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ABSTRACT

NF«B plays a key role in inflammation and skeletal disorders. Previously, we reported that
pharmacological inhibition of NFkB at the level of TRAF6 suppressed RANKL, CD40L and
IL1B-induced osteoclastogenesis and attenuated cancer-induced bone disease. TNFa is also
known to regulate TRAF6/NFxB signalling, however the anti-inflammatory and
osteoprotective effects associated with inhibition of the TNFa/TRAF6/NFkB axis have not
been investigated. Here, we show that in vitro and ex vivo exposure to the verified small-
molecule inhibitor of TRAF6, 6877002 prevented TNFa-induced NFkB activation,
osteoclastogenesis and calvarial osteolysis, but it had no effects on TNFa-induced apoptosis or
growth inhibition in osteoblasts. Additionally, 6877002 disrupted T-cells support for osteoclast
formation and synoviocyte motility, without affecting the viability of osteoblasts in the
presence of T-cells derived factors. Using the collagen-induced arthritis model, we show that
oral and intraperitoneal administration of 6877002 in mice reduced joint inflammation and
arthritis score. Unexpectedly, no difference in trabecular and cortical bone parameters were
detected between vehicle and 6877002 treated mice, indicating lack of osteoprotection by
6877002 in the arthritis model described. Using two independent rodent models of osteolysis,
we confirmed that 6877002 had no effect on trabecular and cortical bone loss in both
osteoporotic rats or RANKL- treated mice. In contrast, the classic anti-osteolytic alendronate
offered complete osteoprotection in RANKL- treated mice. In conclusion, TRAF6 inhibitors
may be of value in the management of the inflammatory component of bone disorders, but may
not offer protection against local or systemic bone loss, unless combined with anti-resorptive

therapy such as bisphosphonates.
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HIGHLIGHTS

e The wverified TRAF6/NFIB inhibitor 6877002 inhibited TNF[I-induced
osteoclastogenesis in vitro, inflammatory osteolysis ex vivo and arthritis progression
in vivo.

e 06877002 failed to affect systemic bone loss in rodents models of arthritis,
osteopetrosis or RANKL-induced osteolysis.

e TRAFG6 inhibitors can be of value in the management of inflammatory bone
disorders.
e  However, these agents may not offer osteoprotection comparable to anti-resorptive

agents in clinical practice.



1. INTRODUCTION

Inflammation is a major contributor to bone destruction, disability and co-morbidities
associated with skeletal disorders, particularly rheumatoid arthritis (RA), and to a lesser degree
postmenopausal osteoporosis [1, 2]. A number of treatments that antagonise the action of
proinflammatory mediators have been developed [3]. However, many of these strategies were
deemed less effective due to drug failure at preclinical testing, lack of clinical efficacy, rise in
acquired drug resistance and/or development of adverse effects [3-5]. Tumour necrosis factor
(TNF) receptor-associated factor 6 (TRAF6) is an adaptor protein for various receptors for
proinflammatory and osteolytic factors that share a distinctive TRAF6/CD40-binding motif [6-
9]. The list includes receptor activator of NFkB (RANK), Cluster of differentiation 40 (CD40)
and interleukin-1f (IL-1P) receptor-associated kinase (IRAK). Recruitment of TRAF6 by
receptors for these ligands activates a number of intracellular signalling pathways including the
IkB kinase (IKK)/NFkB signal transduction and mitogen-activated protein (MAP) kinase
pathways [8, 10-15]. In the skeleton, genetic and pharmacological studies have confirmed that
TRAF6-mediated IKK/NFxB activation is a prerequisite for RANKL-induced
osteoclastogenesis [8, 14-19], and it also plays an essential role in the regulation of bone loss
associated with excessive activity of CD40L, ILIP and transforming growth factor -
B (TGFP) [14-19]. Collectively, findings to date consolidated the critical role of TRAF6 in the
regulation of joint and bone diseases, particularly RA and osteoporosis.

TNFa is the master regulator of inflammation-related joint and bone destruction, and
TNF inhibitors are clinically effective anti-rheumatic agents [20-22]. Emerging evidence
suggests that TNFa utilizes both TRAF6 and TRAF2 to influence NFxB signalling [23-25],

however the role of the TNFo/TRAF6 axis in the development and progression of



inflammatory bone and joint diseases remains poorly understood. We have previously reported
that a verified small-molecule inhibitor of TRAF6/CD40 signalling, called 6877002 [26],
inhibited RANKL, CD40 and IL1B—induced osteoclastogenesis in vitro and cancer-induced
bone disease in mice [27]. Bearing in mind that TNFa is known to cooperate together with
CD40L, RANK and ILI to regulate TRAF6/NFxB signalling [20, 22] and bone and joint
destruction [23-25, 28], we carried out extensive in vitro, ex vivo and in vivo investigations to
examine the efficacy of 6877002 as anti-inflammatory and/or osteo-protective agent. These
studies showed that exposure to 6877002 was accompanied by significant reduction in
TNFo—induced osteoclast formation in vitro and inflammatory calvarial osteolysis ex vivo. In
vivo, oral and intraperitoneal administration of 6877002 reduced collagen-induced joint
inflammation and arthritis score. Unexpectedly, the administration of 6877002 failed to offer
osteoprotective effect against arthritis, ovariectomy or RANKL-associated systemic bone loss.
Thus, inhibitors of TRAF6/CD40 signalling such as 6877002 may be of value in the treatment
of arthritis, but must be part of a treatment regime that includes an anti-resorptive therapy to
ensure protection against systemic bone loss.

