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Local Drug-Induced Modulation of gp130 Receptor Signaling Delays Disease Progression in a Pig Model of Temporo-Mandibular Joint Osteoarthritis
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Temporomandibular joint disorders (TMJs) are a multifaceted group of chronic disorders characterized by stiffness in the jaw, limited jaw mobility and pain when opening or closing the mouth. TMJs are relatively common, with incidence rates in the range of 5–12%, with nearly twice as many women as men being affected. One of the primary causes of TMJs is a degenerative disease of joints, such as osteoarthritis (OA), characterized by progressive loss of cartilage, which causes stiffness, swelling, and pain. Currently, there are no disease-modifying agents on the market for OA. We have recently discovered a small molecule, R805, acting as a modulator of glycoprotein 130 (gp130) receptor for the IL-6 family of cytokines. R805 enables regenerative outputs of endogenous joint stem and progenitor cells through immunomodulation in the joint microenvironment by reducing the levels of destructive cytokines and supporting chondrocyte survival and anabolism. Extensive testing has shown R805 to be safe at doses far above the therapeutic level. Here, we have conducted a pivotal efficacy study in our newly established pig model of TMJ post-traumatic OA. IA injection of R805 has shown a highly significant reduction of articular cartilage degeneration, reduced synovitis and reduced degenerative changes in subchondral bone in the mandibular condyle compared to the vehicle-treated group. These data will support additional preclinical development of R805 as a first-in-class injectable therapeutic for TMJ osteoarthritis.
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INTRODUCTION

Temporomandibular joint disorders (TMDs) are a heterogeneous group of chronic pain disorders characterized by pain and/or stiffness in the jaw, limited jaw mobility and pain when opening or closing the mouth (1). TMDs are relatively common, with incidence rates in the range of 5–12%, with nearly twice as many women as men being affected (2, 3). One of the primary causes of TMDs is arthritis, with both rheumatoid arthritis (RA) and OA associated with the condition in 40–75% of the cases (4, 5). Arthritis is a degenerative disease of joints, characterized by progressive loss of cartilage, which causes stiffness, swelling, and pain (6). RA is considered an autoimmune disease, with acute inflammation leading to the destruction of cartilage (4). In contrast, inflammation plays more of an enabling role in cartilage degeneration in OA, with chronic, lower levels of pro-inflammatory cytokines supporting a feed-forward process of chondrocyte loss (7). As of 2015, over 22% (~20% with OA and ~2% with RA) of Americans have been diagnosed with arthritis, and this number is projected to climb steeply due to a rapidly aging population (8).

Proposed risk factors for TMJ OA are in line with those suggested for other joints: age, sex, genetics, infection/inflammation, congenital, and developmental abnormalities (1). In the vast majority of patients, TMJ OA develops with aging without obvious predisposing conditions such as trauma and affects more than one joint (9). TMJ OA is common in hand OA patients (10), suggesting that TMJ OA may be part of the generalized OA phenotype.

Currently, there are no disease-modifying agents (DMAs) available on the market for the treatment of OA. Treatment modalities for OA focus on pain management and reducing inflammation, both of which can be achieved with NSAIDs and local (IA) or systemic corticosteroids (6, 11). In OA, additional care can include opioid-based pain medications and IA injections to increase joint viscosity (6).

The pathogenesis of OA often involves chronic, low-grade inflammation mediated by interleukin-6/glycoprotein 130 (IL-6/gp130) and other factors that promote matrix degradation over time and eventual destruction of cartilage (12). Gp130 and its downstream pathways have not only been previously implicated in cartilage degeneration and chronic joint inflammation but have also been shown to play a major role in chronic inflammatory pain (13). Previous attempts to completely inhibit gp130 by drugs have shown significant side effects due to the highly pleiotropic role of this receptor. In agreement with that, we have demonstrated that IL-6 cytokines drive both regenerative and destructive outcomes through selective and context-specific activation of signaling residues (modules) within the intracellular domain of gp130 receptor. Most recently, we have identified a signaling residue (Y814) within gp130 that represents an initiating factor responsible for the activation of a highly destructive c-SRC/MAPK circuit in response to IL-6 cytokines (14). To translate these findings into clinically relevant technology, we have created a new class of chemicals capable of selective inactivation of the gp130Y814/c-SRC/MAPK module and showed their efficacy in small and large animal models of knee post-traumatic osteoarthritis (PTOA) (14). The current study was designed to explore the therapeutic potential of a novel gp130 modulator R805 in a porcine model of TMJ OA.



