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Inhibition of JAK1/2 Tyrosine Kinases Reduces Neurogenic Heterotopic Ossification After Spinal Cord Injury
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Neurogenic heterotopic ossifications (NHO) are very incapacitating complications of traumatic brain and spinal cord injuries (SCI) which manifest as abnormal formation of bone tissue in periarticular muscles. NHO are debilitating as they cause pain, partial or total joint ankylosis and vascular and nerve compression. NHO pathogenesis is unknown and the only effective treatment remains surgical resection, however once resected, NHO can re-occur. To further understand NHO pathogenesis, we developed the first animal model of NHO following SCI in genetically unmodified mice, which mimics most clinical features of NHO in patients. We have previously shown that the combination of (1) a central nervous system lesion (SCI) and (2) muscular damage (via an intramuscular injection of cardiotoxin) is required for NHO development. Furthermore, macrophages within the injured muscle play a critical role in driving NHO pathogenesis. More recently we demonstrated that macrophage-derived oncostatin M (OSM) is a key mediator of both human and mouse NHO. We now report that inflammatory monocytes infiltrate the injured muscles of SCI mice developing NHO at significantly higher levels compared to mice without SCI. Muscle infiltrating monocytes and neutrophils expressed OSM whereas mouse muscle satellite and interstitial cell expressed the OSM receptor (OSMR). In vitro recombinant mouse OSM induced tyrosine phosphorylation of the transcription factor STAT3, a downstream target of OSMR:gp130 signaling in muscle progenitor cells. As STAT3 is tyrosine phosphorylated by JAK1/2 tyrosine kinases downstream of OSMR:gp130, we demonstrated that the JAK1/2 tyrosine kinase inhibitor ruxolitinib blocked OSM driven STAT3 tyrosine phosphorylation in mouse muscle progenitor cells. We further demonstrated in vivo that STAT3 tyrosine phosphorylation was not only significantly higher but persisted for a longer duration in injured muscles of SCI mice developing NHO compared to mice with muscle injury without SCI. Finally, administration of ruxolitinib for 7 days post-surgery significantly reduced STAT3 phosphorylation in injured muscles in vivo as well as NHO volume at all analyzed time-points up to 3 weeks post-surgery. Our results identify the JAK/STAT3 signaling pathway as a potential therapeutic target to reduce NHO development following SCI.
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INTRODUCTION

Neurogenic heterotopic ossification (NHO) is the abnormal formation of extra-skeletal bones in muscles (1), mostly periarticular (2), and is a frequent and very incapacitating complication in patients with spinal cord injury (SCI) (15–25%) and traumatic brain injuries (5–12%) (3, 4). NHO prevalence is higher in combat-inflicted trauma particularly in victims of explosive blasts with associated SCI or TBI where NHO prevalence is over 60% (5, 6). NHOs are debilitating due to their size (up to 2 kg), causing significant pain and gradual reduction in the range of motion of affected limbs, often progressing to complete joint ankylosis. This exacerbates functional disabilities by increasing difficulty in sitting, eating and dressing (7). NHO growth can also cause nerve, blood vessel compression, and irreversibly damage the affected joint further increasing patient morbidity (8). Despite knowing this pathology for 100 years, treatment is currently limited to surgical resection after NHO have matured and become symptomatic (2, 7, 9–11). The surgical procedure is challenging, particularly when ossifications entrap joints, large blood vessels and nerves. Furthermore, even after resection, NHO recurrence is observed in at least 6% patients (1, 2, 9, 12). The development of improved treatments for NHO has been slow and trials of pharmacological interventions have continued to show limited effectiveness, reflecting the current limited knowledge on the etiology and pathophysiology of NHO. Identification of therapeutic targets to block NHO development in SCI/TBI patients remains a priority in order to decrease the prevalence and morbidity of this pathology (5).

We have developed the first clinically relevant animal model of NHO following SCI in genetically unmodified mice (13). In this model the combination of two injuries is necessary to trigger NHO development in the muscle: a severe lesion of the central nervous system such as a SCI in combination with a muscle injury (13). Development of NHO following spinal cord transection in this model was triggered by macrophages infiltrating damaged muscles exclusively in the context of a complete SCI (13, 14). More recently we established that the inflammatory cytokine oncostatin M (OSM) secreted in part by macrophages infiltrating the inflamed muscle contribute to both human and mouse NHO development (15). This is consistent with the pleiotropic role of OSM in regulating skeletal bone formation and resorption (16, 17) and the previous demonstration that macrophage-derived OSM can promote mesenchymal stem cell osteogenic differentiation (18) and intramembranous bone formation (19). OSM was shown to be elevated in the serum of patients developing NHO and OSM produced by activated macrophages isolated from NHO biopsies promoted osteoblastic differentiation and mineralization of human muscle-derived stromal cells extracted from NHOs (15). Likewise in mice, SCI caused the abnormal and persistent expression of OSM in the injured muscles. Importantly, mice defective for the OSM receptor (OSMR) α chain gene Osmr had significantly reduced NHO volumes in response to SCI and muscle injury (15). Overall our results provide strong evidence that macrophages contribute to NHO formation in part through the osteogenic action of OSM on muscle cells suggesting that OSM/OSMR signaling could be a suitable therapeutic target for NHO.

