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Editorial on the Research Topic


The immune system and inflammation in musculoskeletal health, aging, and disease


The musculoskeletal and immune systems are intricately linked in anatomical space and function, with crosstalk between immune cells and musculoskeletal tissues, including bone, cartilage, muscle, and tendons, being essential for normal development and homeostasis (1–4). Such a relationship is also critical during injury and repair, with inflammation and immune cells being necessary for initiating and resolving injury-induced tissue responses and altered extracellular matrix composition and turnover, likewise regulating immune cell engagement (5–9). Over the last decade, growing evidence has demonstrated that alterations to immune cell populations caused by aging and metabolic dysfunction underly the impaired tissue repair responses seen in chronic musculoskeletal diseases and acute injuries, including those affecting synovial joints (e.g., osteoarthritis), bones (e.g., osteoporosis, fracture healing), muscles (e.g., sarcopenia), and tendons/ligaments (e.g., tendinopathy, rupture).

The burden from musculoskeletal conditions continues to rise globally, impacting patients’ quality of life, independence, and health, social and economic systems due to increasing care costs and work loss. Over 1.7 billion people globally live with musculoskeletal conditions, according to the World Health Organization (10) and findings from the Lancet’s Global Burden of Disease Study 2019 (11–13). Low back pain is the main contributor to this overall burden, while osteoarthritis (OA) shows the most rapid increase of these conditions. While advances have been made in treating osteoporosis in the past decade, intervertebral disc degeneration (IVDD), OA, and many others where disease pathogenesis is less understood lack disease-modifying therapeutics. Progress in understanding how diseases such as IVDD and OA progress has revealed an essential role for inflammatory dysregulation in these conditions; however, several important questions must be resolved before this can be mobilized as a therapeutic strategy. In this Frontiers of Immunology – Inflammation Section Research Topic; The Immune System and Inflammation in Musculoskeletal Health, Aging, and Disease; we present a collection of articles focused on the aging skeleton and aim to shed light on age-associated dysregulation of inflammatory processes that lead to musculoskeletal morbidity with the hope of identifying targets for future disease-modifying therapeutics (Figure 1).




Figure 1 | The Importance of Crosstalk between the Immune and Musculoskeletal Systems during Development, Homeostasis, and Disease. Interactions between the immune and musculoskeletal systems are critical for their development and homeostasis. Alterations to these interactions caused by aging, metabolic dysfunction, or genetic mutations lead to impaired repair responses and dysregulated tissue homeostasis, resulting in various musculoskeletal diseases such as osteoarthritis, osteoporosis, sarcopenia, periodontal disease and dental implant loosening, and intervertebral disc degeneration. In this Frontiers of Immunology – Inflammation Section research topic, we present a collection of articles that aim to shed light on age-associated dysregulation of inflammatory processes that lead to musculoskeletal morbidity. Image created with BioRender.com under Academic License.



OA is a multifactorial disease affecting synovial joints and one of the most common musculoskeletal diseases worldwide (14, 15). The disease is characterized by progressive loss of articular cartilage, subchondral bone and peri-articular bone remodeling, and intra-articular inflammation with synovitis, culminating in chronic pain and reduced mobility. The role of immune cells in OA progression was long recognized but remains poorly understood. In this Research Topic, Haubruck et al. outline the role of monocytic cells in post-traumatic OA (PTOA) and discuss therapeutic interventions to potentially improve disease outcomes. In addition to modifying disease outcomes, improved metrics for classifying OA severity are required to better manage the disease and for the development of disease-modifying drugs. In this regard, the search for biomarkers that can identify the stage of OA progression and distinguish between OA at different anatomical sites has become increasingly important. In this Research Topic, Zhang et al. identify extracellular vesicle sub-species that are more prevalent in patients with knee OA and carry a pro-inflammatory cargo, including tumor necrosis factor-alpha (TNF-α). In a second study in this Research Topic, Ratneswaran et al. investigated patients with hand OA and identified that circulating cytokines could distinguish OA severity of the trapeziometacarpal joint. Specifically, interleukin-7 (IL-7) was identified as a marker capable of differentiating disease severity with higher levels associated with a decreased likelihood of trapeziometacarpel joint OA needing surgical intervention. In terms of targeting inflammation to treat OA, Vachhani et al. investigated whether CD200R1 agonists could delay the progression of PTOA; however, neither the protein therapeutic CD200Fc nor the synthetic DNA aptamer CCS13 were able to attenuate cartilage degeneration or synovitis, despite their ability to blunt inflammatory response in the knee. This study points to the complexities of targeting inflammation in complex diseases such as OA.

In recent years, synoviocytes and resident immune cells within the synovium have emerged as key players in the progression of OA and other joint diseases (16, 17). In this Research Topic, Jones et al. used ChIP-seq to assay fibroblast-like synoviocytes and identified that SOX4 and RELA physically interact on chromatin, with TNF-responsive genes being the primary targets of this transcriptional complex. Sodhi et al. identified sex-dependent differences between complement and synovial microvascular pathology in patients, with higher synovial fluid C5 levels being associated with increased complement activation and decreased synovial vascularization in males but not in females with OA. Farina et al. identified that the binding of pro-nerve growth factor to p75NTR on synoviocytes elicits an inflammatory response, resulting in the release of IL-1β, IL-6 and TNF-α. Inhibition of this binding prevented this inflammatory response and represents a novel therapeutic approach in chronic arthritis. Finally, the role of Hippo pathway targets, the mechanoresponsive Yap/Taz transcription factors, was investigated in the context of rheumatoid arthritis (RA) by Caire et al., where the authors demonstrated that RA activates Yap/Taz within synoviocytes. Treatment with a Yap/Taz inhibitor reversed the RA phenotype indicating their transcriptional inhibition could be relevant to treat inflammatory-related diseases.

Aging also affects other tissues of the skeleton. The effect of oxidative stress on IVDD was studied by Cao et al. Specifically, this group found that Ccnb1 and Pkd1 help to regulate oxidative stress during intervertebral disc degeneration and lead to CD8+ T cell infiltration. This work presents Ccnb1 & Pkd1 as potential targets for treatment in IVDD. A lesser-considered modality of the aging skeleton is dental health. Schluessel et al. investigated the loosening of dental implants and related gene expression profiles with the loosening of orthopedic implants. Using co-culture systems, disparate and overlapping gene profiles were established, identifying potential therapeutic targets for improving and maintaining the integration of dental and orthopedic implants. Ma et al. investigated the ratio of pro-inflammatory and anti-inflammatory macrophages within the infrapatellar fat pad and subcutaneous fat tissue of patients receiving total knee arthroplasties. The macrophage ratio differed between infrapatellar and subcutaneous fat, with the infrapatellar environment presenting a more inflammatory niche that could be targeted for therapeutic intervention in joint disease.

The works within this collection shed light on the importance of immune cell populations and signaling mechanisms in musculoskeletal disease progression; however, more work is certainly needed before therapeutics targeting these mechanisms can be developed to modify complex diseases such as OA and IVDD.

In conclusion, we thank the contributing authors for sharing their findings and insights in these critical areas. Musculoskeletal diseases have long presented a challenge to the medical and scientific communities. However, with an improved understanding of how the immune and musculoskeletal systems interact, better and more selective therapies could be on the horizon.
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Objectives

To identify plasma extracellular vesicles (EVs) associated with radiographic knee osteoarthritis (OA) progression.



Methods

EVs of small (SEV), medium (MEV) and large (LEV) sizes from plasma of OA participants (n=30) and healthy controls (HCs, n=22) were profiled for surface markers and cytokine cargo by high-resolution flow cytometry. The concentrations of cytokines within (endo-) and outside (exo-) EVs were quantified by multiplex ELISA. EV associations with knee radiographic OA (rOA) progression were assessed by multivariable linear regression (adjusted for baseline clinical variables of age, gender, BMI and OA severity) and receiver operating characteristic (ROC) curve analysis.



Results

Based on integrated mean fluorescence intensity (iMFI), baseline plasma MEVs carrying CD56 (corresponding to natural killer cells) predicted rOA progression with highest area under the ROC curve (AUC) 0.714 among surface markers. Baseline iMFI of TNF-α in LEVs, MEVs and SEVs, and the total endo-EV TNF-α concentration, predicted rOA progression with AUCs 0.688, 0.821, 0.821, 0.665, respectively. In contrast, baseline plasma exo-EV TNF-α (the concentration in the same unit of plasma after EV depletion) did not predict rOA progression (AUC 0.478). Baseline endo-EV IFN-γ and exo-EV IL-6 concentrations were also associated with rOA progression, but had low discriminant capacity (AUCs 0.558 and 0.518, respectively).



Conclusions

Plasma EVs carry pro-inflammatory cargo that predict risk of knee rOA progression. These findings suggest that EV-associated TNF-α may be pathogenic in OA. The sequestration of pathogenic TNF-α within EVs may provide an explanation for the lack of success of systemic TNF-α inhibitors in OA trials to date.





Keywords: extracellular vesicles, knee osteoarthritis progression, immune cells, cytokines, TNF-α



Introduction

Extracellular vesicles (EVs) are released by almost all mammalian cells. Due to their cargo (cytoplasmic proteins, DNA, mRNA, miRNA, small non-coding RNAs, mitochondria, and cytokines), EVs are believed to be able to act as mediators of cell-to-cell communication and as paracrine effectors (1–4). Studies in OA have focused on the beneficial effects of mesenchymal stem cell (MSC)-derived EVs (5, 6), the detrimental effects of subchondral bone osteoblast-derived small EVs (SEVs) (7), and the surface markers and cytokine cargo of SEVs (also known as exosomes) in OA synovial fluid (SF) (8, 9). SEVs from knee OA SF carry surface markers CD9, CD81 and CD63 and cytokines (IL-1β, IL-2, IL-4, IL-5, IL-6, IL-13, IL-17, TNF-α and IFN-γ (8–10), and are associated with OA disease severity (8). SEVs from OA SF induce the release of pro-inflammatory cytokines (IL-1β, IL-6 and TNF-α), chemokines and metalloproteases in vitro by M1 macrophages (9), enhance chemotaxis of peripheral blood mononuclear cells, promote inflammatory responses, and inhibit chondrocyte proliferation (10). SEVs from IL-1β stimulated human synovial fibroblasts significantly up-regulate articular chondrocyte expression of MMP-13 and ADAMTS-5 (11). Taken together, these studies suggest a pathogenic role of SF-derived EVs in OA.

Despite the evidence for a role of EVs in the pathogenesis of OA, to our knowledge, there have been no previous studies evaluating the role of EV subpopulations in OA progression. To fill this important knowledge gap, we profiled OA and healthy control (HC) plasma for EV surface markers, ‘endo-EV’ (within EV) cytokine cargo, and exo-EV cytokine concentrations (in EV-depleted supernatant after ExoQuick precipitation of EVs from the unit of plasma), to evaluate and compare their associations with knee radiographic (r)OA severity and progression.



Methods


Study Participants

Sixty plasma specimens were analyzed including: (1) healthy controls (HCs, n=16), non-progressive OA (OA-NP, n=16) and progressive OA (OA-P, n=14) from the completed Genetics of Generalized Osteoarthritis (GOGO) study (12); and (2) additional HC samples (n=6) from the commercial vendor (Zenbio). The samples were matched for gender, race and decade of age (Table 1). Samples were stored at -80°C until analysis. All samples and data were acquired with informed consent under IRB approval of Duke University or the commercial vendor (Zenbio).


Table 1 | Demographic information of the study participants.





Radiographic Procedures and Grading

Knee radiographic imaging was performed as reported previously for the GOGO study (12) and scored for Kellgren and Lawrence (K/L) grade (0–4) (12–14). K/L scores from both knees of a participant were summed yielding scores with range 0-8. HCs from GOGO were defined as participants having knee K/L grade 0 bilaterally. Participants having knee OA was defined as having summed K/L grade ≥1 at baseline. The change of K/L scores from both knees of a participant were summed yielding scores with range 0-6. Radiographic knee OA progression was defined as K/L grade increase ≥1 unit in at least one knee during follow-up (mean 3.8 years, range 1.1-8.6 years) (Table 1). HCs from Zenbio were defined as no self-reported diseases or medical conditions.



EV Separation From Plasma Samples

EV isolation required 50 μl plasma for each marker panel as previously reported (4, 15). Blood samples were centrifuged at 3000 rpm for 15 min at 4 °C to separate plasma from cells and debris; plasma samples were aliquoted and frozen at − 80 °C until analysis. Frozen plasma samples were thawed followed by centrifugation at 2000 g for 10 minutes at 4°C to remove remaining debris. EVs in plasma were separated by ExoQuick (System Biosciences) following the manufacturer’s instructions (4, 15, 16). As described below, EVs were profiled for surface markers and cytokines; endo-EV and exo-EV cytokine concentrations were also measured.



Profiling EV-Carried Surface Markers and Cytokines by High Resolution Multicolor Flow Cytometry

As previously described (4, 15), EVs were profiled for the following surface markers to identify EV subpopulations by cell of origin (Supplementary Table 1) (4, 15, 17–25): CD81, CD9, CD29, CD63, CD8, CD68, CD14, CD56, CD15, CD235a, CD41a, CD34, CD31, major histocompatibility complex (MHC)-class I antigens HLA-A, HLA-B and HLA-C (HLA-ABC), MHC-class II antigens HLA-DR, -DP and -DQ (HLA-DRDPDQ) (BD Biosciences), CD4, CD19 and MHC-class I antigen HLA-G (ThermoFisher Scientific). We also profiled endo-EV cytokines IL-1β, TNF-α, IFN-γ (BD Biosciences), and IL-6 (ThermoFisher Scientific). The percentages (%) and geometric mean fluorescence intensity (MFI) of EVs carrying each tested marker were determined using a high-resolution multicolor BD LSR Fortessa X-20 Flow Cytometer with the BD FACSDiVa software (BD Biosciences). The integrated MFI (iMFI) of surface markers and cytokines was calculated by multiplying percentage of positive population with the MFI of that population (15, 26, 27).



Multiplex ELISA for Cytokine Quantification

To confirm the efficiency of the EV precipitation, the concentration and size distribution of particles (in the ExoQuick precipitate of EVs and the remaining EV-depleted supernatants) derived from 50 µl plasma were measured by nanoparticle tracking analysis and dynamic light scattering as previously reported (4, 15) (Supplementary Figure 1). As previously described (15), EV pellets were lysed in NP40 lysis buffer (Thermo Fisher Scientific) in the same volume as the EV-depleted supernatants. The concentrations of endo-EV and exo-EV (remaining EV-depleted supernatant after ExoQuick precipitation) cytokines were measured by multiplex ELISA using the Custom Pro-inflammatory Panel (IL-1β, IL-6, TNF-α, IFN-γ, Meso Scale Diagnostics) following the manufacturer’s instructions (15, 28, 29).



Receiver Operating Characteristic (ROC) Curve Analysis

Multivariable logistic regression and ROC curve analyses (30, 31) were performed to evaluate the discriminant ability of baseline EV-related variables for knee OA progression, defined as change in knee K/L grade (summed across knees). Model stabilities were validated using a 2,500 non-parametric bootstrap resampling approach; 95% bias-corrected confidence intervals (CIs) for area under the ROC curve (AUC) are reported. Likelihood ratio (32) test was used to assess model fit; the R-square value (RSq) (33), corrected Akaike’s Information Criterion (AICs) (34) and the Bayesian Information Criterion (BIC) (35) are reported. Rsq closer to 1 indicates a better fit to the data; while for AIC and BIC, the model having the smaller value is considered better. Specificity was determined at sensitivity 80%. The analyses were performed using JMP Pro 15 (SAS). AUC is interpreted as follows: AUC ≤0.5 indicates no better than a random classifier; AUC >0.5 is considered validated; AUC >0.65 is considered a moderate discriminant capability.



Statistical Analyses

Data in this study were not normally distributed based on D’Agostino-Pearson omnibus normality test; therefore, nonparametric analyses were performed. Comparisons between HC, OA-NP and OA-P were performed using Kruskal-Wallis test. Comparisons of endo-EV and exo-EV cytokines were performed using Wilcoxon matched-pairs signed rank test. Comparisons between the tested cytokines in each participant group were performed using Friedman test. False Discovery Rate (FDR) was generated using the Benjamini and Yekutieli method with significant results defined by FDR (q value) <0.05. Multivariable linear regression modeling was performed with adjustment for baseline clinical variables (age, gender, body mass index [BMI] and summed knee OA K/L score) to identify associations of endo-EV and exo-EV biomarkers with knee rOA progression, defined by change in summed K/L score from baseline to follow-up. A p value <0.05 was considered statistically significant. GraphPad Prism 8.0 software (GraphPad) and JMP Pro 15 software were used for statistical analyses.




Results


Multiple Immune Cell-Related LEVs and MEVs Were Associated With Knee rOA Progression

There are currently no specific markers for different EV subtypes (36). Following the recommendations from the International Society for Extracellular Vesicles (36), we used operational terms (range of sizes along with descriptions of cell of origin defined by their surface markers) to describe EV subsets as in our previous work (4, 15). With our newly developed high-resolution multicolor flow cytometry-based methodology, we identified three major subsets of plasma EVs in human HCs: large EVs (LEVs), 1000-6000 nm; medium sized EVs (MEVs), 100-1000 nm; and SEVs, <100 nm; these major subsets based on size were confirmed using dynamic light scattering (4, 15). In this study, these three major subsets of plasma EVs were also identified in plasma of participants with knee OA. Plasma EVs from HC and OA participants all carried surface markers of human stem cells and progenitor cells, immune cells, activated pro-inflammatory fibroblasts, epithelial and endothelial cells indicative of their cell origins (Supplementary Figure 2 and Supplementary Table 1) (4, 15, 17–25).

Baseline iMFI of multiple plasma EV subpopulations were associated with baseline clinical variables including age, gender, BMI and summed knee OA K/L score (Supplementary Figure 3). Adjusting for these baseline clinical variables, baseline iMFI of multiple plasma LEVs and MEVs were statistically significantly associated with knee rOA progression. LEV subpopulations associated with rOA progression included the following: CD29+, CD63+, CD8+, CD15+, CD14+, CD19+, and ratio of CD15/CD8 (reflecting neutrophil-EV to T cell-EV ratio) (Figure 1A). MEV subpopulations associated with rOA progression included the following: CD81+, CD9+, CD31+, CD29+, CD63+, CD56+, CD68+, and HLA-DRDPDQ+ (Figure 1B). No SEV subpopulations based on EV surface markers were associated with knee rOA progression. These LEV and MEV surface markers yielded AUCs >0.5 (Figures 1C, D); CD56+ MEVs (AUC 0.714), corresponding to NK cell-EVs, yielded the highest AUC (Figure 1D).




Figure 1 | Multiple immune cell-associated LEVs and MEVs at baseline were associated with knee radiographic (r)OA progression. Plasma EVs from OA participants (n = 30, 53% OA-NP and 47% OA-P) at baseline were profiled with the indicated surface markers by high resolution multicolor flow cytometry. (A, B) Multivariable linear regression modeling was performed with adjustment for the baseline clinical variables (age, gender, BMI and summed knee OA K/L score) to identify the associations of the knee OA radiographic severity changes from baseline to follow-up with the baseline iMFI of each surface marker in gated LEVs, MEVs or SEVs. The Leverage Plots represent plots of leverage of summed knee rOA progression (x axis, scaled in units of the response) vs the baseline iMFI (y axis) of the indicated surface markers in LEVs (A) and MEVs (B) with an asterisks indicate the p < 0.05. No SEV subpopulations based on EV surface markers were associated with knee rOA progression. (C, D) Multivariable logistic regression and ROC curve analysis were used to assess AUC of the knee rOA progression-associated surface markers in LEVs (C) and MEVs (D) to predict progression of radiographic knee OA. Since all tested surface markers in SEVs were not significantly associated with knee rOA progression, they were excluded from ROC analysis. AUC > 0.5 was considered validated and AUC > 0.65 (red font) was considered a moderate discriminant capability. 95% bias-corrected confidence intervals (CIs) for AUCs are reported. LEVs, large EVs; MEVs, medium EVs; iMFI, integrated mean fluorescence intensity. *p < 0.05.





Endo-EV TNF-EV TNF-α in Plasma Associated With Knee OA Progression

TNF-α is a classical pro-inflammatory cytokine playing critical roles in OA pathogenesis (29, 37–41). Recently, we found that endo-EV concentrations of TNF-α (in lysates of EV pellets) were significantly higher than the exo-EV concentrations (in EV-depleted supernatants) in the same unit volume of plasma from OA participants, suggesting that EVs are a major source of systemic TNF-α(15). Here, we report, the concentration of endo-EV TNF-α was significantly higher in OA-P than HC participants, while exo-EV TNF-α concentrations did not differ among the study groups (Figure 2A). Adjusting for baseline clinical variables, the baseline concentration of endo-EV TNF-α was statistically significantly associated with knee rOA progression (Figure 2B). In addition, the baseline concentration of endo-EV TNF-α predicted knee rOA progression with moderate discriminant ability (AUC 0.665, Figure 2C). In contrast, exo-EV TNF-α was neither associated with nor predictive of knee rOA progression (Figures 2B, C). In addition to EVs being a major source of systemic TNF-α, this suggests that plasma endo-EV TNF-α represents a promising systemic biomarker for predicting risk of knee rOA progression.




Figure 2 | The concentration of endo-EV TNF-α at baseline was associated with knee rOA progression. The concentrations of exo-EV and endo-EV TNF-α in plasma from HC (n = 16), OA-NP (n = 16) and OA-P (n = 14) participants at baseline were measured by multiplex immunoassay. (A) The graphs represent the differential concentrations of endo-EV and exo-EV TNF-α between HC, OA-NP and OA-P. Comparisons between HC, OA-NP and OA-P were performed using Kruskal-Wallis test with significant results defined by FDR q< 0.05; asterisks indicate the p value as * <0.05. (B) Multivariable linear regression modeling was performed with adjustment for the baseline clinical variables to identify the associations of summed knee rOA progression with baseline concentrations of TNF-α in OA participants (n = 30, 53% OA-NP and 47% OA-P). The Leverage Plots represent plots of leverage of summed knee rOA progression (x axis) vs the baseline concentrations (y axis) of endo-EV and exo-EV TNF-α. (C) Multivariable logistic regression and ROC curve analysis were used to assess AUC and specificity (at sensitivity 80%) of endo-EV and exo-EV TNF-α in OA participants (n = 30, 53% OA-NP and 47% OA-P) to predict progression of radiographic knee OA. Rsq, AICs, and BICs were based on likelihood ratio test. 95% bias-corrected confidence intervals (CIs) for AUCs are reported. Endo-EV, within EV; Exo-EV, outside EV; HC, healthy control; OA-P, radiographic knee osteoarthritis progressor; OA-NP, radiographic knee osteoarthritis non-progressor.



Plasma EVs from HCs, OA-NP and OA-P participants were assessed by flow cytometry for an array of cytokines including TNF-α. TNF-α was present in all sizes of plasma EVs and was the most abundant endo-EV cytokine of the four analyzed and the most abundant cytokine in all three participant groups based on mean percentage of TNF-α+ LEVs, MEVs and SEVs (Supplementary Figure 4). Baseline iMFI of TNF-α in LEVs was significantly higher in OA-P than HCs (Figure 3A), which is consistent with the differential concentration of endo-EV TNF-α observed between these two groups by ELISA based analyses (Figure 2A). Moreover, baseline iMFI of TNF-α in MEVs and SEVs was significantly higher in OA-P than OA-NP (Figure 3A). With adjustment for baseline clinical variables, baseline iMFI of TNF-α in EVs of all sizes was associated with knee rOA progression (P<0.1); this was statistically significant for TNF-α in MEVs (Figure 3B). Although the baseline iMFI of TNF-α in EVs of all sizes predicted knee rOA progression, MEVs and SEVs had higher AUCs and specificity (both AUC 0.821 and specificity 81% at sensitivity 80%) than LEVs (AUC 0.688 and specificity 63% at sensitivity 80%) (Figure 3C).




Figure 3 | The iMFI of endo-EV TNF-α at baseline was associated with knee rOA progression. Plasma EVs from HC (n = 6), OA-NP (n = 16) and OA-P (n = 14) participants at baseline were profiled for intra-vesicle TNF-α by high-resolution multicolor flow cytometry. (A) The graphs represent the iMFI of TNF-α in gated LEVs, MEVs and SEVs between HC, OA-NP and OA-P. Comparisons between HC, OA-NP and OA-P were performed using Kruskal-Wallis test with significant results defined by FDR q< 0.05; asterisks indicate the p value as * <0.05 and ** <0.01. (B) Multivariable linear regression modeling was performed with adjustment for the baseline clinical variables to identify the associations of the knee OA radiographic severity changes from baseline to follow-up with the baseline iMFI of TNF-α in OA participants (n = 30, 53% OA-NP and 47% OA-P). The Leverage Plots represent plots of leverage of summed knee rOA progression (x axis) vs the baseline iMFI (y axis) of TNF-α in LEVs, MEVs and SEVs. (C) Multivariable logistic regression and ROC curve analysis were used to assess AUC and specificity (at sensitivity 80%) of TNF-α in LEVs, MEVs and SEVs in OA participants (n = 30, 53% OA-NP and 47% OA-P). Rsq, AICs, and BICs were based on likelihood ratio test. 95% bias-corrected CIs for AUCs are reported. LEVs, large EVs; MEVs, medium EVs; SEVs, small EVs; iMFI, integrated mean fluorescence intensity. HC, healthy control obtained from Zenbio; OA-P, radiographic knee osteoarthritis progressor; OA-NP, radiographic knee osteoarthritis non-progressor.





Other Pro-Inflammatory Cytokines Associated With Knee rOA Progression

Endo-EV IFN-γ concentrations were significantly higher in OA-P than both OA-NP and HC participants; exo-EV IFN-γ concentrations did not differ among the study groups (Figure 4A). In contrast, exo-EV IL-6 concentrations were significantly higher in OA-P than both OA-NP and HC participants; endo-EV IL-6 concentrations did not differ among the study groups (Figure 4B). There were no statistically significant differences between the study groups based on concentrations of endo-EV or exo-EV IL-1β, or iMFIs of IL-1β, IL-6 or IFN-γ in EVs of all sizes (data not shown). Adjusting for baseline clinical variables, baseline concentrations of endo-EV IFN-γ (Figure 4C) and exo-EV IL-6 (Figure 4D) were statistically significantly associated with knee rOA progression and yielded validated AUCs of 0.558, and 0.518, respectively.




Figure 4 | The concentrations of endo-EV IFN-γ and exo-EV IL-6 at baseline were associated with knee rOA progression. The concentrations of exo-EV and endo-EV IFN-γ and IL-6 in plasma from HC (n = 16), OA-NP (n = 16) and OA-P (n = 14) participants at baseline were measured by multiplex immunoassay. (A, B) The graphs represent the differential concentrations of endo-EV and exo-EV IFN-γ (A) and IL-6 (B) between HC, OA-NP and OA-P. Comparisons between HC, OA-NP and OA-P were performed using Kruskal-Wallis test with significant results defined by FDR q < 0.05; asterisks indicate the p value as * < 0.05. (C, D) Multivariable linear regression modeling was performed with adjustment for the baseline clinical variables to identify the associations of summed knee rOA progression from baseline to follow-up with the baseline concentrations of IFN-γ and IL-6 in OA participants (n = 30, 53% OA-NP and 47% OA-P). The Leverage Plots represent plots of leverage of summed knee rOA progression (x axis) vs the baseline concentrations (y axis) of endo-EV and exo-EV IFN-γ (C) and IL-6 (D). Endo-EV, within EV; Exo-EV, outside EV; HC, healthy control; OA-P, radiographic knee osteoarthritis progressor; OA-NP, radiographic knee osteoarthritis non-progressor.






Discussion

All major types of immune cells (neutrophils, macrophages, NK cells, T cells, B cells, dendritic cells, and granulocytes) actively infiltrate OA synovial tissues, releasing cytokines and EVs into the joint that may contribute to structural progression of OA (11, 42–45). In this study, we identified plasma EVs from OA participants carrying surface markers indicative of multiple cell origins including human stem cells and progenitor cells, all major types of immune cells, activated pro-inflammatory fibroblasts, epithelial and endothelial cells (4, 15, 17–25). We identified plasma EVs in OA that carry the major pro-inflammatory cytokines, TNF-α, IFN-γ, IL-6 and IL-1β, demonstrating their pro-inflammatory phenotype. We found that the concentration of endo-EV TNF-α and the iMFI of TNF-α in EV subsets in OA plasma were associated with and strong predictors of knee rOA progression, while plasma exo-EV TNF-α was neither associated with nor predictive of knee rOA progression. Based on this prior work, we know that these TNF-α+ EVs are present and abundant in OA synovial fluid (15). This suggests that EV associated TNF-α may play a role in OA progression.

TNF-α is a classical pro-inflammatory cytokine produced by a broad variety of cell types, including, but not limited to, macrophages, monocytes, T cells, B cells, NK cells, mast cells, keratinocytes, astrocytes, microglial cells, muscle cells, intestinal paneth cells, tumor cells, synoviocytes and articular chondrocytes (46–48). Based on human in vitro data, TNF-α may play a critical role in the pathogenesis of OA (38, 40, 49). Previous human studies reported that serum TNF-α concentrations predicted knee rOA progression (50), and were associated with joint space narrowing (51). SF TNF-α concentrations were associated with knee pain (29). In addition, TNF-α polymorphisms were associated with susceptibility to OA in a Korean population (52).

Although in an animal study, TNF-α inhibition significantly decreased pro-inflammatory cytokines (IL-1β, IL-17a and IL-8), MMP-3 and MMP-9, inflammatory cell infiltration and bone destruction in joints and cartilage of rats with OA (53), the reported human trials of TNF-α inhibitors for OA are limited to three and all have been negative. These three trials (n=60 hand OA, n=84 hand OA, and n=20 knee OA) all used human TNF antibody, adalimumab (54). Only a single case report indicated that neutralizing TNF-α using adalimumab (40 mg subcutaneously every other week) decreased pain and improved joint function, visibly decreased synovial effusion and synovitis and bone marrow edema, and dramatically decreased nocturnal pain and improved walking distance (48). One possible explanation for these conflicting results is that TNF-α binds to two types of receptors with opposing functions — TNFRI mediating pro-inflammatory signals, and TNFRII mediating anti-inflammatory signals. Therefore, neutralization of TNF-α could result in a mixed clinical response, similar to prior observations resulting from treatments targeting both receptors: inhibiting signaling of both TNFRI and TNFRII reduced collagen-induced arthritis, but increased pro-inflammatory cytokine levels and reduced Treg cell activity. In contrast, selective blockade of TNFRI signaling reduced collagen-induced arthritis without the major side effects observed with both TNFRI and TNFRII blockade (55, 56). Another possible explanation is that TNF-α carried by EVs is sequestered from systemic anti-TNF-α. For flow cytometric quantification of intra-vesicular cytokines including TNF-α, it is necessary to fix and permeabilize the EVs; thus, permeability to antibodies is not expected to be a property of circulating EVs in vivo. We observed that the concentration of endo-EV TNF-α was higher than the matched exo-EV TNF-α in the same unit volume of OA plasma. Therefore, neutralizing soluble TNF-α in blood may not be sufficient when a large amount of pathogenic TNF-α is sequestered in EVs and potentially inaccessible to the neutralizing antibody. Nevertheless, these EVs would be expected to be able to fuse their membrane to the plasma membrane of specific target cells, followed by discharge of their luminal cargo [e.g. TNF-α) to the cytoplasm of their target cell (57)]. Given the dual biological functions of TNF-α in arthritis mediated by TNFRI and TNFRII, and potential technical difficulties depleting EV-carried TNF-α in vivo, neutralizing TNF-α with biologics may not be an ideal therapeutic approach for treating OA. Instead, it may be important to lower the production of TNF-α+ EVs. Monitoring of TNF-α+ EVs in plasma could also be a promising companion diagnostic for OA.

Similar to TNF-α, the concentration of endo-EV, but not exo-EV, IFN-γ was significantly associated with knee OA progression, although it was not as strong a predictor of knee OA progression. In contrast, the concentration of exo-EV, but not endo-EV, IL-6 was significantly associated with knee OA progression. These findings suggest that endo-EV and exo-EV pro-inflammatory cytokines may play different roles in the pathogenesis and worsening of OA and represent different biological processes in OA progression.

Among the test surface markers, CD56+ MEVs, related to NK cells, were the strongest predictor of knee rOA progression with the highest AUC. NK cells are one of the principal leukocyte subsets that infiltrate OA synovia (58); NK cells in both peripherial blood and SF of patients with OA produce pro-inflammatory cytokines,TNF-α, IL-6, and IFN-γ. The frequency of NK cells producing these pro-inflammatory cytokines is significantly higher in OA SF than plasma (59). In vivo antibody-mediated depletion of NK cells ameliorates disease in experimental OA, demonstrating their pathogenicity, which is likely mediated by their ability to promote inflammation and bone destruction (60).

The neutrophil to lymphocyte ratio (NLR) in peripheral blood is already a non-invasive and cost-effective biomarker of various systemic diseases, including cancers, cardiovascular diseases and rheumatologic diseases, and has been shown to be associated with OA severity (61–63). Recently, we found that the ratios of neutrophil EVs to lymphocyte EVs (from T cells, B cells and NK cells), and to T cell EVs, were highly correlated between SF and plasma in OA (15). Here we show that the ratio of neutrophil EVs to T cell EVs was associated with knee OA progression (with a validated AUC). These data taken together suggest that these NLR ratios, based on EV quantification, could serve as systemic biomarkers of OA joint pathology and possibly other comorbidities, such as cardiovascular disease. The breakthrough advantage of determining NLR ratio based on EVs is the ability to use frozen archival samples in contrast to the current method requiring fresh cells.

The first limitation of this exploratory study was the limited number of available samples related to difficulties collecting human specimens of matched gender, race, decade of age, and diversity of OA disease severity and progression. The second limitation was the lack of fresh cells, so we could not directly link EV profiles to the inflammatory phenotype of their parent cells. In addition, OA is often associated with comorbidities that might increase the prevalence of pro-inflammatory EVs. Given the sample sizes, assessing effects of comorbidities was outside the scope of these analyses. However, the GOGO study recruited cognitively intact, ambulatory older adults. In this regard, there is potential selection bias for individuals without major comorbidities other than OA. Although these limitations exist, this study identified several potential new knee OA progression-associated EV biomarkers and predictors worthy of further study as new systemic predictors of knee OA progression. This study also provides insights to optimize therapies targeting TNF-α pathways in OA. Our findings would encourage more studies to explore the roles of these EV biomarkers in OA pathogenesis and disease development.

In summary, we identified several immune cell- and pro-inflammatory cytokine-associated EV subpopulations that were significant independent predictors of knee rOA progression. Among these EV biomarkers, baseline iMFI of TNF-α in MEVs and SEVs was significantly higher in plasma of OA-Progressors than OA-Non-progressors, and the best predictor of knee rOA progression with highest AUC and specificity. Interestingly, baseline iMFI of TNF-α in EVs of all sizes, and total concentration of endo-EV TNF-α all predicted rOA progression. In contrast, baseline exo-EV TNF-α concentration was not associated with nor predictive of rOA progression. These data suggest that EV-associated TNF-α may be pathogenic in OA. Sequestration of large amounts of TNF-α in plasma EVs of OA patients, as shown here, may explain the disappointing results to date of TNF-α inhibitors in OA disease modifying trials.
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Synovial joints are complex structures that enable normal locomotion. Following injury, they undergo a series of changes, including a prevalent inflammatory response. This increases the risk for development of osteoarthritis (OA), the most common joint disorder. In healthy joints, macrophages are the predominant immune cells. They regulate bone turnover, constantly scavenge debris from the joint cavity and, together with synovial fibroblasts, form a protective barrier. Macrophages thus work in concert with the non-hematopoietic stroma. In turn, the stroma provides a scaffold as well as molecular signals for macrophage survival and functional imprinting: “a macrophage niche”. These intricate cellular interactions are susceptible to perturbations like those induced by joint injury. With this review, we explore how the concepts of local tissue niches apply to synovial joints. We introduce the joint micro-anatomy and cellular players, and discuss their potential interactions in healthy joints, with an emphasis on molecular cues underlying their crosstalk and relevance to joint functionality. We then consider how these interactions are perturbed by joint injury and how they may contribute to OA pathogenesis. We conclude by discussing how understanding these changes might help identify novel therapeutic avenues with the potential of restoring joint function and reducing post-traumatic OA risk.
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Introduction

Osteoarthritis (OA) is the most common joint disorder (1). Its prevalence is expected to increase further (2) due to rising societal levels of ageing, obesity and injury, key risk factors for OA. While the disease commonly affects knees, hips, hands and feet, OA of the knee accounts for more than 80% of the disease burden (1, 3). The knee is particularly susceptible to injury, with approximately 40% of patients that suffer a traumatic knee injury developing so-called “post-traumatic” (pt)OA, and surgical reconstruction and restoration of joint biomechanics insufficient to prevent its development (4). Treatment options for OA are very limited, and there is a particular need for effective preventive and disease modifying drugs (DMD). This is highlighted by clinical data showing comparable disease burden at diagnosis but significantly higher burden 6 months later in OA compared to rheumatoid arthritis (RA) patients (5). Owing to this paucity of treatment options and the high and rising prevalence, OA contributes substantially to the global burden of disease. In a 2015 survey, OA was identified as the second most prevalent cause for years lived with disability (2), highlighting the impact OA has on both individuals and society (2).

Although the name osteoarthritis implies an inherent inflammatory process (6), it was historically believed that OA had purely biomechanical causes (7). Indeed, OA was regarded a disease of the elderly, inevitably caused by years of “wear and tear”. Breaking with this previously held view, we now know that OA development involves a complex active biological response with local interaction between joint tissues and their resident cells, and these with systemic mediators. This includes an inflammatory response (8) that is accompanied by complex metabolic changes, which contribute to cartilage degradation and activation of bone remodeling (9). Although innate immune cells, and monocytes and macrophages in particular have been implicated (7, 10, 11), the exact nature of the inflammatory response in OA, its underlying mechanisms and its relative contribution to onset or progression of structural pathology and symptoms remain incompletely resolved (12).

Much like OA etiology, our understanding of the complex development and functional heterogeneity of macrophages and monocytes as well as their interactions within local tissue “niches” has dramatically changed in recent years. It is now firmly established that the long-held paradigm of discrete, polarized monocyte and macrophage activation states is an oversimplification of what in reality is a spectrum of cell states. Likewise, it is now recognized that macrophages established from fetal progenitors can persist in adult tissues, and that many macrophages self-maintain independently of monocytes (13–16). Lastly, we are beginning to appreciate that macrophages engage in bidirectional crosstalk with other cell types within their local niches, interactions that are of mutual benefit and implicate macrophages as gatekeepers of tissue function (17, 18). While much remains to be learned and confirmed, these concepts developed in other organs and tissues appear to also apply to macrophages in joints (19, 20). Indeed, macrophages found in the healthy synovium are predominantly monocyte-independent, and they protect and contribute to joint homeostasis in several ways, including barrier formation, clearance of debris and even lubrication (20). Under inflammatory conditions, such as may occur with joint injury however, monocytes are recruited to the affected joint and can differentiate into macrophages, which retain a more inflammatory phenotype (21). These joint macrophage populations thus not only differ in their origins, but also exert distinct functions (22, 23).

Modifying the developmental, functional and in situ dynamics of joint macrophages and monocytes might therefore represent an attractive avenue for novel therapeutic approaches in OA. This may be particularly relevant in ptOA, where causal initiation and subsequent temporal changes in monocytes, macrophages and their activation with disease onset and progression may be targeted. This review aims to explore this notion, with a focus on the synovial rather than osseous joint tissue niche. We will summarize experimental and clinical studies on macrophages and monocytes in healthy and diseased joints and interpret these in the context of current paradigms of myeloid biology. Our emphasis in this review is on joint injury and ptOA, as this represents the major OA phenotype studied in pre-clinical research, and as noted above, it has the most well demarcated disease stages and thus potentially the broadest therapeutic opportunity. In doing so, we hope to bridge persisting gaps between bench and bedside and highlight research questions with the potential to pave the way towards better treatment options for ptOA, but also other OA phenotypes more broadly.



Macro- and Microanatomy of the Knee Joint

Synovial joints provide critical motion segments that allow low friction movement between rigid (osseous) skeletal components. They enable diverse and essential bio-mechanical functions ranging from fine movements of arms, hands and fingers through to walking, running and jumping. The knee represents an anatomically complex example of a joint (Figure 1) that enables locomotion in a variety of terrains, while minimizing muscular energy requirements and absorbing and redistributing forces that originate from the contact between the walking surface and the foot (24). Its main osseous components are the femur, tibia and patella, that articulate in two locations: the tibiofemoral and patellofemoral joints. The menisci, two C-shaped fibro-cartilaginous structures, absorb and distribute load between the femoral and tibial surfaces. Together with a multitude of extra- and intra-articular ligaments and the fibrous joint capsule, the menisci also provide stability in flexion/extension and rotation, enabling the unique biomechanical function of the knee (25). As in all joints, the osseous surfaces in the knee are covered by hyaline cartilage, a sparsely cellular, deformable connective tissue matrix with key components of collagen type II and highly hydrated proteoglycans. Cartilage is heterogenous and can be broadly divided into three zones based on depth from the surface. These have distinct composition, biomechanical properties and functions (26). Chondrocytes make up about 2% of the articular cartilage volume (27) and are responsible for the maintenance and repair of the cartilage extracellular matrix. They are highly specialized cells derived from mesenchymal stem cells that have limited potential for replication in situ, but can react to a plethora of mechanical and molecular stimuli (26). The knee also harbors several adipose tissues. These are located intra-articularly and extra-synovially, and include the infrapatellar fat pad, which can be considered a highly specialized compartment in the sublining interstitial tissue [in humans known as Hoffa’s fat pad (28)]. Beyond filling the space in the joint cavity and absorbing shock, adipose tissues also secrete cytokines and adipokines (29, 30) and are therefore potent immune-modulators. It is also believed that the infrapatellar fat pad engages in intimate crosstalk with the synovial membrane, a specialized connective tissue that lines the inner surface of the joint capsule (31). The synovial membrane consists of three layers: The intimal lining layer is found closest to the joint cavity and consists mainly of macrophages (“type A cells”) and fibroblasts (“type B cells”) that show low degrees of cell division (31). Beneath this is the vascularized subintimal layer, also referred to as sublining interstitial tissue, and finally a fibrous stromal layer forming the joint capsule. The synovial membrane maintains joint homeostasis by providing lubrication and nutrition to the cartilage. It also forms a semi-permeable protective barrier that controls the molecular traffic in and out of the joint (32) and renders the synovial cavity relatively immune-privileged (20). Because of its critical role in joint homeostasis, this review will largely focus on monocyte and macrophage biology of the synovial membrane, including its sublining interstitial layer.




Figure 1 | Overview of knee macro- and microanatomy. (Right) Sagittal cut through a human knee. The femur and tibia articulate in the tibiofemoral joint, with two fibrocartilaginous menisci serving to provide rotational and anterior-posterior stability and load distribution. The patella is a hypomochlion (pivot point) for the quadriceps tendon that articulates with the femur in the patellofemoral joint. The intra-articular components of the osseous structures are covered by cartilage, enabling low-friction bearing. Joint function and stability are maintained by ligaments and the joint capsule. The inner surface of the joint capsule is lined with the synovial membrane, which is accompanied by adipose tissues located intra-articularly and extra-synovially, including the infrapatellar fat pad. (Left, top) Microanatomy of subchondral bone. The cellular components of bone include osteoblasts, osteoclasts and osteocytes that dynamically respond to changes in mechanical loading and potentially communicate with the overlying cartilage via soluble signals. (Left, bottom) Microanatomy of the synovial membrane. The synovium comprises three layers: the intimal lining layer which consists of macrophages and fibroblasts that together form a semi-permeable protective barrier; the vascularized subintimal or sublining layer which contains interstitial macrophages and fibroblasts as well as adipocytes; and an outer fibrous stromal layer forming the joint capsule (not shown). Created with BioRender.com and smart.servier.com.





A Revised View of Monocyte and Macrophage Biology

Many historically held views of monocyte and macrophage biology have been overhauled in recent times, including their phenotypic and functional heterogeneity, developmental dynamics as well as their crosstalk and functional interdependence with other cell types in the same tissue microenvironment.


Monocyte and Macrophage Development

It was previously believed that the key (if not sole) function of monocytes was to produce macrophages, and that in turn, all macrophages found in peripheral tissues originate exclusively from monocytes (33). Elegant studies exploiting genetic fate mapping have since shown that most tissue-resident macrophages are in fact of fetal origin and self-maintain in adult tissues independently of bone marrow (BM)-derived monocytes (33). Indeed, macrophages colonize tissues concomitantly with their development in what appears to be a demand-driven way. They are generated from successive, but overlapping waves of hematopoietic progenitors produced at distinct anatomical sites (34). The majority of fetal macrophages originate from erythro-myeloid progenitors (EMP) produced in the extra-embryonic yolk sac (15, 16). EMP are fetal-restricted progenitors that differentiate into macrophages either directly or via fetal liver intermediates, but as an uncommitted entity do not persist into adulthood.

This new paradigm of predominantly fetal origins of tissue macrophages notwithstanding, monocytes can still complement tissue phagocyte compartments on demand (33). While this applies to some tissues at homeostasis (e.g. skin and gastro-intestinal tract), it is particularly true and important in inflammatory conditions. Importantly, in both scenarios, monocytes themselves have a number of key effector functions (35).

Monocytes differentiate from BM hematopoietic stem cells (HSC) in a strictly hierarchical, tree-like maturation process (35). They share a common progenitor with dendritic cells (DCs) known as “monocyte-macrophage DC progenitor” (MDP) (36, 37), which gives rise to a monocyte-committed intermediate, designated the “common monocyte progenitor” (cMoP) (38). The downstream “transitional pre-monocytes” (TpMos) (38, 39) are believed to be the final intermediate stage in monocyte differentiation (39). They are capable of rapid proliferation and express high levels of C-X-C motif chemokine Receptors (CXCR) 4, which anchors them to the BM. Based on differential expression of Lymphocyte antigen 6C (Ly6C), CX3CR1 and C-Chemokine Receptor type 2 (CCR2) in mice (40) or Cluster of Differentiation (CD)14 and CD16 in humans (37), mature monocytes can be broadly classified into classical (mice: Ly6Chigh CX3CR1low CCR2high; humans: CD14high CD16-) and non-classical monocytes (mice: Ly6Clow CX3CR1high CCR2low; humans: CD14low CD16+) (35, 41–44). This binary classification is now widely established (45) and has more recently been backed up by extensive high-dimensional studies, the latter also revealing a previously underappreciated heterogeneity (46). A third monocyte population with an intermediate phenotype is exclusive to humans (CD14+ CD16+) (35). Classical and non-classical monocytes differ in a number of features, including their relative abundance and the regulatory mechanisms governing their retention in and egress from the BM (47). The mature monocyte compartment in the BM is vastly predominated by Ly6Chigh monocytes, which downregulate CXCR4 (48, 49) and highly express CCR2 (50, 51), collectively enabling their egress from the BM. Ly6Clow monocytes, on the other hand, only express very low levels of CCR2, and while still under investigation, Sphingosine-1-Phosphate Receptor 5 (S1PR5) signaling has been implicated in orchestrating their BM egress (52).

Once released into the blood stream, classical Ly6Chigh monocytes have a relatively short half-life lasting for a mere 20-24 hours in mice (53–55), whereas their non-classical counterparts are slightly longer-lived with a half-life of around 2 days in mice and 7 days in humans (53). The two populations are also developmentally connected: lineage tracing indicating that Ly6Clow monocytes originate from aging Ly6Chigh monocytes (41, 53), a gradual conversion that is dependent on Nuclear Receptor subfamily 4 group A member 1 (NR4A1) signaling (56) and involves direct cellular contact with endothelial cells and Notch signaling (57, 58). Similar mechanisms appear to be at play in human monocytes (59, 60). At homeostasis, Ly6Clow monocytes do not normally extravasate but instead patrol the luminal side of the endothelium (61). They roll along the vascular endothelium, independent of the direction of the blood flow, via CX3CR1, β2 integrin (58, 62) and interactions between Lymphocyte Function-associated Antigen-1 (LFA-1) and IntraCellular Adhesion Molecule 1 (ICAM1) and ICAM2 (58, 62). They have thus been considered the “tissue-resident” macrophages of blood vessels. In non-homeostatic conditions, Ly6Clow monocytes are thought to promote resolution of inflammation, however, they can also contribute to autoimmunity and chronic inflammatory diseases (58), as we will discuss further below. Intriguingly, experiments using bleomycin-induced lung fibrosis in mice identified an alternative pathway to Ly6Clow monocytes, consisting of a separate progenitor referred to as a “Segregated-nucleus-containing atypical Monocyte (SatM)”, whose production depends on the transcription factor C/EBPβ (63). Whether this pathway is relevant to other pathologies remains to be determined.

Unlike their non-classical counterparts, Ly6Chigh monocytes do traffic into peripheral tissues even at steady state (64). In tissues that (partially) rely on homeostatic renewal from the BM, such as the skin and gastro-intestinal tract (65, 66), the majority of recruited Ly6Chigh monocytes gradually differentiate into macrophages, a process phenotypically characterized as a “monocyte waterfall” (67). These macrophages are functionally imprinted in response to local cues that superpose tissue-specific identity onto a transcriptional core lineage program (68, 69). Provided monocytes encounter a homeostatic environment and are allowed sufficient time in the tissue, monocyte-derived macrophages are phenotypically, transcriptomically and epigenetically indistinguishable from pre-existing tissue-resident macrophages (70, 71). However, this is not the case following inflammation or other insults resulting in perturbed homeostasis, which might have important functional implications. Indeed, different and sometimes even opposing roles have been reported for developmentally distinct macrophages in conditions like cancer (72–74) and stroke (75), and this might also be the case in joint pathology, as we will discuss below.



Monocyte Effector Functions

In addition to representing an “on-demand” source for macrophages, monocytes also have important effector functions in their own right. Indeed, a fraction of classical monocytes recruited at steady state maintains their monocytic phenotype with minimal transcriptional changes (76). In the parenchyma of non-lymphoid organs like the skin, lung, and heart (43, 66), they contribute to immune surveillance. During sterile inflammatory responses, as would occur following closed traumatic knee injury, Ly6Chigh and Ly6Clow monocytes are recruited in a highly orchestrated manner facilitated by differential chemokine release. Under such conditions, Ly6Clow monocytes have primarily been attributed beneficial, anti-inflammatory roles. In the ischemic heart and kidney for example, deficiency in Ly6Clow monocytes results in higher inflammatory levels and impaired restoration of organ function (77–79). In line with this, Ly6Clow monocytes predominantly produce anti-inflammatory mediators like Interleukin (IL)-10 (80, 81) as well as Vascular Endothelial Growth Factor (VEGF) and other pro-angiogenic factors (82), as observed during spinal cord injury and myocardial infarction (82), respectively.

Somewhat contradictory evidence exists regarding the role of Ly6Chigh monocytes. Historically, these classical monocytes have been recognized as potent pro-inflammatory effector cells. Indeed, CCR2 knockout mice, which are largely deficient in classical monocytes in the periphery, show decreased levels of IL-1β and Tumor Necrosis Factor (TNF)-α and an increase in the anti-inflammatory cytokines IL-4, IL-5 and IL-13 at the site of inflammation during cerebral ischemia (83). Ly6Chigh monocytes also show high levels of reactive oxygen species, TNF-α and IL-6 (84) in the context of liver ischemia reperfusion injury (84). In line with this pro-inflammatory phenotype, Ly6Chigh monocytes mediate tissue damage in the ischemic liver as well as the heart following myocardial infarction, and contribute to progression of atherosclerosis (84–87). At the same time however, Ly6Chigh monocytes have also been implicated in regression of atherosclerosis (88), although this may be attributable to anti-inflammatory effects of monocyte-derived macrophages, rather than a true monocyte effector function. Nonetheless, these findings collectively suggest that instead of being globally pro- and anti-inflammatory, classical and non-classical monocytes differentially shape the local inflammatory response via the tailored production of cytokines and other cellular mediators. Although similarities exist between tissues and insults, their exact trafficking patterns and effector functions appear to be context-dependent, and therefore need to be delineated specifically in the homeostatic, injured and OA joint.



