-80°C
until use.

Statistical analysis was performed by the two-tailed unpaired Student’s #test to compare two
groups or by one-way ANOVA with Tukey-Kramer post hoc test to compare three or more
groups (GraphPad Prism 5; GraphPad Software, Inc., La Jolla, CA, USA). Values of p<0.05
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were considered to be significant. Average = SD numbers for each graph are listed in
Supplemental Table 1.

Results and Discussion

GS-9973 administration suppresses fully developed inflammation in Sh3bp2K/Kl mice

We chose the SYK inhibitor entospletinib (GS-9973), because this second-generation
compound has greater selectivity against SYK than tamatinib (R406), which is the active
metabolite of fostamatinib (R788)(20-23) and has a longer half-life in mouse plasma
compared to R406.(2124) Although GS-9973 has relatively high selectivity to tyrosine kinase
non-receptor 1 (TNK1, Kd (dissociation constant): TNK1 86 nM versus SYK 10.5 nM),
(20.22) the most comprehensive clinical experience of SYK inhibitors to date has been
obtained with GS-9973.(23.25) GS-9973 is currently in clinical trials for certain types of
leukemia and lymphoma (https://clinicaltrials.gov).

To address the therapeutic effect of GS-9973 on cherubism mice, 10-week-old Sh3bp2KVK!
mice were intraperitoneally injected with GS-9973 (100 mg/kg) every day for 6 weeks.
Results were compared to $h36p25"K! mice injected with vehicle (DMSO) (Fig. 1A).
GS-9973 treatment rescued the closure of eyelids associated with facial skin inflammation in
all male and female Sh3bp2K<"K! mice (Fig. 1B, red arrows), which had not improved in
Sh3bp2KKI mice treated with DMSO (Fig. 1B, blue arrows). Consistent with this
observation, body weight loss was prevented in the Sh#36p25”K! mice treated with GS-9973
compared to DMSO-treated Sh36p25"K! mice (Fig. 1C).

Inflammatory infiltrates in the lung and liver are other characteristics of Sh35p2K/K mice.
(13) Therefore, we examined whether GS-9973 treatment can also reduce the development of
inflammation in lung and liver. GS-9973 administration in SA36p2</K! mice significantly
reduced the number of inflammatory nodules compared to the DMSO-treated Sh3pp2K/K!
mice (Fig. 1D), which was confirmed by histomorphometric analysis measuring the total
inflammatory area against total lung area (Fig. 1E). In the liver, GS-9973 administration
effectively reduced the total area of macrophage-rich inflammation compared to DMSO-
treated Sh36p25"K! mice (Fig. 1F, G). Consistent with the decreased inflammatory
infiltrates, expression levels of TNF-a mRNA in liver tissue were significantly suppressed in
GS-9973-treated Sh3pp2KK! mice (Fig. 1H). Finally, serum TNF-a levels in Sh3pp2KI/KI
mice were markedly decreased in GS-9973-treated Sh3bp25K! mice (Fig. 11) and GS-9973
treatment suppressed TNF-a mRNA levels in bone marrow—derived M-CSF-dependent
macrophages (BMMs) (Supplemental Fig. 1). Taken together, these results suggest that the
SYK inhibitor treatment ameliorates fully developed inflammation in $A36p25"K! mice by
suppressing macrophage activation.

GS-9973 administration rescues Sh3bp2K/KI mice from inflammatory bone destruction

We next examined whether GS-9973 treatment rescues bone erosion and bone loss in
Sh3bp2KKI mice. uCT images of mandibular bone surface of $h36p25"K! mice treated
with GS-9973 showed reduced erosion pit formation compared to Sh36p25"K! mice treated
with DMSO (Fig. 2A, top). Alveolar bone loss was also suppressed in the treated mice (Fig.
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2A, bottom). To confirm the rescue from jawbone loss, the distance between CEJ and ABC
at the distal lingual surface of the mandibular first molar was measured using reconstructed
2D puCT images. GS-9973 administration significantly contributed to the reduction in
average CEJ-ABC distance (Fig. 2B). Increase in alveolar bone volume/tissue volume
(BVITV) was also significant (Fig. 2C). Reduction rate of alveolar BV/TV in GS-9973-
treated Sh36p25"K! mice compared to Sh36p2"* mice treated with DMSO was in average
4.1-fold smaller than in DMSO-treated Sh36p25"K! mice (Fig. 2D).