OSM is a member of the interleukin (IL)-6 family of cytokines which include IL-6, IL-11, leukemia inhibitory factor (LIF), cardiotrophin-1, and ciliary neurotrophic factor. These cytokines bind to diverse heteromeric receptors with a common glycoprotein 130 (Gp130) chain. Binding of IL-6 family cytokines to their cognate receptors, all of which comprise a common gp130 subunit, causes the activation of Janus tyrosine kinase (JAK)-1 and JAK2 which in turn tyrosine phosphorylate signal transducer and activator of transcription (STAT)-1 and STAT3 (20, 21). Once tyrosine phosphorylated (p), pSTAT1, and pSTAT3 translocate to the nucleus and activate the transcription of a large array of genes depending on the cell type. Mouse OSM binds with a strong affinity to the OSMR:gp130 complex and with a 30-fold lower affinity to the leukemia inhibitory factor receptor (LIFR):gp130 complex (22). Typically, OSM binding to the OSMR:gp130 complex causes the phosphorylation and activation of both STAT1 and STAT3 via JAK1/2 (23, 24) which in turns leads the transcription of a large range of genes that include suppressor of cytokine signaling (SOCS)-3. A negative feed-back loop is triggered by SOCS3, which binds to both gp130 and activated JAKs, suppressing this signaling cascade and STAT1 and STAT3 activation (25, 26).

Since OSM and OSMR play an important role in NHO pathogenesis following SCI (15), we further examined STAT3 activation status in mouse muscles during NHO development. We confirmed that muscle satellite and interstitial cells isolated from mouse muscles express OSMR, with JAK1/2-dependant tyrosine phosphorylation of STAT3 in response to OSM. In addition, we found higher and persistent STAT3 tyrosine phosphorylation in injured muscles of SCI mice developing NHO. We show that this persistent STAT3 phosphorylation and activation in the injured muscle is an important driver of NHO as administration of ruxolitinib, a small synthetic inhibitor of JAK1/2 tyrosine kinases used to treat myelofibrosis and polycythemia vera caused by activating mutations of JAK2 (27, 28), significantly reduced STAT3 phosphorylation in the injured muscles of mice. Importantly, ruxolitinib administration also significantly reduced NHO development following SCI.

MATERIALS AND METHODS

Animals

C57BL/6 mice were obtained from Animal Resource Center (Perth, Australia). All mouse procedures were approved by the Health Sciences Animal Ethics Committee of The University of Queensland and performed in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes.

NHO Mouse Model

NHO mouse model was carried out as previously described (15) by performing a spinal cord transection between T11 and T13 together with intramuscular injection (i.m.) of cardiotoxin (CDTX) purified from the venom of Naja pallida (Latoxan) at 0.32 mg/kg in the hamstring muscles under general anesthesia (100 mg/kg Ketamine, 10 mg/kg xylazine, and 1% isofluorane). Control mice underwent sham-surgery and/or intramuscular injection of equal volume of phosphate buffered saline (PBS). In this model, NHO develop in the CDTX-injected muscle within 1–3 weeks (13, 15). Post-surgery, mice were administered ruxolitinib phosphate (LC Laboratories) 60 mg/kg by oral gavage twice daily from day 0 to day 7 post-surgery. Ruxolitinib phosphate powder was first dissolved as a 4X stock in dimethyl sulfoxide (DMSO) then diluted to 1X in vehicle (5 mg/ml hydroxypropyl methylcellulose, 0.1% Tween 20 in water). Control mice were gavaged with 25% DMSO in vehicle.

Tissue Collection

At 1–3 weeks post-surgery mice were euthanized by CO2 asphyxiation. For histological analysis, the hind limbs were fixed in PBS with 4% paraformaldehyde as previously described (15). For western blots, muscle samples were harvested at specified time points and immediately placed in ice-cold protein extraction buffer (300 mM NaCl, 30 mM Tris-HCl, 1% Triton-X 100) containing a house made cocktail of phosphatase inhibitors (10 mM EDTA, 0.1% NaN3, 20 mM NaF, 1 mM Na3VO4, 10 mM β-glycerophosphate, 10 mM levamisole) buffered at pH 7.4 and supplemented with 1X protease inhibitor cocktail (Complete™ ULTRA Tablets, Roche) and snap frozen in liquid nitrogen until extraction.

Muscle Cell Isolation, Sorting, and Culture

Isolation, sorting and culture of muscle CD45−Ter119−CD31−CD34+Sca1− satellite cells and CD45−Ter119−CD31−CD34+Sca1+ interstitial cells was carried out as previously described (15). For pSTAT3 phos-flow analysis, cultured muscle satellite cells, interstitial cells, and the mouse mesenchymal progenitor cell line Kusa4b10 cells (29, 30) were detached by incubating cell monolayers in PBS plus 4 mM EDTA for 5 min at 37°C. Once in suspension, cells were washed in Dulbecco modified essential medium (DMEM, Gibco, Life Technologies), centrifuged and resuspended in DMEM. Cell aliquots (1 × 106) were then preincubated with or without 1 μM ruxolitinib (LC Laboratories), for 30 min at 37°C and subsequently stimulated by addition of 25 ng/mL recombinant mouse OSM (R&D Systems) for 10 min. Cells were then immediately washed in 10 mL ice cold Tris-buffered saline pH 7.4 containing 1 mM Na3VO4, centrifuged, and cell pellets resuspended for fixation and permeabilization (BD Cytofix, Perm buffer IV, BD Biosciences) for 10 and 30 min respectively, cells were then stained with AlexaFluor647-conjugated mouse anti-pSTAT3 (pY705) monoclonal antibody (BD Biosciences, catalog # 557815) for 30 min on ice, cells were then washed and subsequently run on a LSR Fortessa x20 flow cytometer (BD Biosciences). Files were subsequently analyzed with Flow Jo software version 10.4.