MATERIALS AND METHODS


Large Animal Model of TMJ Post-traumatic Osteoarthritis (PTOA)

Yucatan minipigs were purchased from Premier BioSource—Swine for Biomedical Research (Formerly S & S Farms) at 5 months of age and housed under the supervision of the University of Southern California (USC) Department of Animal Resources (DAR). All preoperative, surgical and postoperative procedures were conducted following USC DAR guidelines and were overseen by the USC Institutional Animal Care and Use Committee (IACUC). Six animals per group (main study) with unilateral partial TMJ discectomy were included based on power calculations to yield the minimum number of animals projected to acquire statistically significant results. Briefly, we used the formula [image: image] based on a 30–40% difference and 20% standard deviation between experimental groups, with these parameters based on our previous study of articular cartilage repair in large animal models (15). Animals were anesthetized for surgery using Telazol/Xylazine 2.2–4.4 mg/ kg administered intramuscularly. A 6–8 cm incision was made along the outer edge of the mandibular ramus (around the middle section between tragus and the outer canthus). The TMJ joint is about 1–2 cm below the line that connects tragus and the outer canthus. The condyle of the TMJ joint can be palpated while moving the jaw of the pig. The superior chamber of the joint was opened by horizontal incisions through the joint capsule. The lateral portion of the disc that was not covered by the zygomatic process was elevated from the condyle by using periosteal elevator to avoid damaging the underlying mandibular condyle surface. This exposed portion of the disc (~16 × 7 mm) was then excised by scissors. The surgical incision was closed with both internal and external sutures. Pigs were fed with a regular diet. No changes occurred in dietary habits or total mass. Three of the pigs were euthanized at 4 weeks following the surgery to confirm the development of OA in TMJ. The rest of the pigs were randomly divided into drug- or vehicle-treated groups and euthanized 10 weeks after the surgery.

The initial treatment with R805 or vehicle via TMJ intra-articular (IA) injection began at 4 weeks postsurgery (n = 6). At this timepoint, significant chronic degenerative changes are present in the condylar cartilage of the operated joint. Two drug/vehicle (R805, 10 mg) TMJ IA injections were administrated for the entire study with 3 weeks apart (4 and 7 weeks postsurgery). The functional evaluation for the treatment was performed by measuring the passive maximal mouth opening capacity (MOC) at multiple time points: before the surgery (baseline, day 0), 4 weeks postsurgery prior to the TMJ IA injection, 7 weeks postsurgery prior to the second TMJ IA injection, and 10 weeks postsurgery prior to euthanizing the animal. Pharmacokinetic study of R805 was also performed. Serial blood samples were collected at the same time points including 24 h, 72 h, and 3 weeks following the initial drug/vehicle TMJ IA injection. The pigs were euthanized at 10 weeks postsurgery for further radiographic and histological evaluation. n = 6 per group.



Live Computer Tomography (CT) and ex vivo mCT Scan Analyses

In vivo computer tomography (CT) images were acquired at the Department of Radiology at Keck School of Medicine, USC, using a Toshiba scanner. The animal was transported in a cage from Vivarium to the PET Imaging Sciences Center at USC. For full skull scans, X-ray parameters were used at 429 micro pixel size resolution: 120 kV energy, 200 uA current slice thickness 1, exposure time 500. Dicom images were reconstructed using a soft and sharp kernel.

Two sets of data were acquired using ex vivo MicroCT using Nikon Metrology microfocus XT H225 CT scanner at the Molecular Imaging Center at the Department of Radiology at Keck School of Medicine, USC. First, we obtained imaging for the complete skull to demonstrate three-dimensional anatomical association of the TMJ as it is known for its bilateral synovial articulation between the temporal bone of the cranium and mandibular condyle. This data allows us to not only visualize the anatomical association but also quantify the depth of this synovial articulation and compare it from right to left side. X-ray parameters were used for full skull scans at 130 micro pixel size resolution: 80 kV energy and 180 uA current. The specimens were rotated 360° around the detector, and 1,440 projects at one frame per second acquisition time were collected. A 0.2-mm copper filter was used to filter low-energy X-rays. The obtained 1,440 frames were reconstructed using software of Nikon metrology CT Pro 3D images to 16-bit unsigned images and were saved as. dicom stack for data analysis.