Tissue Adaptation and Activation of Monocytes and Macrophages

Monocytes and macrophages dynamically respond to a variety of cues in their microenvironment, which shape their local tissue adaptation and activation state. Consequently, although they share a lineage-defining core transcriptomic signature, macrophages in different tissues are transcriptionally, phenotypically and functionally very diverse (70, 71, 89). The core macrophage program is initiated in committed fetal progenitors or BM-derived monocytes and driven by lineage-determining transcription factors (68–71).

Acquisition of tissue-specific identity and function is subsequently orchestrated by additional transcription factors in response to signals present in the local microenvironment (69). In the spleen, for example, heme from senescent red blood cells induces expression of the transcription factor SPI-C, which in turn activates a transcriptional program inducing differentiation of red pulp macrophages (90). Experimental data from adoptive transfer experiments demonstrate that exposure to different environments partially, though not fully, rewires the tissue-specific identity of macrophages, indicating a limited degree of plasticity even under such non-physiological conditions (70, 91).

At the same time, the activation state of terminally differentiated macrophages can vary as a function of microenvironmental signals, in particular cytokines. Historically, it has been thought that macrophages polarize into either classically activated, pro-inflammatory (“M1”) or alternatively activated, anti-inflammatory (“M2”) (92, 93) subtypes in response to cytokines associated respectively with type I or type II immunity (94, 95). However, it is now abundantly clear that this strict dichotomy is a drastic oversimplification of real-life in vivo physiology. Rather, these opposing polarization states represent extremes (94, 95) of a much wider and more fluid spectrum of activation states (96, 97). Understanding the different activation states of macrophages and monocytes in OA and the signals that drive them will be paramount in delineating their respective contribution to disease pathogenesis. Since circulating monocytes represent a modifiable source, they – and their relationship with macrophages found in the joints – are of particular translational relevance.



Macrophage Niches

The intricate developmental dynamics between monocytes and macrophages and their adaptation to tissue-derived signals illustrate that these cell types actively engage with each other and their immediate environment or “niche”. Research into such niches represents a current focus in the field of myeloid cell biology. The niche concept postulates that macrophages are not only functionally imprinted by tissue-specific cues, but that their niches also provide them with a physical scaffold for anchoring and survival factors (17, 18). In turn, macrophages support appropriate functioning of their cellular partners. They thus form mutually beneficial cellular circuits (18) with their niches. In line with this, organ function is heavily impaired in mice lacking numerous tissue-resident macrophages owing to genetic deficiency in Colony Stimulating Factor (CSF)1, a key macrophage survival signal, or its receptor (98–100). Niches consist of macrophages and other, often non-hematopoietic stromal cell types, as well as the extracellular matrix surrounding them, and they can also “call” monocytes for replenishment. In the liver, for example, hepatocytes, endothelial and stellate cells together provide numerous signals to resident Kupffer cells and incoming monocytes, including CSF1, IL-34, CCL2 and Notch ligands (101), whereas in the red pulp of the spleen, macrophages depend on CSF1 produced by fibroblasts (102). In return, macrophages help facilitate tissue-specific functions and homeostasis. Beyond their role in immune surveillance and protective immunity, macrophages have been implicated in diverse physiological processes ranging from haemoglobin recycling, intestinal motility, surfactant degradation in the lung, to cardiac conduction (64, 102–109). The circuits underlying some of these less-traditional macrophage effects are starting to be deciphered. For example, macrophages located in the interstitial space of the testis produce cholesterol, which stimulates steroidogenesis in Leydig cells (110–112).

Whilst their cellular partners, signaling circuitry and functions remain incompletely understood, it is highly conceivable that distinct macrophage niches also exist in the joint. In the following, we will thus discuss how the current concepts of monocyte and macrophage biology in other tissues and organs reviewed above, apply to synovial joints, with particular emphasis on molecular and cellular mechanisms bearing potential for translational exploitation in OA. By interpreting the dynamics between these pleiotropic cell types and their functions within their potential joint-associated niches, we aim to provide an integrative view of their contribution to joint health and disease.




Monocytes and Macrophages in Joint Homeostasis


Bone and Adipose Tissue

The bone-resident macrophages are known as osteoclasts, peculiar large and multinucleated cells whose primary function is bone resorption. They are essential for skeleton remodeling and maintenance of the hematopoietic environment in the BM. Consequently, defects in osteoclasts cause osteopetrosis and hematopoietic failure, while their overactivation leads to osteoporosis. Osteoclasts allow for homeostatic bone turnover in joint-associated subchondral bone in response to loading. Osteoclasts first colonize the ossification centers of developing bones in the fetus from EMP, where they form long-lived syncytia that are maintained throughout life by low-grade fusion with incoming monocytes (113, 114). Adding to this complexity, elegant recent intra-vital imaging has shown that osteoclasts do not necessarily undergo apoptosis following activation and bone resorption, but instead, can fission into daughter cells termed “osteomorphs” (115). These can be recycled by fusion with osteoclasts but remain transcriptionally distinct from both osteoclasts and other macrophages.

As in many other tissues, adipose tissue-resident macrophages are developmentally and functionally heterogeneous. In the healthy adipose tissue of lean mice and likely humans (116, 117), monocyte-derived macrophages co-exist with long lived, fetal yolk sac EMP-derived macrophages and regulate appropriate development of adipose tissues and lipid storage during homeostasis (116, 118). Of note, it is currently unclear whether the macrophage compartments within joint-specific adipose tissues, such as the infra-patellar fat pad, are developmentally and functionally equivalent to those in more commonly studied adipose depots, such as the subcutaneous or inguinal fat. The infrapatellar fat is highly vascularized and innervated, and thus more reminiscent of visceral than subcutaneous fat (Reviewed in Urban and Little 2018) (30). It is also interesting to note that although generally considered a type of white adipose tissue, the infrapatellar fat may not always behave like other adipose tissues, for example in conditions of obesity. Although the infrapatellar fat pad increases in volume, vascularization and adipocyte size in response to obesity like other adipose tissues, it may be more protected from obesity-induced inflammation (119–121). This suggests that infrapatellar fat may show features of both white and brown adipose tissue in response to obesity, and distinct responses to other white adipose deposits have also been observed in OA (122). In end-stage knee OA patients the infrapatellar fat pad had significantly less macrophages, toll-like receptor 4 expression and fibrosis compared with other peri-synovial adipose tissue. In these same patients both adipose tissues had increases in adipocyte size and haematopoietic and M2 macrophage cell infiltration correlated with body mass index. This complex interplay between systemic and local joint factors related to post-traumatic OA, and how these affect and are affected by infrapatellar fat pad macrophage polarization, has been demonstrated in mouse models (123). The infrapatellar fat has been implicated as a major player in sustaining and perpetuating inflammation in OA (29). While macrophage deregulation has been associated with pathological changes in other adipose depots, those in the infrapatellar fat can contribute directly or indirectly to OA pathogenesis and future research is needed to better characterize which macrophage features it shares with other adipose tissues and which are unique.



Synovial Membrane and Interstitial Connective Tissue

At homeostasis, macrophages are virtually the only immune cells in the synovial membrane (124, 125), and whilst the underlying interstitial connective tissue does harbor other lineages like mast cells and lymphocytes, macrophages predominate by far (126). Importantly, both the steady state synovial membrane and interstitium are largely devoid of monocytes. Healthy synovial tissue contains three populations of macrophages that are dynamically interconnected: lining macrophages gradually turn over from proliferating MHCII+ macrophages found in the sub-lining connective tissue, which also generate a second population of interstitial macrophages characterized by expression of Hypoxia-Induced Mitogenic Factor (Resistin-like alpha; RELMa) (22). The exact sources from which synovial macrophages are originally established during development remain to be determined with appropriate additional fate mapping systems. However, chimeras and parabiosis have now firmly established that all three populations receive minimal if any monocyte input in the adult steady state (22).

Despite their developmental interdependence, the distinct populations of synovial macrophages are phenotypically and functionally highly specialized. In addition to being a source of other synovial macrophages, MHCII+ sub-lining macrophages are particularly well-equipped for antigen presentation, while the RELMa+ population shows a regulatory phenotype and abundantly expresses scavenger receptors like CD206 and CD163 (22). Lining macrophages protect joint functionality and the immune privilege of the joint space through a multitude of mechanisms: they act as sentinels for molecular and cellular changes in the joint cavity (124) and facilitate clearance of cartilage and bone debris, highly immunogenic and hence dangerous signals that are constantly shed into the synovial fluid due to mechanical shear stress. In both mice and humans, lining macrophages express high levels of scavenger receptors, in particular Triggering Receptor Expressed on Myeloid Cells 2 (TREM2) and CD163 and are highly phagocytic and anti-inflammatory (22, 124, 127–129). Lining macrophages also actively participate in production of extracellular matrix (ECM) components and synovial fluid (22). Finally, sophisticated genetic and imaging approaches recently revealed that reminiscent of epithelial cells, lining macrophages form tight junctions with one another and thereby constitute a structural and immunological barrier (22). This barrier limits immune cell trafficking across the synovial membrane and thereby protects the avascular cavity from systemic threats. Conversely, it shelters the synovial connective tissue from immunogenic stimuli present in the joint space. Collectively, these features make synovial macrophages key regulators of joint homeostasis.



Potential Macrophage Niches and Signals in Healthy Joints

The exact cellular interactions and molecular signals comprising macrophage niches in healthy joint tissues remain to be deciphered with state-of-the-art approaches, however, fibroblasts are likely key players. This is the case for the spleen and peritoneal cavity (102, 130) and may also be particularly true for the synovial lining, where in the absence of a basement membrane they are in intimate contact with lining macrophages. Synovial fibroblasts and macrophages have been characterized individually in great detail over the last several years (22, 131, 132), and their potential interplay has been discussed in excellent recent reviews (133–135). Fibroblasts are ideally suited to provide anchorage to macrophages, and they are also a recognized source of key macrophage survival factors, such as CSF1 (Figure 2). Synovial lining macrophages are lacking in CSF1-deficient osteopetrotic (“op/op”) mice (99) demonstrating their CSF1-dependence, at least during development. Intriguingly, systemic administration of CSF1 does not restore synovial macrophages, whereas transgenic overexpression of the full-length transmembrane protein does, suggesting they depend on the membrane-bound isoform of the growth factor and thus, local sources (99, 136). Whilst synovial lining macrophages express the receptor for CSF1 receptor (CSF1R) at steady state (22), it is currently unclear whether they also rely on CSF1 for their homeostatic maintenance and turnover.




Figure 2 | Putative macrophage niches in the healthy joint. (Top) Synovial lining: macrophages are connected via tight junctions and are in close contact with fibroblasts. Fibroblasts may provide CSF1 and anchorage to macrophages, which may be imprinted by exposure to ECM degradation products. Movement-induced cyclic stretch may inhibit NLRP3 inflammasome activation. (Bottom, left) Osteoblasts lining the bone surface synthesize bone matrix in response to soluble mediators released by osteocytes that sense changes in mechanical loading and bone deformation. Osteoclasts resorb bone and thereby regulate balanced homeostatic bone turnover (“modelling”) in response to anchorage and soluble signals from osteocytes and osteoblasts. (Bottom, right) In the synovial sub-lining, self-maintained interstitial macrophages may regulate adipose tissue metabolism and act as a reservoir to replenish synovial lining macrophages. Created with BioRender.com and smart.servier.com.



Fibroblasts could also act to bring macrophages in proximity of tissue-specific cues that imprint their functional identity, although this process may be orchestrated by additional stromal cell types in the joint, such as adipocytes, endothelial cells and chondrocytes. Such complexity is seen in the liver, where incoming monocytes are functionally imprinted by a triad of hepatocytes, endothelial cells and stellate cells (101). Joint tissues are constantly exposed to shear stress and tensile forces that dynamically change with variations in joint loading. Mechanical stimuli are amongst the candidate cues that could play a particularly important role in instructing the specific identity of macrophages in joint tissues. Macrophages are in principle capable of sensing mechanical forces. Human BM-derived macrophages for example respond to substrates with different stiffness with changes in their shape, migration and proliferation (137). Mechanotransduction can also directly modulate their inflammatory cytokine production (138, 139). This latter effect is dependent on the NLRP3 (NOD-, LRR- and pyrin domain containing 3) inflammasome and can also involve signaling through TRPV1 and 4 (Transient receptor potential vanilloid-type 1 and 4) cation channels, which have been implicated in ptOA pathophysiology in mice (140–142). Transduction of mechanical signals through TRPV4 has also been implicated in the formation of multinucleated giant cells, inflammatory and destructive multinucleated macrophages (143). In addition to mechanical stress, normal ECM turnover products represent candidate signals that could imprint joint macrophage identities. Indeed, synovial lining macrophages appear to be highly phagocytic and constantly scavenge cartilage debris from the joint cavity (144–146). Joint biomechanics are altered during OA pathogenesis, and joint-tissue ECM degradation products more prevalent than at homeostasis, thus these pathways likely also impact macrophage identities and functions in arthritic joints.




Monocyte and Macrophage Functions in the Injured and Osteo-Arthritic Joint


Macrophage Functions in ptOA Pathogenesis

In addition to self-maintained lining and interstitial sub-lining macrophages already present at steady state, the arthritic synovium contains inflammatory monocyte-derived macrophages (147, 148). Similar changes also occur in other tissues within the joint (e.g. subchondral bone), regional (e.g. lymph node) and in remote tissues (e.g. spleen, peripheral blood). The necessity to delineate the specific roles of these distinct macrophage populations is highlighted by discrepant findings on the consequences of macrophage depletion depending on the experimental approach. Although the precise contribution of the various populations remains to be shown, systemic depletion of macrophages in mice in which apoptosis is induced in cells expressing CSF1R exacerbates experimental ptOA, whereas local clodronate liposome-mediate depletion within the joint is beneficial (149).

In RA, the respective functions of the distinct macrophage subsets have now been well explored, and macrophages originating from recruited monocytes appear to have overall disease-promoting functions (150, 151). Similarly, the majority of studies on OA-affected joints have identified inflammatory, monocyte-derived macrophages as the main culprit in promoting and sustaining inflammation (124, 152). These cells produce pro-inflammatory cytokines and release additional signaling molecules associated with tissue-injury, which can attract lymphocytes that further propagate inflammation. However, exploiting these findings therapeutically is currently hindered by a lack of detailed understanding of the exact interplay between monocyte-derived macrophages and different types of lymphocytes, and how these change in the distinct stages of ptOA pathogenesis. Monocyte-derived macrophages also participate in cartilage destruction via production of IL-1β and TNF-α, which suppress synthesis of the ECM components aggrecan and collagen by chondrocytes and upregulate expression of catabolic enzymes like ADAMTS-4 and MMP-13 (153–155). Soluble matrix degradation products in turn can activate resident synovial macrophages via Toll-Like Receptors (TLRs) and other pattern-recognition receptors (156). As this example illustrates, different macrophage populations in the joint can be functionally interlinked.

Another effector by which macrophages might contribute to ptOA pathogenesis is B cell Activating Factor (BAFF), a member of the TNF superfamily. BAFF is a crucial B cell survival factor, but also exerts co-stimulatory effects on T cell activation via upregulation of B-cell lymphoma 2 (BCL-2) (157). Furthermore, BAFF promotes T-helper-cell (Th)1 and suppresses Th2 responses (158), and drives Th17 differentiation via Il-6 signaling (87, 158–161). BAFF levels are elevated in serum and synovial fluid from RA patients (162), and BAFF appears to have a pathogenic role in RA (163, 164). During established RA, BAFF promotes pro-inflammatory polarization of CD4+ T cells, DC maturation as well as proliferation of inflammatory fibroblasts (163). In the inflamed joint, macrophages (165) are the main source of BAFF, although it is unclear if these are monocyte-derived or resident macrophages, or both. This compelling evidence led to the development of BAFF antagonists as DMDs for RA, which are currently being tested in early phase clinical trials (163). Whether BAFF production is also a mechanism by which macrophages contribute to pathogenesis of OA has not been determined but elevated BAFF levels have been detected in OA synovial fluid (166).

Unlike their monocyte-derived counterparts, and some controversy notwithstanding, self-maintained resident synovial macrophages have largely been attributed protective roles in arthritis. The barrier generated by synovial lining macrophages is disrupted in both RA patients and experimental RA (22). In mice, this occurs rapidly upon induction of serum transfer-mediated arthritis, and thus constitutes an early event in disease development. In this model, barrier breakdown occurs following phagocytosis of immune complexes containing auto-antibodies, which activate lining macrophages and induce structural joint pathologic changes. Consequently, depletion of lining macrophages or specific disruption of their tight junctions worsens experimental RA. In turn, drug-mediated stabilization of tight junctions protects mice from RA (22), a finding that is translationally promising. Whilst the role of synovial lining macrophages has not yet been addressed specifically in OA pathogenesis, it is worthwhile noting that targeting lining macrophages or tight junctions not only exacerbates RA but may also result in spontaneous inflammation in the joint cavity in otherwise healthy animals (20, 22). With respect to ptOA, one could thus envision a scenario in which following injury, mechanical disruption of the synovial lining macrophage barrier enables rapid influx of inflammatory cells and hence, transition to the inflammatory phase of OA pathogenesis. Unlike in RA however, this barrier breach might be transient in nature, since the barrier appears more intact in patients with established OA compared to RA (22). This might be due to differences between immune complex-mediated and mechanical barrier-breakdown and could contribute to the, often considerable, lag phase between joint injury and ptOA onset.



Monocyte Functions in Joint Pathogenesis

Monocytes are critical players in OA pathogenesis, both as effector cells and a source of additional macrophages. As described earlier, it is widely accepted that Ly6Chigh and Ly6Clow monocytes can differentiate into macrophages with distinct polarization profiles in response to the cytokine milieu encountered in the tissue microenvironment. Reflecting this complexity, the overall impact of classical and non-classical monocytes on joint disease pathogenesis remains unclear. On the one hand, adoptive transfer of Ly6Clow monocytes following pan monocyte depletion increases the development of serum-transfer induced arthritis (58, 167, 168). In this model, Ly6Clow monocytes are actively recruited to the joint, where they are critical for the initiation of sterile joint inflammation and differentiate into inflammatory macrophages (169). On the other hand, Ly6Clow monocytes were also found to limit excessive inflammation in arthritic mice via enhanced recruitment of regulatory T-cells (Tregs) (58, 170). This seemingly contradictory evidence regarding the role of Ly6Clow monocytes in RA underscores the need for further studies that improve the understanding of the complex role of monocytes in inflammatory arthritis, and similar considerations apply to OA. The diverse roles of monocytes and macrophages in ptOA pathogenesis will be discussed in more detail in the following section, focusing on molecular and cellular factors shaping their respective functions.




Signals and Cellular Interactions Shaping Monocytes and Macrophages in ptOA

Depending on severity, joint injury can induce marked mechanical, anatomical and immunological changes, initially resulting in recruitment of monocytes and other inflammatory cells. Pathological changes persist throughout ptOA development and in established disease, and impact both incoming monocytes and previously resident macrophages. This section discusses how the perturbed joint tissue environment might affect monocytes and macrophages (Figure 3). An overview of murine and human monocytes and macrophages found in the synovial tissue during homeostasis, rheumatoid arthritis and in as far as known osteoarthritis, can be found in Table 1.




Figure 3 | Putative changes in joint tissues after injury and during post-traumatic OA development. (Top, left) Acutely following injury, synovial lining macrophages are spatially re-orientated and the barrier is disrupted. DAMPs, PAMPs and catabolic enzymes are released into the synovial cavity by chondrocytes and damaged tissues (ligament, meniscus). Extra-vascular erythrocytes and associated free heme from blood vessel injury may pathologically imprint synovial macrophages. Barrier disruption may impede cyclic stretching of lining macrophages, resulting in NLRP3 inflammasome activation and increased IL-1ß production, known to promote of OA. Altered mechanics may also promote joint inflammation through TRPV1/4 cation channels. (Top right) At later stages of ptOA pathogenesis, the synovial lining layer may be restored. Levels of IL-1ß remain elevated, though involvement of the NLRP3 inflammasome is unclear. TRPV1 activation may continue to promote OA pathogenesis, although likely via signals other than or in addition to mechanical stimuli. Cellular debris, DAMPs and PAMPs remain abundant in the synovial cavity and thus potentially imprint pathological macrophage phenotypes. (Bottom, left) Increased numbers and activation of osteoclasts contribute to accelerated bone turnover and remodeling in the arthritic joint. Osteoclastogenesis may be promoted by CCL2 produced by activated osteoblasts and inflammatory cells, potentially resulting in recruitment and fusion of Ly6Chigh and Ly6Clow monocytes, a process that may be further stimulated by RANKL produced by lining fibroblasts. (Bottom, right) In the sublining layer, exposure to ECM degradation products may stimulate interstitial macrophages to produce CCL2 and CCL5, leading to recruitment of Ly6Chigh and Ly6Clow monocytes. Ly6Chigh monocytes produce IL-1ß, TNF-α and IL-6, potentially in response to the adipokine visfatin, a TLR4 receptor agonist, which also induces changes in the subchondral bone. Ly6Clow monocytes may supply the interstitial macrophage pool, but these macrophages may retain higher baseline NF-κB and IL-1ß activity than those in healthy joints. Created with BioRender.com and smart.servier.com.




Table 1 | Markers, origin and putative function of monocytes and synovial macrophage subsets in mouse and human.




Perturbations Following Joint Injury

Joint injury triggers a series of complex mechano-biological and immunological changes, which can be broadly separated into three successive phases. Immediately after injury, mechanical perturbation effects predominate. These are direct results of the injury (9, 171) and may include tissue disruption (e.g., subchondral bone (micro)fractures, ligament tearing), collagenous matrix disruption and cartilage swelling, blood-vessel injury and hemarthrosis i.e. the presence of blood in the synovial cavity. This immediate joint-tissue injury is followed by an acute inflammatory phase (172), which is characterized by abundant cell death and pro-inflammatory signaling involving both innate and adaptive lineages (173). The nature and duration of this inflammatory response have been identified as major determinants for the risk of developing ptOA post injury (9, 172, 173). While appropriate control and resolution of inflammation is essential for normal wound-healing and might prevent ptOA development, perpetuated inflammation leads to the chronic and final phase of OA pathogenesis, which is defined by fluctuating low-level synovitis (174) and continuous tissue remodeling processes that ultimately lead to destruction of the cartilage and joint failure (175). Delayed or failed resolution of inflammation can be due to a permanently disrupted equilibrium of pro- and anti-inflammatory factors (171) or inadequate post-injury inflammation control (172). In addition, biomechanical factors such as instability or recurring joint injuries (176) can result in continuous re-triggering of acute mechano-biological responses, which initiate an inflammatory vicious circle. These considerations identify the acute inflammatory phase as a potential target for ptOA DMDs and highlight the need for a better understanding of its cellular and molecular regulators.



Mechanisms Underlying Monocyte Recruitment During OA Pathogenesis

The exact nature of the inflammatory response subsequent to joint injury is still under investigation, and differences might exist depending on the type of injury and/or tissues injured, as we will discuss below. Overall, however, a growing body of evidence implicates chemokines and their receptors in monocyte recruitment during OA pathogenesis. As reported for other pathologies (177), classical and non-classical monocytes differentially depend on CCL2/CCR2 or CCL5/CCR5 and CX3CL1/CX3CR1. CCL2 (also known as MCP-1) is a key regulator of Ly6Chigh monocyte egress from the BM and their recruitment to peripheral tissues (178). Following joint injury, release of ECM degradation products and complement factors temporally induces CCL2 production by chondrocytes, resident synovial macrophages (179) and endothelial cells (180). This occurs via a positive feedback loop, stimulated by increased IL-1β and TNF-α expression in synovial macrophages (181) and fibroblasts (182). In keeping with this, clinical studies have reported elevated levels of CCL2 in synovial fluid immediately after traumatic joint injury (183) and subsequent to meniscal tears (184), and concentrations correlate with severity of OA (185, 186). Its expression is also significantly elevated in the serum of OA patients (187), and CCL2 might also affect other cells relevant to OA pathogenesis. In chondrocytes, for example, CCL2 increases expression of the catabolic enzymes MMP3 and MMP13 (179) and inhibits proliferation and enhances apoptosis. CCL2 might thus promote OA pathogenesis via attracting monocytes to the joint, but also by directly promoting cartilage destruction (179).

Unlike CCL2, which is found mainly in the intimal lining of the synovium, CCL5 [also known as RANTES (Regulated on Activation, Normal T Cell Expressed and Secreted)] is distributed more diffusely throughout the synovial tissue (188). Conflicting evidence exists regarding the role of CCL5 and its receptor CCR5, which possess strong chemo-attractive properties for Ly6Clow monocytes. In line with a disease-promoting role of Ly6Clow monocytes, CCR5-/- mice were initially reported to exhibit reduced cartilage destruction (189), however, a recent study by Raghu and colleagues found that neither deficiency in CCL5, nor CCR5 protects mice from ptOA (21). This was further corroborated by a clinical study of synovial biopsy specimens, which found significantly higher levels of CCL5 in RA compared to OA patients, whilst expression of all other chemokines and receptors is comparable (188). This may suggest that the inflammatory responses underlying these different arthritides have some unique molecular signatures or phenotypes. Considering its role in attracting Ly6Clow monocytes, which are known to promote pathogenesis of inflammatory arthritis, it seems surprising that depletion of CCR5 has no protective function in ptOA (21). However, CX3CL1/CX3CR1 signaling also participates in recruitment of non-classical monocytes, and elevated levels of CX3CL1 have been found in peripheral blood (190) and synovial fluid (186) of OA patients. Functional experiments revealed that in addition to its chemo-attractive properties, CX3CL1 also stimulates inflammation specifically at the early stages of OA (190). Finally, soluble CX3CL1 induces production of the pro-inflammatory cytokines IL-1β, IL-6 and TNF-α in recently recruited monocytes (191). Taken together these data indicate that the CX3CL1/CX3CR1 axis predominates in recruitment and pro-inflammatory activation of Ly6Clow monocytes in the context of OA initiation. Ly6Chigh monocytes recruited and activated via CCL2/CCR2, on the other hand, might help sustain inflammation at later stages (192). Temporal changes in chemokine expression and associated monocyte sub-population recruitment and accumulation, may in part explain the recently described loss with time post-injury, of an initially protective/anabolic effect of injured synovium on chondrocytes (193).

Osteoclasts have been implicated in progressive joint destruction. Osteoclastogenesis is controlled by RANK (Receptor Activator of Nuclear factor Kappa B (NF-κB) (194). Its ligand (RANKL) is expressed by fibroblast-like synoviocytes and Th17 cells, and expression is regulated by pro-inflammatory cytokines secreted by monocytes and macrophages (IL-1β, IL-6, IL-17 and TNF-α) (195). A particularly interesting mechanism by which monocytes could contribute to increased osteoclastogenesis in the context of arthritis was proposed by Hirose et al. They postulated that CCL2 secreted by osteoblasts leads to fusion of Ly6Chigh with Ly6Clow monocytes stimulated by RANKL, resulting in mature, multinucleated osteoclasts (195). In addition to osteoblasts, activated inflammatory cells produce large amounts of CCL2 and this might explain the accelerated osteoclastogenesis and joint destruction in an inflammatory setting (195).



Signals Governing Monocyte Differentiation, Activation, and Functions in OA

Following their recruitment to the tissue, monocyte functions can be shaped by a variety of signals present in the non-homeostatic joint. Calcium binding proteins can act as damage- or pathogen-associated molecular patterns (DAMPs and PAMPs, respectively) and have multi-faceted effects on OA pathogenesis. Damage to the cartilage leads to increased levels of S100A8 and its binding partner S100A9 specifically in synovial pro-inflammatory macrophages, but not fibroblasts (196). Secretion of these factors induces the production of pro-inflammatory cytokines in these macrophages in an autocrine manner (196). In addition, in a murine collagenase-induced OA model, which has a more inflammatory phenotype than surgically-induced disease, release of S100A8/9 elicits influx of Ly6Chigh monocytes via upregulation of CCL2 (197) and increased egress of Ly6Chigh monocytes from the BM (197). In turn, activated monocytes are a major source for S100A8/9, which might thus constitute a positive feedback loop. Finally, S100A8/9 might also be derived from chondrocytes and directly contribute to cartilage disruption in OA by inducing production of ADAMTS-4 and -5, MMP-1, -3, -9 and -13 and the pro-inflammatory cytokines IL-6, IL-8 and CCL2 in chondrocytes in a TLR4-dependent manner (198, 199). Interestingly, chondrocyte-derived S100A8/9 may play a predominant role in the acute post-injury phase, as expression and protein levels in cartilage decrease with post-traumatic OA disease progression while levels are maintained in immune-mediate inflammatory arthropathy (199). S100A8/9 thus fuel the initial pro-inflammatory microenvironment in the joint, provide chemotactic cues for Ly6Chigh monocytes and exert direct catabolic effects within the cartilage, processes which are further amplified by several feedback loops. Another class of OA-associated DAMPs are basic calcium phosphate (BCP) crystals. Whilst in vivo data on their relevance to OA are currently lacking, in vitro exposure of monocyte-derived macrophages to BCP crystals leads to a classically activated, pro-inflammatory phenotype, a bioenergetic switch towards glycolysis and increased expression of S100A8 (200). Promisingly, both BCP-induced phenotypic polarization and S100A8 expression are inhibited by a glycolytic inhibitor (2DG) indicating that metabolic reprogramming might be underlying these effects (200).

The Janus Kinase/Signal Transducer and Activator of Transcription (JAK/STAT), Mitogen-Activated Protein Kinase (MAPK) and NF-κB pathways are involved in differentiation of monocytes into macrophages and their functional polarization. The latter depends on interferon regulatory factors (IRFs) (201). IRF5 is a also downstream target of Granulocyte-Macrophage Colony-Stimulating Factor Receptor (GM-CSFR), and plays a critical role in pro-inflammatory macrophage polarization (202). A recent clinical study investigated the role of IRF5 in OA and found it to be overexpressed in synovial macrophages, but not circulating monocytes (203). However, exposure to synovial fluid from OA patients induced expression of IRF5 and IL-12 (via the individual subunits IL-12p35 and IL-12p40) in monocytes, in turn making them potent inducers of a Th1 response characterized by expression of IFN-γ and Tbx21 in co-cultured naïve CD4+ T-cells (203). This suggests that patient synovial fluid contains soluble factors capable of inducing IRF5 in monocytes, thus contributing towards a Th1 inflammatory response.

TLR 4 is a receptor for PAMPs and DAMPs expressed on monocytes that plays an important role in the activation of innate immunity (204), and has been implicated in the inflammatory reaction associated with OA (205). The adipokine visfatin was recently identified as a TLR4 receptor agonist capable of evoking inflammatory responses (206). In addition, visfatin stimulates production of IL-1β, TNF-α and IL-6 by monocytes (207), and the resulting inflammatory environment displays higher levels of circulating visfatin, thus constituting a positive feedback loop (208, 209). Visfatin is also involved in inter-tissue joint communication underlying changes in the subchondral bone (210). These have long been described in OA, but the exact mechanisms of this remodeling and pathways of its activation has remained elusive. Emerging evidence now points towards direct communication between the subchondral bone and cartilage via diffusion (211). Laiguillon et al. found that visfatin is produced in cartilage, synovium and subchondral bone and exerts an enzymatic effector function selectively inducing a pro-inflammatory phenotype in chondrocytes, osteoblasts and synoviocytes, characterized by increased secretion of IL-6 and CCL2 (210, 212–214). Because of its contribution to the inflammatory response and tissue remodeling, inhibition of visfatin might be a promising DMD approach.

The gene expression profiles of monocytes and monocyte-derived macrophages, and hence, their functional polarization, might also be shaped by microRNAs expressed in response to environmental stimuli. A recent study identified miR-155 as a potential genomic switch in monocyte-derived macrophages generated in vitro, which regulates their inflammatory profile (215). Intriguingly, this phenomenon is partially reversed by treatment with monoclonal anti-TNF antibodies, but not a soluble TNF receptor (Etanercept) (215). MiRNAs expressed by monocytes and their macrophage progeny, such as miR-155, might therefore represent promising candidate DMD targets.

While we have focused primarily on joint injury and ptOA, monocytes and macrophages in the arthritic joint might also be affected by age and cellular senescence, as has been demonstrated for RA. In this context, an elegant mouse study from Misharin et al. is of note, where the role of different monocyte subsets in RA pathogenesis using serum-transfer induced arthritis was investigated. Ly6Clow monocytes are recruited to the joint and initially develop into classically activated macrophages, but the macrophage compartment gradually undergoes a switch towards a more alternatively activated phenotype (169). The initial highly pro-inflammatory nature of the Ly6Clow monocytes could be caused by a senescence-associated secretory phenotype, which is associated with high baseline NF-κB and IL-1α activity (216). In addition, accumulation of Ly6Clow monocytes is found in the elderly. These findings suggest that senescence might correlate with increased numbers and pro-inflammatory skewing of Ly6Clow monocytes, which might further exaggerate the inflammatory response unfolding during RA progression. Whether similar mechanisms might be at play in ptOA requires evaluation, but it is interesting to note the accelerated disease progression, increased expression of inflammatory genes and inhibitory effects of MIF ablation following medial meniscal destabilization in older versus younger mice (217, 218).



Immunogenic and Imprinting Signals in the Injured Joint

As introduced, the synovial membrane plays a key role in maintaining joint homeostasis as it guarantees the relative immune privilege of the synovial cavity. However, while the joint space itself is not vascularized, the synovial membrane also features a vascular net located just below the intima. This comprises capillaries, venules, arterioles and lymphatics (219) through which systemic and local inflammatory stimuli can be sensed (125, 220). Hemarthrosis and cartilage damage are direct consequences of joint trauma, which affect the joint not only macroscopically, but also on a cellular and molecular level (176). Of note, the presence of blood in synovial fluid is an independent predictor or poorer 2-year outcome following joint injury (221). It is tempting to speculate that heme could be a cellular cue shaping macrophages in the early stages of ptOA pathogenesis, but unlike in the homeostatic spleen, it may instruct more inflammatory cell states (222). Moreover, hemarthrosis directly activates the complement system, leading to production of complement anaphylatoxins (C3a and C5a) and formation of the membrane attack complex (223). Intriguingly, genetic deficiency for individual components of the complement system in mice leads to either attenuated [C5 and C6 (224)] or aggravated [CD59, also known as protectin (224)] ptOA joint damage following injury.

As discussed above, mechanical forces may directly shape macrophage functions in the homeostatic joint. It is therefore plausible that the mechanical changes following joint injury, impact on resident and recruited macrophages. This appears to be the case at least in experimental RA, where the extent of mechanical loading determines the local distribution of inflammation and degree of damage (225). Mechanical damage to the cartilage also leads to substantial ECM degradation. Collagen fibers fail to contract (226, 227) and ECM degradation is further enhanced by the lack of maintenance and repair (228) following chondrocyte death. ECM-derived tissue fragments are widely recognized as pro-inflammatory and immunogenic (229, 230). These fragments and the complement anaphylatoxin C5a can act as effective chemo-attractants for innate and adaptive immune cells (231, 232) and directly activate macrophages via NF-kB signaling (233). Released cartilage destruction products such as matrilin-3 (229, 234), tenascin-C (235), fragmented biglycan (236) and fibronectin (237) can also potently activate resident synovial macrophages. Finally, cartilage and other joint tissue degradation can induce release of additional DAMPs (238) capable of activating innate immune cells via TLR2 and 4 (239) and NF-kB signaling. The mechano-biological damage induced by injury thus generates an inflammatory microenvironment in the joint space, which is characterized by an increase in soluble inflammatory mediators and chemo-attractants that might induce transition to the acute inflammatory phase, and importantly shape subsequent responses of both recruited monocytes and resident macrophages.



T Cell-Mediated Monocyte and Macrophage Activation in OA?

Other immune cells may provide signals amplifying the effects of monocytes and macrophages. In the context of joint injury, recruitment and activation of lymphocytes have traditionally been thought of as secondary events that follow monocyte influx and changes in macrophages (11). However, T cells are found in synovium at higher levels in early versus late OA (240) and might actively contribute to monocyte and macrophage activation via co-stimulatory pathways. One such pathway relies on interactions between CD40, a member of the TNF receptor family found primarily on antigen-presenting cells and monocytes, and its ligand CD40L (CD154), which is almost exclusively expressed by activated CD4+ T cells (241, 242). CD40/CD40L interactions elicit a broad pro-inflammatory response (243) that involves B cell differentiation (244) and macrophage activation. In turn, activated macrophages and other antigen-presenting cells enhance immunoglobulin antigen affinity (241), activate cytotoxic T cells and promote a Th1 immune response (245). This co-stimulatory pathway therefore has the potential to initiate a powerful amplification loop that propagates joint inflammation. In keeping with this notion, exaggerated CD40/CD40L signaling contributes to autoimmunity (246), including RA. Multiple studies have shown overexpression of both CD40L (247–249) and CD40 (246) in RA, and levels of CD40L are associated with disease activity (248) and perpetuation (247). Based on these findings, biological treatments targeting this axis in RA have been developed, which are currently undergoing early phase clinical trials (250). Despite differences in the pathogenesis and mechanisms involved in the development of RA and OA, shared elements in the underlying inflammatory response seem plausible (251). The effects of targeting the CD40/CD40L axis in OA remain to be determined, however we have found that CD40L mRNA levels are elevated exclusively in the synovium immediately after ACL rupture and during early onset of OA development (252). These preliminary findings support the notion that CD40/CD40L may be an early driver of T cell-mediated synovial macrophage activation and warrant future research into the CD40/CD40L axis specifically in ptOA.



Additional Candidate Pathways and Mechanisms Leading to Macrophage Dysregulation During OA Pathogenesis

In addition to the factors discussed above, obesity is a well-established risk factor contributing to OA development (253), through increased mechanical loading but also via dysregulated secretion of adipokines and other metabolic factors (254). In mice, high-fat diet (HFD) results in elevated leptin-induced levels of lysophosphatidylcholine (lysoPC), which in turn increases MMP13 production by chondrocytes. As a consequence, obese mice show an earlier onset and progressive course of spontaneous OA (254). Direct links between obesity and OA have also been shown in mouse models of ptOA. HFD was associated with inflammation in the infrapatellar fat pad, characterized by macrophage crown-like structures, which may have a priming effect on the fat pad leading to a metabolic state of progressive OA following injury (123). HFD was also shown to aggravate inflammation of the synovial membrane post-injury, which was marked by increased macrophage infiltration (255). These findings are in line with the notion that obesity contributes to aberrant macrophage activation in OA pathogenesis. Intriguingly, these detrimental effects of HFD on OA persisted even after a normal diet was resumed (254), indicating long-lasting effects and potential windows or particular susceptibility. Some of these effects may even be programmed in early life and transmitted across generations. Indeed, increased higher susceptibility to experimental ptOA has been reported in the first and second generation offspring of mice fed a HFD during breeding (256). Immune cells have been implicated as mediators of such programming and transgenerational effects of obesity in offspring (256), and epigenetic dysregulation has been postulated as a central mechanism.

While some epigenetic modifications are stable and passed on across generations, others are more dynamic and responsive to environmental stimuli (257). These are believed to play a significant role in OA development. Of the studies that have investigated epigenetic changes in OA development, most have focused on epigenetic mechanisms modulating chondrocyte biology and inflammatory mediators (258). Evidence for epigenetic modifications of macrophage remains scarce in the context of OA. In principle, epigenetic processes govern various aspects of macrophage biology, including their development, differentiation, and activation, as well as the specification of their tissue identity (259–261). For example, active DNA demethylation occurs during monocyte to macrophage differentiation in vitro (262) and the identity of tissue-resident macrophages is shaped by unique enhancer landscapes in response to microenvironmental cues (70, 71). They also activate genes governing embryonic stem cell-like self-renewal through macrophage-specific enhancers (263). Fully differentiated macrophages are maintained in a “balanced” state through a combination of activating (such as PU.1, H3K4me1 and open chromatin) (264) and repressive (such as H3K9me3, H3K27me3 and H4K20me3) (265) epigenetic marks and regulators (262). These repressive marks are removed upon stimulation of macrophages through TLR, and specifically TLR4, ultimately resulting in the production of inflammatory cytokines such as IL-1β, CXCL10, IL-6 and TNF (262). TLR4 signaling has also been implicated in low-grade inflammation mediated by plasma proteins present in the synovial fluid of OA patients (266). Whether epigenetic changes in macrophages contribute to this remains to be formally shown, however.

Activation via TLR4 also initiates metabolic reprogramming of macrophages, and distinct metabolic states have been linked to functional differences in macrophage subsets. For example, metabolic reprogramming towards increased glycolysis promotes pro-inflammatory polarization (267). In OA, increased glucose uptake correlates with disease progression, and the hypoxic environment in the OA synovium may enhance osteoclastogenesis (267, 268). Osteoclastogenesis appears to also be promoted by metabolic syndrome through NF-κB activation and advanced glycation end products (269). A bioenergetic switch towards glycolysis is also induced in macrophages by basic calcium phosphate crystals, which are specifically found in OA (220), further supporting the notion that macrophages may undergo metabolic reprogramming during OA pathogenesis.

Finally, epigenetic and immunometabolic changes are also hallmarks of “trained immunity”. This recently coined concept (270) acknowledges that innate immune cells, including macrophages, show increased responsiveness to secondary stimuli following “training” by primary exposures. Whilst trained immunity has not specifically been studied in the context of OA, many of the cellular signals that impact on macrophages during OA pathogenesis – or even preceding disease onset - could mediate long-term effects through inducing this type of innate memory in macrophages. Thus, obesity/HFD may be primary exposures that train heightened or specific OA inducing immune responses to a secondary stimulus such as injury (123, 256). It is interesting to speculate that this may also be relevant in the context of prior even minor joint injuries increasing the risk and/or severity of ptOA following a critical/destabilizing injury such as anterior cruciate ligament (ACL) rupture (see Blaker et al., 2021 and references therein) (271).




Harnessing Monocyte and Macrophage Biology for OA Risk Stratification, Diagnosis, and Therapy?

It is now well recognized that ptOA development features an early inflammatory response. This involves systemic processes resulting in monocyte recruitment, as well as a local disbalance within the immune “niches” of the affected joint, whose immune privilege is therefore compromised. This recognition has several implications that in the future could be exploited for prognostic, diagnostic and therapeutic benefit, examples of which we discuss below.


Monocytes and Macrophages as Biomarkers for OA

To this day, OA diagnosis largely depends on clinical presentation/symptoms and conventional imaging methods like x-ray, computerized tomography (CT) scans or magnetic resonance imaging (MRI) (272). Diagnostic biomarkers are currently missing, as are reliable predictive markers. Access to synovial fluid and hence, the search for useful biomarkers, is limited by the invasive nature of the acquisition procedure. Nonetheless, advances have been made recently in the search for cellular and molecular biomarkers with diagnostic and/or predictive potential (221, 273), using synovial fluid where available, or peripheral blood, which can be more readily obtained.

On the cellular level, a growing body of data implicates monocytes and monocyte-derived macrophages in OA pathogenesis, as discussed in this review. Several recent clinical studies therefore investigated the prognostic value of peripheral immune cell ratios. While the exact ratios differ between studies, monocytes represent a common denominator. In particular, the neutrophil to monocyte ratio is independently and inversely associated with OA severity as classified using the Kellgren-Lawrence scale (274). Similarly, the monocyte to lymphocyte ratio reliably predicts OA progression (275). MicroRNA analysis of peripheral blood mononuclear cells (PBMCs) from OA patients showed elevated expression of miRNA-146a and miRNA-155 (276), which influence inflammatory cell signaling via the NF-κB pathway (277, 278). Moreover, transcriptomic analysis of PBMCs from OA patients identified more than 1000 differently expressed genes, pathway analysis of which implicated inhibition of chondrocyte differentiation, increased osteoclastogenesis and MAPK activation (279). These data collectively indicate that peripheral blood monocytes of OA patients differ from healthy controls both quantitatively and qualitatively. It is tempting to speculate that specific OA-primed inflammatory monocytes exist in the peripheral blood during disease progression, and even potentially prior to onset. This notion is corroborated by data from Loukov and colleagues, who demonstrated that following in vitro exposure to DAMPs, peripheral blood monocytes from women with knee OA produced higher levels of the pro-inflammatory cytokines IL-1β and TNF-α than monocytes from healthy controls (280). The same group also demonstrated significantly higher levels of CD14 expression on monocytes of OA patients, further implicating non-classical activated monocytes.

Within the synovial fluid of knee OA patients, monocytes and macrophages constitute the second most abundant cell population after T cells, and a large proportion of these are CD16-, thus further implicating non-classical monocytes (281). Liu et al. investigated the relative abundance of phenotypically distinct macrophages in synovial fluid of knee OA patients and found an increased ratio of “classically” compared to “alternatively” activated macrophages (282). This ratio further correlated with disease severity, suggesting that despite the limitations of this simplistic dichotomy, such analyses can yield clinically relevant data.

A wealth of experimental and clinical studies has analysed inflammatory parameters and markers in synovial fluid for their potential to serve as biomarkers. These studies have shown that levels of CCL2, IL-6 and IL-8 accurately distinguish OA from normal joints (283–285) and inflammatory markers can even predict the outcome of ACL reconstruction. Similarly, the presence and severity of synovitis following meniscal injury are associated with the risk of progressive cartilage damage, even if inflammation subsequently resolves (286). Elevated levels of several additional synovial fluid biomarkers associate not only with radiographic OA severity (sVCAM-1, sICAM-1, TIMP-1 and VEGF) and OA symptoms (VEGF, MMP-3, TIMP-1, sVCAM-1, sICAM-1 and MCP-1) but are also highly correlated with levels of neutrophil elastase (287). This highlights a potential role for neutrophil activation in the onset of OA. These initial findings were further corroborated by a recent study indicating that expression levels of TGF-ß1 and elastase were associated with radiographic severity scores and predictive of knee OA progression (288).

Based on such findings, Jayadev et al. used a novel machine learning approach to develop a “cytokine fingerprint” for end-stage OA. Using a panel of eight biomarkers (PIIANP, TIMP-1, ADAMTS-4, CCL2, IP-10 and TGF-β3), this model distinguishes between OA, knee injury and inflammatory knee arthritis (i.e. RA or psoriatic arthritis) with almost 100% efficacy (289). Interestingly, knee/hip arthroplasty further increases the levels of angiogenic and pro-inflammatory cytokines, but leaves anti-inflammatory cytokines unaffected, suggesting underlying changes specifically in pro-inflammatory pathways, which might be further exacerbated with surgical treatment (290).

In summary, biomarker research has both leveraged and fueled the notion that monocytes contribute to OA pathogenesis, and that OA-primed non-classical monocytes might exist. Although this progress is encouraging, the majority of recently identified biomarkers are associated with disease progression, rather than onset. There remains thus a pressing, unmet clinical need for biomarkers instrumental in diagnosis and stratification of individuals at risk of developing ptOA following knee injury.



Disease Modifying Drugs for OA: Where Are We on the Clinical and Pre-Clinical Level?

To target the early inflammatory phase that follows joint injury and initiates OA pathogenesis, adjuvant DMDs are urgently needed. A variety of agents with the potential to serve as DMDs are currently being tested, but unfortunately, with limited success (291). Some studies on local inhibition of IL-1 in animal models showed promising results. In particular after closed articular fracture, intra-articular injection of an antagonist for IL-1 receptor (IL-1Ra) reduces post-traumatic OA, cartilage degeneration and synovitis (292–294). However, the clinical efficacy of this approach remains controversial. While an early clinical study found that intra-articular administration of IL-1Ra performed within 1 month of severe knee injury led to reduced knee pain and improved function over a 2-week follow-up period (295), other clinical studies using either IL-1Ra (Anakira) or a dual variable domain immunoglobulin that simultaneously inhibits IL-1α and IL-1β (Lutikizumab) have yielded no benefit in OA patients compared to placebo controls (291). Interestingly, retrospective secondary analysis of a large-scale clinical trial of a monoclonal antibody targeting IL-1β for cardiovascular disease found reduced incidence of hip and knee replacement in patients with high C-reactive protein, suggesting a potential effect on OA progression in an inflammatory setting (296).

It is noteworthy, that the OA-specific studies of DMD candidates described above were tested mostly in patients with advanced OA with the intention of reducing established clinical and radiological disease progression. In line with the current difficulties in risk stratification and early diagnosis outlined above, to date, no drugs have been advanced to the clinical stage that target the inflammatory response at the onset or early stages of disease. Experimentally, however, attempts to advance in this direction have been made recently. One study explored the role of incretin hormone receptors in vitro. It found that an analogue for the human Glucagon-Like Peptide-1 (GLP-1), liraglutide, reduced production of reactive oxygen species, IL-6 and CCL2, reduced collagen and aggrecan degradation and inhibited inflammation via deactivation of NF-kB signaling (297). Similarly, administration of dexamethasone, rapamycin or BMP-7 results in a more anti-inflammatory macrophage phenotype in vitro. Whilst these findings await in vivo confirmation, these drugs might hold potential of modulating synovial inflammation in patients (298).

One of the few in vivo studies investigating the impact of anti-inflammatory therapy immediately after joint injury utilized a porcine model. Here, the authors induced OA via transection of the anterior cruciate ligament (ACL) and immediately provided corticosteroids by intraarticular injection, which resulted in mitigated collagen degradation, reduced monocyte recruitment and a less inflammatory macrophage profile/phenotype (299). Our group has investigated the respective effects of intraarticular administration of hyaluronan or BM-derived mesenchymal stem cells in a murine OA model. We found that hyaluronan therapy increased anti-fibrotic macrophages and decreased pain sensitization, while treatment with MSCs did not impact pain, but led to long-term chondroprotection (300). Along similar lines, another recent study demonstrated that administration of Alpha defensin-1 renders macrophages less inflammatory and attenuates OA in a surgical model (301). Collectively, these data suggest that specific anti-inflammatory treatment immediately after knee injury might represent a promising future therapeutic approach, and thus, justify additional experimental and ultimately clinical studies.




Concluding remarks, Open Questions, and Future Directions


Distinct Inflammatory Responses in Different Joint Injuries?

Post-traumatic OA accounts for nearly 12% of all cases of symptomatic OA (302) and a recent longitudinal cohort study showed that the risk of developing OA is almost sixfold increased by knee injury at a young age (303). Further stratification of these data revealed distinct risks for different injury types: ACL injury, meniscal tears and articular fractures of the tibia (risk difference (RD) of 19.5%, 10.5% and 6.6%, respectively) were associated with the highest risk (303). In trying to identify possible reasons for these differences, the simplest explanation of variable biomechanical aberration is insufficient, as an abundance of data has shown that restoration of biomechanics alone does not prevent ptOA development (4). An alternative hypothesis is that phenotypic differences exist in the pathogenesis of ptOA depending on the type of tissue affected by injury. Thus, metabolic and immunobiological differences may determine the individual risk of developing ptOA. Although comprehensive studies investigating the tissue- and phenotype-specific immune response after joint injury are missing, existing evidence supports an immunological role for the meniscus (304), which engages in a pro-inflammatory crosstalk with the synovium in OA (305). Furthermore, synovial fluid, cartilage tissue and isolated cartilage cells display distinct pro-inflammatory cytokine profiles depending on the type of pathology, further supporting the notion that a phenotype-specific cytokine topography exists in the joint (306). Future studies should therefore be designed to examine the inflammatory reaction associated with different types of joint injury.



Could Restoring Joint Immune Homeostasis Hold the Key to OA?

Owing to decades of research, we have come to understand that OA cannot simply be attributed to “wear and tear” resulting from biomechanical changes. Rather, OA results from a complex biological response of different cells in multiple joint tissues, with “inflammation” playing a crucial role this process. Monocytes and macrophages are emerging as key players in the inflammatory process associated with OA. Circulating monocytes are particularly attractive as druggable targets, but selective targeting of tissue-resident macrophages might be equally feasible, for example using antibody-conjugated lipid nanoparticles (72). It is tempting to speculate that dysregulated dynamics between monocytes, macrophages and other cell types they cross-react with in the joint not only fuels pathology, but in fact represents an underlying cause of OA. To harness these intricate cellular interactions for diagnostic and therapeutic purposes, we need to further improve our understanding of monocyte and macrophage biology in both healthy and arthritic joints. Deciphering their developmental and functional dynamics harbours the potential of one day being able to restore synovial immune homeostasis and thus, finally provide a causative treatment for this debilitating disease.



Can Findings From ptOA Be Translated to Other OA Phenotypes?