2. MATERIALS AND METHODS

2.1 Reagents and cell lines

The small-molecule inhibitor of TRAF6 6877002 (3-[(2,5-Dimethylphenyl)amino]-1-phenyl-2-
propen-1-one, Fig. 1, panel a) was a kind gift from G. Nicolaes (Maastricht University,
Maastricht, The Netherlands) and E. Lutgens (University of Amsterdam, The Netherlands), and
this agent was also purchased from Tocris Biosciences (Abingdon, UK). Mouse RAW 264.7
and MC3T3-E1 and human SW982, Saos2 and T Jurkat E6.1 cell-lines were purchased from

the American type culture collection (ATCC, Manassas, Virginia, USA). Mouse macrophage



colony stimulating factor (M-CSF) was purchased from R&D Systems (Abingdon, UK), human
IL1B from Roche (London, UK), TNFa from R&D Systems (Abingdon, UK) and soluble
RANKL (sRANKL) from Galapagos SASU (Romainville, France). Chicken collagen type II
and incomplete Freund’s adjuvant were purchased from Sigma-Aldrich (Taufkirchen,
Germany), and Mycobacterium tuberculosis from Difco Laboratories (Detroit, United States).
The minimum essential mediums (MEM) alpha(a)-MEM, delta(D)-MEM, dimethyl sulfoxide
(DMSO), Tween 20, Saline, bovine serum albumin (BSA) and phosphate buffered saline (PBS)
were obtained from ThermoFisher (Leicestershire, UK), and RPMI medium was purchased
from Sigma-Aldrich (Dorset, UK).

2.2 Mice experiments

All in vivo animal experimentations and protocols were approved by local Ethics
Committees. The safety profile of the TRAF6 inhibitor 6877002 was previously reported in
pharmacological studies that showed daily treatment with this agent exerts no negative effects
on hematopoiesis with up to 6 weeks of treatment mice [27, 29]. In the present study, we
observed no overt signs of toxicity nor significant change in body weight (data not shown).

2.2.1 Mouse model of joint inflammatory arthritis

Arthritis-associated joint inflammation and systemic bone loss were studied using the
mouse collagen-induced arthritis (CIA) model [30]. Briefly, male DBA/1 mice (6 week-old,
Freiburg, Germany) were anesthetized and received intradermal (ID) injection of an emulsion
of chicken collagen type II (100ul, 2 mg/mL) in complete Freund’s adjuvant supplemented
with freeze-dried Mycobacterium tuberculosis (1 mg/mL) at the base of the tail [30].
Inflammation of the paws was first observed after approximately 2 weeks. At this stage, mice
were randomly allocated into 4 groups (8 mice/group), and were subjected to intraperitoneal

(IP, 20 mg/kg/thrice-weekly) or oral (gavage, 50 mg/kg/thrice-weekly) administration of



6877002. Controls received vehicle (DMSO/Tween20/Saline, 1:1:8) alone. Treatments were
continued for 21 days, mice were scored for arthritis severity on day 23 and every 48 hours till
mice were sacrificed on day 45 [30]. Systemic bone loss was assessed at the tibia by micro-
computed tomography (microCT, Bruker, Belgium) [30, 31]. For magnetic resonance imaging
(MRI, Bruker, Belgium), excised hind legs were embedded and standard T1 and T2-weighted
gradient echo sequence was used for segmentation of the soft tissue.

2.2.2 Rat model of oestrogen deficiency associated osteolysis

The rat oestrogen deficiency model was used to test the anti-resorptive effect of 6877002.
Female Sprague Dawley rats (4-5 month-old, Harlan Laboratories, Croatia) were subjected to
ovariectomy or sham operation (n = 9/group) [32], and 6877002 was administered by IP
injection (20 mg/kg/thrice-weekly) two days post ovariectomy or sham operation. Controls
received vehicle (DMSO/Tween20/Saline, 1:1:8) alone. Treatment was continued for 3 weeks,

and skeletal properties were evaluated at the tibia by microCT (resolution, 19 um) [31].

2.2.3 Mouse model of RANKL-induced osteolysis.
The mouse RANKL model was used to examine the anti-resorptive effect of 6877002 on

TRAFG6-driven systemic bone loss. Female C3H mice (8 week-old, Janvier labs, Le Genest-
Saint-Isle, France) received IP injection of either 6877002 (10 and 20 mg/kg, 10 mice/group)
for 4 consecutive days or Alendronate (ALN, 40 pg/kg, Key Organics, Camelford, UK) on day
-3, 0 and 2. Sham and sRANKL control groups (10 mice/group) received vehicle
(DMSO/Tween20/Saline, 1:1:8). On Day 1 and 2, sham control received vehicle (DMSO/PBS,
1:20) alone and the remaining 4 groups received IP injections of sSRANKL (1 mg/kg, batch
number GG347-019P). Mice were sacrificed on day 5, and skeletal properties were assessed at

the tibia by microCT (resolution, 9 um) [31].

2.2.4 Mouse calvarial model of inflammatory osteolysis.



The effects of 6877002 on TNFa-induced bone loss was studied ex vivo using the mouse
calvarial organ culture [33]. Briefly, mouse calvarias were isolated from 2-day-old CD1 mouse
neonates (Harlan Laboratories, UK), each half of the calvarial bone was cultured on stainless
steel rafts in standard a-MEM tissue culture medium supplemented with either TNFa (20
ng/ml) or vehicle (1% BSA) in the presence and absence of 6877002. Cultures were terminated
after 7 days and osteolysis was assessed by microCT (resolution, 5 um) [31].