Protein Extraction and Western Blot

Frozen muscle samples were thawed and homogenized using a TissueRuptor (Qiagen), in ice cold protein extraction buffer for 3 rounds of 20 s at top speed, incubated on a horizontal rotator at 4°C for 15 min. Tissue debris were removed by centrifugation at 15,000 g at 4°C for 20 min. Supernatants were taken and protein concentrations measured using a BCA assay (ThermoFisher). Muscle lysates (25 μg protein per lane, one separate mouse per lane) were loaded on a 4–12% acrylamide Bis-Tris pre-cast gel (ThermoFisher), and subsequently wet transferred onto a Hybond C Extra membrane (Amersham Biosciences) and blocked with Odyssey Blocking Buffer. Primary antibodies included an anti-total-STAT3 rabbit monoclonal antibody (mAb) clone 79D7 diluted at 1/2,000 (Cell Signaling), anti-phospho-STAT3 (Tyr705) XP® rabbit mAb clone D3A7 (Cell Signaling) diluted 1/1,000. IRDye® 800CW-conjugated donkey anti-rabbit IgG (H+L) (LI-COR Biosciences) was used to detect primary antibodies using an Odyssey scanner (LI-COR Biosciences). Western blot zip files were uploaded onto Image Studio Lite Software (Version 5.2). Boxes were drawn around the bands with background boarder width set at 2 value for above and below the box. Intensity values minus background of pSTAT3 were divided by the values obtained for total STAT3, normalized to the average value obtained in control mice (SHAM+PBS) at the defined time-point, plotted, and significance calculated.

Mouse Muscle Monocyte Isolation

All leukocytes were isolated from either SHAM-operated or SCI mice with an intramuscular injection of CDTX as described above. Injected hamstrings were harvested at 4 days post-surgery and muscle monocyte populations were isolated using a skeletal muscle dissociation kit (Miltenyi Biotech). In brief, hamstrings were cut into 1 mm pieces and up to 0.5 g of tissue was used per dissociation sample as per manufactures instructions. Total muscle leukocytes were subsequently separated into multiple populations using a Beckman Coulter Life Sciences CytoFLEX benchtop flow cytometer using the following antibodies (Biolegend); PerCP/Cyanine (CY) 5.5 anti-mouse/human CD11b (clone M1/70), FITC anti-mouse CD48 (clone HM48-1), APC anti-mouse F4/80 (clone BM8), Pacific Blue™ anti-mouse Ly-6C (clone HK1.4), APC/Cy7 anti-mouse Ly-6G (clone 1A8), and Zombie Aqua™ Fixable Viability Kit. Subsequently total muscle leukocytes were also sorted into multiple populations using a BD FACS Aria Fusion using the following antibodies (Biolegend): Brilliant Violet 785™ anti-mouse CD45 (clone 30-F11), FITC anti-mouse TER-119/Erythroid Cells (clone TER-119), FITC anti-mouse/human CD45R/B220 (clone RA3-6B2), FITC anti-mouse CD3ε (clone 145-2C11), APC anti-mouse F4/80 (clone BM8), Brilliant Violet 510™ anti-mouse/human CD11b (clone M1/70), PE anti-mouse Ly-6G (clone 1A8), APC/Cy7 anti-mouse CD48 (clone HM48-1), Pacific Blue™ anti-mouse Ly-6C (clone HK1.4), and 7-aminoactinomycin D (Life Technologies). Files were subsequently analyzed with Flow Jo software version 10.4. Muscle monocyte populations were sorted directly into trizol LS (ThermoFisher) and frozen until extraction.

mRNA Extraction and qRT-PCR Analysis

For RNA isolation, frozen muscle was homogenized using a TissueRuptor (Qiagen), directly in Trizol (Life Technologies). After chloroform separation, RNA was isolated from aqueous phase. mRNA of sorted and cultured cells was isolated using chloroform separation followed by GeneJET RNA cleanup and concentration micro kit (ThermoFisher). Reverse transcription was performed using the iScript cDNA kit (BioRad) as per manufacturer's instructions. Analysis of mRNA expression for Osm, Osmr, and Hprt and was carried out using the Taqman Fast Advanced Master Mix and primer / probe sets (ThermoFisher): Osmr (Mm01307326_m1), Osm (Mm01193966_m1), and Hprt (Mm03024075_m1) on ViiA 7 Real-Time PCR System (Life Technologies) with PCR setting: 20 s at 95°C, then 40 cycles of 95°C (1 s) and 60°C (20 s). Results were normalized relative to Hprt mRNA expression.

Micro-Computerized Tomography (μCT) and NHO Volume Quantification

NHO volume was measured in vivo or ex vivo using the Inveon positron emission tomography/computed tomography (PET-CT) multimodality system (Siemens Medical Solutions Inc.) as previously described (15). In brief, parameters were as follows: 360° rotation, 180 projections, 500 ms exposure time, 80 kV voltage, 500 μA current, and effective pixel size 36 μm. 3D reconstitutions were performed with the Inveon Research Workplace (Siemens Medical Solutions). To calculate NHO volumes, the region of interest (ROI) was drawn around the muscles containing NHO, and was carefully checked from three dimensions. After defining the ROI, the NHO region was defined by setting the threshold Hounsfield units (HU) to 450 HU.