Consistent with reduced erosion pit numbers on calvarial bone surfaces (Fig. 2E), total bone
erosion areas on calvariae were significantly reduced in $/36p2K”K! mice treated with
GS-9973 compared to Sh3bp2K”K! mice treated with DMSO (Fig. 2F). Bone surface/bone
volume (BS/BV), a parameter for bone surface roughness, of calvarial bone was decreased
in GS-9973-treated Sh3bp2X<"K! mice compared to DMSO-treated Sh36p25"K! mice (Fig.
2G). Consistent with the results, BV/TV of calvarial bone was increased in GS-9973-treated
Sh3bp2<VKI mice (Fig. 2H).

Because Sh3bp2K"KI mice develop bone-destructive synovial tissue inflammation in the
elbow and knee joints,(12:13) we further investigated whether GS-9973 administration
amelio-rates inflammatory bone destruction. pCT analysis of SA36p25<"K! mice treated with
GS-9973 revealed obvious rescue from bone destruction in ankle joints (Fig. 21) and elbow
joints with improved coronoid fossa appearance (Supplemental Fig. 2). To quantify the
rescue from focal bone destruction, BV and BV/TV of the calcaneus in GS-9973-treated
Sh3bp2KKI mice were compared to those in DMSO-treated Sh3bp25/K! mice. GS-9973
administration significantly increased the average BV and BV/TV (Fig. 2J and K,
respectively). Reduction rate of calcaneus BV/TV in GS-9973-treated Sh3bp25/K! mice
compared to Sh3bp2*!* mice treated with DMSO was in average 2.9-fold smaller than in
DMSO-treated Sh3bp2K"K! mice (Fig. 2L).

Bone property analysis of femurs from GS-9973-treated Sh36p25"/K! mice showed a
significant increase in cortical bone thickness (Cort.Th), cortical bone mineral density
(Cort.BMD), and cortical bone volume (Cort.BV) at the midshaft compared to DMSO-
treated Sh36p25"K! mice, while those values were still less than GS-9973-treated or DMSO-
treated Sh36p2""* mice (Supplemental Fig. 3A-D). On the other hand, there were no
changes in trabecular BV/TV, trabecular bone thickness (Th.Th), trabecular bone number
(Th.N), and trabecular bone separation (Th.Sp) at the distal femur compared to DMSO-
treated Sh36p25"K! mice (Supplemental Fig. 3E-1). These data suggest that GS-9973
treatment in Sh36p25"K! mice is effective in the treatment of alveolar and calvarial bone
loss and partially effective in improving systemic bone loss and that cortical bone resorption
is more susceptible to the SYK inhibitor. Treatment of Sh3bp2</KI BMMs and Sh3bp2KiK!
mice with GS-9973 suppressed osteoclast formation (Supplemental Fig. 4A-D), suggesting
that decreased osteoclast differentiation under suppressed macrophage inflammation is the
major cause of improved bone destruction in S#36p25"K! mice. Interestingly, Sh3bp2KVK!
BMMs and $h36p25"K! mice were more susceptible to GS-9973 than Sh3bp2t* BMMs and
Sh3bp2!* mice, respectively (Supplemental Fig. 4A-D). The increased susceptibility of
Sh3bp2K/KI BMMs was also observed in TAV/F-a expression (Supplemental Fig. 1). Finally,
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we confirmed that similar to the treatment with etanercept,(12) GS-9973 treatment of 1-
week-old $h3bp2K7KI mice prevents autoinflammatory response (Supplemental Fig. 5).