2.3 Osteoclast cultures and assays

The effects of 6877002 on TNFa-induced osteoclast formation was studied in mouse BM
and RAW 264.7 cells, and human peripheral blood mononuclear cells (PBMCs). Mouse pre-
osteoclasts were generated from BM cells flushed from the long bones of 3-5 month-old mice
(Harlan Laboratories, UK), and cultured in standard a-MEM supplemented with M-CSF (200
ng/ml) for 48 hours [34]. M-CSF-dependent osteoclast precursor cells were plated into tissue
culture plates in standard a-MEM supplemented with M-CSF (25 ng/ml) and RANKL (50 or
100 ng/ml) for 24 hours, prior the addition of TNFa (20 ng/ml). Mouse osteoclasts were also
generated in cultures of mouse RAW 264.7 pre-osteoclast-like macrophages cultured in the
presence of RANKL (100 ng/ml). Human osteoclasts were generated from PBMCs collected
from healthy donors in accordance with the study protocol approved by the University of
Sheffield Research Ethics Committee. CD14+ monocytes were isolated from the buffy coat
using anti-CD14 antibody bound beads (Miltenyi Biotech, Gladbach, Germany), plated in
standard a-MEM supplemented with M-CSF (25 ng/ml) and RANKL (30 ng/ml). Mature
osteoclasts were identified using Tartrate-Resistant Acid Phosphatase (TRACcP) staining as
previously described in [34].

2.4 Osteoblast cultures and assays
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Osteoblasts were isolated from the calvarial bone of 2-day-old mice or generated from
mouse MC3T3-E1 and human Saos2 pre-osteoblast cells [35]. For osteoblast — osteoclast co-
cultures, osteoblasts were cultured with BM cells flushed from the long bones of 3-5 month-old
mice in standard a-MEM supplemented with 1,25-(OH)2-vitamin D3 (10 nM, Sigma-Aldrich,
Dorset, UK) for 48 hours, prior exposure to TNFa (20 ng/ml) in the presence or absence of
6877002 (10 uM) for 72 hours. For bone nodule formation assay, osteoblasts were incubated
for up to 21 days in standard o-MEM supplemented with B-glycerol phosphate (10 uM,
ThermoFisher, Leicestershire, UK) and L-ascorbic acid (50 pg/ml, Sigma-Aldrich, Dorset,
UK). Osteoblast growth and bone nodule formation were determined by AlamarBlue
(Invitrogen, Paisley, UK) and alizarin red (ALZ, Sigma-Aldrich, Dorset, UK) staining,
respectively [35, 36]. Osteoblast apoptosis was detected using Apo-ONE® Homogeneous
Caspase-3/7 Assay (Promega, Southampton, UK).

2.5 T-Cells and conditioned medium
The human T-cell-like Jurkat E6.1 cell lines were cultured in standard RPMI tissue

culture medium. For studies involving T-cell conditioned medium, Jurkat E6.1 cells were
incubated in serum free RPMI medium for 16 hours, conditioned medium was removed,
filtered (0.22 pum filter diameter) and added to cultures of osteoclasts, osteoblasts and SW982
synoviocyte cultures at 20% (v/v), for the desired period [33].

2.6 Mechanistic studies
Western blot analysis was used to study the expression of TRAF6, and effects of 6877002

on NFkB and MAPK activation [37]. Briefly, cultures were incubated in serum free medium
for 60 minutes, and 6877002 or vehicle (0.1% DMSO) was added for the desired period of time
in the presence and absence of tested cytokine. Cultures were homogenized in standard lysis

buffer and protein (50 - 70 pg) was resolved by SDS-PAGE (BioRAD, Exeter, UK) and
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immunoblotted with antibodies. Detection of native and phosphorylated proteins was
performed using the anti-TRAF6, anti-phospho IxkBoa Ser36 and anti-IxB, phospho-p42/44,
total p42/44, phospho-P38, total P38, phospho-JNK1/2 and total JNK (1:1000 dilution, Cell
Signalling Technology, London, UK). Immuno-complexes were detected using horseradish
peroxidase-conjugated secondary antibody (1:1000 dilution, Stratech Scientific Unit, Suffolk,
UK). The rabbit anti-actin (Sigma-Aldrich, Dorset, UK) was used as standard. Membranes
were visualised using chemiluminescence (Amersham, UK) on a ChemiDocMP imaging
system (Biorad, Exeter, UK).

2.7 Statistical analysis

Results were reported as mean # standard deviation (SD) unless otherwise stated.
Comparison between three groups was done by analysis of variance (ANOVA) and student T-
test was utilized to perform statistical between two groups (GraphPad Prism, La Jolla
California, USA). A p-value of 0.05 or below was considered statistically significant.

3. RESULTS
3.1 6877002 inhibits TNF a-induced osteoclastogenesis and osteolysis

TNFa is implicated in the regulation of TRAF6 signalling [23-25, 28], and numerous
studies have shown that TNFa enhances RANKL-induced osteoclastogenesis [20, 38]. Thus,
we first utilized the mouse calvarial organ culture system (Fig. 1b) to examine the anti-
TNFa and osteoprotective effects of the verified TRAF6 inhibitor 6877002 ex vivo. As shown
in Figure 1 (panels b and c), TNFa caused significant loss of bone volume in mouse calvarial
bone, and pre-treatment with 6877002 (10 uM) for 1 day prior the addition of TNFa (20 ng/ml)
for 5 days completely reversed this effect (Fig.1c). Additionally, 6877002 (10 uM) enhanced