Histology

Fixed hind limbs were decalcified and processed as previously described (15). Five μm sections were cut and stained using Masson's Trichrome. In brief sections were deparaffinized and rehydrated then stained for 10 min in Weigert's iron hematoxylin, rinsed under tap water for 10 min, differentiated in 1% acid alcohol (1% hydrochloric acid) for 15–30 s, rinsed in tap water (3 min) then distilled water, followed by staining in Biebrich scarlet-acid fuchsine solution for 10–15 min (Biebrich scarlet, 1% aqueous, Acid fuchsine, 1% aqueous, glacial acetic acid), slides are then washed in distilled water and differentiated in 5% phosphomolybdic −5% phosphotungstic acid solution for 10–15 min or until collagen is not red. Slides were transferred into aniline blue solution for 5–10 min and rinsed in 1% acetic acid for 2–5 min, dehydrated, and mounted in resinous mounting medium. Immunohistochemistry was performed as previously described (15). Primary antibodies used were: rat anti-mouse F4/80 mAb (clone CI:A3-1, Abcam), rabbit anti-mouse Osterix/Sp7 polyclonal IgG (ab22552, Abcam), rabbit anti-mouse collagen type 1 polyclonal IgG (C7510-13, US Biological), or relevant isotype control antibodies; ratIgG2b (400602, Biolegend), or rabbit IgG (ab27478, Abcam). A 3-step procedure was employed using biotinylated F(ab)2 secondary antibodies (biotinylated goat anti-rat IgG and goat anti-rabbit IgG antibodies, Vector Labs) and VECTASTAIN Elite ABC -Peroxidase Kit (Vector Labs), was used to detect primary antibodies. Slides were viewed using an Olympus BX50 microscope with an attached DP26 camera and imaged using Olympus CellSens standard 1.7 imaging software (Olympus).

Quantification of F4/80 Immunohistochemistry

Immunohistochemistry staining for the pan macrophage marker F4/80 was imaged using an Olympus VS120 (Olympus) at 40X magnification. Automated digital image analysis was subsequently performed using the Visiopharm Integrator System (Visiopharm, Hoersholm, Denmark). In each sample, at each sectional depth (4 depths analyzed with each depth at least 50 μm apart), ROIs were generated which contained all damaged muscle. Automated analysis was performed from the ROIs and the data was calculated as percent of F4/80+ staining per total area of injured muscle. All cases were visually reviewed to ensure accuracy. Data was represented separately at each sectional depth as the area of damaged tissue is not uniform throughout each hamstring.

Statistical Analysis

Statistically significant differences were determined using ANOVA with post-hoc Tukey's multiple comparison test or Mann-Whitney test using PRISM 6 or 7 (GraphPad software, La Jolla, CA, USA).

RESULTS

Increased Ly6Chigh Monocyte Infiltration in Injured Muscles of Mice Following SCI

We have previously reported that systemic depletion of phagocytic macrophages and monocytes by injections of clodronate-loaded liposomes significantly reduces NHO development (13). Therefore, we further characterized the macrophage/monocyte populations present within the muscles of mice developing NHO by flow cytometry. In this model, only mice that undergo both SCI + i.m. CDTX injection develop NHO exclusively in the CDTX injected muscle (13, 15). Mice underwent SCI or SHAM surgery followed by an intramuscular injection of CDTX to cause muscle injury or a control PBS injection. At 4 days post-surgery leukocytes were extracted from the hamstrings of all mice and isolated into four subsets based on forward scatter, side scatter as well as zombie aqua negativity (viable cells), F4/80, Ly6G, CD11b, and Ly6C expression (Figure 1A). Preliminary flow cytometry analysis confirmed that CDTX-induced intramuscular injury caused a large and significant accumulation of total F4/80+ monocyte/macrophages (Figure 1Bi p < 0.0001) in SCI+CDTX and SHAM+CDTX groups compared to control groups (SCI+PBS and SHAM+PBS). When the total F4/80+ population was sub-gated based on expression of Ly6C, we observed a significantly higher frequency of Ly6Chigh ‘inflammatory monocytes/macrophages’ (CD11b+F4/80+Ly6G−Ly6Chi) in the mice that develop NHO (SCI+CDTX), compared to SHAM+CDTX mice (Figure 1Bii p = 0.0002). Minimal Ly6Chi monocyte/macrophages were noted in the SCI+PBS and SHAM+PBS groups. The frequencies of Ly6Cmid/lo monocyte/macrophages (CD11b+F4/80+Ly6G−Ly6Cmid/lo) was unchanged between SCI+CDTX and SHAM+CDTX groups (Figure 1Biii). We also observed the presence of granulocytes (CD11b+F4/80−Ly6Ghi) (Figure 1Biv), albeit with lower frequencies compared to monocyte/macrophage subsets. In view of these preliminary results, we focused our subsequent analysis on leukocyte populations infiltrating the CDTX-injured muscles in SCI+CDTX and SHAM+CDTX groups in a larger cohort of mice to achieve higher statistical power. Leukocytes were isolated into 4 separate populations based on forward scatter, side scatter as well as 7-actinomycin D- negativity (7AAD− viable cells), CD45, lineage (Ter119, CD3ε, B220), F4/80, Ly6G, CD11b, Ly6C expression (Figure 1C). Although we initially wanted to incorporate antibodies specific for CD169, Mer tyrosine kinase and VCAM-1 which clearly identifies macrophages from monocytes (31), preliminary experiments on bone marrow cells where macrophages and monocytes are abundant confirmed this was not possible as these antigens are cleaved from the cell surface by the protease cocktail used to extract leukocytes from skeletal muscles (data not shown). Despite this limitation, we again observed that the frequency of “Ly6Chi inflammatory monocytes/macrophages” (CD45+Lin−CD11b+F4/80+Ly6G−Ly6Chi) in live muscle cells was significantly higher in mice that develop NHO (SCI+CDTX) mice compared to SHAM+CDTX mice (Figure 1Di, left panel p < 0.0001). When the frequency of Ly6Chi monocytes was calculated relative to all CD45+ leukocytes present, the frequency of these inflammatory monocytes was also significantly increased (Figure 1Di, right panel p < 0.0001). The frequencies of other monocyte/macrophage subsets identified as CD45+Lin−CD11b+F4/80+Ly6G−Ly6Cmid monocytes (Figure 1Dii), CD45+Lin−CD11b+F4/80+Ly6G−Ly6Cneg monocytes (Figure 1Diii), as well as CD45+Lin−CD11b+F4/80−Ly6G+ neutrophils (Figure 1Div) were not significantly different in SCI+CDTX compared to SHAM+CDTX mice.
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FIGURE 1. Increased inflammatory monocyte infiltration in injured muscles of mice developing NHO. (A) C57BL/6 mice underwent either SCI or Sham surgery followed by an intra muscular injection of CDTX or PBS. Muscle leukocytes were extracted from hamstrings at day 4 post-surgery and isolated into four subsets based on forward scatter, side scatter as well as zombie aqua negativity (viable cells), F4/80, Ly6G, CD11b, and Ly6C expression. (B) Frequencies of each leukocyte population relative to total live muscle cells using the gating strategy outlined: (i) “Total F4/80+ cells” (CD11b+F4/80+, blue gates in A), (ii) “Ly6Chi inflammatory monocytes” (F4/80+CD11b+Ly6G− CD48+Ly6Chi, blue gates in A), (iii) “Ly6Cmid/lo monocytes/macrophages” (F4/80+ CD11b+ Ly6G−CD48+ Ly6Cmid/lo, blue gates in A), and (iv) “granulocytes” (F4/80−CD11b+Ly6G+, red gates in A). The frequency of Ly6Chi inflammatory monocytes (relative to total live muscle cells) in mice developing NHO (SCI+CDTX), compared to all other treatment groups was significantly higher (p = 0.0002 ANOVA n = 3–5/group). Each dot represents an individual mouse. Bars represent as mean ± SD. (C) Muscle leukocytes were extracted from hamstrings at day 4 post surgery, and 4 separate leukocyte populations were identified by flow cytometry using the following gating strategy: (i) “Ly6Chi inflammatory monocytes” as CD45+ lineage (Ter119,CD3ε,B220)-negative F4/80+ CD11b+ Ly6G− CD48+Ly6Chi, red gates, (ii) “Ly6Cmid monocytes/macrophages” CD45+ Lin− F4/80+ CD11b+ Ly6G−CD48+ Ly6Cmid, red gates, (iii) “Ly6Cneg monocytes” CD45+ Lin− F4/80+ CD11b+ Ly6G− CD48+ Ly6Cneg red gates, and (iv) “granulocytes” CD45+ Lin− F4/80neg CD11b+ Ly6G+, blue gates. (D) Frequencies of each myeloid subset relative to total live muscle cells and to total live CD45+ muscle leukocytes. There was a significant increase in frequency of Ly6Chi monocytes relative to total live muscle cells (Di, p < 0.0001 Mann-Whitney test) and to CD45+ live muscle leukocytes (Di, p < 0.0001 Mann-Whitney test) after SCI+CDTX compared to Sham+CDTX. Each dot represents an individual mouse, n = 25–27/treatment group. Bars represent mean ± SD.