A wide range of small and large animal models for OA have been developed, and these have recently been reviewed (307). Far and away the most commonly used models are those induced by joint injury. They share a comparably rapid onset and highly standardized disease progression, and allow investigation of underlying molecular and cellular mechanisms, as well as evaluation of potential treatments at different stages of disease progression. However, the translation of findings made in these models to clinical settings has remained challenging (308). One explanation is the current discrepancy between preclinical research predominantly using ptOA models and clinical studies, the majority of which investigate late-stage “primary OA” which occurs in the absence of prior trauma or disease (309). There is emerging evidence that the pathophysiologic mechanisms of structural and symptomatic OA differs depending on the key initiating factors or disease phenotype (310, 311). How different the complex cellular inflammatory response is in different OA phenotypes remains to be resolved. In a first attempt to overcome this issue, findings from preclinical ptOA studies should be tested in preclinical models of primary OA, such as spontaneous age-associated and metabolic/obesity-induced disease. Whilst the associated immune response may be different in strength and spatio-temporal patterns, it is likely that at least some aspects of monocyte and macrophage biology relevant to ptOA apply to other OA phenotypes, such as their roles in ECM degradation and chondrocyte death, which are universal OA disease features. Likewise, some molecular signals identified in ptOA models as regulators of macrophage activation and polarization, such as specific cytokines and chemokines, and are also present in multiple OA phenotypes (312).



Open Questions and Future Directions for Research

	- Does the initial inflammatory response following joint injury pathologically imprint monocytes, macrophages and their stromal niche in the joint?

	- Do disease-specific, “imprinted” populations of monocytes and macrophages emerge prior to disease onset? Do they mediate (or: propagate) OA pathogenesis?

	- Are monocyte and macrophage dynamics permanently altered following joint injury?

	- Can these populations be targeted therapeutically?

	- Is there an optimal ratio between pro- and anti-inflammatory monocyte/macrophage subsets that mitigates the risk of OA after joint injury?

	- Can a threshold be determined that governs the future direction of either resolution of inflammation and restoration of joint function or ongoing inflammation that contributes towards development of OA?

	- Do similar considerations also apply to non-traumatic forms of OA?



Addressing these questions will provide the critical scientific understanding necessary to improve diagnosis, risk prognosis, and underpin development of specific targeted therapies to prevent OA onset and/or slow its progression following joint injury. Recognizing that the targets may differ depending on injury and change with time and being able to identify these therapeutic stages/windows, will be key to providing effective individualized patient management.
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Oxidative stress (OS) irreversibly affects the pathogenesis of intervertebral disc degeneration (IDD). Certain non-coding RNAs act as competitive endogenous RNAs (ceRNAs) that regulate IDD progression. Analyzing the signatures of oxidative stress-related gene (OSRG) pairs and regulatory ceRNA mechanisms and immune-infiltration patterns associated with IDD may enable researchers to distinguish IDD and reveal the underlying mechanisms. In this study, OSRGs were downloaded and identified using the Gene Expression Omnibus database. Functional-enrichment analysis revealed the involvement of oxidative stress-related pathways and processes, and a ceRNA network was generated. Differentially expressed oxidative stress-related genes (De-OSRGs) were used to construct De-OSRG pairs, which were screened, and candidate De-OSRG pairs were identified. Immune cell-related gene pairs were selected via immune-infiltration analysis. A potential long non-coding RNA–microRNA–mRNA axis was determined, and clinical values were assessed. Eighteen De-OSRGs were identified that were primarily related to intricate signal-transduction pathways, apoptosis-related biological processes, and multiple kinase-related molecular functions. A ceRNA network consisting of 653 long non-coding RNA–microRNA links and 42 mRNA–miRNA links was constructed. Three candidate De-OSRG pairs were screened out from 13 De-OSRG pairs. The abundances of resting memory CD4+ T cells, resting dendritic cells, and CD8+ T cells differed between the control and IDD groups. CD8+ T cell infiltration correlated negatively with cyclin B1 (CCNB1) expression and positively with protein kinase D1 (PKD1) expression. CCNB1–PKD1 was the only pair that was differentially expressed in IDD, was correlated with CD8+ T cells, and displayed better predictive accuracy compared to individual genes. The PKD1–miR-20b-5p–AP000797 and CCNB1–miR-212-3p–AC079834 axes may regulate IDD. Our findings indicate that the OSRG pair CCNB1–PKD1, which regulates oxidative stress during IDD development, is a robust signature for identifying IDD. This OSRG pair and increased infiltration of CD8+ T cells, which play important roles in IDD, were functionally associated. Thus, the OSRG pair CCNB1–PKD1 is promising target for treating IDD.
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Introduction

Intervertebral disc degeneration (IDD) is a major factor inducing chronic lower back pain. Moreover, IDD frequently causes injury to the spinal cord and related nerves, which has important clinical implications when the contours change or contents leak (1). Severe health-related disabilities and enormous economic losses caused by IDD have drawn global attention (2, 3). The intervertebral disc, which lacks vasculature, comprises the interior nucleus pulposus (NP), outer annulus fibrosus, and thin cartilaginous endplates (4). Multiple risk factors, such as heredity, age, smoking, circadian rhythms, and high mechanical compression, contribute to the nutrient insufficiency and imbalanced acid–base homeostasis observed in NP cells (2, 5). Because of the early initiation of degenerative changes and absence of apparent symptoms, most patients with IDD are identified at an advanced stage, invasive surgery as the only treatment option, which has a poor prognosis. Thus, novel approaches that enable rapid detection of IDD pathogenesis and early diagnoses are urgently needed.

According to prevailing concepts, IDD pathogenesis centers on autophagy, apoptosis, inflammation, and metabolism (6–9). However, increasing evidence has shown that oxidative stress, caused by excessive accumulation of reactive oxygen species (ROS), plays a crucial role in driving IDD initiation and progression (10, 11). ROS, such as superoxide anions, hydrogen peroxide, and singlet oxygen, are byproducts of cellular oxidative metabolism (12). The physiological equilibrium is disturbed once the rate of ROS production exceeds that of its elimination within NP cells. Subsequently, ROS-driven oxidative stress causes time-dependent damage to DNA and proteins, which is compounded by coexisting cellular damage. The levels of some oxidation products of ROS or substances that participate in ROS metabolism (such as malondialdehyde, peroxynitrite, and glutathione) are elevated in patients with IDD (13, 14). Nevertheless, the precise underlying mechanisms and potential markers of oxidative stress-related genes (OSRGs) in IDD remain unclear.

In recent decades, non-coding RNAs, including microRNAs (miRNAs) and long non-coding RNAs (lncRNAs), have gained attention. Various non-coding RNAs have been identified as effective prognostic or diagnostic molecular signatures, particularly in the field of oncology (15, 16). Over 80% of transcripts in the human genome are not translated into proteins and remain as non-coding sequences (17). Among these, transcripts longer than 200 nucleotides are recognized as lncRNAs (18), whereas those with 18–22 nucleotides are classified as miRNAs (19). With the rapid evolution of sequencing technologies, a growing number of lncRNAs, such as ANPODRT (20), FAM83H-AS1 (21), and TRPC7-AS1 (22), has been considered as essential regulators of gene expression in IDD at the transcriptional, post-transcriptional, and epigenetic levels. According to the competing-endogenous RNA (ceRNA) hypothesis, regulatory lncRNAs interact with miRNAs by serving as decoys for specific miRNAs, resulting in changes in the expression of target mRNAs (23, 24). To date, relatively few studies have focused on oxidative stress-associated ceRNA networks. An in-depth understanding of ceRNA crosstalk may reveal the mechanisms underlying IDD pathogenesis.

Additionally, some components of NP cells are gradually exposed to the body’s immune system during IDD development, thereby triggering a series of auto-immune responses (25). The activities of various infiltrating immune cells, such as macrophages (26) and CD8+ T cells (27), which are present in this inflammatory microenvironment, contribute to the exacerbation of IDD. The mechanism(s) underlying oxidative stress and its association with immune privilege in human IDD remain unclear. Therefore, studies are needed to clarify the underlying immunological mechanisms and develop novel immunotherapeutic targets for IDD.

In this study, we investigated differentially expressed oxidative stress-related genes (De-OSRGs) using publicly available Gene Expression Omnibus (GEO) microarray sets and OSRGs associated with IDD. Simple batch-correction methods often do not fully eliminate batch effects. Hence, we constructed De-OSRG pairs by merging different datasets and establishing and annotating a ceRNA network based on the De-OSRGs. Moreover, machine-learning algorithms were used to screen for candidate De-OSRG pairs. Their associations with immune-infiltration features were further investigated to determine the optimal oxidative stress-related signature. Based on the results, a receiver operating characteristic (ROC) curve, which evaluates distinguishing performers in IDD, was developed, and potential regulatory mechanisms were identified.



Materials and Methods


Data Acquisition and Preprocessing

The gene-expression profiles of IDD, including GSE116726 (miRNA set), GSE56081 (lncRNA and mRNA sets), GSE70362 (mRNA set), and GSE15227 (mRNA and external validation sets), were retrieved (Supplementary Table S1) and collected using the GEO database (URL: Supplementary Table S2). The GSE116726 set consists of three controls (none female and three males) and three patients with IDD (none female and three males) from China, whose average age was 56 years. Five controls (one female and four males; average age 40.8 years) and five patients with IDD (two female and three males; average age 36.8 years) from China comprised the GSE56081 set. Fourteen controls (seven female and seven males; average age 48.9 years) and ten patients (three female and seven males; average age 74.8 years) with IDD from Ireland made up the GSE70362 set. The GSE15227 set consisted of twelve controls and three patients with IDD from the USA. However, information of sex and age in the GSE152227 set was not reported. The details of the clinical information in each data set are shown in Supplementary Table S3. All 1399 OSRGs obtained from the GeneCards database (URL: Supplementary Table S2) are listed in Supplementary Table S4. Consistent with the Thompson grading system (28), NP samples were divided into two categories: a control group that comprised grades I–III and IDD group that comprised grades IV–V. We preprocessed the raw data using the following methods: i) merging GSE56081, GSE70362, and OSRGs into a dataset (merged dataset) to obtain a sample size that was sufficient for mRNA analysis; and (ii) performing batch normalization using the “sva” package of R to maintain the homogeneity of these sets. The flowchart and details of data processing are shown in Figure 1. Public access and publication guidelines approved by the GEO database were strictly followed when obtaining public data. Approval from the ethics committee of the Second Affiliated Hospital of Xi’an Jiaotong University was not required for this study.




Figure 1 | Flowchart. Triangle represents target‐gene prediction (first triangle, lncRNA target prediction; second triangle, miRNA target prediction).





Identifying De-OSRGs

First, we performed expression validation using the “limma” package in R software to identify differentially expressed mRNAs, miRNAs, and lncRNAs (DEmRNAs, DEmiRNAs, and DElncRNAs, respectively) between the IDD and control groups in the expanded datasets (GSE116726 and GSE56081, respectively). To visualize the differences, volcano maps and clustering heat maps were established using the “ggplot2” and “pheatmap” packages in R. To ensure the reliability of the data, we performed online database predictions for the DElncRNAs to obtain target mRNAs. Briefly, miRDB, miRTarBase, and TargetScan (URL: Supplementary Table S2) were used to predict miRNA–mRNA interactions, and miRcode (URL: Supplementary Table S2) was utilized to predict lncRNA–miRNA interactions. Genes that overlapped between the DEmRNAs and target mRNAs were regarded as De-OSRGs. A P value of <0.05 and fold-change in expression of >1.5 were used as the screening threshold.

In addition, a ceRNA network was constructed with the De-OSRGs and their target DEmiRNAs, along with target DElncRNAs, and visualized using Cytoscape software (v3.8.0) (29).



Functional Annotation of the ceRNA Network

To systematically annotate the potential functions and pathways of the De-OSRGs, Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) analyses were conducted using the “enrichplot”, “clusterProfile”, “ggplot2”, and “org.Hs.eg.db” packages in R (30). GO terms, consisting of molecular functions (MFs) and biological processes (BPs), were used. Statistical significance was set at P < 0.05.



Computation of De-OSRG Pairs

Using the identified De-OSRGs, we calculated De-OSRG pairs according to the computation rules described by Zhang et al. (15). Briefly, if ExprOSRGa < ExprOSRGb, then OSRGP = 1; otherwise, OSRGP = 0, where ExprOSRGa denotes the expression level of OSRG a, and ExprOSRGb denotes the expression level of OSRG b. Thus, each OSRG pair was considered to be comprised of 0s and 1s. Following these pair-comparison rules, the numerical OSRG pair levels of each dataset were computed separately.



Screening for Crucial De-OSRG Pairs and Candidate Signatures

The least-absolute shrinkage and selection operator (LASSO) regression and support vector machine (SVM) machine-learning algorithms can be used to reduce the number of feature variables (31). The former algorithm preserves a variable by finding the best penalty parameter, λ, when the classification error is minimal, whereas the latter algorithm searches for the best optimal hyperplane that classifies different groups (in our case, IDD and control patients). We integrated overlapping gene pairs, which were screened via LASSO regression and SVM, by considering them as candidate OSRG pair signatures for further analysis.



Estimating Immune-Infiltration Patterns

CIBERSORT, a computer analysis tool, is widely used to evaluate the abundance of immune cells and assess the proportions of various immune cells using RNA-sequencing-based expression values (32). Herein, the candidate signatures were subjected to immune-infiltration analysis using the “CIBERSORT”, “parallel”, “preprocessCore”, and “e1071” packages in R. Based on previous findings (31), we selected 22 immune cell subsets for analysis (32). A histogram was used to visualize the distributions of infiltrating immune cells in each subject. A correlation heatmap was drawn to reveal correlations between infiltrating immune cells using the “corrplot” package in R. Furthermore, a violin diagram was generated to visualize differences between the IDD and normal groups. The filtering threshold was set at P < 0.05.



Correlation Analysis Between Infiltrating Immune Cells and Candidate OSRGs

Spearman correlation analysis between infiltrating immune cells and candidate OSRGs was performed using the “limma” package in R and visualized using the “ggplot2”, “tidyverse”, and “ggsci” packages in R.



Screening for Key ceRNAs With Crucial De-OSRG Pairs

We screened ceRNAs with crucial gene pairs via LASSO regression and SVM. These ceRNAs were further analyzed.



Performance Evaluations

De-OSRG pairs-based ROC curve analysis was performed using the “pROC” package in R to distinguish IDD (33). We merged GSE56081 with GSE70362 as a training set and used GSE15227 as a validation set. The ROC curve, based on logistic regression, was evaluated for its efficacy in identifying IDD. In addition, we compared the areas under the receiver operating curves (AUCs) of separate genes and gene pairs, as well as the associated specificities, sensitivities, and 95% confidence intervals (CIs). The AUC was calculated separately to evaluate the performance/distinguishing ability of separate genes and gene pairs. Moreover, the external validation dataset was used to assess the De-OSRG pairs that distinguished IDD via ROCs.



Statistical Analysis

All statistical analyses were performed using R software (v3.6.2, R Core Team, The R Project for Statistical Computing, Vienna, Austria) and MedCalc statistical software (v19.0.4, MedCalc, Inc., Oostende, Belgium). GraphPad Prism (v8.0.1, GraphPad, Inc., La Jolla, CA, USA), Cytoscape (v3.8.0), and R software were used to generate graphics. All R packages used for analysis are listed in Supplementary Table S5. Upregulated expression was defined as a log2 fold-change of >0, whereas downregulated expression was defined as a log2 fold-change of <0. Statistical significance for each test was set at P < 0.05.




Results


Identification of 18 De-OSRGs and Construction of a ceRNA Network

We identified 1428 DElncRNAs and 1176 DEmiRNAs using GSE56081 and GSE116726, respectively (Figures 2A, B). In addition, 69 DEmRNAs were extracted from the expanded dataset (Figure 2C). Based on online database predictions, 207 target miRNAs were predicted for 1428 DElncRNAs. Furthermore, 18 target miRNAs were obtained from miRNAs that overlapped between the 1176 DEmiRNAs and 207 miRNAs predicted by DElncRNAs. Eighteen De-OSRGs were associated with 69 DEmRNAs from the expanded dataset, along with 8612 predicted target mRNAs for miRNAs. Among these were 16 and 2 up- and downregulated De-OSRGs, respectively. The ceRNA network was comprised of 18 De-OSRGs, 211 target DElncRNAs, and 18 target DEmiRNAs (Figure 2D).




Figure 2 | Volcano plots of DEGs (A–C). (A) Volcano plot of De–lncRNAs. (B) Volcano plot of De-miRNAs. (C) Volcano plot of De-mRNAs. Orange represents up-regulated differentially expressed genes, while purple represents down-regulated differentially expressed genes. The ceRNA network analyses of 18 DEOSRGs, and their function annotation by GO and KEGG (D–G). (D) The ceRNA network analysis graph. GO enrichment analysis of 18 DEOSRGs (E, F). (E) BP, biological process; (F) MF, molecular function. (G) KEGG pathway enrichment analysis of 18 DEOSRGs. De-lncRNAs, differentially expressed long noncoding RNAs; De–miRNAs, differentially expressed microRNAs; De-mRNAs, differentially expressed mRNAs; De–OSRGs, differentially expressed oxidative stress-related genes. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.





Functional Annotation

GO annotation indicated that the 18 De-OSRGs mainly participated in oxidative stress-associated and apoptosis-related BPs, such as cellular response to oxidative stress and regulation of neuronal apoptotic processes (Figure 2E and Supplementary Table S6). MF annotation showed that the MFs were primarily associated with kinase-related functions, including mitogen-activated protein kinase (MAPK) binding, kinase-regulator activity, transmembrane receptor-tyrosine kinase activity, and protein kinase-activator activity (Figure 2F and Supplementary Table S6). Furthermore, Kyoto Encyclopedia of Genes and Genomes enrichment analysis suggested that the 18 De-OSRGs were principally involved in the MAPK signaling pathway, phosphoinositide 3-kinase-protein kinase B signaling pathway, relaxin signaling pathway, FoxO signaling pathway, and cellular senescence, indicating that these genes play important roles in oxidative stress (Figure 2G and Supplementary Table S7).



Screening for Candidate Signatures of De-OSRG Pairs

Although batch normalization was performed, the expression heatmap of the 18 De-OSRGs showed gaps within the groups (Figure 3A). Hence, of the 18 De-OSRGs, 13 were established using filter values of 0.1–0.9 (Figure 3B). LASSO regression analysis (seed = 14) was used to select five gene pairs (Figure 3C). SVM analysis identified three gene pairs (seed = 14; Figure 3D) that intersected with the LASSO regression results (Figure 3E). We considered these three gene pairs, which included the following five OSRGs: cyclin B1 (CCNB1), protein kinase D1 (PKD1), cytochrome c oxidase assembly homolog 15, vascular endothelial growth factor C, and interferon regulatory factor 1, as candidate IDD signatures for further immune-infiltration analysis.




Figure 3 | The expression profile for De-OSRGs (A) and De-OSRGPs (B). The difference between OSRGs heat map and OSRGPs heat map (A, B): although the batch correction is used, the gap between different datasets can be clearly shown in panel (A) The screening process of key OSRGPs for IDD. (C) LASSO regression to screen for candidate signatures. (D) SVM to screen for candidate signatures. (E) Venn diagram demonstrating the intersection of candidate signatures screened by LASSO regression and SVM. OSRGs, oxidative stress-related genes; OSRGPs, oxidative stress-related gene pairs; IDD, intervertebral disc degeneration; LASSO, least absolute shrinkage and selection operator; SVM, support vector machine.





Immune Cell Infiltration

The violin diagram and histogram of immune cell infiltration clearly revealed abundant immune cells in IDD. The violin diagram indicated that resting memory CD4+ T cells and resting dendritic cells showed less infiltration in the IDD group, whereas CD8+ T cells showed more infiltration (Figures 4A, B). The correlation heatmap related to cell-type abundances indicated significant negative correlations between CD8+ T cells and resting memory CD4+ T cells and activated dendritic cells, and a positive correlation between CD8+ T cells and neutrophils. Resting memory CD4+ T cells showed a significant positive correlation with monocytes. Follicular helper T cells correlated positively with activated NK cells. Memory B cells correlated negatively with follicular helper T cells and plasma cells (Figure 4C). Immune infiltration analysis is predictive of specific infiltrating immune cell based on gene expression signatures.




Figure 4 | Visualization of immune cell infiltration analysis. (A) Violin diagram of the abundance of infiltration by 22 immune cell subsets between IDD and control groups. Blue and orange colors represent IDD and control groups, respectively. (B) Histogram of the distribution of infiltrating immune cells in each individual. Columns represent IDD individuals. (C) Correlation heatmap of 22 immune cell subsets. Blue represents positive correlation, whereas purple represents negative correlation. The color and number in each circle indicate the correlation index between the two immune cell subsets. IDD, intervertebral disc degeneration.





Correlation Analysis Between Infiltrating Immune Cells and Candidate De-OSRG Pairs

To select optimal OSRG pairs and clarify the associations between immune cell infiltration and OSRGs, we performed correlation analyses between infiltrating immune cells and the three candidate De-OSRG pairs. Correlation analysis showed that three of the five candidate De-OSRG pairs were prominently linked with various infiltrating immune cells (Figures 5A–C). Furthermore, significant differences were observed only between the numbers of CD8+ T cells, resting memory CD4+ T cells, and resting dendritic cells in the IDD and control groups. Interestingly, only the CCNB1–PKD1 pair correlated with CD8+ T cells simultaneously. Specifically, CCNB1 correlated negatively with CD8+ T cells (r = -0.630, P = 0.012; Figure 5A), and PKD1 correlated positively with CD8+ T cells (r = 0.817, P < 0.001; Figure 5B). Therefore, we focused on the CCNB1–PKD1 pair in further analysis (Figure 5D). Correlation analysis between infiltrating immune cell and candidate De-OSRG pairs was based on the gene expression signatures.




Figure 5 | Correlation analysis between infiltrating immune cell subtypes with the candidate De-OSRGs. Spearman correlation analysis between immune cell subtypes and CCNB1 (A) /PKD1 (B) /COX15 (C). Venn diagram (D) showing the key gene pair shared by the immune cell-related genes (ICRG) and candidate De-OSRGs.





Exploring Potential Regulatory Axes for the CCNB1–PKD1 Pair

Focusing on the CCNB1–PKD1–ceRNA network axis (Figure 6A) evaluated using LASSO regression (seed = 25) and SVM analyses, key lncRNAs associated with these genes were revealed (seed = 25) (Figures 6B–E, respectively): lncRNA AC079834 for CCNB1 and lncRNA AP000797 for PKD1. The parameters and results for screening the key lncRNA (ceRNA), which competes with CCNB1 to bind miR-212-3p, are shown in Supplementary Table S8. The parameters and results for screening the key lncRNA (ceRNA), which competes with PKD1 to bind miR-20b-5p, are shown in Supplementary Table S9. The CCNB1–miR-212-3p–AC079834 and PKD1–miR-20b-5p–AP000797 axes were identified as potential regulatory ceRNA axes. These findings indicate that the CCNB1–PKD1 pair modulates oxidative stress through these axes during IDD initiation and development (Figures 6F, G). In summary, low CCNB1 expression and high PKD1 expression correlated negatively and positively, respectively, with increased CD8+ T cell infiltration (Figure 6H).




Figure 6 | |The 69lncRNAs–2miRNAs–2mRNAs (CCNB1/PKD1 pair) ceRNA co-expression network was constructed (A) and was used to screen the key ceRNAs (lncRNAs) by SVM (B, D) and Lasso (C, E). Panels (B, C), venn result for SVM (B) and LASSO (C) is AC079834. LncRNA AC079834 was selected in SVM and LASSO, and was used for building axis (CCNB1–miR-212-3p–AC079834). Panels (D, E), venn result for SVM (D) and LASSO (E) is AP000797. LncRNA AP000797 was selected in SVM and LASSO, and was used for building axis (PKD1–miR-20b-5p–AP000797). Parameters and results in detail are shown in Supplementary Tables S9, S10.The expression profile for CCNB1–miR-212-3p–AC079834 axis (F) and PKD1–miR-20b-5p–AP000797 axis (G). The low expression of CCNB1 is negatively correlated with increased CD8+ T cells infiltration; the high expression of PKD1 is positively correlated with increased CD8+ T cells infiltration (H). * represents p < 0.05.





Potential Discriminating Validity of CCNB1/PKD1 for IDD

After exploring the key gene pair (CCNB1–PKD1) and genes (PKD1 and CCNB1), their distinguishing abilities were compared by using AUCs to evaluate the performance in differentiating the IDD and control cohorts based on ROC analysis. The AUCs of ROC curve analyses of the gene pair and genes were used to evaluate CCNB1–PKD1 pair (AUC [95%CI] = 0.828 [0.660,0.935]), PKD1 (AUC [95%CI] = 0.793 [0.620,0.912]), and CCNB1 (AUC [95%CI] = 0.733 [0.554,0.870]) (Figures 7A–C). Compared to CCNB1 and PKD1, the CCNB1–PKD1 pair demonstrated the best distinguishing ability with the highest AUC value for effectively differentiating IDD from control samples. We next validated the gene pair (CCNB1–PKD1), PKD1, and CCNB1 in the validation set. The AUCs [95%CI] for CCNB1–PKD1, PKD1 and CCNB1, were 0.917 [0.658,0.996], 0.889 [0.623,0.990], and 0.528 [0.261,0.783]. Based on these results for the external validation dataset, this gene pair has excellent discriminating ability (Figures 7D–E). In the training and validation cohorts, the sensitivities and specificities of the CCNB1–PKD1 pair were better than or equal to those of PKD1 and CCNB1 alone. The results of ROC curve analysis, including the AUCs, sensitivities, and specificities, are shown in Supplementary Table S10.




Figure 7 | Comparison of ROC analysis between gene pair and separate gene in predicting IDD in the expanded dataset (A–C) and external validation dataset (D–F). ROCs for CCNB1 (A, D), PKD1 (B, E), and CCNB1–PKD1 pairs (C, F).






Discussion

Although many treatments that are relatively effective for alleviating IDD progression have been developed, IDD diagnosis remains largely dependent on imaging and clinical symptoms, which render early IDD diagnosis and timely intervention difficult. Thus, identifying a potentially precise diagnostic signature and therapeutic targets may lead to new approaches for patients with IDD. A large volume of data indicates that oxidative stress promotes IDD development and that immune cells play vital roles in IDD progression. In this study, we evaluated a potential oxidative stress-related signature for IDD and predicted the mechanisms regulating its function and relationships with infiltrating immune cells.

We identified 18 significant De-OSRGs by analyzing GEO databases and assembled them into 13 gene pairs. Kyoto Encyclopedia of Genes and Genomes enrichment suggested that the 18 De-OSRGs were mainly enriched in MAPK signaling, phosphoinositide 3-kinase–protein kinase B signaling, FoxO signaling, and cellular senescence. Most of these pathways mediate intricate signal-transduction cascades associated with inflammation triggered by OS (34–37). In terms of cellular senescence, oxidative stress-induced injury continually disrupts the integrity of genes and proteins, leading to the gradual aging of organisms (38). GO annotation demonstrated enrichment of apoptosis-related BPs and multiple kinase-related MFs. As previously reported, IDD is a chronic, perplexing process that affects apoptosis and various kinase-mediated pathways (39–41).

In contrast to traditional concepts, pairwise gene comparisons and integration strategies offer substantial advantages. Calculating the OSRG pair signature was specifically based on the relative ranking of OSRG expression levels. These calculations enabled pairwise weight comparison that did not require data normalization and overcame the batch effects associated with assorted platforms (Figures 3A, B). Moreover, pairwise gene comparisons have become accessible based on studies that included multiple datasets (14), offering a tremendous advantage over current orthopedic practices. Our results showed that discrimination based on the CCNB1–PKD1 gene pair was significantly better than that using individual genes, suggesting that the integration strategy was reliable and robust.

CCNB1, a member of the cyclin family of proteins, integrates with a cell cycle-dependent Ser/Thr kinase to stimulate the production of the maturation-promoting factor, which plays an indispensable role in mitosis (42). Previous in vivo data demonstrated that CCNB1 is responsible for cellular proliferation and differentiation and that its abolition inhibited proliferation and promoted apoptosis in gonocytes and spermatogonia (43). Meng et al. (44) revealed that CCNB1 is an important regulator of G2/M phase of NP cells. Once G2/M phase was arrested, NP cell proliferation was blocked. Several lines of evidence have indicated that CCNB1 is useful as a diagnostic or prognostic biomarker in rhabdomyosarcoma, hepatocellular carcinoma, and meningioma (42, 45, 46). Based on these findings, CCNB1 protein may participate in IDD development by regulating NP cell proliferation.

PKD1 encodes a serine/threonine kinase that belongs to the PKD family within the Ca2+/calmodulin-dependent protein kinase superfamily (47). PKD1, when activated by hormones, oxidative stress, and/or growth factors, participates in cell proliferation, migration, motility, apoptosis, membrane trafficking, epidermal-to-mesenchymal transition, and angiogenesis (48, 49). Data from previous knockout studies indicated that PKD1 orchestrates a battery of intracellular signaling pathways, such as cyclic AMP production, autophagy inhibition, G-protein coupled receptor signaling, MAPK signaling, nuclear factor-kappa B signaling, and cell–extracellular matrix interactions (50, 51). Although these signaling pathways have been reported to be distinctly linked to various diseases, the exact role of PKD1 remains unclear, particularly in neoplasia. For example, it was reported that PKD1 was highly expressed in skin and pancreatic cancers where it acted as a tumor-promoting factor (52, 53). Normally, PKD1 promotes mouse fibroblast and human endothelial cell proliferation (54, 55). In contrast, PKD1 functions as a tumor suppressor in invasive breast and gastric cancers (56, 57). This dual role of PKD1 depends on the degree of inflammation, microenvironmental factors, and tissue type or phenotype (58). Considering that PKD1 typically participates in proliferation, PKD1 may regulate NP cell proliferation during IDD. Previous evidence, as well as our current results, indicate that under oxidative stress conditions, the CCNB1–PKD1 pair participates in IDD by regulating NP cell proliferation or apoptosis via a signaling pathway(s), such as the MAPK, nuclear factor-kappa B, and/or calcium-ion pathways. Although both CCNB1 and PKD1 may promote IDD, further verification via experimentation and clinical studies is needed to support this hypothesis.

Considering the predictive role of the CCNB1–PKD1 signature in IDD, we further clarified the regulatory ceRNA mechanism associated with this pair. Comprehensive analysis through online database predictions and expression validation with GEO datasets (conducted in this study) revealed two regulatory ceRNA axes as potentially associated with CCNB1 and PKD1 modulation by oxidative stress in NP cells: the CCNB1–miR-212-3p–AC079834 and PKD1–miR-20b-5p–AP000797 axes. Specifically, AC079834 acts as a ceRNA sponge for miR-212-3p, which inhibits its binding to CCNB1 mRNA. Similarly, PKD1 mRNA binding to miR-20b-5p is prone to interference by AP000797, which sponges miR-20b-5p. There was no CCNB1 related reports linked to ceRNA in IDD in the literature. In terms of PKD1, only Qu et al. (59) identified an IDD-associated miRNA, hsa-miR-140, which was regulated by three lncRNAs: KCNQ1 opposite strand/antisense transcript 1, OIP5 antisense RNA 1 and UGDH antisense RNA 1. Of the 3 lncRNAs, the latter two could target several overlapping co-expressed genes, including forkhead box F1 and polycystin 1, transient receptor potential channel interacting (PKD1). However, these findings were not validated experimentally. Increasing evidence suggests that lncRNAs and miRNAs regulate pathophysiologic BPs linked to IDD, such as oxidative stress and apoptosis (20).

MiR-212-3p acts as an important regulator of various cancers by modulating cell proliferation, angiogenesis, and tumor invasion (60). MiR-212-3p expression is decreased in patients with bladder cancer. Our results indicate that miR-212-3p upregulation promoted CCNB1 downregulation, whereas downregulating AC079834 upregulated miR-212-3p, thereby accelerating IDD development by reversing the former process. Previously, miR-20b-5p was reported as upregulated and could be used as a biomarker for diagnosing breast cancer (61). Our results also showed that miR-20b-5p downregulation induced PKD1 upregulation, which was attenuated by AP000797. However, the functional roles of the two regulatory axes regarding oxidative stress in IDD must be validated in experimental studies.

In addition to the abovementioned regulatory mechanisms, the pattern of immune infiltration is another critical concern. Our immune-infiltration analysis of the three De-OSRG pairs (consisting of five OSRGs) showed that resting memory CD4+ T cell and resting dendritic cell infiltration was decreased in IDD, whereas CD8+ T cell infiltration was increased. Notably, only the CCNB1–PKD1 pair was synchronously associated with CD8+ T cells. During the degenerative process, substantial amounts of inflammatory cytokines and chemokines secreted by NP cells drive the activation and recruitment of immunocytes (including T cells and B cells) to further enhance the inflammatory cascade (62). For example, Shamji et al. reported that interleukin-17 released by Th17 lymphocytes was substantially expressed in degenerated and herniated human intervertebral disc tissues, which induced macrophage recruitment (63). North et al. revealed that T cells, including CD4+ and CD8+ T cells, were closely associated with NP extrusion (64). Another study showed that painful human intervertebral discs were highly infiltrated by regulatory T cells (65). Recent data showed that macrophages and CD8+ T cells were more prone to apoptosis in rat IDD models than in normal rats (27). These findings partially clarify the function of CD8+ T cells in IDD. Consistent with the results of these studies, our results suggest that an increase in CD8+ T cells plays a role in immune infiltration, NP cell damage, and apoptosis during IDD pathogenesis. We conducted experiments to predict the role of CD8+ T cells in human IDD. However, the correlation between the CCNB1–PKD1 pair and CD8+ T cells should be further investigated. In addition, the functional relevance of this pair in regulation of CD8+ T cells and associated signaling in other diseases were also explored. For example, autosomal dominant polycystic kidney disease is presumably the direct consequence of mutations in PKD1 or PKD2. Kleczko et al. (66) confirmed an increase in renal T cells associated with autosomal dominant polycystic kidney disease severity, specific activation of CD8+ T cells, and a functional role for these cells in inhibiting cystogenesis. Craven et al. (67) reported that PKD1 was more frequently mutated in a group enriched in both CD8+ T cells and CD4 memory-activated T cells in triple-negative breast cancer. Li et al. (68) reported that four cyclin family genes, including CCNB1, were notably elevated in the early TNM stages in colon cancer and significantly correlated with overall survival. Moreover, they also found that the expression of CCNB1 was positively correlated with tumor-killing immune cells, such as CD8+ T cells, which may prolong the survival time of patients with colon cancer. Zou et al. (69) reported that upregulated CCNB1 was associated with poorer prognosis in patients with hepatocellular carcinoma. Notably, through immune infiltration analysis, they found that the expression level of CCNB1 was positively correlated with the infiltrating levels of CD8+ T cells. Kao et al. (70) identified CCNB1 as a shared human epithelial tumor-associated antigen recognized by T cells, such as CD8+ T cells. Latner et al. (71) elucidated that the expression of cell cycle regulatory genes, such as CCNB1, was enhanced in virus-specific memory CD8+ T cells. Moreover, CCNB1 elicits T cell-dependent antibody responses not only in patients with cancer and premalignant disease, but also in healthy individuals (72, 73).

The current study had some limitations. For example, although we merged multiple datasets to increase the sample size, the reliability of our findings must be confirmed using additional datasets and clinical samples, although more samples may not be readily obtainable. Moreover, as our study involved retrospective analysis, the potential diagnostic values and exact functions of CCNB1 and PKD1 should be verified in in vivo and in vitro experiments. Additionally, the lack of in situ localization/validation of the data limits the generality of the current findings. Further experimental verification is needed to determine whether CD8+ T cell infiltration causes IDD or whether infiltration occurs after oxidative stress.

In conclusion, our results suggest that the CCNB1–PKD1 gene pair is a robust, oxidative stress-related signature for identifying IDD. This gene pair may modulate oxidative stress, which leads to IDD, by regulating the CCNB1–miR-212-3p–AC079834 and PKD1–miR-20b-5p–AP000797 axes. The CCNB1–PKD1 signature was closely associated with CD8+ T-cell infiltration. This CCNB1–PKD1 signature provides a novel perspective on the immune microenvironment in IDD and is a promising immune target in patients with IDD. In our further studies, we will analyze the relationship between immunity, oxidative stress, and metabolism in IDD.
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Objectives

This study sought to identify the ratio of M1/M2 cells in the infrapatellar fat pads (IFP) and subcutaneous fat tissues (SC) of osteoarthritis (OA) and rheumatoid arthritis (RA) patients. The clinical features of OA and RA patients treated with or without biological disease-modifying anti-rheumatic drugs (bDMARDs) were also assessed.



Methods

IFP and SC were collected from patients with OA and RA who are undergoing total knee arthroplasty (TKA). CD14-positive cells were then isolated from these samples. Flow cytometry was used to determine the number of CD14++CD80+ cells and CD14++CD163+ cells. The expression levels of lipid transcription factors, such as sterol regulatory element-binding protein 1 (SREBP1) and liver X receptor alpha (LXRA), and inflammatory cytokines were also evaluated.



Results

Twenty OA patients and 22 RA patients were enrolled in this study. Ten of the RA patients (45.4%) received bDAMRDs before TKA. On average, a fivefold increase in the number of CD14-positive cells and lower expression levels of SREBP1C and LXRA were observed in OA IFP relative to OA SC; however, these results were not obtained from the RA samples. The median ratio of CD14++CD80+ cells/CD14++CD163+ cells of OA IFP was 0.87 (0.76–1.09, interquartile range), which is higher to that of OA SC with a lower ratio (p = 0.05835).



Conclusions

The quantity and quality of CD14-positive cells differed between IFP and SC in arthropathy patients. To our knowledge, this is the first study to characterize the ratio of M1/M2 cells in the IFP and SC of end-stage OA and RA patients. The increased ratio of CD14++CD80+ cells/CD14++CD163+ cells in the IFP from patients with OA and RA treated with bDMARDs indicated that inflammation was localized in the IFP. As adipose tissue-derived innate immune cells were revealed as one of the targets for regulating inflammation, further analysis of these cells in the IFP may reveal new therapeutic strategies for inflammatory joint diseases.





Keywords: osteoarthritis, rheumatoid arthritis, monocytes/macrophage, inflammation, infrapatellar fat pad (Hoffa’s)



Introduction

Osteoarthritis (OA) and rheumatoid arthritis (RA) affects millions of people worldwide, with one in three people over the age of 65 having OA (1), and every five out of a thousand people suffer from RA (2). OA and RA are characterized by joint pain; however, in some cases, they are characterized by deformity owing to inadequate therapeutic strategies. The progression of OA can be seen as multiple reasons, such as mechanical stress to the cartilage (3, 4), subchondral bone remodeling (5), biochemical cascades (6), and inflammation (5, 6). On the other hand, RA is an autoimmune disease that causes inflammation in the synovial tissue (3, 7). Disease-modifying anti-rheumatic drugs (DMARDs), such as biological DMARDs (bDMARDs), are used to treat RA (8); however, currently, no disease-modifying therapeutics is available for OA patients. Thus, elderly patients with OA or RA sometimes opt for total knee arthroplasty (TKA) to restore joint function.

Adipose tissue participates in inflammatory processes because it is a source of cytokines, chemokines, and adipokines (9). The infrapatellar fat pad (IFP or Hoffa’s fat pad) is an adipose tissue depot located within the knee joint and is surrounded by synovium, cartilage, and bone (10). The anatomical location of the IFP is displayed in Figure 1A (11). As described by Jiang et al., the IFP is sandwiched between the patellar retinacula and the patellar tendon anteriorly and the trochlear surface of the femur posteriorly on the horizontal perspective. In contrast, on the vertical perspective, the IFP is located between the patella, femoral condyle, and intercondylar notch (12). Functionally, the IFP is involved in shock absorption, lubrication, and synovial fluid secretion. Furthermore, it is an important site for inflammation in patients with pain due to OA. Notably, serious inflammation in the IFP is often associated with severe pain in such patients (12, 13). In this study, subcutaneous fat tissue (SC) is defined as fat tissues located under the epidermis and dermis but not found in the IFP tissues located in the lesion parts of the knees.




Figure 1 | (A) The anatomical location of infrapatellar fat pads. (B) Flow chart of the experimental method.



Adipose tissue comprises the stromal vascular fraction (SVF) and adipocytes, and adipose tissue macrophages and monocytes can be collected from the SVF (10). Adipose tissue macrophages (ATMs) in the IFP demonstrate aspects of both pro- and anti-inflammatory phenotypes in vitro, with most cells expressing the M2 marker, CD206, but secreting interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), and relatively low amounts of interleukin-10 (IL-10), similar to M1 cells (13–16). ATMs have been revealed to play important roles in both physiological processes and pathological mechanisms in adipose tissue—for instance, the proportion of ATM in lean mice was estimated to be less than 10% of all adipose tissues; however, in leptin-deficient mice, this proportion increased to over 50% (17). Unlike ATMs that are distributed throughout uninflamed adipose tissue and provide limited inflammatory activity in the lean state (18), ATMs in obese adipose tissue surround and consume dead adipocytes and exhibit a pro-inflammatory phenotype (19, 20). Furthermore, bigger amounts of TNF-α and IL-6 are secreted by ATMs in obese people (9), and a twofold increase in the release of IL-6 was observed in the IFP compared to the SC in patients with OA (21). However, the differentiation patterns of M1 and M2 cells in the IFP of arthropathy patients have not been studied.

To our knowledge, this is the first study to reveal the differentiation pattern of CD14++CD80+ cells and CD14++CD163+ cells in the IFP and SC of OA and RA patients. Furthermore, as IFP and SC are adipose tissues in the knee joints (Figure 1A) and IFP is considered to have a great potential to participate in inflammatory response (13), qRT-PCR was performed to identify the lipid transcription factors related to inflammation to clarify the signature expression pattern of these genes in the IFP and SC of arthropathy patients.



Materials and Methods


Sample Collection From Patients With OA and RA


Patient Information

This study was approved by the Kyoto University Graduate School and Faculty of Medicine Ethics Committee (approval number G0502-1). Samples of the IFP and the SC were collected during TKA of patients with OA and RA admitted at Kyoto University Hospital from February 2018 to April 2020.



SVF Collection and Human CD14 Magnetic Cell Separation

Briefly, 2 g of fat tissue from each sample was digested in 5 ml of collagenase medium [0.1 mg collagenase IA (#C2674, Sigma Japan) in 1 ml RPMI medium (#52400, Gibco)] at 37°C for at least 1 h with rotation. The digested tissue was mashed through a 70-µm cell strainer with 2 ml syringe plungers and centrifuged at 18°C 620 × g for 3 min. The obtained pellets, labeled as the SVF, were washed twice in phosphate-buffered saline (PBS) via centrifugation at 18°C 620 × g for 3 min. Thereafter, they were rewashed in a magnetic cell separation (MACs) buffer solution of 0.5 M ethylenediaminetetraacetic acid (EDTA) in PBS containing 0.1% bovine serum albumin (BSA) via centrifugation at 18°C 300 × g for 10 min and subjected to MACs with human CD14 MicroBeads (#130-050-201, Miltenyi Biotec).




Flow Cytometry Analysis


Staining Strategy

CD14-positive cells were labeled with anti-CD14, anti-CD80, and anti-CD163 antibodies in 0.1% BSA and 0.5 M EDTA in PBS, with isotype and unstained controls. The following conjugated antibodies were used: anti-human CD14 (HCD14, APC, BioLegend), anti-human CD80 (2D10, PE, BioLegend), and anti-human CD163 (RM3/1, PerCP/Cyanine5.5, BioLegend). The following isotype controls were used: mouse IgG1, κ isotype control (FC) antibody (MOPC-21, APC, BioLegend); mouse IgG1, κ isotype control antibody (MOPC-21, PE, BioLegend); and mouse IgG1, κ isotype control antibody (MOPC-21, PerCP/Cyanine5.5, BioLegend). After washing, the cells were analyzed with a LSRFortessor cytometer (BD), and data were analyzed using FlowJo 10.4 software.



Gating Strategy

The gating strategy and fluorescence minus one are presented in Supplementary Figures S1, S2. Representative APC-FSC two-parameter dot plots of gate 1 among unstained, isotype control, and fully stained samples were presented. Cells gathered in neither unstained nor isotype controls in fully stained samples were allotted to gate 2. In gate 2, representative two-parameter dot plots of PE-APC and PerCP/Cyanine5.5-APC of samples stained by isotypes and antibodies were presented. Compared with the isotype control, positive plots were counted as “CD14+, CD80+” and “CD14+, CD163+” to calculate the proportions of CD14++CD80+ cells and CD14++CD163+ cells in CD14-positive cells.




Quantitative Real-Time Polymerase Chain Reaction

Total RNA was isolated with Isogen (#315-02504, Nippon Gene) and RNeasy Mini Kit (#74104, Qiagen). After DNAse treatment (#M6101, Promega), cDNA was prepared using an iScript cDNA Synthesis Kit (#1708890, BIO-RAD) according to the protocol of the manufacturer. qPCR was performed using TB Green Premix Ex Taq GC (#RR071A, TaKaRa) in a 7500 Real Time PCR System (Applied Biosystems). The following qPCR conditions were employed: one cycle for the initial denaturation stage at 95°C for 30 s, 70 cycles for the PCR stage with denaturation at 95°C for 10 s, and annealing at 60°C for 34 s; the melt curve stage was set according to the instructions for Takara TB Green for the 7500 Real-Time PCR System. The cell counts of the operation samples used in RNA extraction and qPCR are displayed in Supplementary Table S1. The sequences of the primers are listed in Supplementary Table S2 (22–25).



Statistical Analyses

Patient information is presented as median values with interquartile ranges (IQR). For qPCR, the 2−ΔΔCT method was used to quantify the data. As the collected data did not follow normal distribution, Mann–Whitney U-test was utilized for statistics to describe differences between the groups. Furthermore, as sample sizes were the same within the same patients or the same SVF, paired-sample Wilcoxon signed-rank test was utilized to perform a more rigorous analysis. The statistical data were calculated using Origin 9.0 software (Originlab).




Results


The IFP of Arthropathy Patients Has a Higher Proportion of CD14+ Cells Than the SC

The patients included in this study were arthropathy patients who underwent TKA. These patients were divided into OA, RA treated without bDMARDs, and RA treated with bDMARDs groups, as shown in Table 1. Twenty OA patients (group A) [15 females; median (IQR) age, 77.4 (74.7–81.3) years], 12 RA patients who were not treated with bDMARDs (group B) [9 females; 67.6 (66.5–70.5) years], and 10 RA patients who were treated with bDMARDs (group C) [10 females; 68.2 (46.5–76.0) years] were included in the study. Information regarding C-reactive protein (CRP), erythrocyte sedimentation rate, total cholesterol, high-density lipoprotein, rheumatoid factor, anti-citrullinated protein antibodies, tender joint count, swollen joint count, patient’s and physician’s global assessment visual analog scale, and simplified disease activity index and the use of methotrexate (MTX) and prednisolone were described. OA patients who opted for surgery tended to be older, with a significance found between OA and both RA groups. The median body weight (kg) of patients who underwent surgery in these groups was 63.5, 51.8, and 59.8 kg, respectively, with a significance found between the group of RA patients who were not treated with bDMARDs and the other two groups. To gain more insights on whether gender is a factor in this significance, female and male patients were divided within each group. As shown in Table 1, female body weight had the same significance as that found for total patients, revealing a bias in body weight between genders. As the body mass index (BMI) of all members of the “RA without bDMARDs treatment” group was below 25 kg/m2, the p-values of the overweight population between this group and the other two groups could not be calculated.


Table 1 | Patient characteristics.



CD14-positive cells from IFP and SC were assessed. The strategies to obtain CD14-positive cells and a schematic for flow cytometry and qPCR are displayed in Figure 1B. The amount of CD14-positive cells per gram of IFP was compared to that of SC for the same patients in each group (Figure 2). In the OA group, the amount of CD14-positive cells (×105) in the IFP of median (IQR) was 2.57 (0.96–4.13); however, this amount decreased to 0.28 (0.067–0.55) in the SC, with a p-value less than 0.0001 depicting significance. In RA patients who were not treated with bDMARDs, the number of CD14-positive cells (×105) in the IFP was 1.64 (0.61–4.84); however, this number decreased to 0.42 (0.20–0.58) in the SC, with significance found (p = 0.00792). In RA patients treated with bDMARDs, the number of CD14-positive cells (×105) in the IFP was 1.89 (0.69–2.49); however, this number decreased to 0.39 (0.13–1.74) in the SC. Statistics on the mean (standard deviation, SD) of CD14-positive cells per gram of fat tissue in each group are displayed in Supplementary Figure S3A.




Figure 2 | The infrapatellar fat pads (IFP) of arthropathy patients has a higher proportion of CD14-positive cells than the subcutaneous fat tissues. CD14-positive cells per gram of SC or IFP in the osteoarthritis (OA) (A), rheumatoid arthritis (RA) without bDMARDs (B), and RA with bDMARDs (C). Samples were obtained during total knee arthroplasty, digested in collagenase medium to obtain the stromal vascular fraction, and stained with human CD14 antibody to separate adipose-tissue-resident CD14-positive cells. **p < 0.01 and ***p < 0.001, as determined by the paired-sample Wilcoxon signed-rank test to identify differences between SC and IFP OA. n = 20; RA without bDMARDs, n = 12; RA with bDMARDs, n = 10.





CD14++CD80+ and CD14++CD163+ Cell Ratio Increased by 1.36-Fold in OA IFP

CD14-positive cells from the IFP and SC of all three groups were assessed. CD14++CD80+ cells and CD14++CD163+ cells were considered as M1 and M2 macrophages. As described in Figure 3A, the ratio [median (IQR)] of CD14++CD80+ cells/CD14++CD163+ cells of OA IFP was 0.87 (0.76–1.09); this ratio was higher to that of OA SC with a lower degree (p = 0.05835). In the group of RA patients who were not treated with bDMARDs, the ratio of CD14++CD80+/CD14++CD163+ from both the IFP and SC was as high as 0.79 (0.65–0.90) and 0.86 (0.43–0.98) (Figure 3B). The RA bDMARDs group also had an increased ratio from 0.65 (0.44–0.86) in the SC to 0.94 (0.82–1.12) in the IFP (Figure 3C). Figure 3D shows that both diseases even had differentiation of CD14++CD80+ cells and CD14++CD163+ cells in the IFP. Statistics on the mean (SD) of M1/M2 ratio as well as their proportions in CD14-positive cells in each group are shown in Supplementary Figures S3B, C. The cell numbers in each group are presented in Table 2. However, the M1/M2 ratio was 0.59 (0.31–1.11) and was found to be biased to the M2 phenotype in peripheral blood mononuclear cell from RA patients (26).




Figure 3 | CD14++CD80+ and CD14++CD163+ cell ratio increases by 1.36-fold in osteoarthritis (OA) infrapatellar fat pads (IFP). (A–C) Ratio of CD14++CD80+/CD14++CD163+ cells in the infrapatellar fat pads (IFP) and subcutaneous fat tissues (SC) from the OA, rheumatoid arthritis (RA) without bDMARDs, and RA treated with bDMARDs groups. To calculate ratios and proportions, adipose-resident CD14-positive cells were stained with anti-human CD80, CD163, and CD14 antibodies and evaluated using flow cytometry. (D) Proportions of CD14++CD80+ and CD14++CD163+ cells in the SC and IFP tissues of OA and RA patients (SC OA, n = 4; SC RA, n = 6; IFP OA, n = 11; IFP RA, n = 13). The x-axis displays samples from IFP and SC grouped by OA and RA, and the y-axis displays the proportions of CD14++CD80+ cells or CD14++CD163+ cells in CD14-positive cells. Lines connecting the dots between SC and IFP indicate samples from the same patients. Gating strategies for obtaining CD14++CD80+ cells and CD14++CD163+ cells as well as fluorescence minus one are presented in Supplementary Figures S1 and S2. Statistics were calculated by the paired-sample Wilcoxon signed-rank test between CD14++CD80+ and CD14++CD163+ cells from the same patients. The Mann–Whitney U-test was used for analysis between different groups.




Table 2 | CD14++CD80+ cells and CD14++CD163+ cells from the IFP and SC in each disease group.