bone volume in the absence of TNFa, suggesting an osteoprotective effect (Fig. 1¢). Next, we
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show that pre-treatment of osteoclast precursors with 6877002 for 1 hour after exposure to
RANKL (50 and 100 ng/ml), but prior the addition of TNFa (20 ng/ml), reduced osteoclast
formation in a concentration dependent manner (Fig. 1d-e). Of note, 6877002 (0-3 uM) had no
effect on the proliferation of osteoclast precursors (Fig. 1f), excluding the possibility that the
anti-osteoclast effect observed in TNFa and RANKL stimulated cultures (Fig. 1d) was
mediated by a cytotoxic effect. Further mechanistic studies in mouse RAW 264.7 pre-
osteoclasts showed that 6877002 prevented TNFa-induced canonical NF«xB activation, as
evidenced by significant inhibition in IxBo phosphorylation (Fig. 1g, left), coupled with a
modest, non-significant increase in total IkB (Fig. 1g, right). Representative photomicrographs

from western blots from these experiments are shown in Fig. 1h.

3.2 6877002 has no effect on TNF a-related osteoblast inhibition

TNFa is known to enhance osteoblast support for osteoclastogenesis and to induce
osteoblast apoptosis [20]. Thus, we examined the effects of 6877002 on in vitro osteoblast
viability, apoptosis, bone nodule formation and support for osteoclastogenesis in the presence
and absence of TNFa. First, we confirmed that pre-treatment of calvarial osteoblasts with
6877002 (10 uM) for 1 hour before exposure to TNFa (20 ng/ml), significantly reduced the
number of multi-nucleated TRACcP positive osteoclasts in osteoblast — BM cell co-cultures after
72 hours (Fig. 1i). Next, we went on to show that prolonged exposure to TNFa reduced the in
vitro cell viability (Fig. 1j) and induced caspase-3/7 activation (Fig. 1k) in osteoblasts after 5
days of continuous exposure, whereas pre-treatment with 6877002 neither prevented nor
exacerbated these effects. Similarly, exposure to non-cytotoxic concentrations of 6877002 for
21 days (0 — 0.3 uM, Fig. 11, left) had no effect on the ability of calvarial osteoblasts to form

bone nodules in vitro (Fig. 11, right).
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3.3 6877002 disrupts T-cell crosstalk with synoviocytes and osteoclasts, but not with

osteoblasts

TRAF6/CDA40 is implicated in the regulation of the crosstalk between T lymphocytes and
synovial and bone cells [39, 40]. With this in mind, we tested the effects of 6877002 on the
ability of T-cells to grow and to influence synoviocyte motility, osteoclast formation and
osteoblast proliferation in vitro. First, we demonstrated that conditioned medium from activated
T-cells enhanced the 2D migration of the synoviocyte SW982 cells after 16 hours, and 6877002
pre-treatment (3 uM) significantly reduced this effect (Fig. 2a). Of importance, this effect was
observed at a concentration (3 uM) that had no effect on the proliferation of SW982 cells (ICso
= >100 uM after 24 and 48 hours, and 49.28 + 8.16 uM after 72 hours) or T-cells (ICso =
>100 uM after 24 and 48 hours, and 18.64 + 6.93 uM after 72 hours). This excludes the
possibility that the anti-migratory effect of this agent was due to reduction in synoviocyte
viability. 6877002 (3 uM) reduced osteoclast number when cultured in RANKL (100 ng/ml)
and conditioned medium from T-cells (20% v/v, Fig. 2b), without affecting pre-osteoclast
survival (Fig. 2¢). Furthermore, we examined the effects of 6877002 on T-cell — osteoblast
interaction and observed that neither this agent nor conditioned medium from T-cells had any
effect on osteoblast growth in the model described (Fig. 2d).
3.4 Oral and intraperitoneal treatments with 6877002 reduced inflammatory arthritis in mice

Guided by the aforementioned in vitro and ex vivo findings as well as our published work
[27], we validated the anti-inflammatory effect of 6877002 in the mouse CIA model [30].
Figure 3 shows graphic representation and experiment timeline of intraperitoneal (IP, Fig. 3a)
and oral (Fig. 3b) administration of 6877002 in 6 week-old DBA/1 mice (n = 10/group) for 23
days post the development of CIA. First, we observed that IP treatment with 6877002 (20

mg/kg/thrice/weekly) reduced the development of the inflammatory component of CIA, as
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evident from the significant reduction in both paw thickness (Fig. 3¢ and d) and joint score
(Fig. 3e). These effects were observed post the development of the disease on day 35 and were
maintained to the end of the experiment on day 44 (Fig. 3). Encouraged by these results, we
went on to perform an additional mouse experiment (Fig. 3b) that revealed that oral
administration of 6877002 (50 mg/kg) was relatively less efficacious in halting the disease
progression, but treated mice still exhibited significant reduction in paw thickness, evidenced
by the significant reduction in area under the curve (AUC, Fig. 3c). Next, we carried out
detailed MRI analysis to examine signs of hypervascularization and oedema in inflamed paws.
As shown in Figure 3 (panels f and g), IP administration of 6877002 exerted significant
reduction in T1 relaxation time in soft tissue (Fig. 3f, left), whereas mice that received oral
treatment exhibited similar reduction in T2 relaxation time (Fig. 3f, right), indicative of reduced
tissue water content. In the bone marrow, oral treatment with 6877002 was accompanied by
significant reduction in T2 relaxation time (Fig. 3g), indicative of reduced bone marrow
adiposity, whereas IP treatment had no significant effect. Representative photomicrographs of
MRI images of the mouse hind paws from the experiment described are shown in Fig. 3, panels
h and i. Notably, neither IP treatment nor oral administration of 6877002 led to significant
changes in mouse body weight in the experiment described (data not shown). These findings
together show that 6877002 treatment reduces the inflammatory component of arthritis in the
mouse model described.