The second dissected right and left mandibular condyles were scanned at a much higher pixel size resolution to assess the subchondral bone apparent density maps. The subchondral bone material properties including bone mineral density (BMD), % of relative bone volume formation (BV/TV), bone formation rate (BFR), and bone resorption rate (BRR) for each individual TMJ were calculated at a high resolution. The same X-ray parameters were used for full skull scans but were scanned at 20 micro pixel size resolution: 80 kV energy and 180 uA current. The specimens were rotated 360° around the detector, and 1,440 projects at one frame per second acquisition time were collected. A 0.2 mm copper filter was used to filter low-energy X-rays. Obtained 1,440 frames were reconstructed using software of Nikon metrology CT Pro 3D images to 16-bit unsigned images and were saved as. dicom stack for data analysis.



Histological Analysis

Tissues were fixed in 10% formalin, decalcified with 14% EDTA, and sectioned at 5 μm (15, 16). Paraffin sections were deparaffinized and rehydrated by passage through xylene and 100, 95, and 70% ethanol. Safranin O/ Fast Green staining was performed as previously described (17). Slides were viewed using a Zeiss Axio Imager. The images were taken using an Axiocam 105 color camera with Zen 2 program. Standard microscope camera settings were used. Auto-exposure was used to normalize background light levels across all images (16).


OARSI Histopathological Scoring

To further confirm the osteoarthritic changes in our model, we used OARSI recommendations for a macroscopic and histological scoring system (18, 19) to semiquantitate histological changes. The macroscopic analysis was done by evaluation of five aspects of the condyle surface: smooth / roughness, irregularity, fibrillation, erosion, and ulceration. The scales are 0–8, with 0 being normal and 8 indicating severe ulceration (18, 19). Histological evaluation included Safranin O (0–6), structure (0–11), chondrocyte Density (0–4), and cell cluster formation (0–3) (18, 19).



Synovitis Scoring System

The grading of the synovial membranes was carried out on routine hematoxylin and eosin (H&E)-stained slides, according to the three synovial membrane features (synovial lining cell layer, stroma cell density and inflammatory infiltrate), the ranking of alterations being on a scale from none (0), slight (1), and moderate (2) to strong (3). The values of the parameters were summarized and interpreted as follows: 0–1, no synovitis; 2–4, low-grade synovitis; and 5–9, high-grade synovitis (20).




TMJ Functional Analysis After Drug Treatment in TMJ PTOA Model

MOC was defined as the maximal interincisal distance on unassisted active mouth opening (21). In animal study, it is impossible to measure the active mouth opening. Therefore, passive mouth opening was measured under anesthesia. One examiner was responsible for passively opening the mouths of the pigs until the mouths cannot be further opened. The same examiner performed the mouth-opening procedure for all 12 pigs in both groups at all time points. The distance between the edges of the upper and lower central incisors was measured via a ruler with a millimeter scale by another examiner. The measurement was read and recorded to the nearest millimeter.




RESULTS


Establishing a Large Animal Model of TMJ PTOA in a Yucatan Minipig

In human patients, pathological TMJ conditions entail involvement of multiple tissues (22). Due to such complexity, there is a significant paucity of established, preclinical large-animal models that can be employed to investigate the pathogenesis of TMJ OA and the appropriate therapeutic interventions. The majority of studies on degenerative joint diseases have been performed in small animal models, which do not always correlate to the clinical manifestations that occur in humans (18). Albeit groups have shown that TMJ OA in vivo can be induced through TMJ disc perforations, the surgeries were performed in rabbits (22). For the development of therapies for TMJ disorders, including TMJ OA, larger animal models are required to evaluate their safety and efficacy (18).