The Expression of Lipid Transcription Factors Related to Inflammation Significantly Decreases in the IFP

As IFP and SC are fat tissues, and IFP is found in an environment related to inflammation, lipid transcription factors related to inflammation, such as SREBPs and LXRs, were of interest in this study. The expression levels of these genes and the inflammatory cytokines produced by CD14-positive cells from the IFP and SC were quantified by qRT-PCR (Figures 4, 5). Statistics on mean (SD) of the expression levels of these genes in CD14-positive cells in each group are presented in Supplementary Figure S4. The samples analyzed by qRT-PCR were magnetically sorted CD14-positive cells in the SVF from each SC and IFP sample. Lines connecting the dots from the SC to IFP indicated samples from the same patients. Consequently, as described in the left panel of Figure 4A, the relative expression level [median (IQR)] of SREBP1A in the CD14-positive cells of SC in all patients was 0.31 (0–5.25); however, in the IFP, this value changed to 1.1 (0.09–4.81), without any significance. As displayed in the left panels of Figures 4B, C, 5A, the respective expression levels of SREBP1C, LXRA, and CXCL10 in the CD14-positive cells of SC from whole patients were 0.98 (0.22–2.98), 0.69 (0.34–2.12), and 1.13 (0.23–2.33); however, these levels respectively decreased to 0.30 (0.16–0.71), 0.039 (0.0085–0.50), and 0.33 (0.10–0.55) in the IFP, with p-values less than 0.05 depicting significance. These differences were also apparent in patients with OA, with 1.03 (0.03–3.69), 0.69 (0.34–2.14), and 0.98 (0.07–2.33) in the SC, which decreased to 0.31 (0.23–0.71), 0.039 (0.018–0.50), and 0.17 (0.05–0.42) in the IFP, with p-values less than 0.05 depicting significance, as shown in the right panels of Figures 4B, C, 5A. In addition, the expression levels of LXRA in the RA without bDMARDs treatment group were 1.04 (0.065–20.89) and 0.017 (0.0067–0.81) in the SC and IFP, respectively, which indicated significance. No significant relationship was found between IL1B and IL6 within or among each group (Figures 5B, C).




Figure 4 | Expression levels of lipid transcription factors related to inflammation decrease in the infrapatellar fat pads (IFP). Expression levels of SREBP1A (A), SREBP1C (B), and LXRA (C) in the IFP and subcutaneous fat tissues (SC) from osteoarthritis (OA) and rheumatoid arthritis (RA) patients. The panels to the left contain results comparing the expression levels between SC and IFP without division by diseases. The panels to the right contain results comparing the expression levels of SC and IFP in patients with OA, RA treated with bDMARDs, and RA without bDMARDs treatment. Lines connecting the dots from SC to IFP indicate samples from the same patients. The samples were labeled and separated into CD14-positive cells from the stromal vascular fraction of the IFP and SC from each patient. The median (interquartile range, IQR) expression levels of SREBP1A, SREBP1C, and LXRA in the SC from all patients were 0.31 (0–5.25), 0.98 (0.22–2.98), and 0.69 (0.34–2.12); these expression levels changed to 1.1 (0.09–4.81), 0.30 (0.16–0.71), and 0.039 (0.0085–0.50) in the IFP. The median (IQR) expression levels of SREBP1C and LXRA in the SC from OA patients were 1.03 (0.03–3.69) and 0.69 (0.34–2.14); these expression levels changed to 0.31 (0.23–0.71) and 0.039 (0.018–0.50) in the IFP. The median (IQR) expression levels of LXRA in the SC and IFP from RA patients who were not treated with bDMARDs were 1.04 (0.065–20.89) and 0.017 (0.0067–0.81). Significant differences are displayed in each figure. OA, n = 15; RA without bDMARDs, n = 7; RA with bDMARDs, n = 9, respectively. The 2−ΔΔCT method was used to quantify the qPCR data. GAPDH was used as the reference gene. The average GAPDH Ct values from all SC samples were used to normalize the Ct values. The Y-axes indicate the relative expression levels of mRNA, which were normalized by GAPDH. *p < 0.05, **p < 0.01, and ****p < 0.0001, as determined using the Mann–Whitney U-test for differences between the IFP and SC groups and the paired-sample Wilcoxon signed-rank test for differences between IFP and SC within the OA, RA without bDMARDs, and RA with bDMARDs groups.






Figure 5 | Expression levels of inflammatory cytokines decrease in the IFP. Expression levels of CXCL10 (A), IL1B (B), and IL6 (C) in the infrapatellar fat pads (IFP) and subcutaneous fat tissues (SC) from osteoarthritis (OA) and rheumatoid arthritis (RA) patients. The panels to the left contain results comparing the expression levels between SC and IFP without division by diseases. The panels to the right contain results comparing the expression levels of SC and IFP in patients with OA, RA treated with bDMARDs, and RA who were not treated by bDMARDs. Lines connecting the dots from SC to IFP indicate samples from the same patients. The samples were labeled and separated into CD14-positive cells from the stromal vascular fraction of the IFP and SC of each patient. The median (interquartile range) expression levels of CXCL10 in the SC and IFP from patients were 1.13 (0.23–2.33) and 0.33 (0.10–0.55); the expression level in the SC was 0.98 (0.07–2.33) and changed to 0.17 (0.05–0.42) in the IFP of OA patients. Significant differences are displayed in each figure. OA, n = 15; RA without bDMARDs, n = 7; RA with bDMARDs, n = 9, respectively. The 2−ΔΔCT method was used to quantify the qPCR data. GAPDH was used as the reference gene. The average GAPDH Ct values from all SC samples were used to normalize the Ct values. The Y-axes indicate the relative expression levels of mRNA, which were normalized by GAPDH. *p < 0.05, as determined using the Mann–Whitney U-tests for differences between the IFP and SC groups and the paired-sample Wilcoxon signed-rank test for differences between the IFP and SC within the OA, RA without bDMARDs, and RA with bDMARDs groups. Data for the sample whose CXCL10 2−ΔΔCT value was 69.2-fold higher than the average were removed from the plot.





Inflammation Status Is Influenced by BMI and Age in Arthropathy Patients

The impact of BMI and age on CD14-positive cells, the ratio of CD14++CD80+ cells/CD14++CD163+ cells, and the gene expression levels in each disease are highlighted in Table 3. Some of the results were not covered in the analysis among whole samples—for instance, in OA patients whose BMI was >25, IL6 expression was significantly lower in the IFP than the SC; however, in OA patients whose BMI was <25 and in the whole group, this significance disappeared. Furthermore, some results in the whole group showed bias to a certain group in BMI—for example, in the RA without bDMARDs treatment group with BMI >25, CXCL10 expression was significantly lower in the IFP than SC, while in the RA with bDMARDs treatment group with BMI <25, LXRA expression was significantly lower in the IFP than SC. Moreover, patients with BMI >25 in both the OA and RA with bDMARDs treatment groups tended to have higher proportions of CD14-positive cells in the fat tissue. To determine whether age impacts these results, the patients were divided into age groups below or above 75 (Table 3), which is indicated as senior people, or were divided into age groups below or above the median age (Supplementary Table S3). In Table 3, significant differences of CD14-positive cells per gram of fat tissues were found in OA patients who were over 75 years old as well as in the group of RA patients who were not treated by bDMARDs and under 75 years old. On the other hand, the expression levels of LXRA and SREBP1C had significant differences between SC and IFP in patients under 75 years old of both OA and RA who were not treated by bDMARDs groups. However, in the age groups divided into below or above median age in each disease, the significance of LXRA in RA patients who were not treated by bDMARDs was missing (Supplementary Table S3), which illustrated the accuracy of age classification in Table 3. Overall, inflammation was found to be influenced by BMI and age in arthropathy patients.


Table 3 | Impact of body mass index (BMI) and age category of osteoarthritis (OA) and rheumatoid arthritis (RA) patients on the related gene expression.






Discussion

In the present study, samples obtained from patients with OA and RA who underwent knee surgery revealed that the number of CD14-positive cells per gram of IFP was significantly higher than that of the SC. The ratios of CD14++CD80+ cells/CD14++CD163+ cells increased between IFP and SC within the OA group and the RA treated with bDMARDs group (p = 0.05835 and 0.8170, respectively). In addition, the expression levels of lipid transcription factors related to inflammation were significantly lower in OA IFP than OA SC.

The IFP is demonstrated as an active inflammatory site in arthritis (27). Although the IFP is an adipose tissue, its characteristics differ from other “classic” adipose tissues, such as SC (21). Thus, we compared the features of IFP to those of SC to assess the varying differentiation pattern of macrophages in the IFP in the inflammatory environment. In our study, an average increase of fivefold was found for the number of CD14-positive cells in the IFP relative to that in the SC (Figure 2). Therefore, SC and IFP were categorized as “inflammation-low tissue” and “inflammation-high tissue”, respectively. Furthermore, the ratio of CD14++CD80+ cells/CD14++CD163+ cells and the expression levels of the genes related to lipid regulation and inflammation were compared to investigate the role of adipose-tissue-resident innate immune cells in the pathological process of arthropathy diseases. However, more samples are needed for this analysis. Furthermore, in addition to staining cells with anti-CD14, CD80, and CD163 antibodies, the quantification of CD68, inducible nitric oxide synthase, and arginase-1 in the adipose-tissue-resident CD14-positive cells by qRT-PCR might provide more reliable results.

As different groups of arthropathy patients have varying characteristics, a comparison between the groups was not performed. The number of CD14-positive cells and ratios of CD14++CD80+ cells/CD14++CD163+ cells were increased in the IFP in both the OA group and the RA treated with bDMARDs group. The CRP results based on blood tests (in Table 1) revealed a lower inflammation level in the OA [0.0 (0.0–0.13)] and RA treated with bDMARDs [0.05 (0.0–0.4)] groups than the RA without bDMARDs treatment [0.2 (0.0–1.7)] group. Such findings indicate that both OA and RA treated with bDMARDs patients had a lower inflammation level in their blood. However, a higher ratio of CD14++CD80+ cells/CD14++CD163+ cells appeared in the IFP of these patients, implying inflammation localization in the IFP. The expression levels of LXRA and SREBP1 displayed different patterns between the IFP and SC in OA and RA patients, and the effects of concurrent or historical administration of MTX could serve as one of the reasons; this is because MTX was revealed to inhibit the amounts of inflammatory signals via the JAK1-STAT3 and JAK2-STAT5 transcriptional pathways in human macrophage cell lines (28, 29). In the right panel of Figure 5A, the expression levels of CXCL10 in CD14-positive cells significantly decreased from the SC to IFP in OA; however, in both RA groups, this significance disappeared. As CXCL10 responds to TNF-α, IFN-α/β/γ, IL-1β, or LPS (30), anti-TNF inhibitors, such as etanercept and golimumab used as bDMARDs (31), can alter CXCL10 expression. The lower expression of LXRA in the IFP can be considered as an inhibitory effect of cytokines (32). The ratios of CD14++CD80+ cells/CD14++CD163+ cells in the IFP were relatively higher than those in the SC, which indicated that the IFP was in an inflammatory state. The p-value was displayed to show importance, but as the tendency is strong, if more samples can be obtained in the future, the interpretive power is supposed to increase.

To understand the mechanism of LXR downregulation in the IFP, besides inflammatory response genes, the expression levels of genes encoding enzymes involved in unsaturated fatty acid biosynthesis (e.g., SCD2, FADS1, ACOX3, and ELOVL5) and the concentrations of omega-3 fatty acids (e.g., docosahexaenoic acid and eicosatetraenoic acid) and omega-7 fatty acids (e.g., 9Z-palmitoleic acid) need to be evaluated (33). Based on the theory that lipid transcription factors participate in the inflammation process, these results would be the first step to see the panorama of “localized lipid immunization.”

This study revealed that, in the IFP of arthropathy patients, abundant CD14-positive cell stores and the ratio of CD14++CD80+ cells/CD14++CD163+ cells were elevated, implying the localization of inflammation in the IFP. Therefore, targeting adipose-tissue-resident innate immune cells in the IFP can be considered as a new therapeutic strategy for inflammatory arthritis.
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Objective

The role of YAP/TAZ, two transcriptional co-activators involved in several cancers, was investigated in rheumatoid arthritis (RA).



Methods

Fibroblast like synoviocytes (FLS) from patients with RA or osteoarthritis were cultured in 2D or into 3D synovial organoids. Arthritis rat model (n=28) and colitis mouse model (n=21) were used. YAP/TAZ transcriptional activity was inhibited by verteporfin (VP). Multiple techniques were used to assess gene and/or protein expression and/or localization, cell phenotype (invasion, proliferation, apoptosis), bone erosion, and synovial stiffness.



Results

YAP/TAZ were transcriptionally active in arthritis (19-fold increase for CTGF expression, a YAP target gene, in RA vs. OA organoids; p<0.05). Stiff support of culture or pro-inflammatory cytokines further enhanced YAP/TAZ transcriptional activity in RA FLS. Inhibiting YAP/TAZ transcriptional activity with VP restored a common phenotype in RA FLS with a decrease in apoptosis resistance, proliferation, invasion, and inflammatory response. Consequently, VP blunted hyperplasic lining layer formation in RA synovial organoids. In vivo, VP treatment strongly reduced arthritis severity (mean arthritic index at 3.1 in arthritic group vs. 2.0 in VP treated group; p<0.01) by restoring synovial homeostasis and decreasing systemic inflammation. YAP/TAZ transcriptional activity also enhanced synovial membrane stiffening in vivo, thus creating a vicious loop with the maintenance of YAP/TAZ activation over time in FLS. YAP/TAZ inhibition was also effective in another inflammatory model of mouse colitis.



Conclusion

Our work reveals that YAP/TAZ were critical factors during arthritis. Thus, their transcriptional inhibition could be relevant to treat inflammatory related diseases.





Keywords: YAP, mechanotransduction, inflammation, rheumatoid arthritis, inflammatory bowel disease



Introduction

Yes-associated protein (YAP) and transcriptional co-activator with PDZ-binding motif (TAZ) are two transcriptional co-activators sharing strong structure similarities (1). They are activated in several cancer cells (2, 3). Upon specific stimuli, YAP/TAZ are translocated to the nucleus to induce transcription by interacting mainly with transcriptional enhanced associate domains (TEAD) (4). YAP/TAZ are partly regulated by the Hippo pathway, which leads to their retention in the cytoplasm (5). YAP/TAZ were first linked to tissue size homeostasis as they promote overgrowth when hyperactivated (6). In chronic inflammatory diseases, tissue resident cells could acquire tumor-like features and participate in inflammation development and tissue destruction (7–9). There are some emerging evidence that YAP transcriptional activity could promote chronic inflammatory diseases, especially in inflammatory bowel disease (IBD) (10–13).

Rheumatoid arthritis (RA) is the most common immune disorder characterized by joint inflammation and destruction (14). In RA, fibroblast-like synoviocytes (FLS), resident cells of the synovial tissue, acquire an aggressive phenotype including hyperproliferation, apoptosis resistance and invasion ability [partly linked to the secretion of matrix metalloproteinases (MMPs) such as MMP-2 and MMP-13 (15, 16)] persisting even after the inflammation has been suppressed (7). FLS are also key actors in initiating and maintaining the recruitment of immune cells (17, 18). The mechanisms involved in RA FLS phenotype are still unclear, with some contributions from c-Jun, a member of the activator protein 1 (AP-1) (19), nuclear factor κB (NF-κB) pathway (20), p53 or B-cell lymphoma 2 (Bcl-2) family members involved in apoptosis regulation (20, 21), and/or epigenetic alterations (22). Recently, epigenetic modifications of the Hippo pathway were also reported in RA FLS (23). Inhibition of YAP activity with verteporfin (VP), which blocks the binding between YAP/TAZ and TEAD (24), decreased RA FLS invasion and MMP-13 expression thus improving arthritis in mice (23). In addition to the involvement of YAP/TAZ in joint resident cells, TAZ was also described to increase the balance between IL-17 producing CD4+ T helper lymphocyte (Th17) and T regulatory lymphocyte (Tregs), stimulating the transcription of retinoic acid receptor-related orphan receptor-γ (RORγT) and leading to an increase of Th17 differentiation (25), which are the main source of IL-17. In RA, Th17 cells are major pro-inflammatory actors, and consequently, inhibition of YAP/TAZ could prevent systemic inflammation during arthritis.

YAP/TAZ are also major mechanotransduction actors converting cell mechanical stimuli (such as stiffening of the surrounding environment) into transcriptional responses for cell phenotype adaptation, independently of the Hippo pathway (26, 27). Interestingly, inflammation is commonly associated with increased cellular tension, through actin stress fibers (SF) formation (28). Inflammation can also trigger stiffening process in tissues through extracellular matrix (ECM) remodeling including stiff ECM component synthesis such as tenascin-C and periostin, which are two stiffening markers (29, 30). Furthermore, chronic inflammation has been linked to aberrant mechanotransduction responses that activate YAP/TAZ signaling and promote aberrant cell phenotype (29). However, such mechanisms remained unexplored in arthritis.

Thus, despite the recent evidence of YAP involvement in arthritis, several critical aspects are still lacking. First, YAP activity in RA FLS in vitro or in vivo was not highlighted. Second, it is still unknown how YAP activity may be modulated in FLS during arthritis. Third, in addition to the role of YAP in FLS invasion, the role of YAP in several other arthritis mechanisms such as FLS survival, global pro-inflammatory response, and synovial tissue remodeling is still to be determined. Here, we demonstrated strong YAP/TAZ transcriptional activity in RA FLS, enhanced by inflammation and mechanotransduction events that, in turn, regulated critical cellular responses involved in RA.



Material and Methods


Cell Culture

RA FLS were obtained during surgery procedure as previously described (18). All RA patients gave a written consent after oral information (IRB # 2014-A01688-39). FLS were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Sigma, St. Louis, MO, US) with 10% fetal bovine serum (FBS), 1% glutamine and 2% penicillin and on classic support substrate (2 GPa) until their use for experiments. For HEK293 cells, the same culture medium was used without glutamine but with non-essential amino acid solution at 1%. HEK293 YAP-/- were generated using specific CRISPR cas-9 and homology direct repair plasmid targeting YAP sequence (Santa Cruz Biotechnology, Dallas, TX, US), CRISPR clones generation was done following manufacturer instructions, and validated by western blot. For soft substrate culture (2 kPa), well plates (Cell guidance system, Cambridge, UK) or dishes (ExCellness, Lausanne, Switzerland) were used. Plates were coated with fibronectin (1:100, Sigma) for 2 hours at 37°C. TNF at 10 ng/ml and IL-17 at 50 ng/ml (R&D system, Minneapolis, MN, US) were used (except when specified in the Figures legend). Verteporfin (VP, Sigma) was used at 10 µM. For all VP experiments, cells were kept in relative darkness with blue light during manutention avoiding any aspecific activation of VP (due to its photosensitivity). For all experiments (except when specified) FLS were plated at low cell density (2,000 cells/cm2). HEK293 were grown on classic substrates coated with fibronectin at 100,000 cells/cm2.



siRNA Transfection Technique

RA FLS were cultivated in classic medium antibiotic free for 24 hours and transfected at 80% confluency, before transfection FLS were rinsed using siRNA transfection medium (Santa Cruz Biotechnology, Dallas, TX, USA). RA FLS were transfected by adding YAP siRNA or control siRNA (Santa Cruz Biotechnology) at 7.5 µg/ml in siRNA transfection reagent (Santa Cruz Biotechnology; diluted 6/100 in transfection medium) for 6 hours at 37°C in a CO2 incubator. DMEM containing 20% FBS and 2% PS was added to the wells overnight (achieving a ½ dilution of the added medium). Medium was then replaced with or without TNF and IL-17 for 48 hours before extraction. On soft substrate, RA FLS siRNA transfection was noneffective due to bovine fetal serum retention in the gel.



Western Blot

Protein extraction was performed with Allprep RNA/protein kit (Qiagen Inc, Hilden, Germany). Proteins (5 µg) were denatured and separated for 2 hours at 90 Volts before being transferred onto PVDF membranes (Thermo Fisher Scientific). The membrane was blocked and incubated with primary antibody overnight at 4°C. Then membrane was incubated with a horseradish peroxidase-conjugated secondary antibody (1:5000; Thermo Fisher Scientific, 31460) for 1 hour at RT. Immunoreactive protein bands were visualized with Clarity™ Western ECL Substrate (BioRad, Hercules, CA, US). Blots were stripped using a mild antibody stripping solution (200 mM glycine, 3.5 mM SDS, 1% Tween 20) and reprobed. Western blot (WB) was performed using the following primary antibodies diluted at 1:1,000: YAP/TAZ (8418, Cell Signaling Technology, Leiden, The Netherlands), CYR61 (14479, Cell Signaling Technology) MMP-13 (ab39012, Abcam, Cambridge, UK), NF-κB p65 (8242, Cell Signaling Technology), phospho NF-κB p65 ser536 (3031, Cell Signaling Technology) and 1:5,000: β-Actin (4970, Cell Signaling Technology).



LDH Cytotoxicity Assay

RA FLS with density at 50,000 cells/well in 100 µL of medium were plated in triplicate wells in a 96-well tissue culture plate. A complete medium control without cells were included to determine LDH background activity, additional cells were plated in triplicate wells for measurement of spontaneous LDH activity control (medium) and maximum LDH activity controls (1X lysis buffer). The cells were treated with VP at different concentrations for 24 hours at 37°C, 5% CO2 and then the released of LDH in the supernatants was measuring using an LDH cytotoxicity assay kit (Thermo Fischer Scientific #88954).



Flow Cytometry

FLS grown on soft dishes at 2 kPa (ExCellness) for 72 hours coated with fibronectin with various stimuli for 48 hours were collected by trypsination. RA FLS were incubated in 1X annexin V binding buffer with Annexin V detection kit (ab14155, Abcam) or permeabilized and fixed before 1h labeling with ki67 antibody. Data were acquired using a FACSCanto II cytometer and analyzed with the BD FACS Diva software 6.1.3 (BD Nova Biosciences, UK).



Invasion Assay

RA FLS invasion abilities were assessed using BioCoat™ Growth Factor reduced Matrigel Invasion Chamber (Corning, Corning, NY, US). FLS were seeded in the upper chamber at 50,000 cells per insert in DMEM containing 1% glutamine, 1% PS and 0.1% BSA. DMEM containing 20% FBS, 1% glutamine, 1% PS and 0.1% BSA was added to the wells. The invasion chambers were then incubated for 48 hours with or without TNF, IL-17, and VP (which were added in the insert chamber and in the wells at the same concentrations). After incubation, noninvading cells were removed from the upper surface of the membrane, inserts were fixed in 4% PFA for 20 minutes at RT, and then stained with hematoxylin and eosin (H&E). Membranes of insert were imaged at x100 magnification and invading cells were counted. Results are represented by the mean of two inserts for each condition, and the mean of three images at x100 counting per insert.



Organoids Culture and Processing

Synovial organoids assembly protocol was adapted from previous publication (31). Briefly, cells from OA or RA patients were used and mixed with Matrigel (Corning) at 4.106 cells/ml of Matrigel, 22 µl droplets (representing approximatively 90,000 cells) were added to 96-well U-shaped very low attachment surface plates (Corning). Gelation was then allowed for 45 minutes at 37°C in a CO2 incubator. Then specific medium was added: DMEM supplemented with 10% FBS, 1% glutamine1% nonessential amino acids, 1% penicillin-streptomycin (PS), 0.1mM ascorbic acid, and ITS solution. Organoids were maintained for 21 days in culture media. VP with or without TNF and IL-17 were used at the same concentration as for cell culture. At day 21, organoids were fixed with glyoxal/ethanol solution for 1 hour at RT (PFA fixation being deleterious). Organoids were then embedded in paraffin, cut at 6µm and stained with H&E. Other organoids were embedded in a gelatin-sucrose solution and frozen in an isopentane bath at -50°C for 2 minutes before storage at -80°C. Thick cryosections (30µm) were then used for immunofluorescence labeling.



Animals


General Information for Animal Experiments

Animals were tattooed and randomized into groups of equal weight. Experiments were performed after at least two weeks of acclimatization. All animal experiments were conducted by at least two independent experimenters, one of whom was blinded to the group allocation. There were no inclusion or exclusion criteria during animal experiments. No data exclusion was performed except if samples were impossible to use due to low quality (for example low RNA quality due to degradation). All animal studies were performed in accordance with the European Community legislation and approved by the Ethical Committee for Animal Experiments of Saint-Etienne University, agreement number: 2019032816186046 for rat AIA model and 2019032010448893 for DSS mice.



Animal Care

All animals were housed at 2 or 3 per cage in the PLEXAN facility with 12/12h light/dark cycles and ad libitum water and food access. In accordance with these guidelines, regulations, and 3Rs principles, specific enrichments were used to improve animal wellfare. Anticipated endpoints were predefined and never reached. No specific pain medication was used since it interferes with inflammatory response.



AIA Rats for mRNA Kinetics

For rat mRNA kinetics analysis, samples from our previous work were used with the same protocol (32), rats were killed at different time points (n=5 for each time point) after arthritis induction (at day 6, 8, 10, 12, 17, and 24) with five control animals for each time point.



Adjuvant-Induced Arthritis Rat

The arthritis (rat AIA n=21) was induced by 1.5 mg of Mycobacterium butyricum (Difco Laboratories, Detroit, MI, US) injection in 6-weeks old Lewis female rats (Charles River Laboratories, L’arbresle, France) as previously described (32). Control (non-AIA n=7) rats received vehicle injection without Mycobacterium butyricum. In the preventive group, daily intraperitoneal (IP) injections of VP (Tocris biosciences, Bristol, UK) at 20 mg/kg/days started at day 6 (before arthritis onset); whereas in the curative VP treatment group, daily IP injections of VP at 40 mg/kg/days started at day 12 (after arthritis onset). For all groups, IP injections started at day 6 (with or without VP) and were performed with 600 µL of vehicle containing 10% DMSO. All rats were followed as previously described (31). Rats were sacrificed at day 17, ankle and spleen were stored at -80°C for further analysis. At necropsy, the right ankle was frozen and stored for mRNA analysis. A synovial biopsy was performed on the left ankle, then the fragment of synovial membrane was fixed in 4% PFA for 20 minutes and stored in 10% ethanol solution at 4°C before AFM measurements. After synovial fragment collection, left ankles were fixed with 4% PFA solution for 48 hours at 4°C. Microcomputed tomography analysis was conducted prior to decalcification in 0.5 M EDTA. Spleens were sectioned into two pieces, one for mRNA analysis and the second was fixed in 4% PFA. Spleens and decalcified ankles were next cryoprotected, then embedded and frozen at -80°C. Sections were performed using Microm HM 560 cryostat (Thermo Fisher Scientific).



Dextran Sulfate Sodium Induced Colitis Mice

Eight-weeks old female Balb/cByJ mice (Charles River Laboratories) were treated with an IP injection of VP at 40 mg/kg/day (100 µL, in 10% DMSO) or 10% DMSO one day prior to the beginning of DSS (MP Biomedicals) treatment. The latter was administered at 1.5% in drinking water, fresh solutions were prepared and changed every day for 11 days (n=14). Control mice received only drinking water and an injection of 10% DMSO (n=7). For all groups, daily IP injections were continued during DSS treatment until mice were sacrificed at day 11. Disease activity index scoring comprised several scales evaluating physiological and behavioral parameters including percentage of weight loss, stool consistency, evidences of intestinal leakage with the presence of blood in stool, animal general aspect and animal pain behavior. Scoring and weighing were performed each day. After death, intestinal tracts of mice were dissected and cut into pieces with each containing a Peyer’s patch. Two pieces were snap frozen for further mRNA analysis and two other pieces were placed in 4% PFA at 4°C for 48 hours, embedded and frozen in the same process than rat AIA ankles.




RNA Extraction and RT-qPCR

For animal tissues (spleen, gut and ankle) and synovial organoids lysis was performed in TRI Reagent (Sigma). To obtain enough RNA, 3 synovial organoids were pooled for lysis. RNA was purified with RNeasy plus (Qiagen Inc.). For cell culture, RNA was extracted using Allprep RNA/protein kit (Qiagen Inc.). Quality and quantity of RNA were assessed by Experion RNA analysis (BioRad) and QuantIT RiboGreen RNA assay (Thermo Fisher Scientifc), respectively. Complementary DNA (cDNA) was synthesized using the iscript cDNA synthesis kit (Biorad). Quantitative RT polymerase chain reaction (PCR) was conducted on CFX96 RealTime System (BioRad) with LightCycler FastStart DNA Master plus SYBRgreen I (Roche Diagnostics, Basel, Switzerland). The results were normalized to the housekeeping gene expression hypoxanthine-guanine phosphoribosyltransferase (HPRT).



Immunofluorescence

This technique was done on frozen sections (organoids, spleen and ankle of rats, and mice gut) or on RA FLS and HEK293 cells fixed with 4% PFA at RT for 20 minutes. For RORγT (Biorbyt, San Francisco, CA, US) labelling on spleen and gut, citrate antigen retrieval was performed. Before labelling, sections or cells were rehydrated, permeabilized in 0.3% Triton X-100, then blocked in 1% BSA 5% goat serum and 0.1% Triton solution for 60 minutes at RT, and probed with the primary antibody diluted in the blocking solution overnight at 4°C. The following primary antibodies were used: YAP (63.7 sc-101199, Santa Cruz Biotechnology; 1:100), YAP (D8H1X, Cell Signaling Technology; 1:100), Ki67 (NB-110-89717, Novus Biologicals, Abingdon, UK; 1:100), c-Jun (9165, Cell Signaling Technology, 1:200), and tenascin-C (ab215369, Abcam, 1:100). After washing, sections or cells were incubated with secondary antibodies, goat anti-rabbit rhodamine coupled antibody (31686, Thermo Fisher; 1:300) and/or goat anti-mouse 488 (A11034, Thermo Fisher) for 75 minutes at RT, all diluted at 1:400. Slides or cells were counterstained with DAPI alone (10 minutes at 37°C) or coupled with phalloidin (R415, Thermo Fisher; or ab176753, Abcam) for 1 hour at 37°C. Isotypic controls were always performed using rabbit IgG isotype control (31235, Thermo Fisher) and mouse IgG isotype control (31903, Thermo Fisher), diluted at the same concentration as the primary antibody.



Image Acquisition, Analysis, and Quantification

Images were acquired using a confocal laser microscope (LSM) 800 airyscan (Zeiss, Oberkochen, Germany) equipped with Zen software. This microscope was used in epifluorescence, classic confocal or airyscan confocal mode depending on the needs. Comparison between groups for image analysis and quantification were performed using the exact same settings from antibodies labelling to image processing.


Immunofluorescence Images Quantification

Ki-67 and YAP labelling on RA FLS were evaluated by automatically defining nuclear region of interest (ROI) area based on DAPI staining, ROI nuclear mask was then added on YAP and Ki67 images. Positive cells for YAP or Ki67 labelling in the nucleus were then counted and divided by the total number of nuclei (DAPI). This quantification was performed on large acquisition tiles at x100 magnification, representing approximately 50 to 200 cells per well. C-Jun labelling on frozen sections of organoid was quantified by measuring mean intensity in DAPI ROI in the synovial lining layer divided by the same measurement in the stroma.



Organoid Synovial Hyperplasia

This quantification was performed on H&E paraffin sections. Each organoid assessment was the result of two organoid slices. Images were binarized and a synovial lining layer area was automatically selected. Organoid perimeters were also measured. Hyperplasia criteria was the result of synovial lining layer area divided by synovial organoid perimeter.



Peyer’s Patches Area

This quantification was performed on H&E frozen intestinal sections. Area of Peyer’s patches was evaluated by manual ROI drawing based on histology. For each mouse, result was the mean of two distinct Peyer’s patches (one from the beginning and one from the end of the intestinal tract).




Microcomputed Tomography

Rat AIA ankles were scanned ex vivo with vivaCT40 (Scanco, Brüttisellen, Switzerland) at 55 kVp (peak kilovoltage) and reconstructed under a resolution of 12.5 µm. Quantification and 3-D imaging were performed after reconstruction. Reconstruction was performed under 0.5/2/307 (Gauss sigma/Gauss support/lower threshold).



AFM Measurement

AFM measurements were performed using standard force mode on a Veeco Multimode AFM equipped with Nanoscope IIIa controller and Picoforce extension. Briefly, we glued a 50-µm polystyrene microsphere (Alpha Nanotech, Morrisville, NC, US) on a 0.1 N/m rigidity cantilever (Bruker MLCT-Bio, E triangular) and this cantilever was used for all measurements. Rat synovial samples were dissected under binocular microscope from the same area. A nano-indentation was performed in force mode by recording two force curves on three independent areas twice for each sample. The acquired force curves were exported in ASCII format with nanoscope V614r1 software, and then the data were processed using a proper Matlab® code. The code includes the fitting of the contact area from the force curves with a Hertz contact model in order to extract Young’s elastic modulus (rigidity in kPa).



Statistical Analysis

Data were represented as single values, with mean and standard deviation or median and interquartile range, accordingly to normality. Some parameters were expressed as percentage of the mean of control values. Two comparisons were done with Mann-Whitney test or unpaired Student t-test. Multiple comparisons were performed by ANOVA or Kruskal-Wallis test, post hoc comparisons were corrected with the false discovery rate method of Benjamini and Hochberg (q-values). Results were considered significantly different when p<0.05 or q<0.05. All statistical analyses were performed on GraphPad Prism 8.2.0 software.or.




Results


High YAP/TAZ Transcriptional Activity During Arthritis

To investigate YAP/TAZ activity during arthritis, FLS from RA patients were used and compared to FLS from osteoarthritis (OA) patients as controls. As YAP/TAZ transcriptional activity was reported activated by substrate stiffness (such as classic culture dishes), YAP/TAZ activity was compared between RA and OA FLS using a synovial organoid model. This model recapitulated features of the synovial membrane in vivo and was closer to physiological conditions than 2D cell culture. Compared to OA organoids, RA synovial organoids displayed higher expression of YAP and its target genes: connective tissue growth factor (CTGF) and cysteine-rich angiogenic inducer 61 (CYR61; Figure 1A). The high in vitro YAP/TAZ transcriptional activity was then confirmed in vivo using the adjuvant-induced arthritis (AIA) rat model (32). In this model, the mRNA level of YAP increased in the ankle of AIA rats on days 6, 8 and 10 after induction (before arthritis onset), followed by an increased expression of its target genes, including E2F transcription factor 1 (E2F1), hexokinase 2 (HK2), ankyrin repeat domain-containing protein 1 (Ankrd1), CTGF and CYR61 on days 10 and 12 after induction (at the arthritis onset; Figure 1B).




Figure 1 | High YAP/TAZ transcriptional activity during arthritis (A) RT-qPCR quantification of YAP, CTGF and CYR61 expression normalized to HPRT expression in synovial organoids at 21 days of culture. Organoids (n=12 to 15) were formed with FLS from one rheumatoid arthritis (RA) and one osteoarthritis (OA) patient. Each point represents three organoids that were mixed for RNA extraction. (B) RT-qPCR results of mRNA from the ankle of adjuvant induced arthritis (AIA) and control (CT) rats. Results were normalized to HPRT expression and expressed as fold change vs. CT at each day. Rats were sacrificed at different times (n=5) with an arthritis onset observed at day 10. Data were presented as individual values with median and interquartile range. Mann-Whitney tests were used. D, day post induction; YAP, yes-associated protein; HPRT, hypoxanthine phosphoribosyltransferase; CTGF, connective tissue growth factor; CYR61, cysteine-rich angiogenic inducer 61; E2F1, E2F transcription factor1; HK2, hexokinase2; ANKRD1, ankyrin repeat domain-containing protein1; *p < 0.05; **p < 0.01.





Increased YAP/TAZ Transcriptional Activity in RA FLS by Inflammation and Mechanical Priming

Then, to explore the mechanisms involved in YAP/TAZ transcriptional activity in RA FLS, we first focused on inflammation effect. TNF and IL-17, two pro-inflammatory cytokines strongly involved in RA, were used to mimic the in vivo inflammatory environment of RA (33, 34). To avoid substrate stiffness-induced YAP activity, RA FLS were grown on soft substrate (2kPa). Nevertheless, classic support stiffness (2GPa) was kept as reference. TNF or IL-17 increased YAP nuclear localization at 48 hours in RA FLS with a synergistic effect (Figures 2A, B). Consistently, CYR61 protein level trended to increase upon cytokines treatment in RA FLS (Figures 2C, D), whereas the mRNA expression of YAP target genes was not significantly enhanced at 48 hours (Figures 2E, H). After TNF and IL-17 stimulation, YAP total protein was unchanged in RA FLS, while total TAZ protein trended to decrease (Figures 2I, J).




Figure 2 | Increased YAP/TAZ transcriptional activity in RA FLS by inflammation. RA FLS (n=4 patients) were cultured on soft (2 kPa) or classic stiff (2 GPa) substrates as indicated with VP, TNF, IL-17 alone or in combination for 48 hours. (A) Epifluorescence representative images of YAP (immunofluorescence, orange), DAPI (nucleus, blue), and merged images of RA FLS in 2kPa conditions. Arrows: positive YAP nuclear localization; dotted arrows: negative YAP nuclear localization. (B) Corresponding quantification for FLS from one RA patient (n=7). Experiments were repeated for FLS for three others RA patients showing the same pattern. (C) Representative western blot results of total YAP-TAZ, CYR61, and β-actin with their quantifications normalized to the 2 kPa group for each patient and to β-actin (D, I, J). (E–H) RT-qPCR quantifications of CYR61, CTGF, HK2 and Ankrd1 expression normalized to HPRT expression. Data were presented as individual values with mean ± SD (B) or median and interquartile range (D–J). ANOVA or Kruskal Wallis (KW) test with FDR corrected (q-value) for multiple comparisons post hoc tests between soft conditions (2kPa): *q < 0.05; **q < 0.01; ***q < 0.001. Verteporfin (VP), 10 µM; tumor necrosis factor (TNF), 10 ng/ml; Interleukin-17 (IL-17), 50 ng/ml; TAZ, transcriptional co-activator with PDZ-binding motif.



Despite absence of inflammation or substrate stiffness, YAP remained nuclear in some RA FLS (Figures 2A, B). Consequently, mechanical priming of FLS by stiff environment associated with a possible persistent YAP activation was explored, since this concept was already reported in mesenchymal stem cells (35). For this purpose, RA FLS were grown on stiff substrate (classic culture substrate 2 GPa) up to passage (P) 3, P4, or P5, then switched to soft substrate for 72 hours after each of these passages (P4, P5 or P6, respectively; Supplementary Figure 1A). YAP nuclear localization was higher at P5 than P4 (Supplementary Figures 1B, C) with higher ANKRD1 expression at P6 compared to P5 (Supplementary Figure 1D). Thus, time spent by RA FLS on stiff substrate enhanced YAP activity when assessed on a soft substrate suggesting that mechanical stiffening could promote YAP autonomous activity in FLS. Notably, inflammation and mechanical stimuli activated different YAP target genes when applied separately but had synergistic effects when applied together by increasing YAP target genes expression (Supplementary Figures 1D, E). Taken together, these results indicated that inflammation and mechanical stiffening were inducers of YAP/TAZ transcriptional activity in RA FLS.



Reduction of RA FLS Aggressive Phenotype by YAP/TAZ Inhibition

Since YAP/TAZ transcriptional activity was high in RA FLS, its inhibition with VP was explored to restore a normal phenotype in control or inflammatory conditions. First, VP treatment had no effect on YAP nuclear translocation (Figure 2B), but reduced YAP target genes levels (Figures 2C–H) blocking YAP transcriptional activity, as did a YAP siRNA on CYR61 expression (Supplementary Figure 2A). VP did not affect cell mortality (Figure 3A). However, apoptotic annexin V positive cells were increased by the combination of VP with TNF and IL-17 (Figures 3B, C). Consistently, the number of Ki-67 positive (proliferating) RA FLS was decreased by VP treatment in the presence of TNF and IL-17 assessed by two independent methods: immunofluorescence (Figures 3D, E) or flow cytometry (Figure 3F). At molecular level, changes in the proliferation/apoptosis balance were associated with decrease of Bcl2 expression in VP treated groups with or without inflammatory conditions (Figure 3G) and in YAP siRNA RA FLS with inflammatory conditions (Supplementary Figure 2B). Furthermore, VP strongly reduced the phospho(p)-NF-κB (phosphorylation on serine 536, active form involved in survival response)/total NF-κB ratio with or without TNF and IL-17 treatment (Figures 3H, I). YAP siRNA reduced p-NF-κB/β-actin, but not the p-NF-κB/NF-κB ratio (Supplementary Figures 2C–F). Finally, VP trended to decrease the invasion ability of RA FLS even in pro-inflammatory conditions (Figures 3J, K) and MMP-13 protein level when TNF and IL-17 were co-administered with VP in RA FLS (Figures 3L, M). So, blocking YAP transcriptional activity strongly reduced aggressive RA FLS phenotype.




Figure 3 | Blocking the aggressive phenotype of RA FLS by YAP/TAZ inhibition. RA FLS (n=4 patients, except when specified) were cultured on soft (2 kPa) or classic stiff (2 GPa) substrate and treated with VP, TNF, IL-17 for 48 hours. (A) Lactate dehydrogenase cytotoxicity assay for RA FLS (n=1 patient) in triplicate. Positive control was set at 100%. (B, C) Flow cytometry representative histograms (B) showing the number of annexin V negative (left) and positive cells (right) with corresponding quantification (C). (D, E) Representative epifluorescence images (D) of Ki-67 (orange), DAPI (blue), and merged with corresponding quantification (E) and flow cytometry quantification (F). (G) RT-qPCR quantification of Bcl2 expression normalized by HPRT expression. (H, L) Representative western blot results of phospho(p)-NF-κB p65 (serine536: active form), total NF-κB p65, β-actin (H); and MMP-13 (L) with their quantification normalized by the 2kPa group for each patient and β-actin (I, M). (J, K) Representative images of invasion transwell assay stained with hematoxylin and eosin (H&E) at x10 magnification (J) with quantification (K) performed in duplicate for RA FLS (n=3 patients). Data were presented as individual values with median and interquartile range. For statistical analysis, please see Figure legend 2. VP, 10 µM (except other mention); TNF, 10 ng/ml; IL-17, 50 ng/ml; p, phospho; NF-κB, nuclear factor-κB; MMP, matrix metalloproteinase.





Prevention and Reversal of Synovial Hyperplasia in a Synovial Organoid Model by YAP/TAZ Inhibition

YAP has been described to promote synovial hyperplasia following cartilage injury in mouse model (36). Here, YAP inhibition was explored to prevent and to reverse synovial hyperplasia in RA. To mimic such synovial hyperplasia, we used the synovial organoid model. After 21 days of culture, RA FLS were able to form a thick lining layer, which trended to be thicker than those formed by osteoarthritic (OA) FLS independently of any inflammatory stimuli (Figures 4A, B). Since RA FLS organoids were already hyperplasic without any stimuli, TNF and IL-17 did not increase further synovial hyperplasia (Figures 4C, D). VP treatment from the start of organoid formation prevented hyperplasia in basal and inflammatory conditions (Figures 4C, D). In addition, VP treatment starting at day 14 (when synovial hyperplasia was already observed) also inhibited hyperplasia formation, suggesting its potential effect to reverse synovial hyperplasia, consistent with a curative approach (Figures 4C, D). To explore signaling pathways involved in hyperplasia formation, c-Jun subcellular localization was investigated. Nuclear localization of c-Jun in FLS was higher at the “lining layer” site compared to the “stroma” site and VP treatment suppressed this difference suggesting that YAP/TAZ have a role in the regulation of c-Jun in this context (Figures 4E, F).




Figure 4 | Prevention and reversal of synovial hyperplasia in a synovial organoid model by YAP/TAZ inhibition. (A, B) Representative images at x200 magnification after H&E staining of synovial organoids (A) with quantification (B) of synovial hyperplasia in organoids (n=9 for OA and 20 for RA) from RA (4 patients) and OA (3 patients) FLS. (C) Representative images at x50 and x200 magnification after H&E staining sections of synovial organoids with RA FLS from the same patient; black arrows: synovial lining layer, grey arrows: synovial stroma. (D) Corresponding quantification of synovial hyperplasia in organoids (n=15 to 20 per group) from RA FLS (n=4 patients). * comparisons vs. vehicle, # comparisons vs. TNF+IL-17. (E) Representative confocal tiles images at x630 for c-Jun (green), phalloidin (actin, red), and DAPI (nucleus, blue) on RA organoid with corresponding zoom (right). (F) Ratio of nuclear c-Jun for cells in lining layer and nuclear c-Jun for cells in the stroma (organoids n=4 from FLS of one RA patient). Data were presented as individual values with mean ± SD (B, D) or median with interquartile range (F). T-test (B), ANOVA test with FDR post hoc test corrected (q-value) for multiple comparisons (D) or Mann-Whitney (F). *q or p < 0.05; ###q < 0.001). VP, 10 µM; TNF, 10 ng/ml; IL-17, 50 ng/ml; AU, arbitrary units.





Prevention and Reduction of Arthritis Severity in Rat AIA Model by YAP/TAZ Inhibition

To assess the involvement of YAP/TAZ in arthritis onset and severity, VP was delivered in AIA rats to explore preventive and curative approaches. Preventive VP injection from days 6 to 16 (starting before arthritis onset) induced a delay in arthritis onset, with a strong reduction in arthritis severity and ankles circumference compared to AIA vehicle rats (Figures 5A, B). Curative VP injection from days 12 to 16 (starting after arthritis onset) completely blocked arthritis progression and reduced arthritis severity with a decrease of both ankles circumference and arthritic index (Figures 5A, B). Thus, VP curative approach allowed regression of arthritis clinical signs. The reduction of arthritis severity was directly linked with a reduction of synovial hyperplasia observed in both VP groups at day 17 (Figures 5C, D), confirming our previous in vitro data and reinforcing the key role of YAP/TAZ activity for hyperplasia formation and maintenance. Bone volume per tissue volume (BV/TV) was decreased in AIA rats, corresponding to bone erosion, and linked with FLS invasion (Figures 5E, F). Strikingly, this bone loss was avoided in the preventive VP treatment, but not in the curative approach. In the preventive approach, the bone protection was associated with a reduction of MMP2 expression compared to the AIA group (Figure 5G), thus corroborating the reduced invasion ability of FLS under VP treatment. CYR61 expression was reduced in both VP injection protocol (Figure 5H), confirming VP effect on YAP/TAZ transcriptional activity.




Figure 5 | Prevention and reduction of arthritis severity in rat AIA model by YAP inhibition. Day 0 corresponded to AIA induction. Control or arthritic (AIA) rats were IP injected with vehicle containing 10% DMSO, treated AIA rats received 20 µg/kg/day of VP from day 6 (VP20) as a preventive approach or 40 µg/kg/day VP from day 12 (VP40) as a curative approach. (A, B) Arthritic index and ankles circumference measurements. Two-way ANOVA with FDR post hoc test corrected for multiple comparison (*), and paired t-test between days 14 and 17 (#) for VP40 group. (C, D) Quantification of synovial hyperplasia (C) with representative tiles images at x100 magnification (D), H&E staining; arrows: synovial lining layer; dotted lines: limit between synovial lining layer and synovial stroma. (E, F) Representative 3-D reconstruction of micro-computed tomography scan for distal tibia epiphysis (E) with corresponding quantification (F) of BV/TV (bone volume/tissue volume); arrow: bone erosion. G-H: RT-qPCR quantification of MMP2 (G) and CYR61 (H) expression normalized to HPRT expression. Data were presented as individual values with mean ± SEM (A, B) or mean ± SD (C, F–H). Kruskal Wallis (F) or ANOVA test with FDR post hoc test corrected (q-value) for multiple comparisons. * or # q < 0.05; **q < 0.01; ***q < 0.001.





Decreased Inflammatory Markers In Vivo and In Vitro Induced by YAP/TAZ Inhibition

Then, anti-inflammatory effect of systemic YAP/TAZ inhibition with both VP approaches was evaluated. RORγT labelling was detected in the marginal zone of spleen from AIA rats and strongly reduced in both VP groups (Supplementary Figure 3A). In the spleen, IL17 mRNA was reduced in the preventive VP group, with a similar trend in the curative VP group (Supplementary Figure 3B). In the ankle, IL17 mRNA was reduced only in the preventive VP group (Supplementary Figure 3C). No differences in IL10 expression (Supplementary Figure 3D) were observed in the spleen, suggesting that VP had no effect on Tregs. Unexpectedly, TNF expression was lower in spleen of VP treated animals, with no change in the ankle (Supplementary Figures 3E, F), whereas no change in IL6 expression was observed (Supplementary Figures 3G, H). Consequently, the effect of VP in reducing IL-6 or TNF expression by RA FLS was then investigated in vitro. TNF and IL-17 treatment increased both IL6 and TNF expressions in RA FLS (Supplementary Figures 3I, J). However, VP trended to inhibit both TNF and IL6 expression in RA FLS treated with or without TNF and IL-17 (Supplementary Figure 3I, J). To conclude, inhibiting YAP/TAZ transcriptional activity with VP in arthritis has immunomodulatory systemic effect by acting on both immune and non-immune cell types.



Regulation of Mechanical Changes in the Synovial Membrane During Arthritis Through YAP/TAZ Transcriptional Activity

Since YAP/TAZ activity was crucial during arthritis and YAP/TAZ activity could be regulated by mechanical changes in tissues, synovial mechanical properties during arthritis were investigated. In synovial membrane of AIA rats (Figure 6A), SF formations were observed. Strikingly SF formation was absent with VP treatments, suggesting that YAP could contribute to increase FLS tension. Consequently, the involvement of YAP in controlling the expression of ECM stiffness-related components was explored by focusing on tenascin-C and periostin (29). A strong tenascin-C (Figure 6A) and periostin (not shown) labelling was observed in the sublining area of the synovial membrane in non-treated AIA rats, but not in control and VP treated animals. Furthermore, tenascin-C expression was increased before and after arthritis onset, whereas periostin expression trended to increase only after arthritis onset in AIA rats ankles (Figures 6B, C). The decrease in tenascin-C and periostin was confirmed at the mRNA level in preventive VP approach (Figures 6D, E). The same pattern was observed in vitro for VP treated RA FLS (Figures 6F, G). To further confirmed that these two genes are specifically regulated by YAP transcriptional activity, YAP deficient (YAP-/-) HEK293 cells obtained with CRISPR-cas9 technique were used. Both tenascin-C and periostin expression were strongly reduced in YAP-/- HEK293 (Figures 6H, I). Additionally, using chromatin immunoprecipitation followed by next-generation sequencing (ChIP-seq) data from another report (37), three YAP/TAZ/TEAD4 peaks were found at active enhancer sites of tenascin-C gene (37). Together these results indicated that tenascin-C and periostin were YAP direct target genes. Next, to explore whether these changes in cytoskeletal and ECM composition could influence synovial stiffness, the Young’s modulus, also known as the sample stiffness, was assessed in the rat AIA model. Synovial stiffening during arthritis was strongly increased in AIA rats. Furthermore, no synovial membrane stiffening was observed in both preventive and curative VP approaches (Figures 6J, K). These results showed that YAP transcriptional activity mediated pro-fibrotic responses and synovial stiffening in arthritis.




Figure 6 | Increased stiffness of synovial tissue during arthritis under the control of YAP/TAZ. Samples used for in vivo experiments were described in Figures 1 and 4. RA FLS (n=4 patients) were used as described in Figure 2. HEK293 results are representative of three independent experiments (n=9 per group). (A) Representative confocal tiled images of tenascin-C (red), counterstained with DAPI (blue) and phalloidin (green) in synovial membrane of rat AIA model; dotted lines: limit between synovial lining layer and synovial stroma; X: stromal compartment; diamond: synovial fluid compartment; star: blood vessels; arrow: actin stress fiber. (B–I) RT-qPCR results for tenascin-C and periostin in AIA and control rats ankle with different kinetics (B, C) VP AIA treated rats ankle (D, E); RA FLS (F, G) or HEK293 WT and YAP-/- cells (H, I). (J) Representative punctual nanoindentation curves for rat synovial membrane using AFM. Increased slope corresponded, when fitted with Hertz model (red), to an increased Young’s modulus (indicated as E) (K) Corresponding quantification of Young’s modulus (kPa). Data were presented as individual values with mean ± SD (D, E, H, I, K) or median and interquartile range (B, C, F, G) with Kruskal Wallis or ANOVA test with FDR post hoc test corrected (q-value) for multiple comparisons *q < 0.05; **q < 0.01; ***q < 0.001. TNF, 10ng/ml.