3.5 6877002 has no effect on systemic bone loss in arthritic mice and osteoporotic rats

RA is also characterised by systemic bone loss [1-3]. Thus, we next carried out detailed
microCT analysis at the tibia of arthritic mice (Fig. 3) to look for signs of osteoprotection by

6877002. As shown in Figure 4, we detected no differences in trabecular bone volume/total
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volume (Tb.BV/TV; Fig. 4a), number (Tb.N; Fig. 4b), thickness (Tb.Th; Fig. 4c) or separation
(Tb.Sp; Fig. 4d) between vehicle or IP or oral 6877002 treated groups. Representative
photomicrographs of microCT analysis of the trabecular compartment at the tibia from the
experiment described are shown in Fig. 4e. Similarly, no differences in cortical bone volume
(Ct.BV/TV, Fig. 4f) or thickness (Tb.Th; Fig. 4g) were detected between the vehicle and two
6877002 treated groups. Representative photomicrographs of microCT analysis of the cortical

compartment at the tibia from the experiment described are shown in Fig. 4h.

Previous studies have shown that TRAF6/CD40 signalling regulates bone loss associated
with oestrogen deficiency in osteoporotic rodents [40, 41]. Thus, we took the decision to
investigate the effect of 6877002 on systemic bone loss in female Sprague Dawley rats (4-5
month-old) subjected to ovariectomy for 3 weeks (Fig. 5a). As expected, oestrogen deficiency
(Fig. 5a) resulted in significant reduction in trabecular bone volume/total volume (BV/TV) in
the tibia (Fig. 5b, left) and femur (Fig. 5b, middle) of these osteoporotic rats, and these effects
were unaffected by IP administration of 6877002 (20 mg/kg). This agent also failed to affect
trabecular BV/TV in the spine (Fig. 5b, right) or cortical BV/TV (Fig. 5¢) in the tibia and
femur. Representative photomicrographs of microCT analysis of rat trabecular and cortical
compartments at the tibia, femur and spine from the experiment described are shown in Fig. 5
panels d, e and f, respectively.

3.6 6877002 has no significant effects on RANKL-induced MAP kinase activation

During the course of this investigation, we became aware of previous studies that showed
TRAFG6 interacts differently with multiple receptor associated factors and adaptor proteins to
regulate signal transduction pathways, in particular NFkB and MAP kinase [10, 11, 42]. As

both CD40 and RANK receptors share the same binding motif for TRAF6 targeted by
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6877002, we carried out mechanistic studies that examined the effects of this agent on
RANKL-induced NFkB and MAP kinase activation in mouse M-CSF dependent osteoclast
precursors. As shown in Figure 6a, pre-exposure of preosteoclasts to 6877002 (10 — 30 uM) for
1 hour completely abolished RANKL (200 ng/ml) - induced IxBa phosphorylation in pre-
osteoclasts, indicative of inhibition of canonical NFxB signalling. In these cultures, RANKL
(200 ng/ml) also stimulated the phosphorylation of extracellular signal-regulated protein kinase
42 (ERK42) and to a lesser level ERK44, and these effects were unaffected by 6877002 (10 —
30 uM) (Fig. 6a, middle panels). Interestingly, RANKL (200 ng/ml) failed to stimulate the
phosphorylation of P38 and c-Jun N-terminal kinases 1/2 (JNK1/2) in these cultures, whereas
exposure to 6877002 at 30 uM was stimulatory (Fig. 6a, right panels). These mechanistic
studies imply that 6877002 treatment is insufficient to inhibit RANKL-induced ERK1/2 MAP
kinase activation in osteoclast precursors at concentrations that completely abolished canonical
NF«B activation.
3.7 6877002 has no significant effects on RANKL-induced bone loss in mice

In view of the aforementioned mechanistic studies, we carried out an additional in vivo
experiment to test whether administration of 6877002 affects RANKL/TRAF6-driven bone loss
in mice. Figure 6 (panels b and c) show graphic representation (Fig. 6b) and experiment
timeline (Fig. 6¢) of intraperitoneal administration of 6877002 in 8 week-old C3H female mice
(n = 10 mice/group). The classic anti-osteoclast bisphosphonate ALN was included as a
positive control [43]. Detailed microCT analysis of the tibia from mice injected with sSRANKL
(1 mg/kg) showed that pre-treatment of mice with 6877002 (20 mg/kg) caused a non-
significant trend towards reduction in trabecular bone loss (Tb.BV/TV; Fig. 6d). Representative

photomicrographs of microCT images of the trabecular compartment at the tibia from the
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experiment described are shown in Fig. 6e. Further analysis of bone architecture at the
trabecular compartment demonstrated that 6877002 (10 and 20 mg/kg) had no significant effect
on RANKL-induced loss in trabecular number (Tb.N; Fig. 6f), thickness (Tb.Th; Fig. 6g) or
separation (Tb.Sp; Fig. 6h). In contrast, subcutaneous injection of ALN (60 ng/kg) completely
abolished these effects (Fig. 6d-g). Of note, administration of SRANKL (1 mg/kg) had no effect
on mouse body weight in the experiment described (data not shown).
4. DISCUSSION