Expression of OSM and OSMR in Muscle Cell Populations

We have previously confirmed by qRT-PCR, that Osm mRNA is significantly upregulated in the whole muscles of mice developing NHO (15). As there is no commercial monoclonal antibody specific for mouse OSMR that works by flow cytometry, we isolated RNA from the sorted myeloid populations described in Figure 1D at 4 days post-surgery, as well as whole skeletal muscle from naïve mice and mouse muscle progenitor cell populations; CD45−Ter119−CD31−CD34+Sca1− satellite cells and CD45−Ter119−CD31−CD34+Sca1+ interstitial cells [also known as fibro-adipogenic progenitors or FAP (32)] freshly sorted from naïve skeletal muscle, to establish which cell types express Osm and Osmr mRNA. Osm mRNA was detected in all myeloid populations infiltrating the SCI+CDTX-injured muscle with the highest abundance in granulocytes (Figure 2A), whereas no Osm was detected in whole naïve skeletal muscle. These results are consistent with the tissue expression profile of mouse Osm mRNA in the BioGPS database (http://biogps.org). In sharp contrast, Osmr mRNA was undetectable in myeloid populations in the muscle but was expressed by both muscle satellite cells and interstitial cells (Figure 2B). This suggests that OSM can act directly on muscle progenitor cells that express its receptor OSMR rather than indirectly via infiltrating myeloid cells.
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FIGURE 2. OSM and OSMR expression and signaling in muscle cells. (A) Osm mRNA expression by qRT-PCR. Osm is expressed by all sorted infiltrating myeloid populations but absent in whole naïve skeletal muscle. Each dot represents an individual mouse (n = 3–4/group). Bars represent mean ± SD. (B) Osmr mRNA expression is only present in sorted mouse muscle satellite and interstitial cells, not in any sorted myeloid population infiltrating the injured muscle (C) Phos-flow of pSTAT3 Y705 phosphorylation in cultured CD45−Ter119−CD31−CD34+Sca1+ muscle interstitial cells (IC), CD45−Ter119−CD31−CD34+Sca1− muscle satellite cells (SC), and Kusa4b10 cells. Cells were incubated for 10 min at 37°C with medium alone (unstimulated), or 25 ng/ml recombinant mouse OSM plus DMSO or of 25 ng/ml OSM plus 1 μM ruxolitinib. Cell were then fixed and permeabilized before staining with AlexaFluor647-conjugated mouse mAb anti-pSTAT3 (Y705) and analyzed by flow cytometry. Representative figures were one of two independent experiments.