In summary, we demonstrated that the novel SYK inhibitor GS-9973 ameliorates fully
developed inflammation and bone destruction in the mouse model of cherubism. Anti-SYK
therapy should be considered a potential strategy for pharmacological treatment of human
cherubism patients particularly during aggressive and destructive phases of the disease. In
fact, because GS-9973 is orally effective,(21) oral administration may be a clinical preference
for treatment of cherubism patients. Effectiveness of GS-9973 in cherubism treatment may
expand the applicability of SYK inhibitors to autoinflammatory disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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GS-9973 administration to actively inflamed 10-week-old SA36p25/K! mice improves facial
swelling, body weight loss, and systemic autoinflammation. (A) Experimental sequence of
GS-9973 administration. 10-week-old Sh36p2""* and Sh3bp25"K! mice were treated with
100 mg/kg of GS-9973 or DMSO every day for 6 weeks. Mice were euthanized at 16 weeks
of age for analysis. (B) Facial appearance of GS-9973- treated or DMSO-treated mice (top:
before treatment at 10 weeks of age; bottom: after treatment at 16 weeks of age). Blue
arrows indicate closed eyelids due to facial skin inflammation. GS-9973 treatment improved
eyelid closure in $h36p2KKI mice at 16 weeks old (red arrows). Numbers represent the
percentage of Sh36p2%<"K! mice with improved facial swelling. (C) Body weight changes in
GS-9973-administered or DMSO-administered Sh3bp2"* and Sh3bp25VK! mice. Body
weight in GS-9973-administered Sh36p25"K! mice (red lines) was increased, whereas
weight of DMSO-administered Sh36p25"K! mice (blue lines) continued to decrease.
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Numbers in parentheses represent the number of the mice weighed. (D) H&E-stained lung
tissue sections. Arrows indicate inflammatory nodules. Scale bar = 1 mm. (£) Quantitative
analysis of total inflamed area in the lung. (F) Liver sections from GS-9973-treated or
DMSO-treated Sh3bp2"* and Shabp2K/KI mice (H&E). Arrows indicate inflammatory
infiltrates. Scale bar = 500 um. (G) Quantitative measurement of total area of inflammatory
infiltrates in the liver. (H) Quantitative-PCR analysis of TNF-a mRNA expression in the
liver. Average expression level in $h35p2"* mice treated with DMSO was set as 1. (/)
Serum TNF-a levels of GS-9973-treated or DMSO-treated Sh3bp2* and Sh3bp2KVK! mice
at 16 weeks old. Data are presented as mean = SD. *p < 0.05. ANOVA with Tukey-Kramer
post hoc test. ND = not detectable; NS = not significant.
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Decreased craniofacial bone erosion and ankle joint destruction in adult $A36p2K/K! mice
treated with GS-9973. (A) Reconstructed 3D UCT images of the mandibular bone (top) and
reconstructed 2D PCT images showing the coronal plane at the center of the mandibular first
molar (bottom) from 16-week-old $h36p2*"* and Sh3bp2K/K! mice treated with GS-9973 or
DMSO for 6 weeks. Black arrows indicate CEJ and ABC. Red line indicates the distance
between CEJ and ABC. White arrows indicate erosion pits. (58) Quantitative measurement of
the CEJ-ABC distance at the distal lingual surface of the mandibular first molar. (C) BV/TV.
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Alveolar bone between roots of the mandibular first molar was segmented and subjected for
analysis. (D) Reduction rate of alveolar BV/TV in Sh3bp2K</K mice treated with GS-9973
or DMSO relative to Sh36p2** mice treated with DMSO. (£) Reconstructed pCT images of
calvarial bone from GS-9973-treated or DMSO-treated 16-week-old Sh34p2** and
Sh3bp2XVKI mice. Note that overall numbers and areas of erosion pits in GS-9973-treated
Sh3bp2KKI mutant mice are decreased compared to DMSO-treated 16-weeks-old
Sh3bp2X<"KI mice. (F) 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. (G) BS/BV in the 6-mm x 6-mm area. (H) BV/TV in the 6-mm x 6-mm area. (/)
3D uCT images of the ankle joint (top) and calcaneus (bottom) from 16-week-old Sh3pp2"*
and Sh3bp2KKI mice treated with GS-9973 or DMSO. (J, K) BV and BV/TV of calcaneus.
(L) Reduction rate of calcaneus BV/TV in Sh3bp2K/KI mice treated with GS-9973 or
DMSO relative to Sh36p2"* mice treated with DMSO. Data are presented as mean + SD. *p
< 0.05. ANOVA with Tukey-Kramer post hoc test. #0 < 0.05 with two-tailed #test. NS = not
significant; M1 = first molar; M2 = second molar; CEJ = cementoenamel junction; ABC =
alveolar bone crest; BV/TV = bone volume/tissue volume; BS/BV = bone surface/bone
volume.
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