In this study, we used the verified small-molecule inhibitor of TRAF6/CD40 6877002 to
test the hypothesis that inhibition of TNFa-induced NFxB activation at the level of TRAF6
alleviates inflammatory and osteolytic components of joint and bone diseases in rodents. Our
findings partially support this hypothesis. To explore the anti-inflammatory and osteoprotective
properties of 6877002, we utilized standard in vitro and ex vivo models to show that 6877002
inhibited canonical NFkB activation by TNFa and this was accompanied by reduction in
RANKL- and osteoblast-induced osteoclast formation and inflammatory calvarial osteolysis.
However, it is important to note that these effects were observed in RANKL-stimulated
cultures, and the ex vivo organ culture model that relies on the presence and action of RANKL,
and a plethora of factors that directly (IL1, CD40L and RANKL) or indirectly (TGFP and
IGF-1) activate TRAF6. We have previously showed that 6877002 completely abolished IL1,
CD40L and RANKL-induced NFxB activation and osteoclast formation [27], but it remains to
be seen if 6877002 affects the actions of other bone-derived factors such as TGFp.
Nevertheless, osteoblasts and T-cells secrete IL13, CD40L, RANKL and TNFa, and our
present data indicate that 6877002 disrupted the ability of these cells to support

osteoclastogenesis. In a similar vein, 6877002 inhibited T-cells support for synoviocyte
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motility. Thus, it is reasonable to conclude that the anti-TNFo and anti-osteolytic effects of
6877002 were mediated — at least in part — by its ability to antagonize the action of TRAF6-
activating inflammatory factors in the models described.

The in vivo data from the mouse CIA model partially complement this conclusion, and
showed that 6877002 reduced joint inflammation and slowed down the disease progression,
consistent with TNFa inhibition [20, 22]. An unexpected finding from this experiment is that
IP injection of 6877002 at a dose of 20 mg/kg was more effective in reducing paw thickness
and disease progression than a higher oral dose of 50 mg/kg. We also observed that IP and oral
treatments caused inconsistent reduction in signs of hypervascularization and oedema in
inflamed mouse paws. Whilst we cannot readily explain these discrepancies, it is tempting to
attribute that the lack of superior efficacy of this agent at a higher dose to its poor solubility in
aqueous solution. Thus, we recommend that future studies should consider the development
and testing of water-soluble analogues or congeners of 6877002. Such studies are warranted
and currently on-going in our laboratories.

RA is also characterised by systemic bone loss, and NFxB inhibition was found to
alleviate bone destruction in RA models [44]. Surprisingly, we observed no differences in
skeletal parameters between vehicle or 6877002 treated mice. This finding led us to tentatively
conclude that 6877002 may not offer significant protection against systemic bone loss. Indeed,
we failed to observe any significant effect by 6877002 on trabecular or cortical parameters of
osteoporotic rats or RANKL-injected mice. Nevertheless, treatment of mice with 6877002
caused a modest — but non-significant — reduction in RANKL-induced bone loss. This finding

is in agreement with the results of a pilot experiment in which 6877002 reduced ovariectomy-
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induced bone loss in CD1 mice (conference abstract [45]). The discrepancies between these
reports can only be attributed to species differences [46].

6877002 inhibits TRAF6/CD40 [26] and TRAF6/RANK signalling [27], two pathways
that are implicated in the regulation of various downstream pathways, particularly NFxB and
mitogen-activated protein (MAP) kinase pathways [10, 11, 42]. The MAP kinase pathway is
implicated in RA [47, 48]. Although the precise mechanism(s) remains unclear, the evidence
presented here shows that 6877002 inhibits RANKL-induced NF«kB — but not ERK1/2 —
activation, thereby leading us to speculate that MAP kinase activation may have contributed —
at least in part — towards the inability of 6877002 to offer osteoprotective effect in the models
of osteolysis described. Thus, we suggest that these paradoxical effects associated with TRAF6
inhibition should be carefully explored. For that, further studies are warranted and ongoing.

In recent decades, there have been concerted efforts to develop anti-inflammatory agents
that selectively target and inhibit TRAF6/NFkB signalling for the treatment for diseases
characterised by excessive joint and bone destruction. Very few agents have been tested or
considered for approval by the authorities, we thus propose that TRAF6 inhibitors such as
6877002 or its future analogues/congeners can be of value in the management of the
inflammatory component of conditions such as RA. However, these agents may not offer
protection against systemic bone loss comparable to classic anti-resorptive therapy such as
bisphosphonates. Furthermore, treatment of RA with classic anti-inflammatory agents such as
dexamethasone or prednisolone often associated with drug-induced osteoporosis in patients
[21, 22]. Thus, further studies are needed to test if and how 6877002 - or its novel analogues

and congeners - exert anti-inflammatory and/or osteoprotection in other disease models.
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Figure legends

Fig. 1. 6877002 reduces TNFoa-induced NFxB activation, osteoclastogenesis and
osteolysis. (@) The chemical structure of the small-molecule inhibitor of TRAF6
6877002. (b) Graphic representation of ex vivo mouse calvarial organ system pretreated
with vehicle or 6877002 (10 uM) in the presence or absence of TNFa (20 ng/ml) for 5
days. (c) ex vivo bone volume (BV) and osteolysis in the mouse calvarial organ co-culture
system described in panel b. Schematic was created with BioRender.com under a paid
subscription. (d) In vitro osteoclast formation in RANKL (50 — 200 ng/ml) stimulated
human pre-osteoclasts treated with vehicle or 6877002 (up to 3 uM) for 72 hours in the
presence and absence of TNFa (10 ng/ml), as assessed by TRAcP staining assay. (e)
Representative photomicrographs of TRAcP positive mature human osteoclasts from the
experiment described in panel ¢ (scale bar = 50 um). (f) In vitro viability of M-CSF
generated human pre-osteoclasts treated with vehicle or 6877002 (0 — 3.0 uM), as
assessed by AlamarBlue assay. (g) In vitro NFkB activation assessed by western blot
quantification of phosphorylated (left) and total (right) IkBa in mouse pre-osteoclast-like
RAW 264.7 macrophages pre-treated with vehicle or 6877002 (0 — 50 uM) for 1 hour
prior exposure to TNFa (10 ng/ml) for 10 minutes. (4) Representative photomicrographs
of blots from the experiment described in panel g. (i) /n vitro quantification of osteoclast
number in calvarial osteoblast — bone marrow cells co-cultures pre-treated with vehicle or
6877002 (up to 3 uM) for 72 hours in the presence and absence of TNFa (20 ng/ml), as
assessed by TRACP staining assay. (j) In vitro osteoblast viability in cultures of primary
mouse calvarial pre-osteoblasts treated with vehicle or 6877002 (0 — 10 uM) in the