OSM Induces STAT3 Y705 Phosphorylation in Cultured Mouse Muscle Cells

Given that both muscle satellite cells and interstitial cells expressed Osmr mRNA, we further investigated OSM/OSMR signaling in these cells. The OSMR/gp130 receptor complex is known to activate both JAK1 and JAK2 tyrosine kinases following OSM binding (23, 24). Once activated, JAK1 and JAK2 tyrosine phosphorylate STAT1 and STAT3 (23) which enable their nuclear translocation to initiate transcription of OSM responsive genes. In preliminary experiments, we were unable to detect phosphorylated JAK1 and JAK2 by immunoprecipitation and western-blot of whole muscle lysates because the very low levels of total JAK1 and JAK2 proteins (data not shown). Instead, we measured the tyrosine phosphorylation status of the JAK1/2 substrate STAT3 in response to recombinant mouse OSM in satellite and interstitial cells sorted from the muscles of naïve mice. The mouse mesenchymal progenitor cell line Kusa4b10 (29, 30) was used as a positive control. By flow cytometry with a mAb specific for STAT3 phosphorylation on tyrosine 705 (pSTAT3 Y705), we confirmed that recombinant mouse OSM caused a rapid phosphorylation of STAT3 Y705 on all cell types tested (Figure 2C), confirming that OSMR is functional on mouse muscle satellite and interstitial cells. To confirm that STAT3 Y705 phosphorylation was mediated by JAK1/2, we also preincubated cells for 30 min with the small synthetic JAK1/2 inhibitor ruxolitinib (27, 28). Ruxolitinib completely inhibited phosphorylation of STAT3 Y705 in response to mouse OSM in all three cell types (Figure 2C). Together these results suggest that OSMR expressed by satellite and interstitial cells are able to respond to upregulated OSM in muscle and activate down-stream JAK1/2-STAT3 signaling pathway.

Persistence of STAT3 Tyrosine Phosphorylation in the Injured Muscle Following SCI

Next, we examined STAT3 Y705 phosphorylation in the muscles of mice developing NHO. Western blots for pSTAT3 Y705 and total STAT3 were performed using whole muscle lysates from hamstrings of mice that underwent either (1) SCI+CDTX, (2) SCI+PBS, (3) SHAM+CDTX, or (4) SHAM+PBS at day 4, 7, and 14 days post-surgery. At 4 days post-surgery there was a clear increase in STAT3 Y705 phosphorylation in muscle injured with CDTX (Figure 3A). Importantly the ratio of pSTAT3 Y705 vs. total STAT3 normalized to the pSTAT3/STAT3 ratio measured in control mice (SHAM+PBS), was significantly higher in SCI+CDTX mice compared to SHAM+CDTX mice (Figure 3A). Seven days post-injury, STAT3 Y705 phosphorylation persisted in the injured muscles from the SCI+CDTX group while it was resolving in the SHAM+CDTX group (Figure 3B). This pattern of persistent STAT3 Y705 phosphorylation in the injured muscles of the SCI+CDTX group that developed NHO was noted up to 14 days post-surgery (Figure 3C) whereas in SHAM+CDTX, pSTAT3 Y705 had returned to levels not significantly different from those observed in controls without muscle injury as expected from previous reports showing that without a SCI, CDTX-injured muscles are mostly repaired 14 post-injury (33). These data establish that the combination of SCI with muscle injury, compared to all other control treatments, caused enhanced STAT3 signaling in the injured muscle which persisted for an extended period of time after the initial injury. Overall these data establish that in the context of a SCI, STAT3 phosphorylation is exaggerated and persists over a longer period of time in injured muscles developing NHO.


[image: image]

FIGURE 3. Persistence of STAT3 tyrosine phosphorylation in injured muscles following spinal cord injury. Western-blots of whole muscle lysates collected from mice that underwent either SCI or SHAM surgery together with an intramuscular injection of either CDTX or PBS. Western blot of whole muscle lysates from individual mice taken on day 4 (A), 7 (B), or 14 (C) post-injury. Each membrane was probed with rabbit anti-pSTAT3 Y705 mAb, stripped and then re-probed with rabbit anti-total STAT3 mAb. Band fluorescence intensity was quantified and ratio of signal intensity of pSTAT3 vs. total STAT3 calculated for each individual mouse and normalized relative to the average pSTAT3/STAT3 ratio in control mice (SHAM+PBS) at each time-point. Each lane and each dot represents a separate mouse, n = 2–4 mice/treatment/time-point. Bars represent mean ± SD. P values were calculated by ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



JAK1/2 Inhibition Significantly Reduced NHO Development Following SCI

From this we hypothesized that exaggerated and persistent STAT3 tyrosine phosphorylation and activation by JAK1/2 in injured muscles of SCI mice is functionally important in NHO pathogenesis. To test this, we treated mice that underwent SCI+CDTX with ruxolitinib bi-daily for the first 7 days post-surgery. Ruxolitinib treatment significantly reduced STAT3 Y705 phosphorylation at 7 days post-surgery (Figure 4A *p = 0.03). Micro CT (μCT) confirmed a significant reduction in NHO bone volume at day 7, 14, and 23 post surgery in mice treated with ruxolitinib for the first 7 days post-injury (Figure 4Bi,ii **p = 0.0076, *p = 0.031, and *p = 0.015). Visual representation of collagen+ NHO by Masson's trichrome staining at 3 weeks post-surgery was consistent with μCT quantification and confirmed the presence of collagen+ NHO foci in the muscles of vehicle treated SCI+CDTX mice (Figure 4C, crosshatches). Collagen+ NHO foci were reduced after ruxolitinib treatment. As previously described by us (13, 15) and others (33), in SHAM+CDTX mice at 3 weeks post-surgery, no NHO and little collagen deposition was observed, with reformation of muscle fibers confirming that in the absence of SCI, the CDTX-injured muscle repairs within 7–14 days post-injury (33). Immunohistochemistry with anti-collagen type I or anti-osterix/SP7 antibodies were consistent with both μCT and Masson's trichrome staining and confirmed that in vehicle treated SCI+CDTX mice the collagen type I+ NHO foci were lined with osterix+ osteo-lineage cells (Figure 4D, top panel, arrows). Reduced osterix-positive osteo-lineage cells and type 1 collagen deposition was noted after ruxolitinib treatment (Figure 4D, middle panel). In SHAM+CDTX mice there was little expression of collagen type I and osterix (Figure 4D, bottom panel). Ruxolitinib treatment had minimal impact on the density of F4/80+ macrophages within the injured muscles 7 days post-surgery (Figure 4E).