Our group has extensive surgical experience in successfully inducing OA in small and large animal models of degenerative joint disease (14, 23, 24). We have previously shown that partial meniscectomy in rats can induce OA formation in the knee joint (23). Both TMJ disc perforation and partial meniscectomy surgeries promote OA formation as the procedures involve destabilization of joints by partially damaging the disks. Studies have reported that pig disks have similar dimensions to human disks, and relative to other small and large animals, pig models have been regarded as the most suitable experimental model for TMJ studies (20, 25). Our group has established, for the first time, a preclinical, large animal model of TMJ post-traumatic OA (PTOA) by utilizing Yucatan minipigs. Minipigs are considered a superior model to other large animal model alternatives such as dogs and farm pigs since the size of minipig TMJ is comparable to humans (18).

In this model, we performed surgery to partially remove the TMJ disc of 5-month-old male Yucatan minipigs. The OA-like changes in TMJ were observed at 4 weeks following the surgery. The incision was made on the right side at the middle point of the line between the tragus and the outer canthus (Figure 1A) and continued down along the edge of the mandibular ramus (7–8 cm in length). After opening the upper chamber of the joint, the lateral portion of the disc that was not covered by the zygomatic process was elevated from the condyle by using periosteal elevator to avoid damaging the underlying mandibular condyle surface. This exposed portion of the disc (~16 × 7 mm) was then excised by scissors (Figures 1B–D). The TMJ disc of the minipig has dimensions of 25.6 and 13.1 mm in the anteroposterior and mediolateral directions, respectively, and is oval and biconcave (26). During the surgery, ~30% of the disc was removed. The surgical incision was closed with both internal and external sutures. Three of the pigs were euthanized at 4 weeks following the surgery to confirm the development of OA in the TMJ. The remaining pigs were randomly assigned to drug- or vehicle-treated groups and euthanized 10 weeks after the surgery.


[image: Figure 1]
FIGURE 1. The preclinical pig temporomandibular joint (TMJ) post-traumatic osteoarthritis (PTOA) model was established by partial discectomy. Yucatan minipigs underwent unilateral partial discectomy on the right TMJ. (A) The incision was made at the middle of the indicated dashed line between tragus and the outer canthus (orange dotted line). The incision proceeded down along the edge of mandibular ramus. Red arrow indicates the location of the TMJ. (B) The superior synovial cavity of TMJ was opened (blue arrow), and the outer portion of the articular disc was exposed (yellow arrow), which is not covered by temporo-zygomatic arch. The periosteal elevator was used to separate the articular disc from the mandibular condyle (green arrow). (C) The articular disc was separated from the mandibular condyle (yellow arrow); blue arrow—inferior synovial cavity of TMJ; green arrow—surface of the mandibular condyle. (D) The exposed area of the articular disc was excised, which is about 30% of the total disc. (E) The macroscopic morphological changes on mandibular condylar surface 4 weeks postsurgery. (F) Safranin O/Fast green staining shows the condylar cartilage damaged. Scale bars = 400 μm (F). R, right (operated) side; L, left side. (G) Morphometric analysis of degenerative changes in articular cartilage. Unpaired t-test was used to determine the significant TMJ destruction following the surgery.




TMJ Condyle Degeneration and Synovial Inflammation in Pig TMJ PTOA Model

To further evaluate the changes in TMJ, three pigs were euthanized 4 weeks postsurgery. Macroscopic changes in TMJ mandibular condyle were observed (Figure 1E). In the TMJ disc partially excised condyle, gross morphological examination revealed a widespread rough and irregular surface (Figure 1E) compared to the smooth surface of the nonoperated left TMJ condyle (Figure 1E). Histological evaluation of TMJ condyle and synovium was also performed, and Safranin O staining (delineates proteoglycans) of the TMJ condyles revealed an irregular surface of the condyle (black arrows). In parallel to the structural changes, multiple areas of proteoglycan and chondrocyte loss (asterisks) in the condylar cartilage layer were also observed (Figure 1F). The macroscopic and histological scoring system (22, 27) were used to confirm the changes of the condyle (Figure 1G) in our model. The macroscopic changes and histologic alteration on structure, cell density, cellular cluster formation and Safranin O staining in the condyles were blindly scored.

To demonstrate the inflammatory changes, grading of the synovial membranes was carried out on routine H&E-stained sections according to the three synovial membrane features (synovial lining cell layer, stroma cell density and inflammatory infiltrate) (28). The synovitis score analysis (28) has shown that synovial lining cell layer is enlarged, the cellular density of the synovial stroma is higher and the inflammatory cell infiltration is increased (Figure 2A).