presence and absence of TNFa (20 and 100 ng/ml) for 5 days, as assessed by AlamarBlue
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assay. (k) In vitro caspase-3/7 activation in primary calvarial pre-osteoblasts from the
experiment described in panel j. (/) In vitro osteoblast viability (left) and bone nodule
formation (right) in cultures of human Saos2 and mouse MC3T3 pre-osteoblasts treated
with vehicle or 6877002 (0 — 3.0 uM) for 21 days, as assessed by AlamarBlue and
Alazarin Red (ALZ) assays, respectively. Values are mean = SD of three independent
experiments (n = 3) unless stated otherwise; * p<0.05 and ** p<0.01 from vehicle; # p <
0.05 from control plus TNFa; + p < 0.05 from control plus RANKL (50 ng/ml); $ p <
0.05 from control plus RANKL (100 ng/ml); XX p < 0.05 from vehicle plus TNFa.
Dotted line denotes control. Abbreviation: M, molecular weight marker; kD, kilodalton.

Fig. 2. 6877002 disrupts T Lymphocytes crosstalk with osteoclasts and synoviocytes,
but not osteoblasts. (a) In vitro chemotactic 2D migration of human synoviocyte-like
SWO82 cells treated with vehicle or 6877002 (0 — 3.0 uM) in the presence of conditioned
medium (CM, 20%, v/v) from naive or active Jurkat E6.1 T Lymphocytes for 16 hours, as
assessed by wound healing assay. Representative photomicrographs show cultures of
human SW982 synoviocytes from the experiment described (panel a, right) (scale bar =
50 um). (b) In vitro osteoclast formation in RANKL (100 ng/ml) stimulated human pre-
osteoclasts treated with vehicle or 6877002 (3 uM) in the presence of active Jurkat E6.1 T
Lymphocytes CM (20%, v/v) for 72 hours, as assessed by TRAcP staining assay.
Representative photomicrographs show TRAcP positive mature human osteoclasts from
the experiment described (panel b, right) (scale bar = 50 um). (c¢) In vitro viability of
human pre-osteoclasts pretreated with vehicle or 6877002 (0 — 3.0 pM) in the presence of
conditioned medium (CM, 20%, v/v) from activated human T-cell-like Jurkat E6.1 cells

for 72 hours, as assessed by AlamarBlue assay. (d) In vitro osteoblast viability in cultures
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of mouse MC3T3 pre-osteoblasts treated with vehicle or 6877002 (0 - 3.0 uM) in the
presence of active Jurkat E6.1 T Lymphocytes CM (20%, v/v) for 72 hours, as assessed
by AlamarBlue assay. Values are mean + SD of three independent experiments (n = 3)
unless stated otherwise; * p<0.05 and ** p<0.01 from vehicle; + + p < 0.01 from control
plus naive Jurkat E6.1 cell CM (20%, v/v).

Fig. 3. Oral and intraperitoneal administration of 6877002 reduces clinical arthritis
score in mice. (a-b) Graphic representation (left) and experiment timeline (right) of
intraperitoneal (IP, 20 mg/kg/thrice-weekly, a) or oral (gavage, 50 mg/kg/thrice-weekly,
b) administration of vehicle or 6877002 into 6-week old DBA/1 mice subjected to CIA (n
= 10/group). Schematic was created with BioRender.com under a paid subscription. (c)
Combined area under the curve (AUC) from IP and oral experiments descried in panels a
and b. (d - e) hind paw thickness (d) and arthritic score in hind paws and ankles (e) in
mice from the experiment described in panel a. (f - g) Quantification of soft tissue (f) and
bone marrow volume (g) from T1 and T2 relaxation time in mice from IP and oral
experiments descried in panels a and d. (h - i) Representative photomicrographs of MRI
scans of mouse paws from the experiments described in panels @ — g (scale bar = 5 mm).
Arrows indicate synovial thickening. Values are mean + SEM; * p<0.05 and ** p<0.01
from vehicle treated group. AUC denotes area under the curve; ms, milli-second(s).