[image: image]

FIGURE 4. Inhibition of JAK1/2 kinases with ruxolitinib reduces NHO development after SCI in vivo. (A) Western-blots of whole muscle lysates collected at day 7 from SCI+CDTX mice that were treated with either vehicle control or ruxolitinib (60 mg/kg bi-daily) from day 0–7 post surgery. Western-blots of whole muscle lysates were probed with rabbit anti-pSTAT3 Y705 mAb, and rabbit anti-total STAT3 mAb, then band fluorescence was quantified and ratio of signal intensity of pSTAT3 versus total STAT3 calculated for each individual mouse. Each lane and each dot represents a separate mouse, n = 4–5/treatment group. Data represented as mean ± SD, *p = 0.03 by Mann-Whitney test. (B) Measurement of NHO volume by micro CT (μCT) in mice which received SCI+CDTX and treated with either vehicle control or ruxolitinib (60 mg/kg bi-daily) from day 0–7 post surgery. (i) NHO volumes were quantified in vivo by μCT at indicated time points post-surgery illustrating the reduction in NHO development. Each dot represents a separate mouse, n = 4–10 mice/treatment/time point. Data represented as mean ± SD, **p = 0.0076, *p = 0.031, and p = 0.015 respectively by Mann-Whitney test. (ii) Representative μCT images at 7 days post-surgery (C) Masson's trichrome staining 3 weeks post-surgery confirming the development of multiple NHO bone and collagen+ foci (crosshatches) within the muscle in vehicle treated mice, which are reduced after ruxolitinib treatment, and absent in control mice (SHAM+CDTX) (D) Immunohistochemistry staining of serial sections from SCI+CDTX mice 3 weeks post-surgery (top and middle panels). Mice were treated with vehicle or ruxolitinib (60 mg/kg bi-daily) from day 0–7 post surgery. Stains were performed with either rat anti-F4/80 mAb, rabbit anti-collagen I (CT1), or anti-osterix antibodies. Isotype control (rat IgG2b for F4/80; Rabbit IgG for CT1, and Osterix) are also shown to confirm specificity of staining. In vehicle treated mice CT1+ NHO foci are present within the damaged muscle (crosshatch), these foci are surrounded by F4/80+ macrophages and have Osterix+ cells lining the NHO foci surface (arrows). After ruxolitinib treatment there are still F4/80+ macrophages within the damaged muscle, however there are less CT1+ NHO foci with Osterix+ cells lining the surface. *symbols denote the same anatomical landmark in each image. NHO development is absent in SHAM+CDTX mice 3 weeks post-surgery, with no CT1, and Osterix expression (bottom panel). (E) Quantification of F4/80 expression via IHC confirmed that ruxolitinib treatment did not change F4/80+ macrophage expression within the hamstrings of vehicle vs. ruxolitinib treated mice, 7 days post-surgery. Each dot represents a separate mouse, n = 2–5/treatment group/sectional depth. Four different depths were analyzed for each sample with at least 50 μm between each depth. Data represented as mean ± SD. All images taken at 40X magnification, scale bar represents 50 μm.



DISCUSSION

The inflammatory component that frequently accompanies severe trauma of the central nervous system and the spine has been suggested to be a key factor in NHO development (5, 34, 35). We have previously established in a mouse model of SCI-induced NHO in which macrophages infiltrate the damaged muscles was critical for NHO development (13–15). Our current study demonstrates that SCI causes an increased infiltration of Ly6Chi inflammatory monocytes/macrophages into injured muscles. Furthermore, we show that myeloid cells infiltrating the injured muscle express the pro-inflammatory cytokine OSM. Binding of OSM to OSMR, which is expressed by satellite cells and interstitial cells isolated from muscle, activates JAK1/2 tyrosine kinases with subsequent STAT3 tyrosine phosphorylation and activation in vitro. In vivo we established that SCI with accompanying muscle injury caused an increase in STAT3 phosphorylation in injured muscles which persisted for up to 2 weeks only in the muscles that develop NHO. Finally, in vivo inhibition of JAK1/2 with ruxolitinib reduced STAT3 phosphorylation in injured muscles and most importantly reduced NHO volume subsequent to SCI combined with muscle injury.