Prevention of Colitis in a Mouse Model by YAP/TAZ Inhibition Through Similar Mechanisms Observed in Arthritis

To extend our results in another inflammatory environment, we focused on colitis. Indeed, YAP/TAZ activity has already been described in IBD. VP decreased disease severity in a mouse colitis model (11). In this context, we focused on another colitis model, the dextran sulfate sodium (DSS) induced colitis mouse model and confirmed VP efficacy with a reduction of colitis severity (Supplementary Figure 4A). As previously shown for FLS or synovial tissue, VP also trended to downregulate CYR61 expression at the gut level (Supplementary Figure 4B). Histologically, intestinal villi appeared less damaged in the VP group, and the area of Peyer’s patches, a witness of intestinal inflammation was reduced by VP treatment (Supplementary Figures 4C–E). VP treatment decreased gut TNF expression with no change for IL6 (Supplementary Figures 4F, G), thus reflecting the immunomodulatory effect of VP described in arthritis. However, no difference in IL17 expression during colitis was observed in the gut (Supplementary Figure 4H). MMP2 expression was also reduced under VP treatment with a similar trend for MMP13 (Supplementary Figures 4I, J). Finally, tenascin-C expression also trended to increase in DSS treated mice, whereas this was not the case in VP treated mice (Supplementary Figure 4K), suggesting that tissue stiffening could also occurred through YAP during colitis.




Discussion

YAP/TAZ have been shown to be active in an increasing number of inflammatory related diseases especially in IBD (10–13, 25), but also in cancers where inflammation is also involved (2). Thus, we demonstrated that pro-inflammatory cytokines enhanced YAP/TAZ nuclear translocation and transcriptional activity, and this confirmed the relevance of YAP/TAZ targeting for therapeutic purpose in our arthritis and colitis models, but also possibly in other inflammatory diseases. Our study provided new and deeper in vitro and in vivo evidence on YAP/TAZ involvement during arthritis. Here, we focused mainly on YAP/TAZ-TEAD transcriptional activity which was targeted by VP (4, 24). This high transcriptional activity impacted the RA FLS phenotype and could be directly connected with YAP target genes function including Bcl-2 and NF-κB modulation for apoptosis/proliferation regulation or tenascin-C for tissue stiffening. CYR61 and CTGF were highly expressed in our arthritic models, whereas YAP transcriptional activity inhibition strongly reduced their expression. Both CYR61 and CTGF were already extensively considered in arthritis (without previously reported link with YAP activity) and involved in RA pathophysiology and critical for FLS aggressive phenotype (38–42). Furthermore, inhibiting YAP-TEAD interaction also blocked some of the c-Jun/AP-1 transcriptional activity (37, 43). The inhibition of c-Jun nuclear localization by VP treatment in the lining layer of our RA organoid model reinforced the AP-1 modulation by YAP.

YAP was not only a responder to inflammation, since its blocking decreased pro-inflammatory response, as highlighted in vitro and in vivo. Several studies have also demonstrated that YAP transcriptional activity could increase the expression of pro-inflammatory cytokines such as IL-6 (10), but also key inflammatory mediators for immune cells recruitment such as CCL2 and IL-8 (44, 45). In our model, since VP strongly changed resident cells phenotype in vivo, including the expression of pro-inflammatory cytokines, it could possibly prevent the inflammatory process by inhibiting immune cell recruitment which could be mediated by FLS activity (17, 18). Consequently, healing of tissue resident cells could prevent inflammation runaway, thus being a possible mechanism in our in vivo models for the anti-inflammatory effect of VP. Thus, to better understand the specific role of YAP in different cell types (FLS and immune cells) for arthritis onset and severity, lineage specific KO of YAP could be performed in the future.

YAP/TAZ are also well-known to be activated by mechanotransduction events, like mechanical stress, actin dynamics process (26, 27, 45), and ECM stiffness (27). To avoid, mechanic YAP/TAZ activation, our in vitro 2D investigations were performed on soft substrate or in 3D with synovial organoid model. These approaches allowed us to described modulations of YAP independently of the non-physiological stiffness of classic culture dishes (2GPa). Despite that mechanical stiffness could be a methodological bias to study YAP/TAZ in vitro, mechanical changes are often found in pathological conditions in vivo, especially during inflammatory processes. In chronic inflammatory processes, the mechanical change in tissue allows YAP/TAZ activation (29). Here, we found that YAP/TAZ were indeed responders to mechanotransduction events, but they also strongly modulated mechanical properties of synovial tissue. VP treatment prevented the formation of actin stress fibers in both synovial organoid model and synovial membrane of AIA rats, suggesting that YAP is essential to respond to the tensive signal induced by inflammation. We also unraveled that YAP drove tenascin-C expression probably contributing to the stiffening process observed in synovial membrane of AIA rats. Strikingly, in addition to the role of tenascin-C in ECM stiffness, it has also been reported to be highly expressed in RA patients and to modulate chronic inflammation in models of RA (46), reinforcing again the concept to target YAP during RA. It appears clearly that mechanical changes are closely related to inflammatory processes. Thus, our study suggested that YAP could be the missing link between those two processes by converting inflammatory stimuli into cellular and tissue mechanical remodeling.

Overall, we reported a new potential signaling loop, where YAP/TAZ drove cellular tension and ECM stiffness through a strong change in ECM composition in response to inflammation, thus creating a stiffer micro-environment. It could in turn maintains YAP activity over time even when inflammation has stopped, since RA FLS could be mechanically primed. Such a vicious loop could explain the phenotype of RA FLS, which kept aggressive features even if they were in a normal environment (eg. non-inflammatory), and the synovial hyperplasia persistence in RA patients treated with anti-inflammatory drugs (47). Since targeting YAP/TAZ modulated the mechanical environment of cells, their modulation could effectively restore the mechanical properties of tissues. Interestingly, T lymphocytes responses could be potentiated by stiffness in vitro (48), meaning that restoring rigidity of the tissue with VP could decrease inflammation through mechanotransduction in T lymphocytes such as Th17. Additionally, this “self-maintained” YAP activity due to inflammation was probably also present in other inflammatory conditions such as IBD in which intestinal fibrosis has been described (49).

To conclude, our work shed light on YAP/TAZ role in arthritis, which could be also relevant for a broad range of inflammatory related events including cancer and inflammatory disorders research and therapy.
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Supplementary Figure 1 | Increased YAP activation in RA FLS by the time spent on stiff substrate. (A) Schematic representation of RA FLS culture experiment. FLS were passed on soft support at passage (P) 4 or P5 or P6 following immunofluorescence (IF) or RT-qPCR analysis; time spent by FLS on stiff support was increased at each passage (P6>P5>P4). (B) Epifluorescence representative images of YAP (IF technique, red), on RA FLS at x10 magnification at P4 and P5 (luminosity and contrast were enhanced identically for each images for clarity purpose); for all conditions, cells were cultured on soft (2 kPa) 96-well culture dishes coated with fibronectin. (C) Corresponding quantification of the percentage of cells with YAP nuclear localization for FLS from one RA patient (n=7 P4, n=8 P5), experiment was repeated for one other RA patient showing the same pattern. (D, E) qPCR quantification of ANKRD1 (D) or CYR61 (E) for FLS from one RA patient (n=6 P5 and n=4 P6) on soft (2 kPa) or stiff (2 GPa) support; results were normalized to HPRT. T-test and Mann-Whitney test *p < 0.05; **p < 0.01; ***p < 0.001. Data are presented as individual values with mean ± SD (C) or median and interquartile range (D, E).

Supplementary Figure 2 | YAP inhibition with siRNA on RA FLS. FLS from RA patient were grown on stiff (2 GPa) substrate coated with fibronectin for 72 hours. Following YAP or control siRNA transfection, FLS were treated with TNF and IL-17 for 48 hours. (A, B) RT-qPCR quantification of CYR61 (A) and Bcl2 (B); results were normalized to HPRT. (C) Representative WB results of total YAP-TAZ, phospho-NF-κB p65 (serine536 = active form), total NF-κB p65, and β-actin. (D-F) WB quantification results for phospho-NF-κB / β-actin (D), NF-κB / β-actin (E), phospho-NF-κB / NF-κB (D) of four replicates for one arthritic patient. Mann-Whitney tests: *p < 0.05. Data are presented as individual values with median and interquartile range. TNF: 10 ng/ml, IL-17: 50 ng/ml.

Supplementary Figure 3 | YAP inhibition decreases inflammatory markers in vivo and in vitro. Samples used for in vivo experiments came from the animal protocols described in Figure 4 (AIA rats). (A) Representative airyscan confocal tiled images for RORγt (immunofluorescence technique, red), counterstained with DAPI (blue), 10-µm thick cryosections of rat spleen, right image: corresponding cropped image of merged in the marginal zone (MZ). (B-J) RT-qPCR quantification in spleen and ankle as indicated for AIA rats experiments (B-H) and RA FLS (I, J). Results were normalized to HPRT. Kruskal Wallis (KW) or ANOVA test with FDR post hoc tests corrected (q-value) for multiple comparisons. *q < 0.05; **q < 0.01; ***q < 0.001. Data are presented as individual values with mean ± SD (B-D, F-H) or median and interquartile range (E, I-J). MZ, marginal zone; GC, germinal center; arrows: RORγt positive cells located in the marginal zone.

Supplementary Figure 4 | Prevention of colitis in a mouse model by YAP/TAZ inhibition through similar mechanisms observed in arthritis. All animals received IP injection each day from day -1 to day 10; control (vehicle) or DSS mice (1.5% DSS in water) were injected with vehicle containing 10% DMSO, treated DSS mice were injected with 40 mg/kg/day of VP. (A) Disease activity index (DAI) represents the severity of the disease by evaluating percentage weight loss, general aspect of the mice like pain behavior and feces aspect; two-way ANOVA test with FDR post hoc test corrected (q-value) for multiple comparison; #: DSS vs. vehicle and *: DSS vs VP. (B) RT-qPCR quantification on intestinal tract; results are normalized to HPRT. (C, D) Representative brightfield tiled images at x200 magnification of 10-µm thick paraffin transverse sections of intestinal tract, H&E staining. (C) DSS, (D) DSS+VP; dotted line represents Peyer’s patches limit; black arrows: intestinal villi. (E) Corresponding quantification of Peyer’s patches area in DSS and DSS+VP group; results represent the mean of 3 sections per Peyer’s patches in duplicate for each mouse, Mann-Whitney test. (F-J) RT-qPCR quantification on intestinal tract for TNF (F), IL6 (G) IL17 (H), MMP13 (I), MMP2 (J), and tenascin-C (K); results are normalized to HPRT. Kruskal Wallis (KW) or ANOVA test with FDR post hoc test corrected (q-value) for multiple comparisons. # or *q < 0.05; **q < 0.01; ***q < 0.001. Data are presented as individual values with median and interquartile range (B) or mean ± SD (A, E, F-K).
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Purpose

Non-operative management of trapeziometacarpal osteoarthritis (TMOA) demonstrates only short-term symptomatic alleviation, and no approved disease modifying drugs exist to treat this condition. A key issue in these patients is that radiographic disease severity can be discordant with patient reported pain, illustrating the need to identify molecular mediators of disease. This study characterizes the biochemical profile of TMOA patients to elucidate molecular mechanisms driving TMOA progression.



Methods

Plasma from patients with symptomatic TMOA undergoing surgical (n=39) or non-surgical management (n=44) with 1-year post-surgical follow-up were compared using a targeted panel of 27 cytokines. Radiographic (Eaton-Littler), anthropometric, longitudinal pain (VAS, TASD, quick DASH) and functional (key pinch, grip strength) data were used to evaluate relationships between structure, pain, and systemic cytokine expression. Principal Component Analysis was used to identify clusters of patients.



Results

Patients undergoing surgery had greater BMI as well as higher baseline quick DASH, TASD scores. Systemically, these patients could only be distinguished by differing levels of Interleukin-7 (IL-7), with an adjusted odds ratio of 0.22 for surgery for those with increased levels of this cytokine. Interestingly, PCA analysis of all patients (regardless of surgical status) identified a subset of patients with an “inflammatory” phenotype, as defined by a unique molecular signature consisting of thirteen cytokines.



Conclusion

Overall, this study demonstrated that circulating cytokines are capable of distinguishing TMOA disease severity, and identified IL-7 as a target capable of differentiating disease severity with higher levels associated with a decreased likelihood of TMOA needing surgical intervention. It also identified a cluster of patients who segregate based on a molecular signature of select cytokines.





Keywords: inflammation, osteoarthritis, trapeziometacarpal osteoarthritis, cytokine, molecular factors



Introduction

Osteoarthritis at the base of the thumb (Trapeziometacarpal Osteoarthritis [TMOA]), is a prevalent and painful condition (1). The etiology of TMOA is unknown, and pain is the main reason individuals seek medical attention (2). Though studies examining the occurrence of this specific condition are lacking, it is estimated that TMOA has a lifetime prevalence of approximately 10% (3, 4). This is highly variable between radiographic TMOA which has an estimated prevalence of 12-50%, and symptomatic TMOA which affects 1-16% of individuals (5). This joint site, in particular, is understudied compared to other osteoarthritic locations such as the knee. Historically, the TM joint has been grouped together with other hand joints in OA studies despite evidence supporting it as distinctly affected (6).

Risk factors for TMOA include age, obesity, heritability, repetitive occupational thumb use, ethnicity, and radial subluxation at the base of the thumb (in males) (1, 7–9). Preventative measures need further investigation, and subsequent meta-analyses. Currently, there are no pharmacological treatments which reduce the progression of TMOA, and early-stage non-operative management has typically shown only short-term symptomatic benefits (10–13). Patients who do not respond to non-operative therapy may opt to receive surgical intervention, often with lengthy recovery periods.

Radiographic TMOA severity is often discordant with patient reported pain and functional assessments (14–16). These inconsistencies illustrate the need for objective markers linking disease severity to clinical measures in order to detect the disease early, predict which patients are more likely to develop severe or rapidly progressing disease, evaluate treatment response, and develop probable treatment targets (17, 18). Yet, there are also no validated prognostic or diagnostic biomarkers of TMOA (19). While their current utility may be limited, a sensitive diagnostic tool which is able to identify TMOA early, and predict prognosis could benefit patients by reducing exposure to risk factors and helping start preventative strategies and therapies early as more efficacious regimes are identified. Identification of an objective marker or effective therapeutic target is contingent on a strong understanding of molecular mechanisms underlying disease progression. Profiling potential molecular or secretory signatures in a TMOA patient population can contribute to understanding their role within a disease-specific context and build a foundation for identifying these markers.

Cytokines are secreted signalling molecules that reflect active processes within the joint such as inflammation, cartilage synthesis and destruction, and bone remodeling, thereby having the ability to translate the intrinsic state of the joint proximally, or even systemically. Tissue damage and low level chronic inflammation in OA generates cytokines, which can alter joint tissue homeostasis directly [through the involvement in OA pathophysiology such as Interleukin(IL)-1B, IL-4, IL-6, IL-10, IL-13, TNFa] or indirectly through processes such as angiogenesis, chemotaxis, and inflammation (20, 21). A limitation which must be acknowledged is that it is largely unknown whether systemic levels of cytokines could reflect pathological processes in such a small joint. However, it has been reported that systemic cytokines are correlated to bone resorption in temporomandibular joint OA (22). Furthermore, CMC (TM) joints disproportionately impact the concentration of systemic OA biomarkers while joint size does not determine the contribution to systemic biomarker concentration (23). This suggests that these OA in these small joints can impact systemic molecular profiles.

In this study, we sought to determine molecular indicators which could classify TMOA patients based on clinical, biological and anthropometric factors. We evaluated whether circulating cytokines can distinguish symptomatic disease severity by comparing patients undergoing non-surgical management to those undergoing surgery (trapeziectomy), and provide a basis for communicating active processes occurring within the joint. We show that the cytokine IL-7 is capable of discriminating disease severity between these two groups. We also discovered that regardless of surgical status patients can be sub-classified into separate groups based on a distinct molecular signature of thirteen inflammatory cytokines indicating there may be different molecular phenotypes within this population.



Materials and Methods


Study Population

Symptomatic TMOA patients receiving non-surgical management (splinting, education, physiotherapy or standard operative intervention (trapeziectomy with/without ligament reconstruction and tendon interposition), followed the pipeline in Supplementary Figure 1 (approved study #16-5759). Indications for surgery included: persistent pain that limits normal hand function as assessed by patient report and clinical parameters including limited range of motion, deformity, grip and pinch strengths; failure of non-surgical measures; and capacity to give informed consent. Treatment program was based on surgeon recommendation with patient involvement in decision making. Patients were excluded from the study if they had post-traumatic, crystalline arthritis or corticosteroid injections within the past three months. Patients with steroid injections were excluded due to the possible effects on systemic cytokines. They were excluded in both the surgical group and non-surgical group.

Plasma was collected at baseline (pre-treatment) for surgical and non-surgical patients, and post-surgical time points of 6 weeks, 3 months, 6 months and 1 year. Clinical characteristics (age, sex, BMI, and painful joint count were self-reported by the participant. Functional measures (key pinch, grip strength), were conducted in triplicate using a dedicated Jamar pinch-gauge and dynamometer (Sammons Preston) using the average to produce a final value. Participants were asked to indicate the overall intensity of their thumb pain from 0-100 using an electronic Visual Analogue Scale(VAS) as well as symptoms and function using the shortened Disability of the Arm, Shoulder and Hand- quick DASH, and Trapeziometacarpal Arthrosis Symptom and Disability Questionnaire- TASD) (24–27). The quick DASH is an abbreviated version of the DASH questionnaire that includes 11 of the original 30 items and is used to assess symptoms and function in the upper extremities. Responses for each item are indicated on a 5-point Likert scale ranging from no disability (1 point) to extreme disability (5 points). A summative score out of 100 (where 100 indicates greatest disability) was obtained by summing the value of responses, dividing by the number of completed items, subtracting 1, and then multiplying that value by 25 (28). The TASD also uses a 5-point Likert scale and has 12 items to assess thumb-specific symptoms and disability. Scoring for this measure is identical to that of the quick DASH. Radiographic severity for each patient was assessed by a blinded reviewer using the Eaton-Littler classification system (29). Painful joint count was collected using a homunculus form and has been previously used in studies of osteoarthritis (30–33). In brief: total joint count was derived from homunculus data and represented a value out of a maximum 28 points. The neck, upper back, mid back, lower back, shoulders, elbows, wrists, hips, knees, ankles and mid-feet were valued at 1 point when marked. In each hand, metacarpophalangeal joints, proximal interphalangeal joints, and distal interphalangeal joints were grouped and valued at 1 point if one or more of those joints were marked (for maximum of 3 points per hand). In each foot, metatarsophalangeal joints and interphalangeal joints were grouped and valued at 1 point if one or more of those joints were marked (for a maximum of 2 points per foot).



Cytokine Quantification

Expression of inflammatory cytokines was measured using the Bio-rad Bio-Plex Pro Human Cytokine 27-Plex Assay kit, read on a Luminex 200 system and analyzed using Luminex xPotent Software as per product specifications. The evaluated cytokines consisted of: basic fibroblast growth factor (bFGF), eotaxin, granulocyte colony-stimulating factor (G-CSF), granulocyte macrophage colony-stimulating factor (GM-CSF), interferon gamma (IFNg), interleukin-1 receptor antagonist (IL-1RA), Interleukins (IL-1b, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12p70, IL-13, IL-15, IL-17a, interferon gamma inducible protein 10 (IP-10), monocyte chemoattractant protein 1 (MCP-1), macrophage inflammatory protein (MIP-1a, MIP-1b), platelet derived growth factor bb (PDGF-bb), regulated on activation normal T-cell expressed and secreted, tumor necrosis factor alpha (TNFa), vascular endothelial growth factor (VEGF). Plasma samples were measured at baseline (pre-treatment), from either non-surgically managed (n=44) or surgical (n=39) patients, or post-surgically at 6-weeks (n=31), 3 months (n=24), 6 months (n=22) or 1 year (n=17). Samples from the different groups and time-points were randomly allocated to plates, and the experiment was conducted using de-identified samples run in duplicate. Cytokine concentration was calculated based on standard curve as per product manual.



Statistical Analyses

Statistical analyses were performed using R version 3.6.2. Clinical variables (age, sex, BMI, quick DASH, TASD, TASD- subscales symptoms and disability, key pinch strength, grip strength, and painful joint count) were analyzed using bivariate methods (Table 1). Cytokine concentrations were log (x+1) transformed, mean-centered and scaled by their respective standard deviation in order to mitigate the influence of extreme values and to facilitate interpretation of model coefficients. Principal Component Analysis (PCA) was performed on transformed cytokine data, and used for data visualization and cluster generation (34). Cytokines which had greater than 70% of values below the lower limit of detection were excluded. Wilcoxon tests were performed to examine differences in cytokine levels between treatment groups, sexes, and clusters. Adjusted associations between each cytokine at baseline and each clinical outcome at baseline (adjusting for age, sex, BMI and painful joint count) were assessed using Generalized Linear Models. Additionally, associations between baseline cytokines and change scores in the outcomes (baseline vs 6 months and baseline vs 12 months), as well as associations between change scores in the cytokines (baseline vs 6 months and baseline vs 12 months) and outcomes (at 6 and 12 months respectively), were similarly assessed (using GLM framework). P-values were adjusted using the method of Benjamin and Hochberg to maintain a false discovery rate of 0.1 (35).


Table 1 | Baseline Patient Characteristics.






Results


Patients Undergoing Surgery Have More Disability, Higher Pain and BMI

Patient anthropometric data, reported outcome measures, and functional assessments are reported in Table 1. There were no significant differences in age or sex between the surgical and non-surgically managed group. Approximately 70% of the study population was female, nearly evenly distributed between surgical and non-surgical treatment modalities. No statistical differences were detected in VAS patient reported pain, radiographic disease severity, key pinch strength, grip strength or total number of painful joints between groups.

Patients undergoing surgery had significantly higher BMI than those undertaking non-surgical treatment (28.29 [24.38,32.86] vs 25.18 [22.86, 28.27], p=0.010). The surgical group also reported more severe pain and disability, as indicated by quick DASH scores (55.54± 18.93 vs 35.52± 18.20, p<0.001), and TASD total scores (61.27± 17.18 vs 42.28 ± 17.81, p<0.001), which was reflected in both of the TASD sub-scales of symptoms (62.27±16.16 vs 41.72±18.64, p<0.001), and disability (60.00 [50.00, 70.00] vs 40.00 [30.00, 56.25], p<0.001).



IL-7 Can Discriminate Between Surgical and Non-Surgical Patients

Biochemical profiling using targeted panel cytokine screening was used to examine whether there were systemic differences in the plasma of surgical compared to non-surgically managed patients (Figure 1). The levels of IL-7 (q<0.00001) were significantly different between the two groups. Patients with higher relative levels of IL-7 had a decreased likelihood of going into surgery with an adjusted odds ratio of 0.220 (q<0.05) (Table 2). None of the other cytokines tested were effective at discriminating surgical status. Data for cytokine screening in pg/ml, as well as baseline demographic and clinical measures can be accessed in Supplementary Table 6.




Figure 1 | Systemic Cytokine Expression in Surgical vs Non-surgically Managed Patients. Differences in circulating cytokines in the plasma of non-surgically managed (n=44) or surgically managed (n=39) patients at baseline. Wilcoxon test, *p < 0.0001, q < 0.0001, less than 5% of values below lower limit of detection. Adjusted for age, sex, BMI and painful joint count, the y-axis depicts cytokine concentrations (which were log[x+1] transformed, mean-centred and scaled by their respective standard deviation, while cytokines are labelled on the x-axis.




Table 2 | Cytokine Odds Ratio For Surgical vs. Non-surgical Management.



As females comprised more than two-thirds of the study population, we investigated whether there were differences in biochemical profiles between sexes. There were no differences in cytokine expression between sexes after correcting for false discovery rate (Supplementary Figure 2). Associations between radiographic severity, patient reported outcome measures, functional assays and cytokine expression in surgical and non-surgically managed patients were evaluated. After adjusting for clinical factors (age, sex, BMI, painful joint count), there were few significant associations between functional tests and cytokine expression but not among other measures (Supplementary Tables 1–4).



Identification of a Unique Molecular Signature in TMOA Patients

Due to the minimal associations found between cytokine expression and clinical outcome measures, we sought to determine whether there were endogenous differences between patients that could explain the heterogeneity seen within surgical and non-surgical patient groups. Using Principal Component Analysis (PCA), we conducted an unbiased examination of cytokine expression in all patients and observed that patients segregated into two clusters, regardless of surgical status, age, sex, joint count or BMI (Figure 2). Two patient clusters emerged based on a unique molecular signature consisting of 13 cytokines: G-CSF, IL-17a, MCP-1, IL-6, IL-1b, IL-10, IL-12p70, Il-13, IL-2, TNFa, B-FGF, IP-10 and IFNγ. (q<0.02). The difference in each of these cytokines between the two clusters is visualized in Figure 3, where relative increase or decrease is seen in the latter. A summary of these cytokines and brief examination of their role within the context of OA can be found in Supplementary Table 5.




Figure 2 | Cluster Analysis of TMOA Patients Indicates Presence of Sub-Groups. Principal component analysis (n=83) of cytokine expression of patients at baseline timepoint indicates a two sub-groups of patients. Wilcoxon tests performed between the two clusters indicates 13 cytokines which are differentially expressed (p < 0.05, q < 0.1).






Figure 3 | Systemic Cytokine Differences between Patient Clusters. Wilcoxon test was performed on cytokines indicated as differently expressed between clusters (n=50 cluster 1, n=33 cluster 2), and adjusted for age, sex, BMI and total joint count (*p < 0.05, q < 0.1) and graph indicates the direction of differential expression between the two clusters.






Discussion

Currently there are no validated biomarkers of TMOA, and as such, there are limited options available to patients during early-stage disease when prognosis is largely unknown. A plasma biomarker, which is able to distinguish disease severity, is a feasible, minimally invasive option that could enable clinicians to make prognosis driven treatment recommendations as more efficacious therapies become available. In order to be able to identify biomarkers for TMOA, characterizing molecular profiles of the disease are required to foster an understanding of the complex regulatory environment. In this study, we used cytokine multiplex assays paired with matched patient clinical information to show that IL-7 is a molecular indicator, which could potentially differentiate between patients who are stably non-surgically managed, and those with advanced disease needing surgery. We also discovered that patients with TMOA can self-segregate into groups that are defined by a specific molecular signature indicating that phenotypes related to biological differences in TMOA may exist.

In order to create a comprehensive clinical picture of our study population, we compared patients undergoing non-surgical management to those undergoing trapeziectomy +\- tendon interposition. We found that although demographic and clinical measures were similarly distributed between groups, BMI and patient reported pain and function scores (TASD, quick DASH) were significantly different. Few studies have compared surgical and non-surgical management directly, though in these studies similar clinical characteristics (such as age and radiographic disease severity) are observed between the two patient groups (36, 37). These observations support literature describing radiographic severity and pain (the primary indication for surgery) as discordant. In fact, the decision to perform surgery for TMOA has been reported as largely subjective (38). Additionally, psychological factors such as illness perception and pain catastrophizing account for 42% of patient pre-treatment pain levels, whereas patient characteristics including radiographic disease severity only accounts for only 6%, leaving more than half of pain levels to unknown contributing factors (39). Biochemical factors such as cytokines may also be an important contributing factor that could be objectively measured allowing for comparisons within and between patients.

Cytokines that are able to distinguish disease severity could aid in defining mechanisms and finding molecular indicators capable of diagnosis and prognosis. Our adjusted analysis demonstrated that circulating IL-7 in plasma can distinguish between patients undergoing surgical or non-surgical management, despite similar radiographic disease severity, hand function measures and number of painful joints. This indicates that systemic levels of IL-7 could distinguish symptomatic disease severity in individuals with OA in multiple joints. Further, increased circulating IL-7 is associated with a significant decrease in likelihood of being symptomatic and requiring surgery (OR=0.220). Overall, this indicates the need to further study circulating IL-7 in TMOA patient populations in order to determine if it could be used as a blood-based biomarker to monitor patients at risk for TMOA progression, to intervene with more aggressive treatment or preventative measures as they become available, or to plan for surgery. It is important to note that though our study accounted for the number of painful joints as a proxy for symptomatic OA in multiple joints, it does not account for the severity of OA in these joints which could be a significant contributing factor to circulating cytokine levels.

IL-7 is a growth factor involved in the development of B and T cells, but is also produced by variety of cell types including chondrocytes (20, 40). In a Han Chinese population, polymorphisms in the IL-7 gene are associated with increased risk of developing OA (41). In knee OA, IL-7 in synovial fluid was demonstrated to correlate positively with patient age, but was depressed in patients with severe osteoarthritis affecting multiple knee compartments (42). Increased local levels of IL-7 are typically considered pro-inflammatory and part of the senescence associated secretory phenotype (43, 44). In-vitro, IL-7 works to promote articular cartilage destruction through the up-regulation of cartilage destructive protease MMP-13 (40). Recent data from the Osteoarthritis Initiative cohort also indicates that significantly decreased levels of IL-7 are present in accelerated hand OA which progresses from minimal radiographic disease to end-stage over the course of 48 months (accepted abstract) (45). If indeed, IL-7 could be validated as a prognostic biomarker for TMOA then it may help to identify individuals who progress through this condition at different rates. Prognostic biomarkers can also be useful in facilitating understanding of disease pathogenesis, differentiating phenotypes within a heterogenous OA population, and comparing treatment outcomes during clinical trials where imaging outcomes may not reflect active disease (46). It is important to note none of the other 26 cytokines evaluated were capable of this measure after adjusting for painful joint count, age, sex and BMI, indicating the specificity of IL-7 as a molecular indicator of TMOA disease severity even when measured systemically.

Associations (MIP1a, MIP1b, Il-2 and bFGF) were observed in the relationship between the change in cytokine expression over time and some clinical outcome measures after adjusting for age, sex, BMI and painful joint count. Though these relationships were not consistently statistically significant across time points or outcome measures, some understanding may be drawn from current literature. MIP1a (CCL3) has previously been suggested as an early predictor of surgical outcome in non-union fracture therapy, implicated in likelihood of total-knee arthroplasty revisions, and as part of the senescence-associated secretory phenotype prediction of adverse post-surgical outcomes (47, 48). Both CCL3 and CCL4 (MIP1a, MIP1b) are elevated in revision total knee arthroplasty (TKA) patients compared to primary TKA patients, indicating their potential as predictors for post-surgical outcome (49). Whereas elevation of synovial fluid FGF2 (bFGF) reflects clinical response after joint distraction (50). However, within the literature the differences among source tissue and biofluids, as well as types and timing of measurements make it difficult to draw conclusions.

The heterogeneity in outcome measures within our non-surgically and surgically managed patient groups and the potential for treatment decisions to be influenced by patient and surgeon bias, prompted us to perform an unbiased examination of cytokine expression through Principal Component Analysis. It was observed that the data self-segregated into two visually discernable groups which differed based on the expression of unique combination of 13 cytokines; a molecular signature. This molecular signature consists of G-CSF, IL-17a, IL-6, IL-10, IL-1b, IL-12p70, IL-2, IL-13, MCP-1, B-FGF, IP-10, TNFa, and IFNy. In Cluster 1 G-CSF, IL-17a, IL-1b, IL-6, IL-10, IL-12p70, IL-13, IL-2 and B-FGF are elevated whereas in Cluster 2 MCP-1,TNFa, IP-10 and IFNy are elevated. These clusters cannot be attributed to difference in age, BMI, surgical status, patient reported outcome measures, or functional performance. The divergence of patients based solely on differing expression profiles of cytokines suggests that these subgroups may be indicative of endogenous phenotypes. The observed heterogeneity can also help inform that pharmacological therapies, prognostic, or diagnostic tools may have to be targeted to specific subpopulations to be successful.

Recent OA research has focused on understanding molecular and clinical phenotypes of this disease, of which there may be many (51). Common clinical phenotypes include chronic pain, mechanical overload, metabolic syndrome, bone and cartilage metabolism, minimal joint disease, and inflammatory phenotypes, while the senescence associated secretory phenotype is a distinct and well characterized molecular endotype (52). To our knowledge, this is the first study to show different molecular phenotypes in TMOA. The implication of an inflammation driven phenotype may signify that a subset of these patients may be more responsive to therapies precisely targeting these pathways, and understanding these pathological mechanisms will be crucial to developing effective therapies.

Limitations of the current study include a lack of a healthy comparator group, and decreased patient numbers during follow-up time points which may have impacted our ability to detect post-surgical differences in cytokine expression. The lack of a healthy patient group could indicate that the endogenous phenotypes we see within the TMOA population, could be true of the general population or other specific populations. Investigation of a healthy cohort would yield a valuable comparison to our molecular clusters, as well as surgical and non-surgical groups. In the current study we have not investigated a healthy control group due to the substantial (decades) age difference between the groups. Inclusion of a healthy control group could influence the interpretation of results by permitting the evaluation of the dispersion of circulating IL-7 levels between healthy, stably managed non-surgical as well as surgical patients. Hypothetically, if IL-7 levels were observed as similar between healthy controls and non-surgical TMOA patients, this could indicate that the relative decrease in IL-7 levels may be associated with mechanisms or pathways involved in more symptomatic TMOA. However, if levels of IL-7 in a healthy comparator were similar to those in the surgical group (or in-between groups), it could indicate that relatively different levels between groups is the result of a factor external to those considered within the current study.

One source of bias in our study, may be the patient’s decision to have surgery which could be based on a myriad of factors including their perception of surgery, convenience, time off work, and external support among others. Additionally, more precise imaging methods or analysis techniques such as quantifying osteophyte size, synovitis with ultrasound or MRI may more closely relate pain to structural damage than gross radiographic scores (53). In addition, though we present IL-7 as a cytokine capable of distinguishing between surgical and non-surgical TMOA patients, it should be noted that systemic cytokines are reflective of multiple active processes occurring concurrently throughout the body and not necessarily attributable to a specific process in a specific joint. It is also considered that the correlation between increased levels of this cytokine to decreased symptoms and likelihood of surgery may be an association and may not be due to causation, such as having a physiological role mediating this disease. Rather, it is possible that the association between these variables could be explained by factors which were not measured in the current study. Establishing a causative physiological role for the association observed would require additional interventional or experimental studies. Lastly, the cytokine expression and unique molecular signature discovered in this study will need to be validated in external cohorts to determine whether these results are applicable and reproducible in other TMOA populations.

TMOA, when symptomatic, has serious implications for hand function impacting vocational and avocational activities. Systemic IL-7 can distinguish between patients with disease severe enough to undergo surgery and less symptomatic patients. Elevated levels of IL-7 is associated with decreased likelihood to undergo surgery. This observation, if validated in other populations, could have the potential to provide an effective objective method to monitor patient response to non-surgical intervention. Interestingly, regardless of clinical variables, TMOA patients also segregate into two sub-groups based on the expression of a combination of 13 cytokines indicating that there may be endogenous phenotypes in TMOA that could be precisely targeted for more effective treatment.
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Supplementary Figure 1 | Patient Pipeline. Patients followed the pipeline in the schematic above. In brief: patients undergoing non-surgical or surgical treatment for trapeziometacarpal osteoarthritis were recruited to the study and followed for 52 weeks. Patient reported outcome measures (PROM), key pinch strength and grip strength (clinical tests), as well as blood, urine and tissues (surgical group only) were collected. 


Supplementary Figure 2 | Differences in Cytokine Expression Between Sexes in TMOA Patients.There were no differences in systemic cytokine expression between male or female patients at baseline after correcting for false discovery rate. (n=58 females: 31 nonsurgical/ 28 surgical, 25 males: 13 non-surgical/ 12 surgical, Wilcoxon Test q > 0.1). 


Supplementary Table 1 | Radiographic Scores do not correlate with systemic cytokine expression. After adjusting for age, sex, BMI, and painful joint count, there were no significant associations between radiographic severity as determined by Eaton-Littler scores and systemic cytokine expression in surgical or non-surgical patient groups at baseline (n=44 non-surgical,39 surgical, Wilcoxon Test, q > 0.1). 


Supplementary Table 2 | PROM are not associated with systemic cytokine expression. After adjusting for age, sex, BMI, and  painful joint count, there were no significant associations between Patient Reported Outcome Measures and systemic cytokine expression in surgical or non-surgical patient groups at baseline (n=44 non-surgical, 39 surgical, Wilcoxon Test, q > 0.1), in either the quick DASH, VAS, or TASD (total, symptomatic or disability scores). 


Supplementary Table 3 | Clinical Function is not associated with systemic cytokine expression. After adjusting for age, sex, BMI, and painful joint count, there were no significant associations between clinical function and systemic cytokine expression in surgical or non-surgical patient groups at baseline (n=44 non-surgical, 39 surgical, Wilcoxon Test, q > 0.1), in key pinch strength. 


Supplementary Table 4 | Associations between clinical outcomes and cytokine expression over time. After adjusting for age, sex, BMI and painful joint count there were few significant associations between change in cytokine expression over time and clinical outcome, (n= 44 surgical baseline, n=20-22 6 months, n=16-17 one-year, *p < 0.05, q < 0.1, bolded). BL-6M and BL-1Y describe the change in expression from Baseline to 6 Months, or Baseline to 1 Year.


Supplementary Table 5 | Roles and OA context of cytokines which differentiate patient subgroups. The traditional role of each cytokine or chemokine, as well as well as its associations within OA literature are described.


Supplementary Table 6 | Baseline Data. Baseline data for surgical and non-surgical patients, including clinical characteristics, PROM, functional scores and baseline cytokine measurements (pg/ml) are reported. 
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Objectives

Endoprosthetic loosening still plays a major role in orthopaedic and dental surgery and includes various cellular immune processes within peri-implant tissues. Although the dental and orthopaedic processes vary in certain parts, the clinical question arises whether there are common immune regulators of implant loosening. Analyzing the key gene expressions common to both processes reveals the mechanisms of osteoclastogenesis within periprosthetic tissues of orthopaedic and dental origin.



Methods

Donor peripheral blood mononuclear cells (PBMCs) and intraoperatively obtained periprosthetic fibroblast-like cells (PPFs) were (co-)cultured with [± macrophage-colony stimulating factor (MCSF) and Receptor Activator of NF-κB ligand (RANKL)] in transwell and monolayer culture systems and examined for osteoclastogenic regulations [MCSF, RANKL, osteoprotegerin (OPG), and tumor necrosis factor alpha (TNFα)] as well as the ability of bone resorption. Sequencing analysis compared dental and orthopaedic (co-)cultures.



Results

Monolayer co-cultures of both origins expressed high levels of OPG, resulting in inhibition of osteolysis shown by resorption assay on dentin. The high OPG-expression, low RANKL/OPG ratios and a resulting inhibition of osteolysis were displayed by dental and orthopaedic PPFs in monolayer even in the presence of MCSF and RANKL, acting as osteoprotective and immunoregulatory cells. The osteoprotective function was only observed in monolayer cultures of dental and orthopaedic periprosthetic cells and downregulated in the transwell system. In transwell co-cultures of PBMCs/PPFs profound changes of gene expression, with a significant decrease of OPG (20-fold dental versus 100 fold orthopaedic), were identified. Within transwell cultures, which offer more in vivo like conditions, RANKL/OPG ratios displayed similar high levels to the original periprosthetic tissue. For dental and orthopaedic implant loosening, overlapping findings in principal component and heatmap analysis were identified.



Conclusions

Thus, periprosthetic osteoclastogenesis may be a correlating immune process in orthopaedic and dental implant failure leading to comparable reactions with regard to osteoclast formation. The transwell cultures system may provide an in vivo like model for the exploration of orthopaedic and dental implant loosening.





Keywords: dental and orthopaedic implant failure, osteoclastogenic regulation, periprosthetic tissue, immune reaction, RNA-sequencing, immune osteoclastic cells



1 Background

The initial triggers of orthopaedic and dental implant loosening differ at first glance significantly also due to the aberrant microbiological environment. However, in both conditions the formation of a fibrous peri-implant tissue is initiated. Although it might be assumed that fundamentally different loosening processes and immune regulations occur in orthopaedic and dental implants, similar cytokines are involved in cascades of both processes, which lead to the formation and activation of osteoclasts. Both peri-implant tissues of loosened endoprostheses consist mainly of macrophages and periprosthetic fibroblast-like-cells (PPFs) (1).

PPFs in orthopaedic peri-implant tissues express TNFα, a cytokine that is an important signaling metabolite for local and systemic inflammatory reactions (2, 3). When MCSF is added in vitro, TNFα-expressing PPFs cause increased osteoclast formation and thus might contribute to endoprosthetic loosening (2, 3). TNFα is also highly expressed in peri-implant tissues of loosened dental implants (4). In gingival fibroblasts, TNFα leads to the release of prostaglandin E2 (PGE2) (5). PGE2, a signal protein of bone resorption, has been detected in orthopaedic and dental peri-implant tissues (6, 7). PGE2 synthesizing cyclooxygenase-2 (COX-2) is expressed in PPFs and stimulated by titanium particles (8). PGE2 induces an increased expression of Receptor Activator of NF-κB ligand (RANKL) in PPFs (9). RANKL has a strong impact on the regulation of bone formation and resorption. RANKL activates osteoclasts by binding to the RANK receptor of osteoclast precursor cells, thereby inducing their differentiation into osteoclasts. RANKL expression of PPFs thus directly induces osteoclast formation in orthopaedic and dental peri-implant tissues (10–12).

The opponent Osteoprotegerin (OPG) acts as decoy receptor for RANKL and inhibits osteoclast differentiation. In periodontitis, an increased RANKL/OPG Ratio (up-regulation of RANKL and down-regulation of OPG) is described (13).

PPFs also express matrix metalloproteinases (MMPs), which are found in elevated concentrations in orthopaedic and dental peri-implant tissues (14, 15). MMP13 degrades bone due to its substrate specificity for collagen type 1 (16). The increased expression of MMPs leads to collagen degradation in peri-implantation tissues. In addition, MMPs are found in periosteoclastic cells (15) and in subosteoclastic resorption lagoons of osteoclasts, thereby contributing to further bone loss (17). Due to their expression patterns, PPFs in peri-implant tissue assume similar functions to so-called “aggressive” fibroblasts in rheumatoid arthritis (18).

Osteocalcin (OCN), an extracellular matrix protein, is synthesized by mature osteoblasts and is able to influence bone mineralization and remodeling (19). Cathepsin K (CTSK), a cysteine protease, is mainly expressed by osteoclasts and is involved in collagen cleavage in the extracellular matrix (20). Increased levels of OCN and CTSK were found in peri-implant crevicular fluid and might indicate a higher bone turnover in implants (20, 21). Mandelin et al. showed that interface tissue fibroblasts are also able to secrete CTSK (10).

Tartrate-resistant-acid-phosphatase (TRAP) is an osteoclast-specific marker closely linked to bone resorption. In early phases of orthopaedic implant loosening increased TRAP levels are described, while late phases correlate with decreased amounts of TRAP (22).

These examples indicate that similar cytokines, prostaglandins and MMPs are involved in orthopaedic and dental peri-implant tissues that contribute to the formation and activation of osteoclasts.

Whether the processes in oral and orthopaedic peri-implant tissues might be closer related, and an overreaction of the immune system has a high impact on marginal bone loss and failure of dental and orthopaedic implants is discussed by Albrektsson et al. (23). The foreign body reaction might play an important part in oral as well as orthopaedic implants.

In order to examine the overlying immune effects with regards to osteoclast formation of dental and orthopaedic periprosthetic tissues, a common model of co-cultures, containing of peripheral blood mononuclear cells (PBMCs) and PPFs, was used (24, 25).

As in vitro cell studies often lack the complex three-dimensional component, a multilayer transwell (TW) culture system was applied. TW cultures have the advantage to provide an optimal medium supply from two sides improving intercellular connections and direct cell-cell contacts (26).

TW cultures have been described to increase the number of cells in fibroblast cultures (27) and changes expression patterns of co-cultured orthopaedic PPFs (28). The effect of transwell cultures to modify the expression of major mediators of osteoclastogenesis was proven for PPF cells from orthopaedic implants (28).

To our knowledge, there have not been any studies comparing periprosthetic tissues of dental and orthopaedic cells. The hypothesis of overlapping peri-implant tissue reactions in dental and orthopaedic implant failure was investigated within this study using a co-culture model of periprosthetic fibroblast like cells from orthopaedic and dental implants and examining their effect on immune cells like PBMCs in terms of osteoclastogenesis and bone loss.



2 Material & Methods


2.1 Patients

Peri-implant tissues were collected from eight patients (six female, two male; mean age 64, age range: 45 to 76 years) undergoing dental implant revision due to aseptic peri-implantitis. The diagnosis was conducted by the attending implantologist using the established criteria of the Sixth European Workshop on Periodontology (29, 30). Patients with allergies to components of the endoprosthetic material, early implant failure (<12 months), disorders of bone metabolism, rheumatoid arthritis or other inflammatory arthritis were excluded. Tissue samples were immediately incubated in the operating room in Dulbecco´s Modified Eagle Medium (DMEM; Biochrom, Berlin, Germany) with 60 IU/ml penicillin, 60 µg/ml streptomycin (Biochrom, Berlin, Germany) and 0.25 µg/ml Amphotericin B (Sigma–Aldrich Co., St. Louis, MO, USA). The study was approved by the medical ethics committee of the Ludwig-Maximilians-University Munich, Germany. Based on the design of the study using disposable material no patient consent was required. The experiment was carried out three times.



2.2 Isolation of Fibroblast-Like-Cells

Following the protocol of Hartmann et al. (31), collected tissue was washed with phosphate-buffered saline (PBS) (Biochrome, Berlin, Germany), cut into 2 mm sized pieces and digested with Dulbecco´s Minimal Essential Medium (DMEM, Biochrom, Berlin, Germany) containing 1mg/ml collagenase Type 1 (Sigma-Aldrich Co., St. Louis, MO, USA) for 30 min at 37°C. Next, a second digestion step with Versene (Invitrogen, Darmstadt, Germany) for 60 min at 37°C was conducted. After the digestion, the remnant was sterile-filtered using a 70 μm cell strainer (BD Bioscience, San Jose, USA) and centrifuged for 5 min at 1500 rpm. The pellet was resuspended in DMEM supplemented with 10% fetal bovine serum (FBS; PAA Laboratories, Cölbe, Germany), 2 mM L-glutamine, 60 IU/mL penicillin, 60 µg/mL streptomycin (all Biochrom, Berlin, Germany), 0.075 µg/mL amphotericin B (Sigma-Aldrich Co., St. Louis, MO, USA), 5 ml non-essential amino acids (50x, Thermo Fisher, New York, NY, USA) and cultured in a T75 culture flask (Nunc, Roskilde, Denmark) at a density of 3.5 x 103/cm2 at 37°C and 5% CO2. During the initial seven days, FBS was increased to 20%. The medium was changed twice a week. Cells were passaged at 80-90% confluence by using 0.05% trypsin (Biochrom Berlin, Germany) containing 0.02% ethylenediaminetetraacetic acid (EDTA, Biochrom Berlin, Germany).

Cultures of fibroblast-like cells were assessed histochemically for the absence of TRAP by using a TRAP detection kit (Sigma-Aldrich Co., St. Louis, MO, USA) to exclude the presence of TRAP positive cells, which would have falsified controls (2, 31, 32). Cell cultures were also tested for mycoplasma contamination in passage one performing PCR Mycoplasma Test Kit I/C (PromoCell, Heidelberg, Germany). The cells were used at passage three for the following monolayer and transwell culture experiments.

Additionally, primary tissues (n=8) were used for RNA isolation in order to compare the results to in vivo conditions (=baseline). Therefore, these tissues were directly placed in RNA later (Sigma-Aldrich Co., USA). The next day RNA later was removed and tissues stored at -80°C.



2.3 Isolation of PBMCs

Buffy coats (n = 4, male donors, blood group A (2 times), B and 0 respectively, all rhesus positive) were received from the German Red Cross Blood Donor Service at the university of Ulm, Germany. Buffy coats were processed on the same day following the established protocol (33).



2.4 Cell Culture Experiments

Cells were cultured following a protocol published by Koehler et al., 2019 on conventional 24-well monolayer (ML) plates for adherent cells (Nunc, Roskilde, Denmark) and on the membranes of 24-transwell (TW) plate inserts (pore size 0.4 µm, Nunc, Roskilde, Denmark). Cell culture experiments were performed in ten groups (please see Table 1). In both culture types a cell density of 1.2 x105 PPFs and 6x106 PBMCs per well was used. The PBMCs were seeded on day 0, followed by medium change on day 1 in order to remove non-adherent cells. On day 3, PPFs were added to co-cultures. The same medium was used for all groups containing α-Minimal Essential Medium (α-MEM, Biochrom, Berlin, Germany), 10% fetal bovine serum (FBS; PAA Laboratories, Cölbe, Germany), 2 mM L-glutamine, 60 IU/mL penicillin, 60 µg/mL streptomycin (all Biochrom, Berlin, Germany) and 0.075 µg/mL amphotericin B (Sigma-Aldrich Co., St. Louis, MO, USA). Cells were cultivated at 37°C and 5% CO2. The medium was changed three times a week.


Table 1 | Cell culture groups.



In order to avoid bias by donor-specific cell characteristics, PPFs were separately co-cultivated with PBMCs of two different donors (donor of PBMCs =D). The stimulation of PBMCs (25 ng/ml MCSF (recombinant human MCSF, R&D Systems, Minneapolis, MN, USA) took place on day 0, 1 and 3 and with RANKL (recombinant human sRANK Ligand, Peprotech, Rocky Hill, NJ, USA) which started on day 6 with 10 ng/ml and was increased to 20ng/ml on day 8.



2.5 Hoechst and TRAP Staining of Monolayer Cultures

The staining of TRAP was performed in conventional 24-well plates by using the commercial kit (Sigma-Aldrich Co., St Louis, MO, USA) on day 28 as recommended by the manufacturer. After rinsing, cell cultures were incubated with Hoechst Solution (Invitrogen, Darmstadt, Germany 1:1000 PBS) for 10 min at RT in the dark. The presence of multinucleated TRAP positive cells was detected by light microscope (Axiovert 40, Zeiss, Germany) and fluorescence microscope (BZ9000, Keyence, Japan).



2.6 Dentin Assay

In order to investigate osteoclastogenesis via bone resorption cells were cultivated on dentin chips as described by Koehler et al. (28). On day 29, the dentin chips were stained with Hoechst, as described. Afterwards, cells were removed by adding sodium hypochlorite (Merck, Darmstadt, Germany). After rinsing and cleaning in 80% ethanol, the slices were stained with 1% toluidine blue solution (Waldeck, Münster, Germany) for 10 seconds until they appeared in blue color. After rinsing the chips again with tap water, dentin chips surfaces were scanned for resorption lacunae (BioRevo Fluorescence Microscope, Keyence, Neu-Isenburg, Germany). The staining and dentin assay was carried out three times.



2.7 Quantitative Real-Time PCR (qRT-PCR) of Monolayer and Transwell Cultures

RNA was isolated from monolayer and transwell cultures on day 0, 13 and 20 following the protocol of Koehler et al. (28). For cDNA synthesis, 0.5 µg RNA was reversed-transcripted using QuantiTect Reverse Transcription Kit (Quiagen, Hilden, Germany). For qRT-PCR a Light Cycler (LightCycler 96 Real-Time PCR System, Roche Diagnostics, Mannheim, Germany) was used. Gene expression analysis of the following markers was implemented: Elongation factor 1alpha (EF1a, housekeeping gene), CTSK, MCSF, TNFα, RANKL, RANK, OPG, OCN and TRAP. Amplification reactions were performed using Light cycler® Fast Start Essential DNA Master Kit (Roche): 5 μL of FastStart Essential DNA Green Master Mix (Roche Diagnostics, Mannheim, Germany), 2.5 μl of 1:3 diluted cDNA and 0.3 μl (300 nM)/0.5 μl (500 nM) of primer were used, adding PCR grade water until reaching a total volume of 10 μl. Time, temperature and concentration of each primer are shown in Table 2. Reactions were performed in triplicates. For the relative quantification the 2-DCT method was used, to provide comparison between gene expression levels of different genes. The 2-DCT method was chosen to keep the comparability of expression levels of RANKL and OPG, which would have been lost using the 2-DDCT method.


Table 2 | Primers for quantitative real-time PCR.