Fig. 4. Oral and intraperitoneal administration of 6877002 has no effect on bone loss
in arthritic mice. (a - d) In vivo trabecular bone volume (Tb.BV/TV, a), number (Tb.N.,
b), thickness (Tb.Th., ¢), trabecular separation (Tb.Sp., d) at the tibia of arthritic mice
subjected to CIA and intraperitoneal (IP) or oral (gavage) treatment of vehicle or

6877002 (IP: 20 and Oral: 50 mg/kg/thrice-weekly) for 45 days (IP: n = 16/group and
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Oral: n = 14/group), as assessed by microCT. (e) Representative photomicrographs of
microCT scans of mouse trabecular compartment from the experiment (scale bar = 1
mm). (f - g) In vivo cortical bone (Ct.) volume (Ct.BV/TV, f) and thickness (Ct.Th., g) at
the tibia of arthritic mice from the experiment described in panels a - e, as assessed by
microCT. (h) Representative photomicrographs of microCT scans of mouse cortical and
trabecular compartments from the experiment (scale bar = 1 mm). Values are mean + SD.
Fig. 5. 6877002 has no effect on bone loss in oestrogen-deficient osteoporotic rats. (a)
Graphic representation of intraperitoneal (IP) administration of vehicle or 6877002 (20
mg/kg/thrice-weekly) in female Sprague Dawley rats (4-5 month old) subjected to
ovariectomy (ovx) for 3 weeks (n = 9/group). (b) In vivo trabecular bone volume
(Tb.BV/TV) at the tibia (left), femur (middle), spine (right) from the experiment
described in panel a, as assessed by microCT. Schematic was created with
BioRender.com under a paid subscription. (d) In vivo cortical bone volume (Ct.BV/TV) at
the tibia (left) and femur (right) from the experiment described in panels a and b. (d - f)
Representative photomicrographs of microCT scans of the tibia (d), femur (e) and spine
(f) of mice from the experiment described in panels @ — g (scale bar = 1 mm). Values are
mean + SD. * p<0.05; ** p<0.01 from sham control.

Fig. 6. 6877002 has no effect on RANKL-induced MAPK activation in vitro or
osteoporosis in mice. (@) /n vitro NFkB and MAPK activation assessed by western blot
quantification of phosphorylated (phospho-) IkBa, ERK42, ERK44, P38 and JNK1/2 in
mouse M-CSF generated pre-osteoclasts pretreated with vehicle or 6877002 (0 - 30uM)
for 1 hour and exposed to soluble SRANKL (200 ng/ml) for 15 minutes. Values are mean

+ SD of three independent experiments (n = 3). Dotted line denotes control. (b - ¢)
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Graphic representation (b) and experiment timeline (¢) of administration of vehicle or
6877002 (IP, 10 or 20 mg/kg/day 1 to 4) or Alendronate (ALN, SC, 60 mg/kg/day -3, 0
and 2) in 8-week-old female C3H mice injected daily with sSRANKL (1 mg/kg) for 4 days
(n = 10 mice/group). Schematic was created with BioRender.com under a paid
subscription. (d - e) In vivo trabecular bone volume (Tb.BV/TV) at the tibia of the
osteotropic mice described, as assessed by microCT. Representative photomicrographs of
microCT scans of the tibia of mice from the experiment are shown in panel e (scale bar =
1 mm). (f - h) in vivo trabecular number (Tb.N., f), thickness (Tb.Th., g), trabecular
separation (Tb.Sp., k) at the tibia the osteotropic mice described in panels a-e.; Values are
mean £ SD (n = 10). ** p<0.01 from vehicle and ++ p < 0.01 from control plus

sRANKL.

Figures
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SUPPLEMTARY FIGURES
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Supplementary Figure S1 (related to Figure 1 and 2). (a - b) TRAF6 expression in
human Jurkat E6.1 T Lymphocytes, synoviocyte-like SW982 cells and osteoclasts (n =
1), as assessed by western blot analysis. Effects of 6877002 (0-100uM) on in vitro
viability in cultures of Jurkat E6.1 T-cells (d) and SW982 cells (c) for 48 and 72 hours, as
assessed by AlamarBlue. Values are mean + SD of three independent experiments (n = 3)

unless stated otherwise; ** p<0.01 from vehicle.
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Supplementary Figure S2 (related to Figures 3 to 6). Body weight in arthritic mice (a,
related to Fig. 3 and 4), ovariectomized (ovx) rats (b, related to Fig. 5) and mice

subjected to RANKL treatment (c, related to Fig. 6). Values are mean + SD. * p<0.05.
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Supplementary Figure S3 (related to Figure 5). Effect of 6877002 on bone loss in
oestrogen-deficient osteoporotic rats. in vivo trabecular number (Tb.) number (Tb.N.),
thickness (Tb.Th.), separation, (Tb.Sp.), pattern factor (Tb.Pf.), SMI and connectivity
density (Conn.Dn.) at the tibia (a), femur (b) and spine (¢) from the experiment described

in Figures 5. Values are mean + SD. * p<0.05; ** p<0.01 from sham control.

40



a BV BS/BV EV/BV
10— 10— 155
.
g g |
= = 5
e o -
S )
=2 =
% & 0|08
g L S
3] 3] 4
! 5-
-10+ -
-15- 10— -15-
0.0 0.0 20.0 00 0.0 200 0.0 0.0 200
Ovariectomy Ovariectomy Ovariectomy
6877002 6877002 6877002
b BV BS/BV EV/BV
154 40 - 60—
Yoo .
E 10 ) E 304 .
2 2 0
S S
) )
§ 51 E\:’ 20 Z=x s
£ 0—e2f< = 10 e olo L]
54 o
. 4
-10- -10- =20~
0.0 0.0 200 0.0 0.0 200 0.0 00 200
Ovariectomy Ovariectomy Ovariectomy
6877002 6877002 6877002

Figure S4 (related to Figure 5). Effect of 6877002 on bone loss in oestrogen-deficient
osteoporotic rats. In vivo changes in cortical (Ct.) bone (BV, mm?®), bone surface
(BS/TV) and endocortical surface (EV/BV) volumes at the tibia (a) and femur (b) from

the experiment described in Figures 5. Values are mean + SD. * p < 0.05.
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