OSM has been recently reported to induce muscle satellite cell quiescence in vivo, and conditional deletion of the Osmr gene specifically in satellite cells led to reduced myofiber regeneration in response to injury (36). In agreement with this, STAT3, which is activated by JAK1/2 immediately downstream of the OSMR:gp130 complex, has been implicated in controlling satellite cell expansion and muscle repair after muscle injury (37). In addition, STAT3 knock-down or conditional Stat3 gene deletion in satellite cells increased satellite cell proliferation following muscle injury but impaired muscle repair, suggesting that STAT3 activation is required for accelerated muscle repair (37, 38). In contrast, OSM is known to promote osteogenic differentiation of mesenchymal stromal cells in vitro (18, 39) and osteoblast differentiation and bone formation in vivo (16, 17, 19). Therefore, OSM plays an important role in both muscle repair and osteogenic differentiation and activity. This is consistent with our observations that (1) OSMR is expressed in skeletal muscles by both satellite cells, which regenerate myoblasts following muscle injury (40), and by interstitial cells which are of mesenchymal origin (32), and (2) that OSM causes STAT3 phosphorylation in both cell types in vitro. A limitation of our study is that we were unable to demonstrate STAT3 phosphorylation specifically in muscle satellite cells or interstitial cells in vivo. The extended enzymatic digestion of muscles at 37°C required to obtain single cell suspension amenable for flow cytometry, removes OSM protein from the extracellular milieu thus disrupting OSMR ligation on satellite and interstitial cells and downstream JAK/STAT signaling. Further immunohistological experiments using reporter mice in which muscle satellite cells or mesenchymal cells are specifically labeled with a fluorescent reporter will be required to definitively prove STAT3 activation in vivo in these two cell types.

It is also important to note that in our experiments, ruxolitinib may also block STAT activation in additional cell types particularly myeloid cells that infiltrate the injured muscle. Indeed, these myeloid cells express receptors for other inflammatory cytokines such as IL-6 (41), granulocyte colony-stimulating factor (G-CSF) (42) and granulocyte macrophage colony-stimulating factors (GM-CSF) (43) which also activate STATs via JAK1/2. Although it remains to be determined whether IL-6, G-CSF, and GM-CSF contribute to NHO pathogenesis (44), the ruxolitinib-mediated inhibition of JAK1/2 in both muscle progenitor cells and infiltrating myeloid cells may also contribute to the overall inhibition of NHO in our model.

Intriguingly, while STAT3 inhibition has been reported to improve muscle repair in mice without SCI (37, 38), we did not note improved muscle repair following JAK1/2 inhibitor administration in mice that underwent SCI as macrophage infiltration and collagen deposits remained in the injured muscles even after ruxolitinib treatment. A few hypotheses can be formulated to explain this divergent outcome in terms of muscle repair. Firstly, the SCI may cause a dramatic change in the function of macrophages orchestrating muscle repair (33) and in muscle satellite and interstitial cells, such that inhibition of either STAT3 or JAK1/2 is not sufficient to re-establish coordinated muscle regeneration. A second possibility is that the JAK1/2 inhibitor used in our study also inhibits the activation of other STAT proteins such as STAT1 and STAT5 which may be activated in response to OSM (16) as well as STAT activation in response to other cytokines such IL-6, IL-12, G-CSF, or GM-CSF in muscle cells and macrophages which orchestrate muscle regeneration as discussed above.

It is also important to note that despite the significant effect of ruxolinitib in reducing STAT3 phosphorylation in muscles of mice developing NHO, and the reduction in NHO volume after ruxolitinib treatment, while pronounced was only partial (Figure 4). Herein we find that SCI and muscle injury caused an exaggerated infiltration of Ly6Chi inflammatory monocytes into the injured muscles consistent with our previous observation that in vivo depletion of phagocytes with clodronate-loaded liposomes markedly inhibited NHO formation (13). Because of this increased inflammatory monocyte infiltration, it is likely that other pro-inflammatory cytokines and mediators are released within the injured muscle and participate to NHO development. For instance we have previously reported in this model of SCI-induced NHO that substance P may contribute to NHO development (13). Others have reported in a rat model of multi-trauma, that the retinoic acid receptor-γ agonist Palovarotene also partially decreased heterotopic ossification (45). In a similar rat model of multi-trauma, rapamycin was also found to partially decrease heterotopic ossification, suggesting that mammalian targets of rapamycin (mTOR) may also play an important role (46). Altogether these findings suggest that many other pathways could be abnormally activated in injured muscles in the context of a SCI. Indeed since NHO is driven by two different insults, it is unlikely that the pathogenesis converges to a single pathway. Therefore, a highly effective therapy is likely to require a combined approach. We are currently undertaking transcriptome analyses on injured muscles with and without SCI to elucidate the molecular pathways that could potentially promote NHO development.

Although ruxolitinib caused a pronounced but still partial reduction in NHO development, inhibitors of JAK1/2 or STAT3 may represent a new therapeutic approach to decrease NHO development in patients or perhaps to avoid NHO re-occurrence after surgical resection, which is observed in 6% of NHO patients (2, 9, 12). However, the roles of STAT3 and JAK1/2 in spinal cord recovery will need to be carefully evaluated. In a rat model of SCI, treatment with a STAT3 inhibitor post-surgery promoted neural stem cell differentiation (47). In other studies, augmentation of IL-6 after SCI resulted in enhanced infiltration of neutrophils and macrophages with a subsequent increase in lesion size and reduction in axonal growth, suggesting that balanced IL-6 signaling is required for efficient repair after SCI (48). However, other studies have demonstrated that conditional deletion of STAT3 in reactive astrocytes leads to the limited migration of astrocytes, higher infiltration of inflammatory cells, demyelination, and more severe loss of motor function following SCI (49, 50). The SCI-NHO model used in our studies involves a complete spinal cord transection and further analysis on neurological recovery was not possible in this model. Therefore, further studies in a SCI-NHO model where neurological recovery is achievable are necessary to effectively determine whether ruxolitinib treatment to reduce NHO development has any beneficial or negative impact on neurological recovery following SCI.

In conclusion our experiments suggest that STAT3 activation persists in the muscles of mice that are developing NHO following SCI and that targeting STAT3 activation via transient JAK1/2 inhibition immediately following SCI may be a possible therapeutic approach to reduce NHO development in patients.
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