[image: Figure 2]
FIGURE 2. Histological assessment of the synovium and live CT scan at 4 weeks following partial TMJ discectomy. (A) Synovitis was assessed using previously-developed histological grading scale. For the scores of resident cell density and inflammatory infiltration of synovium, Mann-Whitney test (unpaired nonparametric test with single tail) was used. (B) To evaluate the development of TMJ OA, a live CT scan was performed on pig TMJs. Presented histological and CT images are representative image from three independent experiments. The scanning was done by using the Philips 64-Slice Brilliance CT scanner. From CT analysis, no obvious changes in bone structure was observed at this time point. R, right (operated) side; L, left side. Scale bar = 50 μm.


In pigs that underwent TMJ discectomy, the synovitis scores were 3–4. However, their collateral controls ranked the score 0–1 (n = 3). The macroscopic and histological changes in condyle and synovium delineate the pathological features of OA at 4 weeks following the partial TMJ discectomy in minipigs.



Live CT Scan Assessing Changes at 4 Weeks Following Partial TMJ Discectomy

To evaluate the development of TMJ OA, a live CT scan was performed on pig TMJs at 4 weeks postsurgery (Figure 2B). The animal was appropriately anesthetized and an i.v. line was maintained in the ear vein. From the CT scan analysis, no obvious changes or damage were observed at this time point in the subchondral bone of the mandibular condyle (Figure 2B).



R805 Prevents Mandibular Condyle Destruction and Condylar Cartilage Degeneration in vivo

Currently, there are no pharmacological agents available on the market that avert the progression of TMJ OA. Treatments, including NSAIDs, opioids, corticosteroids, anxiolytics, muscle relaxants, antidepressants, and anticonvulsants (29), only mask the symptoms and do not treat the underlying cause. We have previously reported that a small molecule agent, R805, synthesized by our group can not only promote tissue regeneration but also prevent articular cartilage degeneration in a rat model of PTOA (14). Strikingly, R805 inhibited inflammation in the joint, prevented articular cartilage degeneration, and mitigated pain and lameness in a post-traumatic joint injury dog model of OA (14). Improvement of the structural and functional outcomes confirmed that R805 can treat the symptoms of OA whilst concurrently preventing disease progression by alleviating the causal destructive processes. To assess whether R805 can improve structural and functional outcomes in the TMJ OA pig model, the compound was administrated via TMJ IA injection once the TMJ OA developed at 4 weeks after the partial discectomy surgery (Figure 3). Pigs were randomly assigned into two groups: (1) R805 and (2) vehicle (1% CMC) treatment. 0.5 ml of R805 (10 mg) or 1% CMC was given via TMJ IA injection. A total of two injections were given at 4 and 7 weeks postsurgery. Pigs were euthanized 3 weeks later after the second injection followed by a CT scan, macroscopic, and histological analysis. Macroscopic TMJ condyle evaluation in both groups revealed that R805 treatment reduced irregularity, dysmorphic change, ulceration, and erosion of the condyle surface (Figures 4A,B). Histological evaluation of the TMJ condyle via Safranin O staining and macroscopic and histological scoring revealed surface irregularities (black arrows), fissures and erosion (black arrowhead) in the R805-treated group (Figure 4C) compared to the vehicle group (Figure 4D). Without R805 treatment, there was a widespread loss of cells and proteoglycan content (asterisk) and cell cluster formation (Figures 4C,D). Furthermore, R805 treatment increased the thickness of the condylar cartilage layer in TMJ (p = 0.003; Figure 4E). The contralateral TMJs within the same animal have maintained normal condyle architecture and a uniform distribution of Safranin O staining, suggesting that contralateral TMJs were not affected by the unilateral partial discectomy surgery (Figure 4F).


[image: Figure 3]
FIGURE 3. Timeline for the treatment and evaluation of pig TMJ PTOA model.



[image: Figure 4]
FIGURE 4. Intra-articular (IA) injection of R805 reduces the mandibular condyle damage in pig TMJ PTOA model. Gross morphology (A,B) and histological analysis (C,D) indicated the mandibular condyle damage was more severe in vehicle-treated group compared to the R805-treated group. (E) No significant differences were observed in contralateral (left, nonoperated joint). n = 6 animals per group. R, right; L, Left. Black arrows: surface irregularities; black arrow heads: erosion and fissure; asterisks: regional loss of chondrocytes. (F) Morphometric analysis of degenerative changes in articular cartilage. Unpaired t-test was used to determine the significant TMJ destruction following the surgery. Scale bar = 400 μm.