2.8 RNA-Sequencing and Analysis of Monolayer Cultures

Total RNA from monolayer cultures of PPFs, PBMCs, and co-cultures on day 0, 13 and 20 was isolated with the Trizol method. RNA-seq libraries were generated from 200 ng of total RNA using the mRNA SENSE kit (Lexogen, Vienna, Austria) according to the manufacturer’s protocol. Multiplexed libraries were quality controlled on Agilent Bioanalyzer, pooled in equimolar amounts and sequenced in 100 bp single read mode on an Illumina HiSeq1500 instrument (Illumina, San Diego, CA, USA). Fastq files were demultiplexed according to the barcodes used for generation of each sample. Reads were aligned to the human genome (release GRCh38.101) using STAR (version 2.7.2b). Low gene expressions were filtered out by minimum 10 reads per gene cut off and 26,382 genes remained for further analysis. Normalization performed through variance stabilizing transformation (vst) for Principal Component Analysis (PCA). Top 50 differentially expressed genes defined through vst expression variance between each group. Significant differential gene expression was analyzed using DESeq2 (version 1.28.1) with 0.05 p-adjusted value cut off and 2 and -2 Log2FoldChange cut off for each group comparison. From 26,382 genes, 567 genes were differentially expressed between dental and orthopaedic co-cultures significantly. Furthermore, significant genes defined by the DESeq2 analysis of mono and co-cultures, independent from the derived location, were used to define significant Gene Ontology Biological Pathways by clusterProfiler (version 3.14) (35).



2.9 Statistical Analysis

Graph Pad Prism 8.3.0. for Windows (GraphPad Software, San Diego, CA, USA) was utilized to analyze the data. For significance testing t-tests for unpaired samples were used. A p-value < 0.05 was considered significant.




3 Results

General remark: Staining, Resorption Assay and RT-PCR results are only presented for dental cultures. The results of the orthopaedic cultures were already published 2019 by Koehler et al. (28). The Sequencing data shows the results for dental and orthopaedic monolayer cultures.


3.1 TRAP Staining Was Detected in Stimulated and Unstimulated PBMCs and in the Co-Culture Groups

TRAP staining enables the detection of multinucleated osteoclast like cells, but is no specific marker of osteoclastogenesis like bone resorption. All monocultures of PPFs showed TRAP negative, mononuclear, spindle-shaped cells. Mono- and co-cultures of PBMCs all contained TRAP positive multinucleated cells of various sizes with around 5 nuclei (Figures 1A–C). Figure 1 shows PBMCs cultivated with (Figure 1A) and without (Figure 1B) additional M-CSF/RANKL. Co-cultures of PBMCs/PPFs (Figure 1C) also showed multiple TRAP positive multinucleated cells. In this study, the experiments showed TRAP signals in stimulated and unstimulated PBMCs and in the co-culture group. The size of the multinucleated cells was the main difference between groups. Visually, co-culturing led to larger multinucleated cells, surrounded by spindle shaped fibroblast-like cells.




Figure 1 | TRAP and Hoechst staining on day 28. Monocultures of PBMCs cultivated with (A) and without (B) additional M-CSF/RANKL and (C) Co-cultures of PBMCs/PPFs. Different sizes of multiple TRAP positive multinucleated cells in (C) additionally surrounded by small spindle-shaped cells. Photos were taken via light microscope (left), a fluorescence filter (middle), and combined (right). Scale bar = 100 μm.





3.2 Only Stimulated PBMCs From Monolayer and Transwell Cultures Showed Resorption Activity on Dentin Chips

Resorption assay on dentin chips was used as gold standard to proof complete osteoclastogenesis on day 29. Positive controls of PBMCs cultivated with MCSF and RANKL from monolayer and transwell cultures showed both resorption activity on dentin chips. In general, resorption lacunae of these monolayer cultures were significantly larger than those of transwell PBMC monocultures (Figures 2C, D). All monocultures of unstimulated PBMCs did not show any sign of osteolysis, although they contained TRAP positive multinucleated cells.




Figure 2 | Resorption lacunae on dentin after staining with toluidine blue. Resorption lacunae on dentin after staining with toluidine blue. Lack of resorption pits in monolayer PBMC/PPFs co-cultures (A), even when cultivated in the presence of additional MCSF and RANKL (B). PBMC monocultures stimulated with MCSF and RANKL, cultivated in monolayer (C) or on transwell membranes [and transferred on dentin (D)], showed traces of osteolysis.



No resorption lacunae were found on dentin chips of unstimulated PPF/PBMC co-cultures (monolayers and transwells). Stimulated PPF/PBMC co-cultures also showed no signs of osteolytic lacunae (Figures 2A, B). Monocultures of PPFs showed no resorption lacunae. (The presence of cells on the dentin chips was proven before with Hoechst staining via fluorescence filter. The presence of single nuclei indicated PPFs, while several nuclei in one space are typical for PBMCs (Figures 1A–C).



3.3 Quantitative Real Time PCR

Gene expressions of MCSF, RANKL, RANK, OPG, TNFα, OCN, CTSK and TRAP from PPF, PBMC and PPF/PBMC co-cultures were determined on day 0, 13 and 20 from monolayer and transwell plates.


3.3.1 Monolayer Co-Cultures Show High Levels of OPG

When compared to negative control (=monolayer PPF cultures), monolayer PPF/PBMC co-cultures showed mostly elevated expression levels for RANKL (Figure 3A, d13: p<0.001, d20: p<0.001), RANK (Figure 3C, d13: p<0.001, d20: p<0.001), MCSF (Figure 3D, d13: p<0.001, d20: p=0.940), OCN (Figure 3E, d13: p= 0.0421, d20: p=0.0325), CTSK (Figure 3F, d13: p=0.0012 d20: p=0.1855), TRAP (Figure 3G, d13: p<0.001, d20: p<0.001) and TNFα (Figure 3H, d13: p<0.001, d20: p<0.001). There was no significant difference of OPG expression measured (Figure 3B d13: p=0.4663, d20: p=0.0901) comparing monolayer PPF to monolayer PPF/PBMC co-cultures. The RANKL/OPG ratio of monolayer co-cultures stayed at the low level of monolayer PPF cultures at both time points (Figure 4).




Figure 3 | mRNA expression of PPF monocultures and PBMC/PPF co-cultures (day 13 and 20). mRNA expression of PPF monocultures and PBMC/PPF co-cultures. Relative mRNA Relative mRNA expression (A) RANKL, (B) OPG, (C) RANK, (D) MCSF, (E) OCN, (F) CTSK, (G) TRAP and (H) TNFa (normalized to housekeeping gene EF1a) in co-cultures of PPF and PBMCs in monolayer (ML, n = 16) and transwell (TW, n = 16) as well as in monocultures of PPF in monolayer (n = 8) on day 13 and day 20. Bands inside the boxes indicate group medians,crosses indicate group means. End of whiskers represent minimum and maximum values. Baseline refers to relative mRNA expression of original periosteolytic tissue (n=8). p values are indicated with * (p ≤ 0.05), ** (p ≤ 0.01),*** (p ≤ 0.001), ns, not significant.






Figure 4 | RANKL/OPG ratios of PBMC/PPF co-cultures and baseline tissue (day 0). * (p ≤ 0.05), *** (p ≤ 0.001), ns, not significant.





3.3.2 Gene Expression of Transwell Co-Cultures Acts More Like Baseline Tissue

Transwell PPF/PBMC co-cultures showed significantly higher expressions for RANKL (Figure 3A, d13: p<0.001, d20: p<0.001), RANK (Figure 3C, d13: p<0.001, d20: p<0.001), MCSF (Figure 3D, d13: p<0.001, d20: p<0.001) and OCN (Figure 3E, d13: p<0.001, d20: p<0.001) in comparison to monolayer co-cultures.

For OPG (Figure 3B, d13: p<0.001, d20: p<0.001), TRAP (Figure 3G d13: p= 0.2682, d20: p<0.001) and CTSK (Figure 3F, d13: p<0.001, d20: = 0.6833) significantly lower expressions were observed in transwell co-cultures compared to monolayer co-cultures.

The indicated baseline refers to relative mRNA expression of original periosteolytic tissue for each gene. It is noticeable that transwell co-cultures act closer to baseline conditions than monolayers considering especially RANKL, OPG, OCN and CTSK.

Regarding RANKL/OPG ratios, transwell co-cultures showed a significant higher expression, when compared to monolayers (Figure 4, d13: p= 0.0304, d20: p= 0.0455), resulting in a more osteoclastogenic environment. Figure 4 shows that RANKL/OPG ratios of transwell cultures on both time points are very close to baseline conditions (Figure 4, d13: p=ns, d20: p= ns).

Baseline tissue corresponds to in vivo conditions, as periprosthetic tissue samples were used.



3.3.3 Monocultures of PPFs in Transwell and Monolayer Show Similar Expression

Monocultures of PPFs showed about the same qPCR results in transwell as in monolayer cultures. In Figure 3 only data from PPFs in monolayer cultures are shown to achieve a clearer graphical presentation.




3.4 RNA-Sequencing Data Analysis


3.4.1 RNA-Sequencing Data Analysis Shows Equivalent Results for Orthopaedic and Dental Monolayer Cultures

Sequencing data results from day 20 are shown in Figure 5 for dental and orthopaedic co-cultures, dental and orthopaedic monocultures of PPFs, stimulated and unstimulated PBMC cultures. This data is equivalent to the result of the qPCR and is independent of donors (donor of PBMCs =D). Most striking was the upregulation of OPG in PPF-monocultures and PPF/PBMC-co-cultures. Furthermore, an upregulation of TNFα, TRAP and RANK in PBMC-monocultures and PPF/PBMC-co-cultures was observed. The higher OPG expression in monolayer was therefore mainly caused by PPFs, whereas PBMCs were responsible for most of the TNFα expression.




Figure 5 | Heatmap of dental cultures on day 20. Ns, not significant.





3.4.2 RNA-Sequencing Data: Top 50 Genes in Dental and Orthopaedic Monolayer Co-Cultures

Figure 6 shows the results of the RNA sequencing gene expression analysis of monolayers and co-cultures of dental and orthopaedic cell cultures all on day 20. There are 5 donors for orthopaedic cells and 4 donors for dental cells that are mono/co-cultured with PBMCs. The gene expression data were normalized by using the vst method. Even though the cells were derived from different origins, the PCA analysis showed similar gene expression patterns for each group: PBMCs, PPFs and co-cultures, with one single outlier: PPF2+ D4 co-culture (Figure 6A).




Figure 6 | Sequencing analysis of dental and orthopaedic cultures on day 20. (A) Principal component analysis for co-cultures (PPF + PBMC), dental PPF (dPPF), orthopaedic PPF (oPPF), PBMC and positive control; (B) Positive regulation of Osteogenic Differentiation for dental (left) and orthopaedic (right) Co-cultures and PBMCs. Asterisks (*) indicate a p-value < 0.05 LFC, log2 fold change.



To validate the qPCR results, osteoclast differentiation regulator genes are filtered in each group from normalized gene expressions to check the variation. As an addition to the PCA clustering, osteoclast differentiation related genes also support the same clustering between each cell culture condition independent from the primary location of the cell. Furthermore, it shows the loss of OPG gene expression among the outlier PPF2+ D4 co-culture (Figure 5).

To understand how the osteoclast differentiation regulator gene expression varies between mono and co-culture in both dental and orthopaedic cell cultures, same genes are used from the qPCR results to filter DESeq2 analysis. Analysis performed in between mono and co-cultured samples gene expression for both dental and orthopaedic samples separately (Figure 6B). It is observed that for both of the dental and orthopaedic cell cultures, TRAP, TNFα, RANK and RANKL genes are upregulated significantly through co-culture of PPFs and PBMCs. Significance determined in DESeq2 analysis by 2 as log fold change cutoff and 0.05 as p adjusted value cutoff. It shows that PBMCs increases the osteoclast differentiation related gene expression in both dental and orthopaedic PPFs. Although different donors were used for PBMCs and PPFs, there is a strong overlap in the expression patterns of dental and orthopaedic cultures.

Top 50 genes that are differentially expressed between mono- and co-cultures show, besides the genes which are verified both in qPCR and RNA sequencing, there are other regulators such as MMP´s which are upregulated by co-cultures of PPFs and PBMCs (Figure 7A). MMP-13 and MMP-9 enhance osteoclastogenesis (36), whereas MMP-7 is accepted as one of the targets of RANKL to trigger osteolysis (37). The outlier PPF2+ D4 differs from the other co-cultured samples clearly observable in terms of gene expression.




Figure 7 | Top 50 genes and Gene Ontology Biological Pathway analysis on day 20. RNA-Sequencing data for orthopaedic and dental monolayer cultures on day 20: Top 50 genes that are differentially expressed between mono- and co-cultures, D (Donor)=PBMC (A); Gene Ontology Biological Pathway analysis for mono- and co-cultures. Size of the dots are defined by the Gene Counts, color of the dots represent p-adjusted value (B).



Gene Ontology Biological Pathway analysis suggests that significant differentially expressed genes between mono- and co-cultured samples, independent from the driven location of the samples co-culturing PBMC and PPFs, show a suppression of several musculoskeletal related pathways, which are not directly connected to our experiments (Figure 7B). These results are however not supported yet by further data to prove the related gene expression results. It was observed on GO Pathways that pathways connected to immune responses might be activated within co-cultured samples (Figure 7B).





4 Discussion

Comparing dental and orthopaedic implant loosening processes overlaps in cellular components and their gene expression patterns, which refer to the same triggers and result in similar mechanisms, influencing the induction of osteoclastogenesis within peri-implant tissues of both types, have been discussed. Especially the (immune) regulatory effects of dental and orthopaedic PPFs, which play a major role in implant loosening, have been described in literature (10, 11, 14, 18, 23, 24, 38–40).

Monolayer co-cultures of PPFs of orthopaedic and dental origin expressed high levels of OPG over time resulting in an inhibition of osteolysis, even in the presence of MCSF and RANKL as overserved for PPFs from orthopaedic origin in earlier studies from this group (28) and for PPFs with dental origin co-cultured with PBMCs within this study. The high OPG expression in monolayer results in a low RANKL/OPG ratio, not representing the findings of original tissues where high RANKL/OPG ratios are usually described (11, 12, 31, 40). This effect, being due to the high OPG expression of PPFs in monolayer, can lead to a misinterpretation of results for dental and orthopaedic loosening, if monolayer cultures are used in evaluating processes of implant loosening. In monolayer cultures the immunomodulatory effect of PPFs is extremely efficiently blocking the osteoclastic activation of PBMCs due to an increase in OPG, with low RANKL, MCSF and TNFα expressions.

For transwell co-cultures, profound changes in gene expression, with a strong and significant decrease of OPG in PPFs of both origins (hundredfold in orthopaedic/twentyfold decrease in dental co-cultures) were observed. The RANKL/OPG ratios, which were rather low in monolayer co-cultures of both origins, were found to be significantly higher in transwell cultures and reached similar levels to original periprosthetic tissues. Several reviews state the importance of the RANKL/OPG pathway for the bone homeostasis, low levels of OPG lead to an activation of the osteoclastogenesis favoring bone resorption (41, 42). Elevated RANKL/OPG ratio were also found in peri-mucositis triggered by bacteria, peri-implantitis and gingival crevicular fluid of diseased peri-implant tissues (43–45). Increased RANKL/OPG ratios associated with bone resorption around dental implants were also shown in murine model (39). We hypothesized that the low OPG levels presented in the transwell co-culture system better reflect in vivo ratios of periprosthetic tissue than the increasing OPG expressions of the monolayer system. The transwell culture system allows improved cell-to-cell contacts favoring differentiation and intracellular signal pathways (46).

It has been shown that bone resorption cannot be equated with TRAP positivity and multinucleation in osteoclasts and PBMC cultures are capable of producing TRAP-positive cells without stimulation (3, 25, 28). In this study dentin chips were used as a gold standard for osteolysis. On dentin chips, all PBMC monocultures stimulated with MCSF/RANKL showed lacunae formation, whereas unstimulated PBMC cultures showed no lacunae formation. Cells from transwell cultures could be transferred to dentin chips after 21 days and showed about the same osteolytic activity as cells of monolayer cultures. Despite all similarities to original baseline tissue (corresponds to in vivo conditions), induction of osteoclastogenesis was absent in the co-cultures of the transwell system, where no resorption lacunae were found. Terminal osteoclastogenesis could not be induced by co-culturing dental PBMC/PPF due to similar reasons as described for orthopaedic co-cultures (28) and even an inhibition of osteoclastogenesis in stimulated co-cultures was observed.

Literature only shows complete differentiation of co-cultured fibroblasts and PBMCs in the presence of MCSF and RANKL, where the RANKL/OPG ratio had been higher in the first place, which might be an essential prerequisite. It may be postulated that the increased OPG expressed by orthopaedic and dental PPFs is sufficient to neutralize the elevated RANKL levels. Thus, dental and orthopaedic PPFs kept in monolayer can developed an osteoprotective effect that ultimately prevented active bone resorption (even when stimulated with MCSF and RANKL). This phenomenon of PPF inhibition of osteoclastogenesis occurred equally pronounced in co-cultures of dental or orthopaedic periprosthetic tissues within all donors. PPFs can significantly immunomodulate osteoclastic mechanisms and play an important role in dental and orthopaedic implant loosening. Comparing results from dental and orthopaedic gene expression pattern changes, many similar results were obtained for the groups of PBMCs, PPFs and co-cultures.

In our former study examining orthopaedic implant loosening, the same significant changes in gene expression of two major mediators of osteoclastogenesis were detected in transwell co-cultures compared to those in monolayer (28). The transwell co-cultures showed an extensive downregulation of OPG. We assumed, that the higher OPG expression in monolayer was mainly caused by PPFs, whereas PBMCs were responsible for most of the TNFα expression. The findings from this study make this assumption more reliable, as it can be shown that the origin of OPG is found in PPFs whereas PBMC seem to represent the origin of TNFα (Figure 5).

The role of TNFα might also play an important part, as TNFα is discussed as a direct mediator of osteoclastogenesis and a possible replacement for RANK-L. A RANK-L-independent formation of osteoclasts in the presence of MCSF and TNFα had been shown before in literature as described (28). Considering this alternative pathway, it may be assumed that expression of TNFα was insufficient in our studies to induce a RANK-L-independent osteoclast formation in the co-cultures. The in vitro conditions of transwell cultures mimic in vivo conditions to a certain content, but cannot reach the original tissue conditions. In the stimulated transwell co-cultures RANK-L and TNFα might have been insufficient to induce osteoclastogenesis.

In dental co-cultures the effects on gene expression obtained by transwell cultures are even more pronounced in some cases than in orthopaedic co-cultures. The expression of RANKL and MCSF increased significantly in transwell cultures of dental PPFs/PBMCs, whereas expression had only slightly increased in orthopaedic co-cultures (28). In transwells of dental origins, RANK was up-regulated in co-cultures compared to monolayer expression, whereas OPG as an opponent revealed an increased expression in monolayer co-cultures. This also corresponds to the findings of our previous study by Koehler et al. (28).

An overlap of expression within dental and orthopaedic co-cultures, PPFs and PBMCs was then further evaluated by RNA sequencing. The sequencing data reflected the results for the genes OPG, where PPF monocultures and PBMC/PPF co-cultures show rather high values in monolayer of all donors compared to PBMCs where low values for OPG are found in all donors. The OPG expression is therefore mainly driven by the PPFs of both origins. This further elucidates data from literature where PPF/PBMC co-cultures have been described to express high OPG levels (25, 38). According to sequencing and RT-PCR results RANK, TNFα and TRAP are upregulated in co-cultures and PBMCs of all donors compared to PPF monocultures. The RANK, TNFα and TRAP expression therefore seem mainly triggered by the PBMC input. When MCSF is added, TNFα-expressing PPFs cause increased osteoclast formation, the RANK receptor of osteoclast precursor cells is activated by RANKL, differentiation into osteoclasts increases their TRAP expression and thus contributes to endoprosthetic loosening. According to sequencing results the orthopaedic and dental samples show a strong overlap of processes. Dental and orthopaedic PPFs and their PBMC/PPF co-cultures showed broad agreement in principal component analysis and heat maps of differentially expressed genes. In particular, the upregulation of TRAP, TNFα and RANK associated with the downregulation of OPG leads to the osteoclastogenic differentiation in the co-cultures of both origins. This is, as to our knowledge, the first study showing the strong similarity between dental and orthopaedic peri-implant tissue cells, which supports the clinical thesis that similar immune responses play a crucial role in dental and orthopaedic implant loosening (23). Orthopaedic and dental implants represent foreign bodies to which the immunocompetent bone cells react and which, in case of mismatch, leads to bone resorption as evidenced by an increase in bone resorption markers. Therefore, the immune response by macrophages, foreign body giant cells, neutrophils etc. in orthopaedic and dental implant loosening might be similar and even might play a more decisive role than the biofilm theory. Albrektsson et al. hypothesized that bacterial pathogens arise only as a consequence to the foreign body reaction and thus, the immune response is the main reason for bone resorption (23). Considering osteoclasts as cells having an immune function besides the classical bone resorption activity, would furthermore open up the possibility for the hypothesis that degraded matrix components could leak out from the resorption lacuna, when the tight seal of this environment is loosened, and start a new resorption cycle (47).

In addition, recent studies using transcriptomic profiling show that periimplantitis is distinctly different from periodontitis in terms of molecular genetics. It has been shown that signaling pathways influencing the immune response are upregulated in peri-implantitis, whereas in periodontitis mainly bacterial response systems dominate (48, 49) and that higher RANKL/OPG ratios were measured, in particular, in peri-implant tissues (50). This reinforces our approach to compare dental and orthopaedic implants and suggests a common pathogenesis. To the best of our knowledge, this is the first study to have performed this direct comparison on a molecular level. On the one hand, this allows the transfer of scientific knowledge from one discipline to the other, although differences such as material, particle abrasion, biomechanics, etc. should be taken into account. On the other hand, understanding the primary pathogenesis opens up new therapy options in the field of regenerative medicine strategies such as platelet rich plasma, smart biomaterial-tissue interfaces or tissue-engineered Cell Sheets (51).

Especially the RANKL/OPG/RANK pathway, which is of interest in dental and orthopaedic implant osteolysis, needs to be further elucidated, as monolayer data here significantly deviate from transwell cultures, where more in vivo like results were obtained. Low OPG expression levels of periimplant tissues are stable, not dependent on time to revision surgery, endotoxin levels or other parameters (31). PPFs, which have been shown to express OPG, seem to play an important part in the remodelling of periprosthetic bone (52). Assuming that PPFs may be involved in osteoclastogenesis and bone resorption by the regulation of their expression leads to new understandings of implant loosening processes and might also change solution approaches.

Limitations of our study were the relatively small number of cases. However, sequencing data can prove that results in dental and orthopaedic peri-implant tissue cultures showed coherence with significant results. Another limitation of the study is the fact that PBMCs might induce donor specific immune reactions, which could influence the study results. To exclude any bias by donor-specific characteristics, two PBMC donors were used for each experiment and PPFs of each patient were co-cultivated with PBMCs of each donor separately. As the Gene Ontology Biological pathway analysis showed, co-cultures tended to increase immune responses. This might also be regarded as an unspecific finding due to donor reactions.

Morphological characterization of PPFs in transwell cultures had been performed by our group (34). Detailed histomorphological characteristics were not performed in the current study due to a limited number of cells per donor. Hartmann et al. found conglomerates of PPFs in frozen sections of transwell cultures forming a polylayer structure (34). This coincides with findings of Sabater et al. (27), showing that cultivating fibroblasts in transwell systems lead to an increased number of cells and higher cell mass compared to cultures on standard well bottoms, despite the smaller surface of the transwell membranes.

In summary, periprosthetic osteoclastogenesis may be a correlating immune process in orthopaedic and dental implant failure leading to comparable (immune) reactions with regard to osteoclast activation. One of the main players in osteoclastogenesis, OPG, which was found to be upregulated in monolayer co-cultures of both origins, experienced profound changes in gene expression with a twenty- to hundredfold decrease in the transwell culture system. In transwell co-cultures, RANKL/OPG ratios were significantly higher, reaching levels similar to those in the original periprosthetic tissue. The transwell cultures system may provide an in vivo like model for the exploration of orthopaedic and dental implant loosening. This study provides more indications that similar loosening processes occur in dental and orthopaedic implant failure and offers the transwell system as culture model to gain insight into both processes. Further studies are necessary to investigate the similarities of dental and orthopaedic implant loosening and further elucidate the immune processes regarding osteoclast activation of implant failure.
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We have recently provided new evidence for a role of p75NTR receptor and its preferential ligand proNGF in amplifying inflammatory responses in synovial mononuclear cells of chronic arthritis patients. In the present study, to better investigate how activation of the p75NTR/proNGF axis impacts synovial inflammation, we have studied the effects of proNGF on fibroblast-like synoviocytes (FLS), which play a central role in modulating local immune responses and in activating pro-inflammatory pathways. Using single cell RNA sequencing in synovial tissues from active and treatment-naïve rheumatoid arthritis (RA) patients, we demonstrated that p75NTR and sortilin, which form a high affinity receptor complex for proNGF, are highly expressed in PRG4pos lining and THY1posCOL1A1pos sublining fibroblast clusters in RA synovia but decreased in RA patients in sustained clinical remission. In ex vivo experiments we found that FLS from rheumatoid arthritis patients (RA-FLS) retained in vitro a markedly higher expression of p75NTR and sortilin than FLS from osteoarthritis patients (OA-FLS). Inflammatory stimuli further up-regulated p75NTR expression and induced endogenous production of proNGF in RA-FLS, leading to an autocrine activation of the proNGF/p75NTR pathway that results in an increased release of pro-inflammatory cytokines. Our data on the inhibition of p75NTR receptor, which reduced the release of IL-1β, IL-6 and TNF-α, further confirmed the key role of p75NTR activation in regulating inflammatory cytokine production. In a set of ex vivo experiments, we used RA-FLS and cultured them in the presence of synovial fluids obtained from arthritis patients that, as we demonstrated, are characterized by a high concentration of proNGF. Our data show that the high levels of proNGF present in inflamed synovial fluids induced pro-inflammatory cytokine production by RA-FLS. The blocking of NGF binding to p75NTR using specific inhibitors led instead to the disruption of this pro-inflammatory loop, reducing activation of the p38 and JNK intracellular pathways and decreasing inflammatory cytokine production. Overall, our data demonstrate that an active proNGF/p75NTR axis promotes pro-inflammatory responses in synovial fibroblasts, thereby contributing to chronic synovial inflammation, and point to the possible use of p75NTR inhibitors as a novel therapeutic approach in chronic arthritis.
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Highlights

Many chronic arthritis patients do not reach clinical remission (up to 50% for adult rheumatoid arthritis and 30% in juvenile idiopathic arthritis) with the available therapies. Identification of novel inflammatory mechanisms and biomarkers will help to identify new strategies for the treatment of arthritis patients. Our study focused on NGF and its receptor system. As a number of studies demonstrated, NGF directly modulates functions of immune cells and is involved in the regulation of the inflammatory response. Our working hypothesis was that the activation of NGF receptor pathways could play a role in the pathogenesis of arthritis. Our results demonstrated for the first time the involvement of proNGF, the immature form of NGF, and its specific receptor p75NTR, in activating pro-inflammatory responses in synovial fibroblasts, which play a central role in modulating joint inflammation. Our study demonstrated that inhibition of p75NTR/proNGF axis inhibits inflammatory response in rheumatoid arthritis synovial fibroblasts by reducing the production of cytokines that promote inflammation. These findings suggest that neutralization of p75NTR may represent a novel targetable pathway in chronic arthritis.



Introduction

The basal production of nerve growth factor (NGF), that regulates peripheral innervation of tissues and organs, is enhanced during inflammatory responses in epithelial, muscular and endothelial tissues (1). Inflammatory cytokines regulate NGF production in several cell types (1) including fibroblasts (2, 3) and, not surprisingly, a number of studies have shown that NGF levels correlate with the magnitude of the inflammatory response in several chronic inflammatory diseases (1). High levels of NGF are reported in serum and synovium of patients with chronic arthritis (4–6) as well as in animal models of the disease (7, 8).

At the time these studies on inflammatory diseases were performed it was not possible to discriminate between the relative concentrations of mature NGF and the immature proNGF forms.

NGF is synthesized as a precursor, proNGF (9), which is processed into the mature form either in the Golgi or in the extracellular space (9, 10). Studies in neurons have shown that the immature proNGF form is not an inactive precursor (11) but binds with high affinity to the p75NTR/sortilin receptor complex (12) inducing effects that differ from those induced by mature NGF, which binds preferentially to TrkA. ProNGF activates apopototic mechanism in neuronal cells while mature NGF, through TrkA, regulates neuronal survival and phenotype maintenance (11, 13, 14). In vivo studies on neurodegenerative diseases and on diabetes suggest that proNGF is even more abundant than mature NGF in brain and peripheral tissues (15–17). At present, very little is known about the relative concentrations of proNGF and mature NGF in inflammatory diseases and the specific effects of proNGF and mature NGF on inflammatory responses are not yet clear.

Previous data in animal models of inflammatory diseases such as experimental autoimmune encephalomyelitis and inflammatory bowel disease (18, 19), suggested that the administration of mature NGF induces an improvement in symptoms, without providing any mechanistic information. Using Toll-like receptor 2 and 4 ligands to activate monocytes, we have demonstrated that mature NGF, through binding to TrkA, reduces the production of pro-inflammatory cytokines and increases the production of the anti-inflammatory cytokines, IL-1RA and IL-10, activating an Akt dependent intracellular signaling pathway (20). This regulatory mechanism seems defective in patients with chronic arthritis: they are characterized by a marked decrease in TrkA expression in peripheral blood and synovial fluid mononuclear cells (MNC), resulting in a loss of the inhibitory effect of NGF on inflammatory cytokine release that it is instead observed in healthy donor MNC (20). Subsequent studies demonstrated that blood MNC of juvenile idiopathic arthritis (JIA) patients are characterized by a marked over-expression of p75NTR and sortilin, the proNGF high affinity receptor complex and a significant decrease of TrkA expression, while healthy donor blood MNC show a high TrkA and a low p75NTR expression (21). The altered p75NTR and TrkA ratio found in blood JIA MNC is even more evident in the MNC obtained from JIA synovial fluids. In inflamed synovial fluids the expression of p75NTR in the MNC is enhanced compared to the one of JIA blood MNC and correlates with clinical parameters: the more inflamed was the patient the highest was the expression of p75NTR in synovial fluid MNC (21). This change in p75NTR and TrkA ratio in arthritis patient MNC, characterized by high p75NTR and low TrkA expression, results in an increased binding affinity for the proNGF form. In ex vivo experiment we demonstrated that administration of proNGF increases the release of inflammatory cytokines in synovial MNC from JIA patients (21). Since proNGF concentration is extremely high in the synovial fluids (SF) of inflamed synoviae (21), we hypothesized that activation of the p75NTR/proNGF axis may play an important role in synovial inflammation.

To better characterize how an active proNGF-p75NTR pathway can regulate inflammatory response in the synovia of arthritis patients we used single cell analysis to identify the p75NTR+ cell populations in the inflamed tissue and focused on fibroblast-like synoviocytes (FLS). FLS are considered major players in the pathogenesis of chronic arthritis producing cytokines that perpetuate inflammation and proteases that contribute to cartilage destruction (22).

Our data show that specific subsets of sublining FLS from RA patients overexpress p75NTR and actively express NGF. We also demonstrated in ex vivo experiments that inflammatory cytokines further enhanced both the expression of p75NTR and the release of proNGF in RA-FLS, creating a pro-inflammatory loop that sustains the inflammatory response. Inhibition of p75NTR activity significantly down-regulates pro-inflammatory cytokine production indicating p75NGF inhibition as a novel target for chronic arthritis treatment.



Materials and Methods


Patient Samples and Cell Cultures

As a source of inflamed synovial fluids, synovial fluid (SF) was obtained from patients with juvenile idiopathic arthritis (JIA) followed at the Division of Rheumathology of Bambino Gesú Children’s Hospital. The study was approved by the local ethical committee (ID#2333_OPBG_2020) and written consent was obtained from parents of children, as appropriate. Synovial tissues (total of 8) were obtained from treatment-naïve (n=4) and in sustained clinical and ultrasound remission (n=4) RA patients at the SYNGem Biopsy Unit of the Fondazione Policlinico Universitario A. Gemelli IRCCS, as approved by the Institutional Ethics Committee (ID#6334/15). The patients involved provided signed informed consent. Diagnosis of JIA and RA were based on the International League of Associations for Rheumatology classification criteria and on 2010 EULAR/ACR criteria (23). JIA patients (n= 18) had oligoarticular, extended oligoarticular, or polyarticular JIA. Ten were females. The median age at disease at sampling was 9.4 years (IQR 2.1–12.7) and the median disease duration at sampling was 2.8 years (IQR 1.9–8.7). All patients had active disease with overt arthritis at sampling. 11 patients were untreated, 7 were receiving traditional DMARDs. Patients receiving glucocorticoids were not included.

FLS from rheumatoid arthritis patients (RA-FLS) (n=8) and osteoarthritis patients (OA-FLS) (n=6) were purchased from CliniSciences (Abbiotec, Escondido, USA). Control skin fibroblasts (CTRL) were from American Type Culture Collection (ATCC). Cells were cultured in 10% fetal bovine serum (FBS) high-glucose Dulbecco’s Modified Eagle Medium (complete DMEM) with or without the addition of different doses of human recombinant IL1-β or TNF-α (all from R&D systems, Minneapolis, MN), or LPS (Sigma Aldrich, St Louis, MO). For proNGF experiments, 200 ng/ml of a cleavage-resistant proNGF that has an R-to-G substitution at amino acid position 104 (Alomone Labs, Jerusalem, Israel) were used to stimulate cells cultured in AIMV Serum Free Medium (Life Technologies, Rockville, Maryland, USA). Supernatants were collected after 18 hours of incubation before IL-6 production reaches a plateau (24). For p75NTR inhibition, cells were pre-treated for 1 hour with LM11A-31 (25) (a kind gift of Dr. Frank Longo, Stanford University) or with anti-p75NTR antibodies (clone ME20.4 Millipore, Billerica, MA, USA). Ex vivo experiments were performed with RA-FLS cultured in complete DMEM with or without the addition of 30% v/v synovial fluid. Cells were pre-treated 1 hour at 37°C with or without LM11A-31 or the anti-IL-1β monoclonal antibody canakinumab (5 μg/ml). (26)



Single Cell-RNA Sequencing of Synovial Tissue

Methods for single-cell RNA sequencing (scRNAseq) of synovial tissue have already been described in detail (27). Briefly, synovial tissue biopsies were collected from naive to treatment RA patients (n=4) and from RA patients in sustained clinical and ultrasound remission (n=4) at the SYNGem Biopsy Unit of the Fondazione Policlinico Universitario A. Gemelli IRCCS using US-guided minimally invasive technique (28). High-quality total RNAs (RIN >8) were used to construct Illumina mRNA sequencing libraries. cDNA synthesis and amplification were performed by using SMART-seq v4 Ultra Low Input RNA Kit for Sequencing (cat. no. 634890, Takara) starting with 10 ng of total RNA, following the manufacturers protocol. 10 ng of amplified cDNAs were sheared prior to preparing the final libraries using the Bioruptor® Pico system (Diagenode, 24 cycles of 30 sec on and 30 sec off). Dual indexed Illumina sequencing libraries were prepared by SMARTer® ThruPLEX® DNA-seq 48D Kit (cat. no. R400406, Takara) following the kit protocol. The pooled libraries were sequenced at Glasgow Polyomics (Glasgow, UK) on a NovaSeq 6000 system using a read length of 100 bases in paired-end mode. The reads were mapped with STAR (version 020201) with default parameter against the Human genome version GRCh38, release 91. The read count matrix was constructed with featureCounts (Version 1.6.4) using default parameters. All differential expression analysis was performed in R using the DESeq2 package. All genes with an adjusted p value < 0.05 and a log fold change of > +/- 1,5 were considered significantly differentially expressed. All raw and processed data were deposited at EMBL-EBI and are available with the accession number E-MTAB-8322.



RNA Extraction and Real-Time PCR Analysis

After RNA extraction using Trizol Reagent (Thermo Fisher Scientific, MA), cDNAs were retro-transcribed using the Superscript Vilo kit (Invitrogen, CA). Real-time PCRs were performed using TaqMan Universal PCR Master Mix and gene expression assays from Applied Biosystems (CA, USA). TrkA, p75NTR, NGF, sortilin mRNA expressions were tested using Assays on Demand reagents (TrkA Hs01021011_m1; p75NTR Hs00182120_m1; NGF Hs00171458_m1; sortilin Hs00361760_m1). TaqMan Endogenous Control human HPRT Hs 02800695_m1 and GAPDH Hs 99999905_m1 (Applied Biosystems) were used as housekeeping genes. Normalized gene expression levels were calculated as

2-ΔCt [ΔCt = Ct (gene of interest) – Ct (housekeeping gene)] and results were expressed in arbitrary units (A.U.). Fold changes were calculated using the 2-ΔΔCt equation [ΔΔCt = ΔCt (treated sample) – ΔCt (untreated sample)] (29).



Cytokine and NGF-proNGF ELISA

Levels of IL-6, MCP1, IL-8 were analyzed using R&D Quantikine ELISA. Conditioned media and SF were assayed using ELISAs specific for human mature NGF or proNGF, as described (30).



Western Blot Analysis

After RIPA buffer lysis (Cell Signaling, Leiden, The Netherlands), protein concentration was measured with BCA Protein assay (Thermo Fisher Scientific). 30 μg protein extracts were resolved by 10% SDS PAGE, transferred to nitrocellulose membranes and probed with antibodies against: phospho-stress-activated protein kinase/c-Jun NH(2)-terminal kinase (SAPK/JNK) (Thr183/Tyr185, clone G9 MAB #9255), total SAPK/JNK (#9252), phospho-p38 Mitogen-Activated Protein Kinase (MAPK) (Thr180/Tyr182, clone 28B10 MAB #9216), total p38 MAPK (#9212) (all from Cell Signaling), p75NTR (clone 8211 MAB5264) (EMD Millipore), GAPDH (clone G9, MAB #32233) (Santa Cruz Biotechnology), and tubulin (Sigma Aldrich). Blots were developed by ECL system (Amersham Biosciences) according to the manufacturer’s protocol.



Immunofluorescence Analysis

RA-FLS and OA-FLS were fixed in 4% paraformaldehyde, permeabilized with 0.5% Triton X-100 PBS, incubated for 1 hour at RT with 1% BSA, 5% goat serum (Abcam, Cambridge, UK) PBS and then with mouse anti-p75NTR antibody (Merck, Darmstadt, Germany, clone 8211) or rabbit anti-proNGF (Merck AB9040) and Alexa Fluor secondary antibodies (Invitrogen). Confocal imaging acquisition was performed on Olympus Fluoview FV1000 confocal microscope using a 40× (0.90 NA oil) objective.



Apoptosis Detection

Cells were incubated with or without LM11A-31 (10, 100 nM) for 1 hour at 37°C and then 30% v/v SF was added. After 18 hours apoptotic cells were stained using Annexin V-FITC Apoptosis Detection Kit (Sigma Aldrich). Cells were analyzed by flow cytometry (FACSCanto II, BD Biosciences CA, USA).



Statistical Analysis

Data are presented as mean ± standard error of the mean (SEM). Statistical analysis was performed using GraphPad Prism 5 Software (GraphPad Software, La Jolla, CA). Statistical significance is shown as *p<0.05 **p<0.01 and ***p<0.001.




Results


p75NTR Expression Is Markedly Increased in Distinct Synovial Fibroblasts Clusters From RA

To determine which immune or stromal cells might be activated by the proNGF/p75NTR axis in synovial tissue, we investigated the expression of p75NTR, TrkA and SORT1 in previously published scRNAseq data sets referring to whole synovial tissues (total 118.622 cells) derived from treatment-naïve RA patients or from RA in sustained clinical and imaging remission (Figure 1A) (27). Among different synovial fibroblast clusters, in treatment-naïve RA synovial tissues, lining layer PRG4pos cluster and sublining THY1posCOL1A1pos fibroblast cluster are enriched of p75NTR compared to other FLS clusters as well as to other resident and inflammatory synovial cells such as macrophages or T and B lymphocytes (Figure 1B). Moreover, as shown in Supplementary Figure 1, scRNAseq analysis revealed that, when compared to treatment-naïve RA, p75NTR and TrkA expression is significantly reduced in THY1posCOL1A1pos fibroblast cluster in RA patients in sustained clinical and imaging remission. We also observed a significant reduction of SORT1 expression in lining layer (PRG4pos cluster) as well as in sublining layer fibroblasts (THY1posCOL1A1pos).




Figure 1 | NGF, p75NTR, TRKA and SORT1 are expressed in lining and sublining synovial fibroblasts clusters from treatment-naïve patients with rheumatoid arthritis. (A) UMAP (Uniform Manifold Approximation and Projection for Dimension Reduction) of synovial tissue cells from treatment-naïve Rheumatoid Arthritis patients (n = 4) (27) by scRNAseq. Each dot represents a cell and distinct cell clusters are identified according to the color legend. (B) UMAP and dot plots showing NGF, NGFR, NTRK1 and SORT1 gene expression in distinct inflammatory and stromal cells clusters. The violet color identifies cells expressing NGF, p75NTR, TrkA and sortilin.





Expression of p75NTR and proNGF Release by RA Synovial Fibroblasts

Given the high in vivo expression of p75NTR in pathogenic synovial fibroblast clusters in RA synovium, we investigated whether its expression is maintained in RA-FLS in vitro and what is the biological effect of an active p75NTR pathway. We analysed p75NTR and sortilin expression also in OA-FLS because although OA is a degenerative non-autoimmune disease, it is characterized by some inflammation of the joints. To verify the basal expression of p75NTR in non-inflamed conditions we used skin fibroblasts (skin-FB) from healthy donors. As shown in Figure 2A p75NTR is expressed far more in RA-FLS than in either OA-FLS or skin-FB. Control skin fibroblast express higher levels of TrkA than RA-FLS. p75NTR mRNA expression data were confirmed by Western blot (Supplementary Figure 2A). Sortilin showed the same expression pattern as p75NTR (Supplementary Figure 2B).




Figure 2 | NGF receptor levels in synovial fibroblasts from RA patients. (A) FLS from RA patients (RA-FLS) (n = 8) have lower TrkA and higher p75NTR mRNA expression levels than OA-FLS (n = 6), and skin fibroblasts (CTRL-FB) (n = 5). Results are reported in arbitrary units (A.U.) after normalization with HPRT expression. Data were analyzed using unpaired t-test (**p < 0.01). (B) 1 ng/ml IL-1β up-regulates p75NTR expression in RA-FLS (n = 8) compared to OA-FLS (n = 5). Results are reported in arbitrary units (A.U.) after normalization with HPRT expression. (C) Immunofluorescence analysis confirms higher basal levels of p75NTR in RA-FLS (Untreated, RA-US) than in OA-FLS (OA US). IL-1β (10 ng/ml) stimulation further enhances p75NTR in RA-FLS. Representative images of three independent experiments are shown. p75NTR immunofluorescence is shown in green, nuclei in dark blue. Scale bar 50μm. (D) Inflammatory stimuli, 100 ng/ml TNF-α (n = 4), 100 ng/ml LPS (n = 5), and 1 ng/ml IL-1β (n = 8), induce p75NTR expression in RA-FLS. Results are compared to unstimulated condition and calculated as Fold Change (F.C.).



In vitro stimulation with IL-1β marginally up-regulated p75NTR mRNA expression in OA-FLS (Figure 2B), while induced a marked dose-dependent increase in RA-FLS (Figure 2B and Supplementary Figure 2C). Immunofluorescence confirmed a higher basal expression of p75NTR and its enhancement after stimulation with IL-1β in RA-FLS, while only a slight increase was observed in OA-FLS using a maximal dose (10ng/ml) of IL-1β (Figure 2C). Other pro-inflammatory stimuli, such as TNF-α and LPS, also upregulate p75NTR expression in RA-FLS (Figure 2D).

Compared with OA-FLS and CTRL-FB, unstimulated RA-FLS express higher basal levels of NGF mRNA. In RA FLS the already high NGF mRNA levels were further increased in a dose-dependent manner by IL-1β (Figure 3A and Supplementary Figure 2D), as well as by TNF-α or LPS (Figure 3B). At a protein level, proNGF is the most abundant form of NGF secreted by unstimulated RA-FLS, consistently with our previous observation that proNGF, and not mature NGF, is the predominant NGF form in synovial fluids from inflamed joints of JIA and RA patients (21). Secretion of proNGF in RA-FLS is further enhanced by IL-1β, as well as by LPS or TNF−α (Figure 3C). Immunofluorescence showed that proNGF is higher in unstimulated RA-FLS, than in OA-FLS, and markedly increased in the cytoplasm of RA-FLS after IL-1β-stimulation (Figure 3D).




Figure 3 | Inflammatory stimuli enhance NGF expression in synovial fibroblasts from RA patients. (A) Stimulation with 1 ng/ml of IL-1β induces the expression of NGF in RA-FLS (n = 8), OA-FLS (n = 6) and skin-fibroblasts (CTRL-FB) (n = 5). Results are expressed as arbitrary units (A.U.) after normalization with HPRT. Data were analyzed using unpaired t-test (**p < 0.01). (B) Inflammatory stimuli enhance NGF mRNA expression in RA-FLS. Basal levels of NGF expression were measured in unstimulated (US) RA-FLS (n = 7) and in RA-FLS stimulated with 100 ng/ml TNF-α (n = 4), 100 ng/ml LPS (n = 4) and 1 ng/ml IL1-β (n = 7). Results are compared to unstimulated condition and calculated as Fold Change (F.C.). Data were analyzed using unpaired t-test (*p < 0.05, **p < 0.01, ***p < 0.0001). (C) Newly developed ELISAs that discriminate between proNGF and mNGF showed that proNGF is the most abundant form in conditioned media collected from RA-FLS. proNGF production is enhanced by inflammatory stimuli (100ng/ml TNF, 100 ng/ml LPS, 1 ng/ml IL-1β) in RA FLS (n = 6). (D) RA FLS show an increase in proNGF basal protein synthesis after stimulation with IL-1β (1 ng/ml). A dim immunofluorescence for proNGF was observed in OA-FLS after IL-1β stimulation. Representative images of three independent experiments are shown. proNGF immunofluorescence is shown in red, nuclear staining in dark blue. Scale bar 50μm.





p75NTR Activation Enhances Inflammatory Cytokine Production by RA Synovial Fibroblasts

To understand the functional relevance of proNGF-p75NTR interaction, we stimulated RA-FLS with recombinant proNGF and analyzed the production of inflammatory cytokines. To avoid interference by NGF and/or proNGF present in bovine serum (31), cells were cultured in serum-free medium. The addition to RA-FLS of proNGF alone did not modify the release of IL-6 (Figure 4A). In contrast, the addition of proNGF together with sub-optimal concentrations of IL-1β significantly enhanced IL-6 release (Figure 4A). The synergy between IL-1β and proNGF was lost at higher IL-1β concentrations. Since IL-1β induces a dose-dependent increase in both p75NTR and proNGF expression in RA-FLS (Supplementary Figures 2C, D), the lack of effect of the exogenous proNGF addition at maximal IL-1β concentrations suggested the presence of a proNGF/p75NTR autocrine loop. Consistently with an autocrine loop, in RA-FLS stimulated with IL-1β, TNF-α or LPS without the addition of exogenous proNGF, the selective blocking of the binding site for proNGF on p75NTR, using a small non-peptide p75NTR ligand inhibitor (LM11A-31 (25), resulted in a significant decrease in inflammatory cytokine production (Figures 4B–D and Supplementary Figures 3A–C). Similarly, the blocking of p75NTR using a p75NTR-neutralizing antibody significantly decreased IL-6 production in RA-FLS stimulated with different inflammatory stimuli and without the addition of exogenous proNGF (Figures 4E and Supplementary Figures 3D, E). Moreover, when exogenous pro-NGF was added to IL-1β activated RA-FLS the LM11A-31 blocking of proNGF binding to p75NTR resulted in a more pronounced inhibition of IL-6 release than would be expected if only exogenous proNGF binding was blocked (Supplementary Figure 4A).




Figure 4 | proNGF increases the expression of inflammatory cytokines in synovial fibroblasts from RA patients. (A) The addition of exogenous proNGF (200ng/ml) together with IL-1β at suboptimal doses (10pg/ml and 50pg/ml) induces a synergic increase in IL-6 production not observed at higher concentration of IL-1β. The experiments (n = 4) were performed in serum free medium. Data were analyzed by paired t-test (*p < 0.05). (B–D) Inhibition of proNGF binding to p75NTR with LM11A-31 (10nM) decreases inflammatory mediators: IL-6 (B), IL-8 (C) and MCP1 (D) production was significantly reduced in RA-FLS cells activated using 100 ng/ml TNF-α, 100 ng/ml LPS or 1 ng/ml IL-1β. RA-FLS were cultured for 18 hours in 10% FBS DMEM. The inhibitory effect of LM11A-31 on cytokine release is expressed as percentage decrease (% decrease) from activated cells. (E) To obtain a confirm of the effects of p75NTR blocking, p75NTR was neutralized using a specific anti-p75NTR antibody (2,5 µg/ml) and the release of IL-6 was measured in RA-FLS activated with 100 ng/ml TNF-α, 100 ng/ml LPS or 1ng/ml IL-1β. In this set of experiments (n = 6) cells were cultured in 10% FBS DMEM for 18 hours. The results are expressed as percentage decrease (% decrease) from activated cells.





proNGF Present in Synovial Fluid Induces Inflammatory Cytokine Production From RA-FLS

The synovial fluids (SF) of JIA and RA patients are characterized by high concentrations of proNGF and markedly lower concentrations of mature NGF (21). To investigate the role of these high proNGF synovial concentrations, we recapitulated pathological synovial conditions in vitro by culturing RA-FLS in a medium supplemented with 30% v/v of SF from patients with active arthritis. As shown in Figure 5A and Supplementary Figure 4B, we further confirm that SF from arthritis patients have much higher concentration of proNGF than of mature NGF. The addition of 30% SF led to a significant increase of IL-6 release by RA-FLS (Figure 5B). The addition of the p75NTR inhibitor LM11A-31, by blocking the binding of the proNGF present in SF to p75NTR (highly expressed in RA-FLS), resulted in a significant inhibition (p<0.0001) of IL-6 release induced by synovial fluid stimulation (Figure 5C). Since it is well known that IL-1β is a potent activator of RA-FLS (32, 33), as an internal control in these experiments we neutralized the IL-1β present in the inflamed synovial fluid by using canakinumab. We found that neutralization of p75NTR using LM11A-31 was as effective as IL-1β inhibition with canakinumab (Figure 5D).




Figure 5 | proNGF present in synovial fluids increases the expression of inflammatory mediators in synovial fibroblasts from RA patients. (A) proNGF is by far the most abundant NGF form (100 to 200-fold that of mature NGF) detected in synovial fluids (SF) obtained from six active patients (1-6). (B) To recreate ex vivo inflamed synovia condition, 30% v/v synovial fluid was added to RA-FLS (n = 19) cultured in 10% FBS DMEM. Data were analyzed by paired t-test (***p < 0.001). (C) RA-FLS in 30% v/v synovial fluid were treated with 10 nM of LM11A-31 with LM11A-31 and IL-6 production was measured after 18 hours. The data represent the percentage of inhibition obtained in 19 independent experiments performed using seven different RA-FLS and synovial fluids obtained from different patients (n = 18). Data were analyzed by one sample t-test (***p < 0.001). (D) 30% v/v synovial fluid was added to RA-FLS cultured in 10% FBS DMEM with or without the addition of anti-IL1β (5µg/ml) (n = 9). IL-6 release was measured after 18 hours of incubation. Data were analyzed by one sample t-test (*p < 0.05). (E) The apoptosis rate of RA-FLS treated with 30% v/v of synovial fluids with or without the addition of LM11A-31 at two different doses (10nM used for all our experiment and a ten-fold higher dose 100 nM) was analyzed by Annexin V/PI staining. No modification in the percentage of apoptotic cells was observed following the addition of synovial fluid or after p75NTR inhibition with LM11A-3 with both the doses used. Representative scatterplots of three independent experiments are shown.



The observed decrease in cytokine production, induced by LM11A-31 blocking of p75NTR activity, is not due to any toxic effect of the p75 inhibitor or decreased survival of RA-FLS: neither 30% v/v SF nor different LM11A-31 concentrations (the highest dose was 10-fold that used in the neutralization experiments) induced an increase in the percentage of apoptotic cells in RA-FLS (Figure 5E). To gain insights into the intracellular mechanisms regulated by p75NTR activation in RA-FLS, we focused on the p38 and JNK proteins, members of the MAPK pathways and key mediators of pro-inflammatory cytokine production in RA synovium (34). As shown in Figure 6, our data indicated that p75NTR activity modulates the pro-inflammatory signaling response. Indeed, RA-FLS cultured in 30%SF showed an increase in p38 and JNK phosphorylation. This effect is mediated by the proNGF present in inflamed SF, since p75NTR neutralization significantly reduced p38 and JNK phosphorylation. As previously observed in human FLS (35) and in an in vivo collagen-induced arthritis model (34), JNK was expressed only as 54 kDa isoform.




Figure 6 | Activation of p38 and JNK is reduced by LM11A-31 inhibition of p75NTR in RA FLS (A) RA-FLS were starved for 3 hours and incubated with 10% FBS-DMEM supplemented with 30% v/v synovial fluid and with or without LM11A-31 (10nM) for 18 hours. A reduction in the phosphorylation of p38 and JNK was observed after LM11A-31 inhibition of p75NTR activity. GAPDH was used as loading control. (B) Densitometric analysis was normalized to the corresponding band intensity of GAPDH. Data were analyzed by paired t-test (*p < 0.05) and represent mean ± SEM of 6 independent experiments. Results are expressed as arbitrary units (A.U.).






Discussion

Despite currently available targeted therapies, many patients with RA or JIA do not achieve remission, instead accruing functional and structural damage, suggesting the imperative need of new therapeutic approaches based on novel mechanisms of action. Here, we provide the evidence for a novel pro-inflammatory role of p75NTR and its ligand proNGF in the amplification of synovial inflammatory responses.

We found that in RA synovium at disease onset two distinct clusters of FLS with specific tissue locations (sublining THY1posCOLA1pos and lining PGR4pos FLS respectively), that drive inflammation and damage (36), show the highest expression levels of p75NTR and of its co-receptor sortilin when compared to other synovial tissue cells. Moreover, the comparative analysis of proNGF/p75NTR axis component expression, at single cell level, on synovial tissues from treatment-naïve and remission RA patients supports the notion that proNGF/p75NTR axis is actively involved in RA synovial inflammation, being significantly repressed once sustained remission is achieved. In in vitro studies we confirmed that RA-FLS have a markedly higher basal expression of p75NTR and sortilin than skin fibroblasts or OA-FLS, indicating the presence of a functional high-affinity proNGF receptor complex. Inflammatory stimuli, such as LPS and the classical pro-inflammatory cytokines as IL-1β and TNF-α, enhance the expression of p75NTR in RA-FLS, as it is seen in blood and synovial fluid-derived immune cells (21), indicating a strict relationship between inflammation and the overexpression of p75NTR. FLS isolated from patients with arthritis are thus characterized by a high p75NTR and a low TrkA expression that may favor the biological effects of proNGF and dampen the anti-inflammatory actions of mature NGF mediated through TrkA activation (20). In RA-FLS, in addition to the observed overexpression of a functional p75NTR receptor complex, we found that inflammatory stimuli, among which IL-1β is the most effective, also markedly enhanced the production of large amounts of proNGF, but not of mature NGF. These data are consistent with our previous findings of high levels of proNGF, but not of mature NGF, in synovial fluids from inflamed joints of JIA and RA patients (21). Constitutively high expressions of p75NTR and enhanced release of proNGF, as well as their up-regulation induced by IL-1β, TNF-α and LPS, are specific features of RA-FLS. OA-FLS show a much lower basal expression of p75NTR and of proNGF, which are only marginally up-regulated by IL-1β. A vast body of evidence shows that OA-FLS and RA-FLS are characterized by differences in the proportion (37) of fibroblast subsets with non-overlapping functions which play distinct roles in the pathogenesis of OA and RA: in RA there is a prevalence of immune effector fibroblasts that sustain inflammation through the production of chemokines and cytokines, and of bone effector fibroblasts that mediate joint damage through the production of matrix metalloproteinases (37–40). RA-FLS have a pro-inflammatory and aggressive phenotype (41) and a number of epigenetic changes have been suggested to account for these abnormalities (42). In this contest, p75NTR overexpression and proNGF overproduction may be part of this abnormal pro-inflammatory phenotype in RA-FLS and, possibly, of the underlying epigenetic changes. It is tempting to speculate that overproduction of proNGF and overexpression of p75NTR, leading to hyperactivation of this pathway, is, at least in part, responsible for the known prolonged and exaggerated responses of RA-FLS to cytokines (43). We therefore investigated the effects of an active proNGF/p75NTR axis in RA-FLS. The addition of proNGF to sub-optimal concentrations of IL-1β synergistically up-regulated inflammatory cytokine release. At higher concentrations of IL-1β, the effects of exogenously added proNGF became negligible, possibly because IL-1β is a strong inducer of proNGF, with high amounts of proNGF being released by IL-1β-activated RA-FLS. To test the hypothesis of an active autocrine loop involving proNGF production and p75NTR expression in RA-FLS, we inhibited p75NTR using a neutralizing antibody or LM11A-31, a non-peptide ligand of p75NTR that selectively blocks the binding site of proNGF (44, 45). The blocking of the binding of the endogenously-produced proNGF to p75NTR in IL-1β-activated RA-FLS resulted in a marked decrease in inflammatory cytokine production, indicating the functional interaction of p75NTR and proNGF and the presence of a pro-inflammatory autocrine loop. Thus, RA-FLS activated by inflammatory cytokines overexpress p75NTR and, at the same time, release increased amounts of proNGF which, by binding to p75NTR, further up-regulates inflammatory cytokine production. Neutralization of p75NTR breaks this pro-inflammatory loop and significantly reduces inflammatory cytokine production as summarized in Figure 7.




Figure 7 | The pro-inflammatory p75NTR/proNGF loop in RA-FLS. (A) Inflammatory stimuli activate an autocrine loop involving proNGF and p75NTR. Inflammatory stimuli strongly induce the contemporary expression of p75NTR, the specific proNGF receptor, and of its ligand, proNGF, in RA-FLS. The increased p75NTR expression results in a higher binding capacity of RA-FLS for proNGF, whose endogenous production is strongly induced by inflammatory stimuli. (B) The active p75NTR/proNGF axis enhances inflammatory cytokines production. The high amounts of endogenously-produced proNGF, released by activated RA-FLS, interact with the p75NTR receptors highly expressed on RA-FLS membrane. The activation of p75NTR intracellular pathways (i.e. p38 and JNK) results in an amplified production of inflammatory cytokines (i.e. IL-6). (C) Inhibition of the p75NTR/proNGF loop decreases inflammatory cytokines production. The blocking of p75NTR using LM11A-31, a small molecule that specifically blocks the binding site of p75NTR for proNGF, results in a net reduction of inflammatory cytokine production (i.e. IL-6). The endogenous proNGF released by active RA-FLS cannot bind to p75NTR and, consequently, does not activate p75NTR intracellular pathways that induce inflammatory cytokine production.



In order to confirm these findings using a more physiological culture system (46), we recreated, at least partially, the pathological conditions of an inflamed synovium by culturing RA-FLS in media supplemented with 30% SF obtained from arthritis patients. Rather than using a chemically defined medium and only one stimulus, such as a single recombinant cytokine, this ex vivo model provides a means to activate FLS with the mixture of pro-inflammatory and anti-inflammatory mediators that are present in the SF of diseased joints. We found that the addition of SF to RA-FLS significantly increased the production of IL-6. This effect is mediated almost completely by the proNGF present in SF, as the inhibition of proNGF binding to p75NTR led to an 80% reduction in IL-6 production. As it is well known that IL-1β enhances the expression levels of various inflammatory factors in RA-FLS through the activation of NF-kB/ERK/STAT1 axis, p38 mitogen-activated protein kinase (MAPK) and JUNK signaling pathways (22, 32, 33, 47), we compared the effects of IL-1β and p75NTR neutralization on inflammatory cytokine production. We found that in RA-FLS the inhibition of p75NTR activation by LM11A-31 reduces the release of IL-6 to a similar extent as IL-1β inhibition by canakinumab. Although these data are limited to an ex vivo culture system, they nonetheless suggest that inhibition of p75NTR is, at least, as effective as the inhibition of a potent activator of pro-inflammatory response in RA-FLS as IL-1β.

In neurons, proNGF binding to p75NTR activates intracellular pathways that involve JNK and lead to cell death (48–50). Our results demonstrated that the effects of p75NTR activation or inhibition were not due to changes in cell viability of RA-FLS.

We also provide an initial characterization of the intracellular pathway activated by p75NTR in RA-FLS. We investigated the JNK and p38 MAPK-induced pathways that regulate pro-inflammatory cytokines and metalloproteinase expression, matrix degradation and joint destruction (34, 51). Activated RA-FLS are characterized by p38 and JNK phosphorylation. Inhibition of p75NTR by LM11A-31 effectively reduces phosphorylation of both MAPKs, demonstrating their involvement in p75NTR signal transduction in RA-FLS. This observation is consistent with the known role of these MAPKs in mediating pro-inflammatory responses (48).

Preliminary data in other inflammatory conditions in mice indicate that the involvement of p75NTR in regulating inflammatory pathways may not be restricted to arthritis. In murine streptozotocin-induced diabetes, accumulation of proNGF and enhanced p75NTR expression are present in the retina. p75NTR-KO mice are protected from diabetes-induced retinal inflammation and show decreased TNF-α expression (52). Treatment of streptozotocin-treated mice with LM11A-31 significantly inhibits an increase in serum TNF-α and IL-1β (53). Similarly, in sepsis-induced neuroinflammation in mouse hippocampus, LM11A-31 treatment causes a decrease in IL-1β concentrations, associated with a reduction in JNK phosphorylation (53).

In conclusion, we demonstrate that in vivo, in the synovium of treatment-naïve RA patients, the clusters of FLS typically involved in joint inflammation and damage show a distinctive overexpression of p75NTR. Complementing this finding, we demonstrated in vitro that RA-FLS are characterized by a high expression of p75NTR and by a high production of proNGF that, together, promote an autocrine loop that enhances RA-FLS inflammatory responses. Altogether, our results suggest that an active proNGF/p75NTR axis contributes to the chronicity of synovial inflammation and that the proNGF/p75NTR pathway could represent a novel target in the treatment of chronic arthritis.

New approaches in arthritis based on novel mechanisms of actions and targets are needed since many patients do not reach remission and continue to accumulate damage, with significant social and economic costs. Thus, the demonstration of the novel pro-inflammatory role of p75NTR and its preferential ligand, proNGF, in the amplification of inflammatory responses and the preclinical studies with specific receptor inhibitors together will provide the rationale for targeting p75NTR in chronic arthritis and potentially in other chronic inflammatory diseases.

At present the safety of p75NTR inhibition with LM11A-31 is being investigated in a phase 2 trial (ClinicalTrials.gov Identifier: NCT03069014) to test its use in the treatment of Alzheimer’s disease patients.
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Supplementary Figure 1 | Violin plots showing NGF, NGFR, NTRK1 and SORT1 gene expression in distinct stromal cells clusters from synovial tissue of naive to treatment RA (n=4) and RA in sustained clinical and ultrasound remission (n=4). Data are reported as mean (white dot).

Supplementary Figure 2 | (A) Western Blot for p75NTR confirmed protein overexpression of p75NTR in RA-FLS (n=3) compared to skin-FB (CTRL). (B) Sortilin expression in RA-FLS (n=8), OA-FLS (n=6) and CTRL-FB (n=5) showed the same expression pattern of p75NTR. (C) Increase of p75NTR expression in RA-FLS is dose–dependently induced by IL-1β. Results are compared to unstimulated condition and calculated as Fold Change (F.C.) and represent the mean ± SEM of 5 independent experiments. Differences between groups were analyzed using unpaired t-test (*p<0.05, **p<0.01). (D) RA-FLS stimulated with different doses of IL-1β showed a dose-dependent increase of NGF mRNA. The data represent the mean ± SEM of 5 independent experiments. Results were compared to unstimulated condition and calculated as Fold Change (F.C.) using unpaired t-test (**p<0.01, ***p<0.001).

Supplementary Figure 3 | LM11A-31 (10nM) was used to inhibit proNGF binding to p75NTR in RA-FLS activated using 100 ng/ml TNF-α, 100 ng/ml LPS or 1 ng/ml IL-1β. The production of IL-6 (A), IL-8 (B) and MCP1 (C) in RA-FLS cultured in 10% FBS DMEM was measured in the conditioned media after 18 hours of incubation. p75NTR was neutralized using a specific anti-p75NTR antibody (2,5 µg/ml) and the release of IL-6 was measured in RA-FLS activated with 100 ng/ml TNF-α (D), 100 ng/ml LPS (E) or 1ng/ml IL-1β (F). In this set of experiments (n=6) cells were cultured in 10% FBS DMEM for 18 hours. All the results are expressed as pg/ml.

Supplementary Figure 4 | (A) The addition of exogenous proNGF (200ng/ml) to RA-FLS, cultured in a chemically defined medium, enhances the production of IL-6 in RA-FLS activated with sub-optimal doses of IL-1β (IL-1β 10-50-100 pg/ml). The increase of IL-6 induced by exogenous proNGF (IL-1b+pNGF) is blocked by p75NTR inhibition with 10nM LM11A-31 (IL-1b+i31). IL-1β-activated RA-FLS show a similar IL-6 reduction when p75NTR was inhibited (IL-1b+i31). To interpret this data, it should be considered that LM11A-31 prevents the binding of the endogenously-produced proNGF to p75NTR, whose synthesis is strongly activated in RA-FLS by IL-1β stimulation (see Figures 3A–C, Supplementary 2D). The data represent the mean ± SEM, results were analyzed using paired t-test (*p<0.05). (B) Western Blot analysis showed that almost only proNGF forms were detectable in synovial fluids of patients (40 μg total protein). Very low protein levels of mature NGF were observed. 10% reducing gels were incubated with anti-NGF M20 antibody that recognizes both mNGF and proNGF forms.
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Post-traumatic knee osteoarthritis is characterized by cartilage degeneration, subchondral bone remodeling, osteophyte formation, and synovial changes. Therapeutic targeting of inflammatory activity in the knee immediately post injury may alter the course of osteoarthritis development. This study aimed to determine whether CD200R1 agonists, namely the protein therapeutic CD200Fc or the synthetic DNA aptamer CCS13, both known to act as anti-inflammatory agents, are able to delay the pathogenesis of injury-associated knee osteoarthritis in a murine model. Ten week old male C57BL/6 mice were randomized and surgical destabilization of the medial meniscus (DMM) to induce knee arthritis or sham surgery as a control were performed. CCS13 was evaluated as a therapeutic treatment along with CD200Fc and a phosphate-buffered saline vehicle control. Oligonucleotides were injected intra-articularly beginning one week after surgery, with a total of six injections administered prior to sacrifice at 12 weeks post-surgery. Histopathological assessment was used as the primary outcome measure to assess cartilage and synovial changes, while µCT imaging was used to compare the changes to the subchondral bone between untreated and treated arthritic groups. We did not find any attenuation of cartilage degeneration or synovitis in DMM mice with CD200Fc or CCS13 at 12 weeks post-surgery, nor stereological differences in the properties of subchondral bone. The use of CD200R1 agonists to blunt the inflammatory response in the knee are insufficient to prevent disease progression in the mouse DMM model of OA without anatomical restoration of the normal joint biomechanics.




Keywords: osteoarthritis, DMM, CD200R1, mouse model, aptamer



Introduction

Post-traumatic knee osteoarthritis is a prevalent musculoskeletal disease leading to significant disability with enormous medical and socioeconomic consequences. It is characterized by articular cartilage degeneration, subchondral bone remodeling, osteophyte formation, and synovial changes, including inflammation.

Arthritic changes begin in the acute phase post-insult and progress ominously to symptomatic osteoarthritis (1, 2). With the goal of reducing the risk of osteoarthritis, surgery to optimize anatomic repair of the joint when possible is the primary management option in traumatic knee injuries. However, eligibility criteria for surgical repair are not well defined and depend on the nature of the injury and patient characteristics. Moreover, a large proportion of joint injuries are of lower severity and managed conservatively. The armamentarium of non-surgical treatments in such cases focuses on providing symptomatic relief and restoring joint mobility, critically leaving the need for arthritic management unmet (3). Therapeutics that can successfully halt the destructive inflammatory activity in the knee immediately after injury represents an ideal non-surgical option to alter the course of osteoarthritis development.

DNA aptamers are oligonucleotides that have shown promise in many applications as both therapeutic and imaging agents to treat patients with inflammatory diseases (4, 5). Aptamers can be developed against any biological targets and thus the resulting agents can be designed to specifically target or modulate key biological processes in humans and animals towards either dampening or augmenting inflammatory responses. Applications for these synthetic aptamers may be potentially found in reducing arthritis symptoms through specifically targeting clinically important immune molecules such as CD200R1, TNFα, and PD-1 (5).

CD200R1 is expressed on the surface of myeloid and lymphoid cells and delivers immune inhibitory signals to modulate inflammation when engaged with its ligand CD200 (6). As such signaling through the CD200R1 pathway plays a prominent role in limiting inflammation in a wide range of immune-related diseases and autoimmune disorders (including rheumatoid arthritis) by increasing the macrophage fusion interaction (formation of osteoclasts) to potentiate bone resorption (6). Our team recently developed a synthetic, pegylated aptamer (pegylated CCS13, referred to herein as CCS13) that acts as an agonist for the inhibitory immune checkpoint receptor CD200R1 (7). The consequence of the CCS13 aptamer binding to CD200R1 present on immune cells is to dampen the production of inflammatory cytokines, reducing the damaging immune responses that typically cause inflammation. This aptamer recognizes both human and mouse CD200R1 and thus can be evaluated in murine models of inflammation, including osteoarthritis.

The objective of this work was to determine whether the CD200R1 agonist aptamer CCS13 or a natural dimeric form of the CD200R1 ligand, namely, CD200Fc can delay the pathogenesis of injury-associated osteoarthritis in a murine model. It was hypothesized that this synthetic oligonucleotide may help reduce the progression of osteoarthritis pathologies including cartilage degeneration, synovitis, and bone remodeling (Figure 1).




Figure 1 | Schematic showing the role of CD200-CD200R1 pathway in osteoarthritis development. (A) demonstrates the anatomic structure of a healthy, non-arthritic joint. (B) In case of knee traumatic injury, a vicious cycle of reparative processes through inflammatory activity and structural damage is induced, leading to osteoarthritic changes. CD200R1 expressing macrophages are important mediators of synovitis through secretion of pro-inflammatory cytokines. (C) By upregulating CD200 expression (via exogenous CD200Fc or CCS13 aptamer), the CD200R1 positive macrophages are inhibited via the binding of CD200 to the receptor sites, hence leading to downregulation of proinflammatory cytokines and disruption of the vicious cycle.





Methods


Animal Model

All animal experiments were approved by the Animal Care Committee at Krembil Research Institute. Ten week old male C57BL/6 mice were randomized to destabilization of the medial meniscus (DMM), or sham surgery as a control, as previously described (8). Briefly, right hind limbs were sterilized and a 3mm longitudinal incision was made from distal patella to proximal tibial plateau and the medial meniscotibial ligament was identified. For the DMM group, this ligament was transected, and the destabilization of meniscal tissue was confirmed by lifting the free end of the meniscus. Transection was not performed for sham surgery. The soft tissues and overlaying skin were sutured. Mice were allowed unrestricted access to food and water and were fully weight-bearing on both hind limbs post-surgery. There were six groups (n=8/group) in this study: DMM+PBS, DMM+CCS13, DMM+CD200Fc, SHAM+PBS, SHAM+CCS13, and SHAM+CD200Fc.



Treatment

CCS13 was evaluated as the therapeutic along with CD200Fc and phosphate-buffered saline (PBS; vehicle control). The formulation of CD200Fc and pegylated CCS13 (referred to as CCS13) is described elsewhere (7, 9). PBS or molarity-matched pegylated CCS13 (650 pmol) or CD200Fc (325 pmol) were administered via intra-articular injections, (3 microliters each) in the operated knee joints. Injections were started one week after surgery, with six injections administered over the course of the experimental period (Figure 2). All mice were sacrificed at 12 weeks post-surgery. Right hind limbs were harvested and immersed in 70% alcohol for fixing the tissue prior to imaging.




Figure 2 | Schematic showing the protocol for treatment following DMM surgery. Knee surgery (sham or destabilization of medial meniscus) was performed on day 0. Intra-articular injections of either PBS (control), CD200Fc, or CCS13 were given in the healing joint at weeks 1, 2, 4, 6, 8, and 10. All mice were sacrificed at week 12 and the healing knee joints were analyzed via histology and microCT imaging.





Micro-CT Based Stereology

Harvested limbs were vertically aligned and scanned at 10 µm isotropic voxel size using energy settings of 55 kV, 200 µA, and beam hardening correction factor of 1200 mg hydroxyapatite (mgHA) per cm3 (µCT 100 scanner, Scanco Medical, Brϋttisellen, Switzerland). Reconstructed scans were exported as DICOM images and processed in AmiraDEV 5.3.3 (Visualization Sciences Group, FEI). The scans were cropped to bind the proximal tibia extending from the tibial plateau to the proximal tibial growth plate in 3D view. Next, the subchondral trabecular bone was manually segmented from 2D slices in the coronal plane. The resulting 3D ROI was divided through the depression between the intercondylar tubercles into lateral and medial condyles for separate evaluation. Stereological measures of bone volume (BV), total volume (TV), bone volume fraction (BV/TV), bone mineral density (BMD), and bone mineral content (BMC) were computed using CT Analyser software (SkyScan, Kontich, Belgium).



Histology

After CT scanning, the limbs were stored in 70% alcohol until further processing. The specimens were fixed in TissuFix (Chaptec) overnight, decalcified in RDO Rapid Decalcifier (Apex Engineering) for 1.5 hours, refixed in TissuFix overnight, embedded in paraffin, and sectioned. Representative sections from the medial femur and tibia were stained with Safranin O Fast Green (Millipore Sigma) to analyze cartilage degradation (orange-red = proteoglycans, green = collagen/cytoplasm, black = nuclei) and Masson’s trichrome (blue = collagen, red = cytoplasm, black = nuclei) to analyze synovitis from 0 (normal) to 3 (severe) using OARSI scoring recommendations for mice (10). The cartilage on the femoral condyle and tibial plateau was scored separately from 0 (normal) to 6 (erosion >75% of articular surface) using the OARSI scoring system. Synovitis was scored from 0 (no synovitis) to 3 (severe synovitis) considering collagen deposition, cell infiltration, tissue thickness and tissue invasion onto the cartilage surface.



Statistical Analysis

Mean values were compared for the primary outcome measures of synovitis and tibial plateau scores using one-way analysis of variance test (SPSS V18, IBM, IL, USA) between the six groups. One-way ANOVA and Student’s T-test with Sidak correction was used to compare stereological measures between groups. Results are reported as mean ± standard deviation. For all analyses, p<0.05 was considered significant.




Results

No mice were lost during the experimental period. Two animals, one from SHAM+CCS13 and the second from SHAM+PBS, were excluded from all analysis as the specimens were damaged during the harvest procedure.


Histology

Average OARSI scores from safranin O-stained sections as a measure of cartilage degradation in the DMM+PBS group were 2.63 ± 1.19 for the femoral condyle and 3.38 ± 0.92 for the tibial plateau, which was indicative of moderate arthritis (Figure 3). These were significantly higher compared to average scores for SHAM+PBS group (healthy control; femoral condyle: 0.69 ± 0.59, p<0.01; tibial plateau: 1.19 ± 0.92, p<0.01). CCS13- treated DMM group had similar OARSI cartilage degeneration scores (femoral condyle:3.25 ± 1.16; tibial plateau: 3.75 ± 1.28) to the DMM+PBS group (femoral condyle:2.63 ± 1.19, p=0.31; tibial plateau: 3.38 ± 0.92, p=0.51). Moderate synovitis, as indicated by synovitis scores, was observed in all DMM groups (Figure 3). These data suggest that the dosing regimen of CCS13 in this does not attenuate mouse DMM-induced OA.




Figure 3 | Histology images and scores of representative stained knee sections. 1The extent of cartilage loss in the femoral condyle and tibial plateau was scored separately using the OARSI scoring system: 0 [normal] to 6[erosion>75% of articular surface]. Synovitis was scored from 0 (normal) to 3 (severe). Safranin O-stained sections were used to score cartilage degeneration and Masson’s trichrome-stained sections were used to measure synovitis. Black arrows indicate areas of cartilage degeneration and synovitis in Safranin O or Masson’s Trichome-stained sections respectively. 2Dots represent individual data points and error bar represents standard deviation. 3Statistical analysis was conducted using one-way analysis of variance test to compare the six groups. *p < 0.05.





Bone Stereology

Figure 4A shows 3D models with coronal slices of knee joints at 12 weeks post-injury and Figure 4B shows means and standard deviations for stereological parameters at this timepoint. SHAM+CD200Fc had higher average total volume of subchondral bone compared to SHAM+PBS for lateral tibia (difference: 0.12 ± 0.04cm3; p=0.07) and medial tibia (difference: 0.21 ± 0.05cm3; p<0.01) indicating effect of CD200Fc injectable on bone tissue. For lateral tibia, DMM+PBS group had significantly higher average total volume compared to the SHAM+PBS group (difference: 0.14 ± 0.01cm3, p=0.01), however, the two groups had similar bone volume (difference: 0.04 ± 0.02cm3; p=0.09) and bone volume fraction (difference: -1.59 ± 0.95%, p=0.43). For medial tibia, DMM+PBS was similar to SHAM+PBS in bone properties. Compared to the DMM+PBS group, DMM+CCS13 had significantly higher bone volume (difference: 0.12 ± 0.03cm3, p=0.01) and total volume (difference: 0.18 ± 0.05cm3, p=0.02) but similar bone volume fraction (difference: 1.80 ± 2.43%, p=1). In comparison to SHAM+CD200Fc, DMM+CD200Fc group had significantly lower total volume (difference: -0.16 ± 0.04cm3, p=0.01), higher bone volume fraction (difference: 7.32 ± 0.59%,p<0.01), and higher BMD (difference:13.69 ± 0.79mgHA/cm3, p<0.01). No significant differences were seen between DMM+SHAM and DMM+CD200Fc or DMM+SHAM and DMM+CCS13 (Figure 4B).




Figure 4 | MicroCT images of representative specimens (3D model in panel I and 2D coronal slices in panel II). Stereological analysis involved a series of cropping steps in order to isolate the region of interest. First, the epiphyseal region, demarcated by blue line, was crudely selected in the 3D reconstructed model. Next, the subchondral trabecular bone (green line) was segmented in 2D slices. Finally, the segmented slices were merged and divided into lateral and medial halves (red line) and analyzed separately.






Discussion

To our knowledge, this is the first study to assess the therapeutic potential of the CD200-CD200R1 pathway in osteoarthritis. We evaluated the effect of upregulating CD200Fc and CD200Fc-based aptamer, CCS13, in a meniscal tear model. We utilized histopathology as the primary outcome measure to assess soft tissue changes, and µCT imaging to compare the changes in the subchondral bone between untreated and treated arthritic groups. Our analyses did not find any maintenance of cartilage tissue integrity in the disease state with the dose and intra-articular injection regimen of CD200Fc or CCS13 12 weeks post-injury. Similar to some previous studies, there were no stereological differences in the properties of subchondral bone between SHAM+PBS and DMM+PBS groups at 12 weeks as well as no differences between the DMM+PBS and the treated DMM groups at this timepoint (11, 12).

The search for therapeutic targets in osteoarthritis has failed to yield clinically translatable drugs that effectively attenuates disease progression in patients. An important shortcoming in previous works, which this study aimed to overcome, was targeting specific cytokines to dampen inflammation-induced damage. Osteoarthritis is complex and the strategy of targeting singular pro-inflammatory markers (most notably IL-1β) to tackle the disease, at least systemically, has been recognized as ineffective (13). In contrast, upstream targets, like macrophages themselves, offers better opportunities to control cytokine release and cell signaling, and hence modulate the biochemical response in osteoarthritis (14, 15).

CD200Fc attenuates early arthritic changes in animal models of rheumatoid arthritis. In the collagen-induced rheumatoid arthritis model, CD200Fc treatment significantly lowers expression of pro-inflammatory cytokines (IL-1β and TNFα) and lowers disease severity at 10 days post disease induction (16, 17). Our study was based on positive findings in the rheumatoid models as the etiology of osteoarthritis is similarly driven, in part, by inflammatory activity. In osteoarthritis, the acute phase after an injury is marked by infiltration of monocytes and macrophages to respond to the cellular damage, followed by a sustained low-grade inflammation in response to, albeit also causing, cartilage thinning and bone surface erosion (17). As such, suppressing pro-inflammatory myeloid cells via the CD200-CD200R1 pathway presents an opportunity to break the cycle that causes joint destruction following injury.

The distinction between the pathophysiology of osteoarthritis and rheumatoid arthritis may explain why CD200 based treatment failed in the osteoarthritis model despite being successful in the rheumatoid model. Unlike rheumatoid arthritis, the process of osteoarthritis involves dysfunctional biomechanics due to loss of structural integrity in addition to the altered biochemical activity (18). When left unrepaired, abnormal joint loading translates to persistent micro-damage with joint use, which further aggravates tissue damage and immune response. Thus, anti-inflammatory treatment may be sufficient to break the autoimmune cycle in rheumatoid arthritis which has no inciting traumatic intra-articular internal derangements, but it may not be sufficient in arthritic conditions resulting from repetitive damage occurring with dysfunctional joint loading from injury. To assess the role of joint biomechanics in driving osteoarthritic changes, Heard et al. (19) used a sheep anterior cruciate ligament (ACL) tear model (19). Grafting was performed as the intervention to restore mechanical stability and disease burden in these animals was compared with sham surgery controls and healthy controls. Despite the repair, acute inflammation was noted at two weeks post-surgery and could not be rescued by surgical intervention. However, the levels of inflammatory cytokines were restored to that of healthy controls by 20 weeks, indicating that surgical management with repair of the tear to restore the normal joint stability can delay osteoarthritis by preventing ongoing micro-trauma.

The parameters for treatment were chosen to maximize the benefit from treatments while being mindful of the clinical translatability of the regimen. CD200R1 are found on macrophages and macrophages are highly expressed, albeit in a cyclic manner, during the entirety of osteoarthritis (15, 20). As such, we opted for repeated, local delivery of CD200R1 agonist to target the persistent inflammation driven by macrophages. The following paragraphs describe the rationale for the choices made with respect to the treatment regimen. We also highlight areas of improvement that may be considered in designing exploratory drug studies in osteoarthritis.

Treatment onset was one week after DMM surgery. As the joint space is 5-10ul in volumetric size, injecting 3ul of drug dose in a swollen, injured joint may incite further inflammation (21, 22). However, this treatment timing implied that the initial surge of macrophage activity, which occurs at day 0-1 post-injury, was not targeted. Whether starting the treatment earlier (to curb the acute pro-inflammatory activity) would have translated to a chronic delay in the development of arthritic changes is uncertain.

The maximal frequency for treatment doses was deemed to be one time per week. More frequent injections in an already damaged intra-articular region may negatively impact healing. From a clinical standpoint, high frequency of knee injections is not a feasible strategy due to cost and long-term adherence associated with the management of osteoarthritis. Modulating other aspects of the dosing regimen and timepoint of analysis may be considered in future exploration of CD200 based therapeutics for osteoarthritis. As well, utilizing larger animals with similar knee size as humans may represent a more relevant strategy when testing therapeutics requiring frequent (for instance, once a week) injections.

Only limited dosing regimens were explored in this study, as described above. Further work may consider different dosing regimens and their utilization in combination with surgical meniscal repair to assess the full potential of CD200R1 agonists in halting arthritic changes. An additional methodological limitation is that immunostaining with CD200R1 antibody was not performed in this study. Analyzing the expression of CD200R1-positive immune cells should be considered in future work particularly to better understand if alternate treatment regimens may be effective. Finally, the study design did not involve serial analysis at multiple time points. As such, temporary benefits, if any, in the acute phase following drug injection remain unknown. However, clinical translation of short-term gain that does not result in a long-term benefit or symptom delay is not relevant in the management of a chronic disease like osteoarthritis. Patients with a traumatic knee injury would benefit most from treatments that can delay osteoarthritis in the range of months to years.

Nearly 50% of patients with traumatic knee injury develop OA (23). There remains a significant need for strategies to reduce chronic post-traumatic inflammation that contributes to the degenerative process of osteoarthritis that afflicts millions of individuals. While the use of aptamer interventions to blunt the persistence of the inflammatory response may be effective, it appears that without anatomical restoration of the normal joint biomechanics, biochemical treatments alone are insufficient to prevent disease progression. Even with surgical treatment to correct traumatic joint injuries, while the onset of osteoarthritis may be delayed, it does not entirely prevent degenerative changes leading to symptomatic presentation. Therefore, in appreciating the significance of the synergistic role of biomechanics and biochemical activity in osteoarthritis, future work may be directed at exploring the CD200-CD200R1 pathway in the context of surgically repaired joints.
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SOX4 belongs to the group C of the SOX transcription factor family. It is a critical mediator of tumor necrosis factor alpha (TNF)-induced transformation of fibroblast-like s-ynoviocytes (FLS) in arthritis. In this study we investigated the genome wide association between the DNA binding and transcriptional activities of SOX4 and the NF-kappaB signaling transcription factor RELA/p65 downstream of TNF signaling. We used ChIP-seq assays in mouse FLS to compare the global DNA binding profiles of SOX4 and RELA. RNA-seq of TNF-induced wildtype and SoxC-knockout FLS was used to identify the SOX4-dependent and independent aspects of the TNF-regulated transcriptome. We found that SOX4 and RELA physically interact with each other on the chromatin. Interestingly, ChIP-seq assays revealed that 70.4% of SOX4 peak summits were within 50bp of the RELA peak summits suggesting that both proteins bind in close-proximity on regulatory sequences, enabling them to co-operatively regulate gene expression. By integrating the ChIP-seq results with RNA-seq from SoxC-knockout FLS we identified a set of TNF-responsive genes that are targets of the RELA-SOX4 transcriptional complex. These TNF-responsive and RELA-SOX4-depenedent genes included inflammation mediators, histone remodeling enzymes and components of the AP-1 signaling pathway. We also identified an autoregulatory mode of SoxC gene expression that involves a TNF-mediated switch from RELA binding to SOX4 binding in the 3’ UTR of Sox4 and Sox11 genes. In conclusion, our results show that SOX4 and RELA together orchestrate a multimodal regulation of gene expression downstream of TNF signaling. Their interdependent activities play a pivotal role in the transformation of FLS in arthritis and in the inflammatory pathology of diverse tissues where RELA and SOX4 are co-expressed.
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Introduction

Fibroblast-like synoviocytes (FLS) are cells that reside in the synovial lining of joints. During homeostasis, FLS maintain the composition of synovial fluid, produce joint lubricating and cartilage protecting proteins. However, during arthritic diseases they undergo epigenetic changes and transform into pathological cells (1). The transformed FLS are a major source of inflammatory cytokines and catabolic enzymes that promote joint degeneration in autoimmune forms of arthritis such as rheumatoid arthritis (RA), juvenile arthritis, and psoriatic arthritis (1, 2). Among the various signaling pathways that drive FLS transformation, NF-kappaB (NF-κB) signaling downstream of Tumor necrosis factor (TNF)-alpha plays a critical role in joint degeneration by driving a wide range of cellular and molecular changes leading to synovial hyperplasia, cartilage degeneration and bone loss (3, 4). Importantly, the genomic and transcriptomic responses of the FLS from TNF-driven arthritis mouse model are largely comparable to the responses FLS from human RA patients (5, 6). RELA/p65 is the transcription factor that mediates gene expression changes induced by the canonical NF-κB signaling pathway (7). Increase in RELA/p65 protein level and activity were reported in the inflamed synovium of osteoarthritis (OA) and RA patients (8, 9). While p50 is a critical co-factor of RELA for the activation of canonical pathway (10), RELA was also shown to interact with other partners such as p300 acetyl transferase, E2F transcription factor 1(E2F1), Activator Protein 1 (AP1) family in a context dependent manner to activate pro-inflammatory gene expression in a variety of tissues and cells (11–13). In a previous study we showed that, simultaneous conditional deletion of the SoxC family (SRY-related HMG-box; Group C) of genes in the FLS inhibits synovitis and articular cartilage degeneration in TNF-induced arthritis in mice (14). The goal of this study is to understand the mechanisms underlying the interaction between TNF and its major transcriptional mediator, RELA/p65 with the SOXC family transcription factors and to determine if SOXC proteins act as transcriptional partners of RELA to promote TNF-induced pathological behavior of the FLS.

SOX4, SOX11, and SOX12 form group C of the SOX family of transcription factors (15). Studies from mouse development, showed that Sox4, Sox11 and Sox12 are co-expressed in various types of progenitor cells, and act largely in redundancy to determine the behavior and survival of the progenitor cells (15, 16). The SOXC proteins possess a highly conserved DNA binding high mobility group (HMG)-box domain, which enables them to bind to similar SOX binding motifs on DNA. However, they possess divergent transactivation domains in their C-terminus, which confers the highest transactivation potential to SOX11, followed by SOX4. SOX12 possess the weakest transactivation domain (17). As a result, knockout of Sox12 alone does not affect embryonic development (16, 18). We therefore focused on SOX4 and SOX11 in this study. SOX4 is recognized as a master regulator of cell proliferation and metastasis in several cancer types, while SOX11 recognized as a poor prognosis marker in lymphoma and breast cancer subtypes (19, 20). We previously identified that SOXC proteins, SOX4 and SOX11 play a critical role in inflammation-induced pathological behavior of FLS in osteoarthritis (OA) and RA (14). In addition, Sox4 and Sox11 overexpression causes articular cartilage degeneration associated with increased expression of ADAMTS4 and ADAMTS5 (21). At the molecular level, SOXC proteins are highly unstable. They are rapidly degraded under basal conditions but are robustly stabilized upon stimulation with proinflammatory cytokines such as TNF, IL-1 and IL-6 (14). In the current study we used genome wide approaches to uncover the interactions between SOX4 and RELA/p65, downstream of TNF signaling. We thus obtained an in depth understanding of the role and mechanisms underlying the activation of the TNF/SOXC molecular axis in FLS transformation.



Materials and Methods


Mice and FLS Preparation

All animal experiments were approved and carried out in accordance with the guidelines by the institutional care and use committee (IACUC) at Emory University. FLS were prepared either from wild type or Sox4fl/fl11fl/fl12fl/fl (SoxCfl/fl) mice according to a well-established protocol (5, 22). Briefly, fore limbs were separated at the radiocarpal joint while hind limbs were separated at the tibiotalar joint. Skin and nail were removed carefully, and phalanges were separated as to keep the interphalangeal and metacarpophalangeal joints intact. This was followed by a first Collagenase IV (Sigma-Aldrich, 2mg/mL for 30 min) digestion of the isolated joints to remove skin fibroblasts and other surface cells. A second digestion with Collagenase IV (1mg/mL for 2h) was carried out to digest the synovium covering the phalangeal joints. The digests were filtered in a 50-micron cell strainer to remove the undigested bones and debris. The resulting cell suspension containing >90% FLS were cultured in DMEM with 10% fetal bovine serum (Corning) and 1% penicillin/streptomycin for a period of 16h, followed by washing with PBS and changing cell culture medium to remove unattached and dead cells. Upon reaching confluency, the FLS were sub-cultured and utilized between passage 3.



RNA-seq

RNA-seq was performed in triplicates of independent preparations of FLS. SoxCfl/fl FLS at passage 3 were infected with AdCMV5eGFP (control) or AdCMV5Cre (SoxC-knockout) adenovirus (UI Viral Vector Core) at a concentration of 200 pfu/cell, for a period of 24h. FLS were treated with or without 10ng/mL recombinant human TNF (R&D Systems) for the last 16h. Total RNA was extracted and purified using Direct-zol RNA MicroPrep (Zymo Research). Only samples with an RNA integrity number (RIN) >8 were used. Libraries were generated from 250 ng RNA using TruSeq Stranded Total RNA Sample Prep Kit (Illumina). Paired-end 150-base sequence reads at a sequencing depth of 50 million reads per sample were obtained using Illumina HiSeq 2500 System (Novogene). FASTQ files were analyzed using Strand NGS 4.0 software and aligned to the mm10 mouse genome assembly. Quality of sequencing was ensured by plots for measuring per base sequence quality (Q30 = 99%). Duplicate reads were filtered, followed by quantification and normalization using DESeq method.



ChIP-seq

Chromatin was prepared and immunoprecipitated according to the following procedure. Triplicates of wild type mouse FLS containing 40 million cells per replicate were treated with or without 10ng/mL TNF for 16 h, followed by fixation with 1.5% paraformaldehyde. Chromatin was extracted and sheared into 100- to 500-bp fragments using a Bioruptor (Diagenode). 10 μg of antibodies against p65 (Active Motif) or SOX4 (Diagenode), coupled to 20 μl Dynabeads (Life Technologies) were used for immunoprecipitating chromatin from each replicate and DNA was purified by phenol/chloroform/isoamyl alcohol extraction and ethanol precipitation. DNA pooled from the triplicates was used for library preparation. Single-end 50-base sequence reads were obtained at a sequencing depth of 30 million reads per sample using Illumina HiSeq 2500 System and analyzed using ChIP-seq pipeline on Strand NGS 4.0 software. Quality of sequencing was ensured by plots for measuring per base sequence quality (Q30 = 97.8%). Reads were mapped to the mm10 mouse genome build. Peak calling and gene annotation was performed using MACS with an upstream padding distance of 50kb. De novo motif enrichment analysis was performed using MEME-ChIP suite (23).



Immunoprecipitation

Wildtype mouse FLS were treated with TNF (10ng/mL) for 16 h. Nuclear extracts were prepared from FLS using NE-PER™ Extraction Reagents (Thermo Scientific) protocol. Immunoprecipitation was carried out by conjugating 5 μg of p65 antibody (Active Motif) or rabbit non-immune IgG (Millipore) to 20 μl Dynabeads (Life Technologies). Cell extracts were added to the conjugated beads overnight and eluted protein was analyzed by western blotting using antibodies against SOX4 (Diagenode), p65 (Cell Signaling) or HDAC1(Cell signaling).



Luciferase Reporter Assays

ChIP-seq enhancer peak regions assigned to Sox4, Sox11, Il15 and Mapk1 were amplified from mouse genomic DNA and cloned into pBV- Luc, a luciferase reporter plasmid with a minimal promoter and very low basal activity (24). These reporter plasmids were co-transfected with 3X-FLAG SOX4 or 3X-FLAG SOX11 expression plasmids (14) into HEK293 cells using Viromer Red reagent (Origene). pSV2bgal plasmid was used as a control for transfection efficiency. Cells were treated with 10ng/mL recombinant TNF (R&D systems) for the last 16h of the 36h transfection period. Luciferase and β-galactosidase activities were assayed using the Dual-light combined reporter gene assay system (Applied Biosystems) using Synergy H1 Multi-Mode Plate Reader (Biotek). Reporter activities were normalized for transfection efficiency and reported as fold change in luciferase activity. Assays were performed as triplicates.



Statistical Analysis

Experiments were performed in triplicates. Differential gene expression in changes in RNA-seq were calculated by Audic Claverie and Benjamini Hochberg false discovery rate for multiple testing correction. p-value cut-off of was set at 0.05. Statistical significance in reporter assays was calculated by student’s t-test.




Results


SOX4 and RELA Are Transcriptional Partners

We previously showed that the transcription factor SOX4 plays a role in promoting FLS transformation and thereby TNF-induced arthritogenesis (14). To understand the mechanism underlying the role SOX4 in TNF-induced gene expression we investigated whether SOX4 and the canonical NF-κB signaling transcription factor RELA/p65 are part of the same transcriptional complex. We predicted a potential physical interaction between and SOX4 and RELA and tested it by a co-immunoprecipitation assay. We immunoprecipitated RELA from the nuclear extracts of wildtype mouse FLS that were treated with or without TNF (Figure 1A). As reported earlier the level of SOX4 protein was increased upon TNF-treatment. Interestingly, we found that SOX4 co-immunoprecipitated with RELA in mouse FLS both in the presence and absence of TNF. However, the interaction was higher under TNF-treated condition likely due to the expected increase in the nuclear localization of RELA. To determine whether SOX4 and RELA interaction occurs at the genome wide level and to identify the genes co-regulated by SOX4 and RELA, we developed an experimental design involving ChIP-seq and RNA-seq assays (Table 1). We first performed ChIP-seq using either SOX4 or RELA antibodies. We found that TNF treatment increased the number of SOX4 and RELA binding peaks by 3-fold. The enrichment of sequencing reads from the around the transcription start sites (Figure 1B) and box plots (Figure 1C) show increased binding of both SOX4 and RELA antibody on the chromatin from TNF-treated FLS in comparison with the untreated FLS. At the genomic level the SOX4 and RELA peaks were predominantly (50-60%) located upstream of TSS. About 20% percent of the peaks were located in the intronic regions. A small percentage (2-6%) of them were localized the 3’ or 5’ untranslated regions and even smaller percentage (>1%) of binding was detected in the coding sequence (Figure 1D, Supplementary Tables S1–S4). Based on the physical interaction between RELA and SOX4 we speculated that these proteins might bind in close proximity to each other at a genome wide level. We overlapped the peak summits identified from SOX4 and RELA ChIP-seq experiments under TNF-treated condition to find that 70.4% of the SOX4 peak summits were present within 50bp of a RELA peak summit which we labelled as Group 1. The peaks with SOX4 only or RELA only peaks were labeled as Groups 2 and 3, respectively (Figure 1E, Supplementary Table S5). The TSS profile plots and the read density heatmaps show that while read density for Group 1 peaks with SOX4-RELA co-binding is enriched in SOX4 and RELA ChIP-seq and as expected the Groups 2 and 3 peaks show a higher enrichment around TSS only in either SOX4 or RELA peaks respectively (Figures 1F, G). The genomic tracks for ChiP-seq peaks at representative examples of Groups 1, 2 and 3 further demonstrate the co-binding and differential binding of SOX4 and RELA (Figure 1H). De novo motif search by MEME-ChIP discovered SOX binding motifs as the most frequently identified motif in the SOX4-RELA overlapping peaks, followed by a partial NF-κB as reported for CyclinD1 and Il12β genes (25), SIX2 and SP2 binding motifs. Contrastingly motif analysis of the RELA only peaks did not indicate the enrichment of SOX motifs but were instead enriched with AP-2 and NF-kB binding motifs (Figure 1I). To determine the functional roles of the genes co-bound by SOX4 and RELA, we compiled a list of 600 genes that were assigned to the RELA-SOX4 overlapping peaks. Network analysis by Ingenuity Pathway Analysis (IPA) revealed a potential crosstalk between the SOX4 and NF-κB signaling regulated genes (Supplementary Figure S1A). At the functional level, the SOX4-RELA genes were predicted to regulate pain signaling pathways, xenobiotic stress and tryptophan metabolism, nitric oxide signaling as well as macrophage, fibroblasts, and endothelial cell activities in rheumatoid arthritis (Supplementary Figure S1B).




Figure 1 | SOX4 and RELA interact on the chromatin (A) Immunoprecipitation of nuclear extracts from wildtype FLS treated with or without 10ng/mL TNF for 16 h. Western blot showing lysates and immunoprecipitates detected with the indicated antibodies. (B) Heatmap of the read coverage density (more red means more reads at that location) around the transcription start site (TSS) in wildtype FLS treated with or without TNF. (C) Box plot representation of normalized read counts in of SOX4 and RELA ChIP-seq peaks. ****p-value < 0.0001 (pairwise t-test adjusted by the Benjamini-Hochberg method). (D) Genome wide distribution of SOX4 and RELA ChIP-seq peaks in wildtype FLS treated with or without TNF. (E) Venn diagram showing overlap between SOX4 and RELA ChIP-seq peaks that are located within 50bp of each other. (F) TSS profile plot and (G) Heatmap showing the pattern of binding at the overlapped locations identified by the Venn Diagram in (F). The color bars on the left correspond to Venn Diagram grouping of peaks. (H) Genome tracks of SOX4 and RELA ChIP-seq peaks at the loci of representative examples of Group 1, 2 and 3 genes. (I) Enriched motifs in the RELA-SOX4 overlapping ChIP-seq peaks in TNF-treated FLS.




Table 1 | Conceptual design to study the molecular interactions between RELA and SOXC transcription factors.





SOX4 Regulates the Expression of TNF-Responsive Transcriptome

We next investigated whether SOX4 is required for regulating the global TNF-responsive transcriptome by RNA-seq. We generated SoxC knockout FLS by infecting SoxCfl/fl with Cre recombinase-expressing adenovirus. Their corresponding controls were generated by infection with GFP-expressing adenovirus. We utilized total SoxC knockout background instead of a Sox4 knockout background because the SoxC family genes (Sox4, Sox11 and Sox12) are functionally redundant and possesses a highly identical HMG-box domain allowing them bind to the same SOX-binding sites on DNA (17). Therefore, deletion of Sox4 alone may be compensated for by Sox11 and Sox12. We defined TNF-responsive genes as those that were differentially expressed by ≥ 1.5-fold by TNF treatment in the AdeGFP-SoxCfl/fl FLS. Interestingly, 60% of the TNF-responsive genes remained unchanged or exhibited a reversed regulation in the AdeCre-SoxCfl/fl FLS indicating that the effect of TNF on FLS is significantly altered in the absence of SoxC genes (Figure 2A, Supplementary Figure S2A and Supplementary Table S6). Pathway analysis revealed that that the upregulated TNF-responsive transcriptome which was either SOXC-dependent and independent is predicted to play a role in inflammatory disease pathways, cell migration and tumorigenesis. Interestingly, the downregulated TNF-responsive genes that are SOXC-dependent were predicted to regulate organogenesis and cell survival (Figure 2B). We integrated the differential gene expression data with the ChIP-seq results to find that only a small proportion i.e., 17 of 638 SoxC-dependent TNF-responsive genes were assigned to RELA-SOX4 peaks and 66 genes were assigned to RELA only peaks (Figure 2C). The genes with RELA-SOX4 peaks regulated inflammation mediators such as interleukin-15 (Il15), chromatin remodeling factors such as histone deacetylase 4 (Hdac4), lysine acetyltransferase 6b (Katb6), SET-binding protein 1 (Setbp1) and nuclear receptor coactivator 1 (Ncoa1) and Activating protein-1 (AP-1) signaling components such as mitogen-activated protein kinase 1 (Mapk1/ERK2), mitogen-activated protein kinase 8 (Map3k8/MEKK) and JunB proto-oncogene (Junb/AP-1) (Figure 2D). To understand the clinical significance of the SOXC-dependent TNF-responsive genes we analyzed a published RNA-seq data set from freshly sorted CD45- Podoplanin+ FLS from the synovia from OA and RA patients (26). We found that the expression levels of SOX4, and SOX11 remained unchanged between the highly inflammatory FLS from leukocyte rich RA patients than in OA patient FLS with low level of inflammation. However, the SoxC-dependent TNF-responsive genes were upregulated in the leukocyte rich RA FLS (Supplementary Figure S2). These data suggest that the SOXC/RELA molecular axis may play a critical role in the pathology of highly inflammatory forms of RA.




Figure 2 | Characterization of SOXC-dependent TNF-responsive genes. (A) Pie-chart showing the proportion of SOXC-dependent and SOXC-independent TNF-responsive genes identified from RNA-seq TNF-treated control and SoxC-KO FLS. Cont, Sox4flfl11flfl12flfl FLS infected with GFP adenovirus. SoxC-KO, Sox4flfl11flfl12flfl FLS infected with GFP adenovirus. The number genes upregulated, downregulated or unchanged by TNF treatment of control and SoxC-KO FLS are indicated in the box. (B) IPA pathway analysis of SOXC-dependent and independent TNF-responsive genes. (C) Pie chart showing the number of SOX4-RELA co-binding and RELA only bound genes among the SOXC-dependent TNF-responsive genes. (D) Heatmap of averaged and normalized RPKM values from RNA-seq of control and SoxC-KO FLS. (E, H) Genomic profiles of SOX4 and RELA ChIP-seq peaks. (F, I) Gene expression changes by RNA-seq in control and SoxC-KO FLS upon TNF treatment. (G) Fold-change Il15 and SOX-site mutated Il15 luciferase reporter activity in HEK293 cells transfected with SOX4 or SOX11 expression plasmids and treated with 10ng/mL TNF for 16h. *p-value < 0.05, **p-value < 0.001 by student’s t-test compared to untreated condition. #p-value < 0.05 by student’s t-test compared to SOX4 or SOX11 only conditions.