R805 Reduces Degenerative Changes in the Subchondral Bone of Mandibular Condyle

CT scan analysis demonstrated more severe subchondral bone damage in the vehicle group relative to the R805-treated group (Figure 5A). However, there was no significant difference in the overall bone mineral density of the mandibular condyles from both tested experimental groups (not shown).


[image: Figure 5]
FIGURE 5. R805 treatment reduced the bone damage and synovial inflammation in TMJ. (A) White arrow in CT analysis indicates the mandibular condyle subchondral bone damage in vehicle-treated group. The synovitis was assessed. (B) The synovitis score was the sum of these three features (the synovial lining cell layer, density of the resident cell, and inflammatory infiltration) with 0–1, no synovitis; 2–4, low-grade synovitis; 5–9, high-grade synovitis. No leukocyte infiltration was observed in either groups. n = 6. Scale bar = 50 μm




R805 Reduces Synovial Inflammation

The grading of the synovial membranes was carried out on H&E-stained sections as described above (28). The results conveyed no significant inflammatory cell infiltrate in both drug- and vehicle-treated groups. However, following 6-week treatment with R805 at 10 mg IA injection, the enlargement of the synovial lining cell layer and synovitis score were greatly reduced relative to the vehicle-treated group (p = 0.0090 and 0.0170, respectively). The density of the resident cells in the experiment group was also reduced (Figure 5B, n = 6).



R805 Treatment Improves the Passive Maximal Mouth Opening Capacity

TMJ OA is associated with joint stiffness, joint pain that increases with movement and limitation in mouth opening (21). The mandibular range of motion is measured by maximal mouth opening capacity (MOC), which is one of the most imperative clinical diagnostic criteria and broadly conventional assessment tool for evaluation of the function of TMJ and the masticatory system (21). MOC is defined as the greatest inter-incisal distance plus the overbite when the mouth is opened as widely as possible (21, 30).

To measure the MOC of the pigs with TMJ OA, the mouth of the pig was passively opened under anesthesia. A ruler with a millimeter scale was placed between the edges of the upper and lower central incisors (Figure 6A). After administration of two TMJ IA injections of the vehicle or R805 at 10 mg/joint per injection, the MOC was measured at multiple timepoints, including (1) before surgery (baseline); (2) at 4 weeks postsurgery and before the first drug/vehicle TMJ IA injection; (3) at 7 weeks postsurgery and before the second IA injection; and (4) at 10 weeks postsurgery and before the euthanasia. No significant change in MOC was observed at baseline or at 4 weeks postsurgery. However, at 7 and 10 weeks postsurgery, there was a significant reduction of MOC in vehicle-treated groups compared to the R805-treated group (Figures 6B,C). Together, the data presents compelling evidence that R805 can improve the function of the masticatory system of pigs with TMJ OA (p = 0.0131, n = 6).


[image: Figure 6]
FIGURE 6. Functional evaluation of the TMJ following the treatment via measuring the passive maximal mouth opening capacity (MOC). (A) Ruler placed between the edges of upper and lower central incisors. (B,C) Measurements of the maximal distance between the edges of lower and upper incisors were performed on anesthetized animals (n = 6) at four different time points: baseline (before the operation) and 4, 7, and 10 weeks postsurgery. Unpaired t-test was applied to determine the statistical significance of the treatment. *p < 0.05.




Analysis of the Systemic R805 Pharmacokinetics After IA Injection

To explore the level of systemic exposure after IA injection of R805, we have conducted a preliminary study to measure the levels of the drug in blood plasma at 4 and 24 h after injection in six pigs using high-performance liquid chromatography—mass spectrometry (HPLC-Mass Spec) tandem. The assay development and all analytical measurements were performed by MicroConstants (Sand Diego, CA, USA). In all tested animals, no drug was detected in the systemic circulation (data not shown) at any time point above the detection limit of the assay (0.1 ng/mL).




DISCUSSION

Currently, there is a limited number of established large animal models of TMJ OA suitable for preclinical drug development (18). Although degenerative joint disease models have been mainly performed on mice, rats, and rabbits, preclinical regeneration approaches must employ larger animal species (18). No animal model completely resembles human TMJ in all anatomical respects and function. Nevertheless, the farm pig and minipig are a close match in anatomy and physiology (18). The goat, sheep, and dog are also close to humans in terms of anatomy, but their TMJ function is somewhat different: goats and sheep are herbivores and their TMJs mainly function in translation, while the dog is a carnivore with the TMJ being a hinge joint that can only function in rotation (18).

Historically, the pig has been regarded as the gold standard for a nonprimate, large animal TMJ model based on general similarities to human anatomy. Specifically, the size of the articular TMJ structures and the shape of the disc bear significant resemblance to the human TMJ (18, 20, 31). Bermejo et al. concluded that the pig was the only suitable animal model after a comparison of dogs, cats, rabbits, rats, cows, sheep and goats (25). This was based on several criteria including that the pig is the only omnivore of these candidate mammalian models, the TMJs in the farm pig and minipig function by both rotation and translation, and the condyle and disc have a similar shape to the human TMJ disc (25). Finally, the mechanical properties of the porcine TMJ have also been shown to be similar to human (26, 32, 33). Together, these data nominate the pig as the preferred preclinical model for therapeutic development for TMJDs.

The proposed study introduces a straightforward surgical procedure designed to destabilize the TMJ joint by removing the lateral portion of the TMJ disc. A similar approach is commonly used for establishing a PTOA in the knee when a portion of the medial meniscus is surgically removed to destabilize the joint. Here, we demonstrate that partial TMJ discectomy induces highly reproducible degenerative changes observed as early as 4 weeks after the surgery. Although radiographic changes in the subchondral bone of the mandibular condyle are not detectable at 4 weeks postsurgery, the onset of degenerative changes is clearly present in the articular cartilage at this early time point and these degenerative changes evidently progress with time. Using this novel model, we have shown that IA injection of a small molecule modulator of gp130 signaling prevents the onset and progression of TMJ OA. R805 injection markedly reduced mandibular condyle cartilage loss and reduced synovitis and degenerative changes in the subchondral bone.

Our previous data suggested that IL-6 cytokines drive both regenerative and destructive outcomes in synovial joints through selective and context-specific activation of signaling residues within the intracellular domain of gp130 receptor (14, 23) and are also required for homeostatic maintenance of skeletal progenitors (34–38). Complete inhibition of gp130 signaling has been attempted previously for several therapeutic indications. Unfortunately, complete blockade of this receptor instigates major side effects prohibiting clinical development of these inhibitors. These side effects are likely caused by the highly pleotropic nature of this receptor and its multiple beneficial functions (39). We have discovered a new class of chemicals capable of selective inactivation of gp130 modules and pathways and have previously shown that modulation of gp130 signaling with small molecules protects adult articular cartilage from degeneration and promotes cartilage regeneration in rat medial meniscectomy and cartilage surface injury models (23). Most recently, we showed that local administration of a small molecule R805 that targets gp130/c-SRC/MAPK module reduced cartilage degeneration, synovial infiltration, osteophyte formation and pain in a commonly used canine model of PTOA in the knee with no safety concerns noted (14). Therapeutic assessment of R805 in the TMJ PTOA model strongly resonates with our previous studies and suggests that the fundamental drivers of OA in different synovial joints are similar.

However, the current study also has some limitations. More specifically, we were unable to conduct any detailed pain-related outcome measures in this model because no obvious clinical manifestation of pain and/or discomfort was observed in these animals at all tested timepoints despite major structural changes in their cartilage, bone and synovium. We also acknowledge that surgically induced animal models of OA in young healthy animals are not pathogenetically the same as idiopathic OA in humans where multiple changes in other skeletal tissues like bone and muscle are observed and the systemic homeostatic mechanisms are dysfunctional.

In summary, we have conducted a pivotal efficacy study in our newly established pig model of TMJ PTOA. IA injection of R805 has shown a highly significant reduction of articular cartilage degeneration and reduced synovitis and degenerative changes in subchondral bone in the mandibular condyle relative to the control. These data will support additional preclinical development of R805 as a first-in-class injectable therapeutic for TMJ arthritis.
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