Using representative examples of SOX4-RELA co-bound genes, such as Il15 and Mapk1 we showed the extent of overlap between RELA and SOX4 peaks (Figure 2E). Their SoxC-dependance was demonstrated by showing that the knockout of SoxC genes prevented their TNF-induced upregulation, whereas the levels of Sox4, Sox11 and Sox12 remained unchanged (Figure 2F and Supplementary Figure S3A). The SoxC-dependent regulation of Il15 (Figure 2G) and Mapk (Supplementary Figure S3B) were additionally demonstrated in a luciferase reporter assay, where SOX4 and SOX11 overexpression in the presence of TNF significantly increased the activity of a luciferase reporter gene encompassing the SOX4-RELA ChIP-seq peak. Mutation of the two SOXC binding sites in the Il15 ChIP-seq peak sequence (position 52: AATCAA to AGATCGA and position 168: AAACAAT to AGACAGT) resulted in a loss of SOXC-dependent activation of the Il15-reporter in the absence and presence of TNF. Similarly, examples of genes assigned to RELA only peaks such as Sequestosome 1 (Sqstm1), a ubiquitin binding protein that plays a role in autophagy and NF-κB inhibitor beta (Nfkbib), critical intermediate in the canonical NF-κB signaling were upregulated by TNF only in the presence of SoxC genes, but the neighboring gene Ccer remained unchanged by TNF or SoxC knockout. Mgatb4 remained unexpressed in the FLS (Figures 2H, I).



TNF Activates a ‘RELA to SOX4 Regulatory Switch’ to Maintain Sox4 and Sox11 Gene Expression

We previously showed that TNF increases SOX4 and SOX11 protein levels, at least in part by protein stabilization without significantly effecting the mRNA levels (14). Here we addressed the additional mechanisms that might contribute to the TNF-mediated regulation of Sox4 and Sox11 expression. In ChIP-seq assays we found that the 3’UTR of Sox4 and Sox11 genes were bound by RELA under basal conditions, suggesting that RELA may function as an upstream regulator of Sox4 and Sox11 expression. Notably, the RELA binding was lost upon TNF-treatment and this loss corresponded with a gain in SOX4 binding to the same genomic region, suggesting a switch from RELA-mediated expression to an autoregulatory mode of expression (Figures 3A, B). We generated luciferase reporter constructs composing the ChIP-seq peak region in the 3’ UTR of Sox4 and Sox11 genes to find that a combination of TNF-treatment and transient over expression of SOX4 was necessary for increasing the reporter activity (Figure 3C). In consistence with our previous results, TNF-treatment did not result in the level of Sox4 or Sox11 expression (Figure 2F), indicating that a switch in RELA to SOX4 binding did not alter the overall gene expression, but rather helped in maintaining a consistent level of gene expression in the presence of inflammation.




Figure 3 | Autoregulatory switch in the Sox4 and Sox11 gene expression. (A, B) Changes in the profiles of SOX4 and RELA ChIP-seq peaks in the Sox4 and Sox11 genomic locus upon TNF treatment. (C) Fold-change Sox4 and Sox11 luciferase reporter activity in HEK293 cells transfected with SOX4 expression plasmids and treated with 10ng/mL TNF for 16h. *p-value < 0.05 by student’s t-test compared to untreated condition.






Discussion

In this study we utilized genome wide ChIP-seq and RNA-seq approaches to show that (1) The SOXC family member, SOX4 interacts with RELA in FLS. (2) The SOX4-RELA interaction is likely fortified by the proximity of SOX4 and RELA binding sites on the chromatin. (3) A significant subset of the TNF-responsive RELA target genes require SoxC genes for their optimal expression. (4) TNF activates an autoregulatory switch, which results in shift from RELA binding to SOX4 binding at the Sox4 and Sox11 regulatory regions.

SoxC genes regulate the expression of TNF target genes via multiple different modes of action (Figure 4); Class-1 includes SOX4-RELA direct target genes that require the binding of both SOX4 and RELA to their regulatory sequences. The Class-2 genes are RELA-direct targets that require only RELA to bind to their regulatory regions, while SOX4 may regulate the expression of one or more of the transcriptional co-factors or upstream regulators of NF-κB signaling. The Class-3 genes are indirect targets of both RELA and SOX4. They are neither bound by RELA or SOX4 and likely use a different transcription factor, whose expression or activity is controlled by RELA and SOX4. The Class-4 genes exhibit regulation via ‘regulatory switch’ in which TNF-induces a switch from RELA to SOX4 binding. The autoregulation of Sox4 and Sox11 is mediated by this regulatory switch.




Figure 4 | Multimodal regulation of gene expression by RELA and SOX4. Illustration of the 4 different classes of SOXC-dependent and TNF-responsive genes and their predicted responses upon SoxC-knockout are indicated. Two representative examples of each class are indicated.



We made an interesting finding that about three quarter of all SOX4 binding events induced by TNF (383 out of 584 peaks), were in proximity of a RELA binding event. However, RNA-seq results showed that most of the SOX4-RELA or RELA binding events did not lead to differential gene expression. This suggests that additional factors or stimuli are needed for their expression. Based on the de novo binding site predictions by MEME-ChIP, we speculate that these additional factors may include SIX2, SP-2 and AP family of transcription factors. The bulk of SOXC-dependent TNF-responsive transcriptome is constituted by Class-3 genes that are the indirect targets of SOX4 and RELA. Only a small subset of (16 out of 638 genes) belong to Class-1 that require RELA-SOX4 co-binding for their differential regulation. None-the-less the Class-1 genes possess the potential to induce drastic changes in the FLS transcriptome. For instance, the downregulation of histone methylation writer, Kat6b and upregulation of histone acetylation eraser, Hdac4 could potentially remodel the chromatin landscape in the FLS. Overexpression of HDAC4 histone deacetylase correlates with decreased production of proinflammatory cytokines in FLS (27) and decreased expression of Runx2, MMP-13 and collagen X in chondrocytes (28). HDAC4 was also found to be downregulated in RA synovium (29), which may explain why inflammatory mediator production is actively amplified in RA.

Similarly, differential expression of AP-1 signaling pathway components including Mapk1 (ERK2), Map3k8 (MEKK8) and Junb (AP1) is also expected to contribute to large-scale cellular and molecular changes. Regarding ERK2, Wang et al. reported that overexpression of this kinase was involved in maintaining cartilage homeostasis through modulating the TGF-β/SMAD axis via reducing the expression of Col2a1, Aggrecan, and Sox9, which are key molecules for cartilage homeostasis (30). The AP-1 subunit, JunB, has been proposed as a negative regulator of proliferation and production of cytokines in fibroblasts (31, 32). Thus, upregulation of Mapk1 and Junb in SoxC-KO FLS could indicate a regulatory role for SOXC in inflammatory arthritis.

Our analysis of published RNA-seq data from freshly isolated FLS from leukocyte rich RA patient synovium and OA patient synovium (26) showed a differential regulation of SOXC and TNF-dependent genes, suggesting that the higher level of inflammation present in leukocyte rich RA activates the SOXC/RELA pathway. However, these data did not allow us to comment on the role of SOXC/RELA axis in OA patient FLS, since normal (non-arthritic) FLS were not included in this study. We previously showed that pro-inflammatory cytokines stabilize the protein level of SOX4 and SOX11 and promote inflammatory gene expression in both OA and RA FLS. Supporting this notion, other studies reported a role for SOX4 in promoting the inflammatory phenotype of both OA and RA FLS (33, 34). Taken together, these suggest that the SOXC/RELA axis is activated by inflammation, irrespective of the disease etiology and may thus contribute to the pathology of both OA and RA.

Studies from breast cancer cells showed that SOX4 is a downstream of Transforming growth factor beta (TGFβ) signaling and that SOX4 expression was required for TGFβ-mediated induction of a subset of SMAD3/SOX4-co-bound genes (35). Here we show that SOX4 is required for the induction of RELA/SOX4 co-bound genes, however these co-bound regions did not contain SMAD binding sites. Studies performed in chondrocytes have shown increased expression of ADAMTS-5 after TNF induction in a SOX4-dependent manner (21, 36). These data therefore put forth a notion that SOX4’s choice of transcriptional partners is highly context dependent.

Autoregulation is a mechanism by which a transcription factor regulates its own expression. It is a common mechanism observed in several developmentally important transcription factors to ensure their abundance and activity is not repressed by other factors (37, 38). Several members of SOX family such as SOX2 and SOX9 (39, 40) that are master regulators of embryonic development exhibit autoregulation. We here show that Sox4 autoregulates its own expression in addition to its group-member Sox11 via binding to a regulatory region in the 3’ UTR. This finding suggests that SOX4 is critical factor in the regulation of inflammatory responses and hence acquired the property of autoregulation. Interestingly, it was reported that single nucleotide polymorphism (SNP) in the untranslated region (UTR) lead to osteoporosis susceptibility, suggesting an important role for the 3’ UTR in the regulation of SOX4 gene expression in other diseases associated with inflammation (41).

A limitation of this study it presents a simplified view of the TNF/SOXC molecular axis. The functionally redundant activities of Sox4, Sox11 and Sox12 in TNF-induced arthritis and the diverse range of stimuli that can potentially activate the canonical NF-κB signaling in the FLS are suggestive of a role for multiple additional co-factors besides SOXC and RELA. The proposed Class 1 to 4 modes of interaction between RELA and SOXC proteins (Figure 4), especially the TNF-induced autoregulatory switch described in Class-4, requires additional follow up studies to completely unravel its biological significance. Another limitation is the lack of investigation on the role of Sox12, the third member of the SoxC gene family. Although SOX12 has the weakest transactivation domain among the SOXC proteins (17) it was shown to play a role in the inflammatory response of T cells (42, 43) and cancer cells (44–46). Thus, it may contribute to the transcriptional regulation of inflammation in the FLS, which needs to be determined in future studies. In addition, future investigations using a variety of in vivo arthritis models are required to further delineate the molecular and functional interactions of SOXC and RELA proteins during synovial inflammation.

In conclusion, we uncovered the molecular mechanism by which SoxC genes regulate the inflammatory responses in the FLS at the genomic level. Our data will serve as a resource for studies on RELA and SOX4 target genes in the FLS arthritic diseases. Together with our previous findings, we demonstrate a role of TNF/SOXC molecular axis in FLS during arthritis and suggest its role in the inflammatory pathology of other cell types where SOXC proteins play a vital role.
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Purpose

Synovial inflammation in knee osteoarthritis (OA) causes disorganized synovial angiogenesis and complement activation in synovial fluid, but links between complement and synovial microvascular pathology have not been established. Since complement causes vascular pathology in other diseases and since sex-differences exist in complement activation and in OA, we investigated sex differences in synovial fluid complement factors, synovial tissue vascular pathology, and associations between complement and synovial vascular pathology in patients with late-stage knee OA.



Methods

Patients with symptomatic, late-stage radiographic knee OA undergoing total knee arthroplasty or high tibial osteotomy provided matched synovial fluid and tissue biopsies during surgery. Complement factors (C2, C5, adipsin, MBL, and CFI) and terminal complement complex (sC5b-C9) were measured in synovial fluid by multiplex or enzyme-linked immunosorbent assay, respectively. Features of synovial vascular pathology (vascularization, perivascular edema, and vasculopathy) were assessed by histopathology. Multivariate linear regression models were used to assess associations between synovial fluid complement factors and histopathological features of vascular pathology, with adjustment for age, sex, body mass index, and sex interaction. Sex-disaggregated comparisons were completed.



Results

Synovial fluid biomarker and histopathology data were included from 97 patients. Most synovial fluid complement factors and synovial tissue histopathological features were similar between sexes. Synovial fluid C5 trended to lower levels in males (-20.93 ng/mL [95%CI -42.08, 0.23] p=0.05). Median vasculopathy scores (0.42 [95%CI 0.07, 0.77] p=0.02) were higher in males. In the full cohort, C5 concentration was associated with lower vascularization scores (-0.005 [95%CI -0.010, -0.0001] p=0.04) while accounting for sex*C5 interaction. In sex-disaggregated analyses, increased C5 concentration was associated with lower vascularization scores (-0.005 [95%CI –0.009, -0.0001] p=0.04) in male patients, but not in female patients. Males had higher sC5b-C9 compared to females. Additionally, males with high C5 had a higher synovial fluid concentration of sC5b-C9 compared to males with low C5. No differences were found in females.



Conclusion

Higher synovial fluid C5 levels were associated with increased complement activation and decreased synovial vascularization in males but not in females with OA. Future studies should test whether synovial fluid complement activation suppresses synovial angiogenesis and identify mechanisms accounting for C5-related sex-differences in synovial fluid complement activation in patients with knee OA.





Keywords: complement, synovium, osteoarthritis, sex-differences, inflammation, histopathology, vascularization



1 Introduction

Synovial inflammation in knee osteoarthritis (OA) causes disorganized synovial angiogenesis and complement activation in synovial fluid, but links between complement and synovial microvascular pathology have not been established. The formation of new blood vessels by angiogenesis is stimulated during wound healing and dysregulated by chronic inflammation (1). In knee OA, chronic synovial inflammation (synovitis) is associated with increased joint pain and disease progression (2). Synovitis disrupts the homeostatic roles of synovial tissue including synovial fluid production (3), nourishing articular cartilage (3), clearance of tissue turnover products (3), and joint tissue regeneration (4). Synovial vascular pathology in OA demonstrates angiogenesis (vascularization) (5), thick-walled microvessels (vasculopathy) (6), and perivascular edema (7). The mechanisms driving synovial angiogenesis in knee OA are not well understood (5, 8). Scanzello et al. proposed that synovitis in OA resembles a chronic wound, where disorganized angiogenesis may be a sign of attempted wound healing (9). We considered that complement may be associated with synovial vascular pathology in this study since complement-driven inflammation also disturbs wound healing, including regulation of angiogenic processes (10).

Inflammation in OA primarily involves components of the innate immune system, including activation of the complement cascade (11, 12). Complement activation occurs through three activation pathways (alternative, classical, and lectin), which ultimately converge in a terminal effector pathway (10). Downstream inflammatory effects of complement activation include increased blood vessel permeability (13), histamine release from mast cells (13), smooth muscle contraction (14), synthesis of angiogenic factors (15, 16), regulation of apoptosis, and release of chemoattractants by immune cells (13, 17), all of which may exacerbate synovial inflammation within the knee joint.

Wang et al. reported that the synovium and synovial fluid of knee OA patients have higher gene expression of complement effectors and lower complement inhibitors compared to healthy individuals (18). Knockout of common and alternative complement pathway components also protected against the development of structural joint damage in multiple rodent models of knee OA, but synovial vascular outcomes were not assessed. To our knowledge, there are presently no published studies investigating relationships between complement and synovial vascular pathology in knee OA.

Female sex is a major OA risk factor (19). Females are 1.4 times more likely than males to be diagnosed with OA after age 65 (20), suffer from more severe symptoms (21), and have lower responses to current therapies than males (22). Interestingly, sex-differences in complement activation have also been identified. For example, serum samples from healthy females demonstrated lower alternative pathway activation and lower common/terminal pathway and mannose-binding lectin components compared to males (23). Accordingly, it is recommended that the effects of sex be evaluated in studies investigating complement-associated pathologies. Considering the well-recognized sex-differences in both knee OA epidemiology and complement activation, our objectives were to investigate sex differences in complement factors in synovial fluid, synovial tissue vascular pathology, and associations between complement factors and vascular pathology in patients with late-stage knee OA.



2 Methods


2.1 Study Participants

Participants were recruited from the Western Ontario Registry for Early Osteoarthritis (WOREO) Knee Study, a prospective cohort designed to investigate clinical, biomechanical, and pathophysiological features of inflammation in patients with knee OA. The present study included 97 consecutively recruited patients with symptomatic, late-stage knee OA. Eligibility criteria included patients with Kellgren-Lawrence (KL) grades of 3 or 4 (24), frequent knee pain, and compromised function indicating surgical management by total knee arthroplasty or high tibial osteotomy. Patients without synovial histopathology and synovial fluid data were excluded. One patient reported currently taking hormone replacement therapy. A sample of n=85 was required to detect a Cohen’s f2 of 0.15 (moderate effect size) with 80% power and an α = 0.05, indicating we were adequately powered for our primary analysis with the total cohort (n=97) (25). Knee radiographs were acquired at study enrollment. Participants provided written, informed consent and the study was approved by Western University’s Research Ethics Board for Health Sciences Research Involving Human Subjects (HSREB #109255). Demographic measures including age, sex, and body mass index (BMI) were collected. Patient-reported pain in the target (study) knee was measured using the Knee Osteoarthritis Outcome Score (KOOS) pain subscale, normalized to 100%, where 100 corresponds to no pain and 0 to the worst pain possible.



2.2 Synovial Fluid Collection and Complement Concentrations in Synovial Fluid

At the time of surgery, prior to knee joint arthrotomy, synovial fluid was aspirated to avoid contamination by blood. Synovial fluid samples were then centrifuged at 2800g and at 4°C for 15 minutes. Supernatants were aliquoted into cryovials for storage at -80°C until use. Synovial fluid samples with sufficient volume and minimal blood contamination were selected for multiplex analysis. Samples were treated with hyaluronidase (1 µg/mL) prior to assay with the Human Complement-2, Milliplex Multiplex Assay using Luminex (Millipore, USA), performed commercially at Eve Technologies, Calgary, AB, Canada, to measure the concentration of complement factors C5, C2, CFI, adipsin (factor D), and MBL (mannose-binding lectin) (ng/mL). We excluded the short-lived, unstable intermediates C4b and C5a in these in vivo samples as we did not use protease inhibitors at the time of synovial fluid processing and this assay does not measure the more stable glycosylated (des Arg) metabolite.



2.3 Synovial Fluid Concentrations of Terminal Complement Complex (sC5b-C9)

To assess levels of a stable complement activation product and ensure that lower C5 levels were not due to consumption due to rapid C5 cleavage/activation, synovial fluid samples from a subset of patients that had adequate synovial fluid volume were treated with hyaluronidase prior to measuring terminal complement complex (sC5b-C9) using an enzyme-linked immunosorbent assay (ELISA) kit according to manufacturer’s protocol (Svar Life Science, Malmö, Sweden). We included samples from 16 male and 16 females patients, with n = 8 per quartile (highest/lowest) of C5 concentration. Absorbance reading at 620 nm (reference) was subtracted from the absorbance reading at 450 nm. Amount of sC5b-C9 (ng/mL) present in each sample was interpolated using a standard curve.



2.4 Synovial Tissue Histopathology

To standardize the location of tissue collection, all synovial tissue biopsies were obtained from the lateral suprapatellar recess at the time of surgery. After overnight fixation in 4% paraformaldehyde, synovial tissue samples were processed, and paraffin embedded. Serial sections (5 µm thickness) were mounted on glass slides, stained with hematoxylin and eosin, and 5 high powered fields (hpf) per patient at least 100µm apart were assessed. Six histopathological features were graded as described previously (7): perivascular edema, fibrosis, sub-synovial infiltrate, surface fibrin deposition, synovial lining thickness, and vascularization. A seventh feature, vasculopathy, was graded according to the number of thick-walled vessels (lumen diameter is smaller than vessel wall thickness) per high powered field (hpf) and was adapted from Philosophe et al. (2014) (26). Our primary analysis focused on measures of vascular pathology. Vascularization and perivascular edema were graded 0-3 (none-severe) (7). Vasculopathy was graded 0-3 as follows: Grade 0 = no thick-walled vessels per hpf; Grade 1 = <1/3 thick-walled vessels per hpf; Grade 2 = 1/3-2/3 thick-walled vessels per hpf; Grade 3 = >2/3 thick-walled vessels per hpf. The mean and median grades of all hpf per patient were calculated for each histopathological feature.



2.5 Synovial Tissue Immunofluorescence

To assess classical pathway activation in synovial tissue, we performed immunofluorescent detection for C1q. Slides were heated at 62°C for 30 minutes, cooled to room temperature, and then deparaffinized and rehydrated. For antigen retrieval, sections were immersed in 70°C Tris buffer (10 mM Tris, 1 mM EDTA, 10% glycerol pH 9) and allowed to cool to below 30°C. Sections were permeabilized by incubation in 0.2% Triton-X in 1x PBS for 10 minutes. Slides were rinsed with 1X phosphate buffered saline (PBS) and blocked with 5% bovine serum albumin blocking solution (1x PBS, 5.0% BSA, 0.1% Triton-X). Samples were incubated overnight at 4°C with anti-human C1q (1:100; ab268120; Abcam, Cambridge, UK). We included negative (no primary antibody) control sections. Goat anti-mouse conjugated to Alexa Fluor-647 (1:500; Jackson ImmunoResearch Laboratories) in 1X PBS was added to the slides for an hour at room temperature. Slides were mounted with Molecular Probes Prolong Gold Antifade Mountant with DAPI (Fisher Scientific, P36931).

Slides were imaged at 40X using a Leica Aperio VERSA 8 microscope scanner located at Molecular Pathology Core Facility, Robart’s Research Institute. Immunofluorescence images were analyzed quantitatively using QuPath (v0.3.1) (27) pixel classifier tools to measure percent positive cells for C1q.



2.6 Statistical Analyses

All analyses were done using Graphpad Prism 8 (GraphPad Software, San Diego, California USA) or Stata IC/15.1 (StataCorp LLC, College Station, TX, USA).


2.6.1 Descriptive Statistics

Descriptive statistics for patient’s demographics and clinical characteristics were calculated as mean +/- standard deviation (range) and frequency (percentage of total) for continuous and categorical variables, respectively. Two-tailed independent student’s t-tests were used to compare age, BMI, and KOOS pain between sexes. A Fisher’s Exact test was used to compare proportions of KL grades between sexes. Statistical significance was set at p<0.05.



2.6.2 Sex-Based Analyses

Unpaired, two-tailed t-tests (or Mann-Whitney U tests in case of non-normally distributed data as assessed using QQ plots) were conducted to assess differences in synovial fluid complement concentrations between sexes. Measures were reported as the difference in mean concentrations +/- 95% confidence intervals. To assess for relationships between synovial fluid levels of C5 and other measured complement components, we fitted a series of sex-disaggregated multivariate linear regression models with adjustment for age and BMI. Results were reported as unstandardized beta coefficients +/- 95% confidence intervals.

To assess sex-differences in complement activation, we used an unpaired, two-tailed t-test to test if terminal complement complex (sC5b-C9) was different between males and females. To determine if C5 concentration was indicative of complement activation, a two-way ANOVA with Tukey’s post-hoc test was used to assess differences in synovial fluid sC5b-C9 (complement activation product) between patients from the highest and lowest quartiles of synovial fluid C5 levels for both sexes. Results were reported as mean difference +/- 95% confidence intervals.

To assess sex-differences in classical pathway activation, we used an unpaired, two-tailed t-test to measure any differences in percent positive synovial lining cells for C1q in males and females. To identify whether synovial lining C1q was indicative of complement activation, a two-way ANOVA with Tukey’s post-hoc test was used to assess differences in percent positivity of synovial lining cells for C1q between patients from the highest and lowest quartiles of synovial fluid C5 levels for both sexes. Results were reported as mean difference +/- 95% confidence intervals.



2.6.3 Multivariate Linear Regression

A series of multivariate linear regression models were fitted to test the association between median synovial vascular pathology scores (predictor) and synovial fluid C5 concentration (outcome) while adjusting for age, sex, and BMI. To test whether the relationship between C5 and vascular pathology depended on sex, we included sex by C5 concentration interaction terms. As recommended by SAGER guidelines (28), sex-disaggregated analyses were then performed and the estimated marginal means and their respective 95% confidence intervals for C5 concentration and vascularization were reported separately for male and female sex. Unstandardized beta coefficients were reported in the regression model tables to represent change per 1 unit (ng/mL) increase in C5 concentration. To aid interpretation, we also reported the unstandardized beta coefficients per 100 units (ng/mL) increase in C5 concentration (Results text and Figure). Data were linear with normally distributed and homoscedastic residuals. Variance inflation factor (VIF) was used to assess multicollinearity, and all variables had a VIF of < 5.





3 Results

A total of 126 patients with late-stage knee OA were screened for eligibility. Four (3.17%) were excluded because they did not have synovial biopsies available. Twenty-four (19.05%) were excluded due to having inadequate synovial fluid volumes (18; 14.29%) or blood contamination (6; 4.76%). One (0.79%) patient was excluded due to low bead counts during the multiplex assay. Therefore, a total of 97 patients with complete synovial fluid biomarker and histopathology data were included in this analysis. Demographics and clinical characteristics for the cohort are presented in Table 1. Male and female participants had similar mean and ranges of age, BMI, radiographic knee OA grade, and KOOS pain score.


Table 1 | Demographic and clinical characteristics of participants (n=97).




3.1 Synovial Fluid Complement Factors

Synovial fluid concentrations of complement factors are reported for the total cohort and separated by sex in Table 2. The mean synovial fluid C5 concentration of the cohort was 268.96 ng/mL. Males trended toward lower synovial fluid C5 levels (-20.93 [95%CI -42.08, 0.23]) compared to females (Table 2; Figure 1). No clear sex differences were found in synovial fluid levels of adipsin (factor D), C2, CFI, or MBL.


Table 2 | Synovial fluid complement concentrations: total cohort and disaggregated by sex.






Figure 1 | Summary of sex -differences in complement and synovial vascular pathology. Data shown include means ± 95%CI and mean differences between sexes for (A) synovial fluid C5 concentrations (ng/mL), (B) median vasculopathy score, (C) median vascularization score, and (D) median synovial lining thickness score. Vascular pathologies were scored on a scale of 0 to 3 (none-severe). *P-value <0.05.





3.2 Sex-Specific Associations Between C5 and Other Complement Factors in Synovial Fluid

In males, there was no evidence of associations between C5 and other complement factors C2, MBL, CFI, and adipsin (Table 3). In females, synovial fluid concentrations of C5 and C2 were positively associated (0.25 [95%CI 0.06 to 0.45]) (Table 3). No other complement factors were associated with C5 in females.


Table 3 | Multivariate linear regression model estimates for C5 concentration with synovial fluid C2, MBL, adipsin, CFI concentration (ng/mL).





3.3 Sex-Differences in Synovial Vascular Pathology

The average of the median synovial histopathology scores of the total cohort, as well as the averages separated by sex, are shown in Table 4. Males had higher median vasculopathy score (0.42 [95%CI 0.07, 0.77]) compared to females, and demonstrated trends toward higher median vascularization (0.32 [95%CI -0.07, 0.70)] and lining thickness scores (0.22 [95%CI -0.07, 0.51]); however, the latter estimates lacked precision (Figure 1). No clear sex differences were detected between sexes for median perivascular edema, infiltrate, fibrosis, or fibrin deposition scores.


Table 4 | Median synovial vascularization: total cohort and disaggregated by sex.





3.4 Synovial Fluid C5 Concentration is Associated with Synovial Tissue Vascularization in Males

Multivariate linear regression showed that synovial fluid C5 concentrations were inversely associated with median synovial vascularization, while adjusting for age, sex, and BMI (-0.003 [95%CI -0.006, 0.001]; Supplementary Table 1); however, the 95% confidence intervals included 0. As recommended by SAGER guidelines and the complement literature, we then assessed potential sex differences by fitting models including a sex by C5 concentration interaction term (Table 5) and performed sex-disaggregated analyses (Table 6).


Table 5 | Multivariate linear regression model estimates for the association between vascular pathology and C5 synovial fluid concentration, including sex by C5 concentration interaction terms. (n= 97).




Table 6 | Sex-disaggregated multivariate linear regression model estimates for C5 concentration and vascular pathology.



Sex-specific predictive marginal means graphs are shown in Figure 2 and represent the association between synovial fluid C5 concentration (at 100 ng/mL intervals) and median vascularization scores (at 1-unit intervals). Sex-disaggregated analyses suggest that for every 100ng/mL increase in C5 concentration, there was a 0.5-unit decrease (beta = -0.005 [95%CI, -0.009, -0.0001] per 1 ng/mL change) in median vascularization score in males (Table 6 and Figure 2A). However, there was no evidence of a relationship between C5 concentration and vascularization identified in females (Figure 2B). In males but not females, similar but weaker trends of association were seen between synovial fluid C5 levels and increased synovial tissue perivascular edema and decreased vasculopathy in males; however, the 95%CIs were imprecise (Table 6). Representative synovial histopathology images for both sexes from the highest/lowest synovial fluid C5 quartile groups are shown in Figure 2C; lower vascularization was observed in males in the highest C5 quartile, but similar vascularization between highest and lowest C5 quartiles in females.




Figure 2 | Marginal effects for the association between synovial fluid C5 levels and median synovial vascularization by sex and representative synovial histopathology. Data shown are estimated marginal means ± 95% CIs for median vascularization score (0-3; none-severe) at C5 concentration (ng/mL) of 100, 200, 300, and 400 ng/mL by (A) male and (B) female sex. Histopathological images of synovium stained with hematoxylin and eosin, representing the C5 and vascularization trend in (C) males, and lack of trend in (D) females. (C) shows synovium from a male with low C5 concentration and high vascularization and from a male with high C5 and less vascularization (arrows). Scale bar 50 µm.





3.5 Sex-Differences in Synovial Fluid Complement Activation

We compared sC5b-9 levels in synovial fluid between subgroups of male and female patients in the highest and lowest synovial fluid C5 quartiles. Overall, males had higher synovial fluid sC5b-C9 levels (477.70 [95%CI 118.10, 837.30]) compared to females (Figure 3A). Similarly, comparing males and females from the highest synovial fluid C5 quartiles also demonstrated higher sC5b-C9 levels in males (858.5 ng/mL [95%CI 249.60, 1467.00]) than females (Figure 3B). When disaggregated by sex, synovial fluid sC5b-C9 concentrations were higher in males with high synovial fluid C5 (678.6 ng/mL [95%CI 69.73, 1287.00]) compared to males with low synovial fluid C5 concentrations (Figure 3B). In contrast, similar levels of synovial fluid sC5b-C9 were measured in females regardless of synovial fluid C5 levels.




Figure 3 | Synovial fluid terminal complement complex sC5b-C9 levels and synovial lining C1q grouped by sex and synovial fluid C5 quartile. Data shown are mean sC5b-C9 concentrations (ng/mL) ± 95% CIs for (A) Male (n=16) and Female (n=16). (B) Represents sub-groups of males with low synovial fluid C5 concentrations (n= 8), males with high synovial fluid C5 concentrations (n= 8), females with low synovial fluid C5 concentrations (n= 8), and females with high synovial fluid C5 concentrations (n= 8). (C) Shows mean percent positive synovial lining cells for C1q ± 95% CIs for males (n=16) and females (n=16). (D) Shows the percent positive synovial lining cells for C1q of patients from the highest and lowest quartiles of synovial fluid C5 levels for both sexes. *P-value <0.05; **P-value <0.005 for between-group comparisons of synovial fluid sC5b-C9 concentrations.



To determine if classical complement pathway activation might differ between sexes, we measured C1q deposition in synovial lining. However, no differences between sexes, regardless of synovial fluid C5 level, were identified (Figures 3C, D).




4 Discussion

Complement factor expression in joint tissues is associated with synovitis (18, 29), worse pain (30), and disease progression (27, 31). Genetic and pharmacologic inhibition of complement in mouse models of OA have shown protective effects against structural joint damage (18). Although complement activation is associated with vascular pathology in diseases such as retinopathy (32–34), no such associations have been determined for OA. Further, well-recognized sex-differences exist in complement activation (23) and OA outcomes (21, 35). In this study, we investigated whether complement levels are related to synovial vascular pathology, and whether sex-differences may interact with this relationship. We focused on late-stage knee OA where vascular pathology is likely greatest and matched synovial fluids and tissues are readily available. Our primary analysis included C5 because it is the first factor in the terminal effector pathway and C5 deletion protects against OA development in experimental mouse models (18), suggesting that higher C5 levels may be associated with worse OA outcomes. We found that males with higher total C5 complement have reduced synovial vascularization, but this association does not occur in females. Interestingly, males with higher synovial fluid C5 had increased terminal complement activation in synovial fluid, whereas higher C5 levels did not correspond to higher terminal complement activation in females. These findings raise some interesting questions that require further investigation.

Total C5 complement was inversely associated with vascularization, raising the hypothesis that complement signaling might inhibit synovial vascularization in OA. However, due to our cross-sectional design, we cannot confirm any causal mechanistic relationship. Indeed, the null hypothesis would indicate that the association is an epiphenomenon where pathophysiological OA conditions that lead to greater C5 levels and terminal complement activation in males also have an inhibitory effect on synovial vascularization through a mechanism independent of complement. Notwithstanding, current knowledge from other diseases suggests that an epiphenomenon is less likely, since complement signaling regulates pathological angiogenesis in multiple diseases involving chronic inflammation. Our work therefore indicates that prospective interventional studies should be completed to test potential inhibitory effects of C5 activation on vascular pathology. If complement inhibits synovial vascularization, this has important implications for joint healing in knee OA. In particular, the synovium is critical to restore and maintain joint homeostasis and impairment of normal wound healing processes by interfering with synovial angiogenesis is one potential mechanism through which complement may lead to worse knee OA outcomes.

Previous studies have suggested that complement may be activated by numerous proteases secreted into the OA joint environment (18). Since multiple complement pathways converge on C5 to generate C5a and C5b activation fragments, which in turn activate C5a receptors and the terminal effector pathway (sC5b-9) respectively, synovial fluid total C5 levels therefore serve as a useful proxy indicator of the potential for complement activation in OA joints. Accordingly, we focused our primary analyses on C5 levels in synovial fluid and confirmed that higher levels of C5 in males are associated with higher sC5b-9, indicating greater complement activation. Further, continuous physiologic turnover of parent complement factors such as C5 in vivo leads to the generation of activation fragments that are proportional to the level of the parent factor in healthy and disease states. However, in some diseases such as in systemic lupus erythematosus, very rapid activation may exceed the rate of synthesis leading to consumption of the parent factor. Even though excessive complement activation to the point of consumption is very unlikely in OA, we conducted secondary analyses in sub-groups of patients with high or low total C5 levels and confirmed this is not the case. These secondary analyses were therefore critical in allowing us to determine that the inverse relationship between total C5 levels and synovial vascularization suggests the hypothesis that an anti-angiogenic role for complement may exist in males with knee OA, rather than a pro-angiogenic role.

Numerous studies have reported pro- or anti-angiogenic roles of complement signaling. Importantly, disease context and the pathological cell types involved may influence the divergent roles of complement (11). If we interpret our findings using the concept that OA resembles a chronic wound as proposed by others (9), OA-related angiogenesis may be driven by pro-angiogenic wound healing mechanisms that go awry due to innate-driven chronic inflammation interrupting normal healing (36). Indeed, some complement factors such as C1q may promote canonical angiogenesis in healthy and wounded tissue (37), whereas components of the C5-C5a axis may exert pro-angiogenic effects in healthy contexts but disrupt angiogenic processes in chronic wounds. Considering our findings of an inverse association between C5 complement and vascularization in males with OA, innate inflammation mechanisms including complement may interfere with wound healing-related angiogenesis. For example, in a model of experimental wound healing, mice deficient in C3, C5, and C5aR1 had better cutaneous wound healing compared to wild-type mice (38). This study also found that C5a-mediated immune cell activation delayed wound healing and angiogenesis (11, 38). Further, in a surgical model of post-traumatic knee OA, mice with C5-deficiency had less cartilage degradation and had lower expression of pro-inflammatory mediators compared to mice with normal C5 (18), although synovial vascularization was not assessed. Notably, all of these studies were completed using male mice. Considering our data in context with these findings, pathological complement activation may lead to increased inflammation and derangements in angiogenesis, with important implications in OA pathogenesis and synovial vascular pathology. Although complement activation can influence inflammatory processes such as immune cell recruitment, activation, metabolism, apoptosis, and interactions with the adaptive immune system (39), we did not identify any relationships between synovial fluid complement levels and other inflammatory features of synovial histopathology (e.g., lining thickening, immune infiltrate, fibrin deposition). However, we cannot rule out complement-related changes in inflammatory mediators such as cytokines or inflammatory cell function, as these were not measured in this study. Future studies investigating how complement activation directly affects synovial vascular pathology and how this may impact clinical outcomes in knee OA patients is warranted, and such studies should investigate sex differences.

Our sex-specific analyses suggest that complement activation may play more of a role in synovial vascular pathology mechanisms in males than it does in females with knee OA (Figure 4). Males with higher C5 levels had higher levels of complement activation (sC5b-C9) compared to males with lower C5 levels and compared to females with high C5 levels. This suggested that females with knee OA do not activate terminal complement as effectively as males do, regardless of the level of C5 present in synovial fluid. Sex-specific regulation of synovial fluid complement activation at the level of C5 or subsequent steps in the cascade may be important in knee OA pathophysiology. Females with knee OA appear to have a reduced ability to activate complement and/or convert C5b intermediate to sC5b-C9 in synovial fluid. This finding corroborates previous studies demonstrating lower levels of terminal pathway components in the serum of healthy females compared to males (23), which has also been shown in mice (40) but has not previously been demonstrated in synovial fluid. Several candidate mechanisms may mediate sex differences in how complement influences disease processes, which should be explored in future studies. For example, CD59 may be expressed at higher levels in the synovium of female patients, which could prevent the conversion of the MAC complex after cleavage of C5 (41). Sex differences in the inflammatory cell composition and/or function of the synovium might differentially regulate complement activation between sexes or responses to complement signaling. Gaya da Costa et al. also showed that serum levels of C3 and properdin were lower in females compared to males, while the complement activator Factor D (adipsin) levels were significantly higher (23). Although we did not measure C3 levels in this study, we did not find any sex-differences in synovial fluid levels of adipsin, other complement factors, nor the complement inhibitor CFI, in patients with late-stage knee OA. The differences between our study and others are likely due to differences between complement expression in serum vs. synovial fluid since complement factor production by local joint tissues is dysregulated in OA; other differences in cohort demographic factors including age, BMI, or ethnicity may have also played a role. It is also notable that most murine studies are done using male mice alone, without comparative analyses in females, although this trend is starting to improve in the OA research field in recent years. Considering our findings that complement activation was not associated with vascularization in females, comparative analyses in both sexes remains an important gap in the literature and should be considered carefully in future studies, especially those examining complement roles in disease.




Figure 4 | Schematic summary of sex-differences in complement activation and synovial angiogenesis. Knee OA is associated with synovial tissue angiogenesis. In males with knee OA, complement activation was increased and associated with reduced synovial vascularization. In females with knee OA, complement activation was not increased and no association between complement activation and synovial vascularization was detected. Figure created in Biorender.com.



Upstream complement pathway activation was not assessed in this study but may influence downstream events. Synovial fluid levels of C5 trended to be higher in females than in males and were associated with C2 levels in females only. This suggested a potential sex-specific link between C5 levels and classical pathway activation in females, but we found no sex differences in C1q deposition in synovial tissues regardless of synovial fluid C5 levels. However, we cannot rule out a link between C1q and synovial vascularization since C1q has also been linked with angiogenesis through mechanisms that bypass downstream complement activation (37), and our analysis was limited to subgroups of patients based on total C5 level. In addition to playing a role in classical pathway activation (23, 42), mixed reports also suggest a role for C2 in lectin pathway activity. Gaya da Costa et al. did not find any association between C2 concentrations and lectin pathway activity in serum of healthy individuals (24), while a previous study showed that human serum deficient in C2 ablated lectin pathway activity (42). Although our study was focused on downstream effector pathway associations, upstream pathways should be investigated for sex differences in different disease contexts.

Our study is limited to cross-sectional relationships. Although we cannot conclude that causal relationships exist between complement and synovial vascular pathology, our findings raise the novel hypothesis that complement signaling inhibits synovial angiogenesis in knee OA and that sex differences modify these effects. The focus on late-stage knee OA also limits the generalizability of our findings to the context of early knee OA. Future studies should also assess longitudinal relationships since increased vascularization has been shown to be associated with increased KL grade at follow up (7). Nearly 15% of patients were excluded due to insufficient synovial fluid volumes at time of aspiration, which may have influenced our findings, although it remains uncertain whether this would lead to over-estimation, under-estimation, or no effect. Although our sample size was met for the primary analysis, larger samples are needed (e.g., 70-80 per group) to be appropriately powered for the sex-disaggregated analyses. Synovial angiogenesis is a pathological feature in knee OA and associated with worse joint pain yet, it is not known whether disease-related or therapeutic reduction of synovial vascularization would be protective or lead to worse disease outcomes. Given the strong relationship between synovial vascularization and OA symptoms, the effects of reducing synovial angiogenesis on OA outcomes should be investigated.

This is the first study to describe an association between synovial fluid complement C5 levels and synovial tissue microvascular pathology in patients with knee OA. Importantly, we also identified sex differences in this association and in synovial fluid complement activation. Higher synovial fluid C5 levels were associated with greater terminal complement activation and decreased synovial vascularization in males, but neither occurred in female patients. These findings raise the hypothesis that sex differences in synovial fluid complement activation in knee OA may lead to differential effects on synovial microvascular pathology. Prospective studies are required to confirm whether complement directly or indirectly inhibits synovial angiogenesis or is merely an indicator of the inflammatory milieu within the joint. Our findings also serve as a compelling reminder to include sex-disaggregated analyses in OA research.
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Adjusted* B coefficient (95%Cl) p
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-0.002 (-0.007, 0.008) p= 0.42

*Adjusting for age and BMI.

Bold values indicate significance at the 5% level.
Cl, confidence interval: p, p-value.
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Cl, confidence interval; p, p-value; SD, standard deviation.
No scores above grade 1 (mild) were assigned for fibrin deposition.
Mean sex-differences in histopathology scores with 95% CI excluding 0 are in bold.
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HC* HC OA-NP OA-P

Sample number n=6 n=16 n=16 n=14
Mean (SD) age at enrollment (years) 55.5 (11) 68.4 (8) 68.7 (8) 69.3 (8)
Gender (Female) % 50% 50% 50% 57%
Mean (SD) BMI at enroliment (kg/m?) 28(8) 273 32(8) 29 (5)
Median (range) Summed Baseline K/L grade N/A 0(0) 2 (1-6) 2(1-6)
Median (range) Summed Change in K/L grade N/A 0(0) 0(0) 3(1-6)

HC, healthy control; *obtained from Zenbio; OA-P, radiographic knee osteoarthritis progressor; OA-NP, radiographic knee osteoarthritis non-progressor; SD: standard deviation; BMI,
body mass index; K/L grade, Kellgren and Lawrence grade; N/A, not applicable.
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Total Cohort Males (n= 52) Females (n= 45) Difference between

(n=97) mean = SD (range) mean = SD (range) mean = SD (range) Males - Females Mean (95%Cl) p
Adipsin (ng/mL) 10.67 + 2.85 (2.72-18.94) 11.06 + 3.16 (2.72-18.94) 10.22 + 2.40 (3.59-13.91) 0.83(-0.31, 1.98) p= 0.15
C2 (ng/mL) 311.23 + 82.47 (112.61-592.12)  317.20 + 88.33 (112.61-502.12)  304.24 + 75.51 (131.75-445.15) 13.05 (-20.35, 46.45) p= 0.44
C5 (ng/mL) 268.96 + 53.12 (94.80-432.95) 250.25 + 55,59 (94.80-357.25)  280.17 + 48.31 (198.01-432.95) -20.93 (-42.08, 0.23) p= 0.05)
CFI (ng/mL) 73.52 + 26.35 (8.04-140.03) 73.79 + 27.84 (8.99-140.03) 73.21 + 24.83 (8.04-116.70) 0.58 (-10.13, 11.29) p= 0.91
MBL* (ng/mL) 28.16 + 20.28 (1.58-122.70) 28.39 + 19.81 (1.58-77.01) 27.91 + 21.08 (4.12-122.70) -1.84 (-6.96, 7.53) p= 0.99

*MBL concentrations were not normally distributed, hence a Mann-Whitney U test measured differences in median MBL concentrations between sexes as opposed to means.
C2, complement component 2; C5, complement component 5; Cl, confidence interval: CF1, complement factor 1; MBL, mannose-binding lectin; p, p-value; SD, standard deviation.
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Total Cohort (n=97)

Age, mean * SD (range) 67.20 + 8.53
(44-85)
BMI, mean =+ SD (range) 32.60 + 5.64
(21.10-47.18)
KL Grade, frequency (%)
3 40 (41.24)
4 57 (58.76)
KOOS Pain Score, mean + SD (range) 47.20 £ 16.42
(0-89)

Males (n=52)

67.39 + 8.79
(44-85)

31.93 + 4.61

(24.20-47.18)

22 (42.31)
30 (57.69)
4869 + 14.87
(17-89)

Females (n=45)

66.98 + 8.31
(53-82)
33.38 + 6.61
(21.10-45.60)

18 (40.00)
27 (60.00)
45.47 + 18.07
(0-83)

Difference between
Males - Females Mean (95%Cl) p

0.41 (-3.06, 3.87)
p=082
-1.45 (-3.72, 0.83)
p=021

0.02 (-0.18, 0.22)
p=084
3.23 (-3.41,9.87)
p=0.34

BMI, body mass index; Cl, confidence interval; KL, Kellgren-Lawrence; KOOS, Knee Injury and Osteoarthritis Outcomes Score; MBL, Mannose-binding lectin; p, p-value;

SD, standard deviation.
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Step1: ChIP-seq to identify TNF-induced DNA binding of SOX4 & RELA

Wild-type mouse FLS treated w or w/o TNF

SOX4 antibody RELA/p65 antibody

Identification of SOX4-RELA co-binding and independent
DNA binding events

Step 2: RNA-seq to identify the SOXC and TNF-induced transcriptome

Sox4"" 11" 12" mouse FLS

AdeCMV5eGFP (control) AdeCMV5-Cre (SoxC-knockout)

w TNF and w/o TNF w TNF and w/oTNF

Identification of the TNF-responsive SOXC-dependent gene expression

Step 3: Classification of TNF-responsive SOXC-dependent genes based on SOX4 and RELA DNA binding

Integration of ChiP-seq and RNA-seq data

Class-1 Class-2 Class-3 ‘ Class-4

RELA-SOX4 RELA only SOX4 only RELA to SOX4
co-binding binding binding binding switch
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Gene

CTSK (31, 34)
EF1a (28)
MCSF (28, 34)
OCN

OPG (28, 34)
RANK (31)
RANKL (28, 34)
TNFo. (28, 34)

TRAP (31)

Primer Sequences (5- 3)

TTCCCGCAGTAATGACACC
TTTCCCCAGTTTTCTCCCC
AGCGCCGGCTATGCCCCTG
CTGAACCATCCAGGCCAAAT
CCGAGGAGGTGTCGGAGTAC
AATTTGGCACGAGGTCTCCAT
TGAGAGCCCTCACACTCCTC
ACCTTTGCTGGACTCTGCAC
CTGCGCGCTCGTGTTTC
ACAGCTGATGAGAGGTTTCTTCGT
CCTGGACCAACTGTACCTTCCT
ACCGCATCGGATTTCTCTGT
CATCCCATCTGGTTCCCATAA
GCCCAACCCCGATCATG
CCCAGGGACCTCTCTCTAATC
GCTTGAGGGTTTGCTACAACATG
TAGCCGGAAACCATGACCACC
GATGCCCACGCCATTCTCATC

Primer
Concentration
(n)

500 nM
300 nM
300 nM
500 nM
300 nM
300 nM
300 nM

300 nM

500 "M

Annealing
Temperature
(AT)
63°C
60°C
60°C
60°C
60°C
60°C
60°C
60°C

65°C

Amplification (95°C - AT Ampli-con size

- 72°C) (bp)
10s-10s-20s 615
15s-60s-10s 59
10s-10s-15s 100
10s-10s-15s 209
30s-60s-15s 100
10s-10s-15s 67
10s-10s-15s 60
30s-60s-15s 103
10s-10s-15s 446

Forward and reverse primers for quantitative real-time PCR.
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Cell type Cell culture Stimulated with RANKL; MCSF
1 PPFs (negative osteoclastic control) ML -
2 PBMCs (positive osteoclastic control) ML +
3 PBMCs ML =
4 co-culture (PPFs and PBMCs) ML -
5 co-culture (PPFs and PBMCs) * ML +
6 PPFs (negative osteoclastic control) W -
7 PBMCs (positive osteoclastic control) ™w +
8 PBMCs ™w a
9 co-culture (PPFs and PBMCs) W -
10 co-culture (PPFs and PBMCs) * ™ +

*Only performed on dentin chips; ML, monolayer; TW, transwel.
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Patient groups Group A Group B Group C p-values between groups
OA RA without RA with Aand B Band C Aand C
bDMARDs bDMARDs
Total patients (n) 20 12 10 Age (years) 0.0033 0.6628 0.0040
Female patients 75% 75% 100% Height (cm) 0.3658 0.1855 0.9741
(%)
Age (years) 77.4 (74.7- 67.6 (66.5-70.5)  68.2 (46.5-76.0) Body weight/total 0.0023 0.0358 0.5661
81.3) (kg)
Height (cm) 153.3 (149.7- 158.3 (154.3— 153.8 (152.0-  Body weight/F (kg) 0.0087 0.0101 0.8244
160.7) 162.0) 156.7)
Body weight/total 63.5 (55.4- 51.8(47.8-55.4)  59.8 (56.6-63.7) Body weight/M 0.0736 Not Not
(kg) 70.3) (kg) assessed assessed
Body weight/F (kg) 60.9 (52.8- 48.8 (45.4-563.3)  59.8 (56.6-63.7) BMI >24.99 Not Not 0.3929
68.1) assessed assessed
Body weight/M 70.4 (70.2- 60.1 (55.1-63.6) Not applicable  CRP (mg/dl) 01717 0.5942 0.4574
(ka) 75.8)
BMI (kg/m?) 26.1 (24.3- 19.9 (19.5-23.6) ESR (mmv/h) 0.1327 05278 0.4539
28.0)
% of Obesity 65.0% 8.3% 70.0% TC (mg/d)) 0.7958 0.1273 0.0926
CRP (mg/dl) 0.0 (0.0-0.13) 0.1 (0.0-1.6) 0.05 (0.0-0.4)  HDL (mg/d)) 0.9892 0.3053 0.1498
ESR (mmvh) 23.0 (10.8- 27.0(18.5-50.5)  26.5 (6.0-44.0) Disease duration 0.2702
30.3) (years)
C (mg/di) 193.0 (185.8- 197.0 (173.8- 221.5(209.0- % of RF positive 0.2530
224.0) 225.5) 234.0)
HDL (mg/di) 63.0 (57.3—- 62.0 (61.0-76.0)  77.0 (64.0-83.0) % of ACPA 0.1273
73.8) positive
Disease duration 11.7 (6.6-19.2) 16.1(12.0-22.5) % MTX use 0.4003
(years)
% of RF positive 78.6 100 MTX dose (mg/ 0.4205
week)
% of ACPA 71.4 100 % PSL use 1.0000
positive
% MTX use 42,9 66.7 PSL dose (mg/ 0.7277
day)
MTX dose (mg/ 0(0-85) 6.0(0-11.00 TJC 0.0659
week)
% PSL use 28.6 333 SJC 0.8313
PSL dose (mg/ 0(0-2.5) 0(0-4.5) PIGA VAS (cm) 0.8847
day)
TJC .0 (1.0-2.0) 1.0(0-2.0) PhGA VAS (cm) 0.2461
SJC .0(1.0-2.0) .0(1.0-2.0) CRP (mg/dl) 0.0755
PtGA VAS (cm) 6 (2.1-6.9) 0(19-67) SDAl 0.2043
PhGA VAS (cm) 3(1.9-39) 2.0(1.2-3.6)
SDAI 1 1 5 8.0-15.7)  10.7 (6.2-11.3)

Data are presented as medians and interquartile ranges. Statistics between groups were assessed using Mann-Whitney U-tests or Fisher's exact tests. Bold values indicates significance.
OA, osteoarthritis; RA, rheumatoid arthritis; bDMARDs, biological disease-modifying anti-rheumatic drugs (tocilizumab, n = 4; etanercept, n = 3; golimumab, n = 2; sarilumab, n = 1); F,
female; M, male; BMI, body mass index; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; TC, total cholesterol; HDL, high-density lipoprotein; RF, rheumatoid factor; ACPA,
anti-citrullinated protein antibodlies; MTX, methotrexate; PSL, prednisolone; TJC, tender joint count; SJC, swollen joint count; PIGA, patient’s global assessment; VAS, visual analog scale;
PhGA, physician’s global assessment; SDAI, simplified disease activity index.
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IFP sc
CD14**CD80* CD14**CD163* CD14**CD80* CD14**CD163*

OA 9.3 x 10* (7.7 x 10%) 1.1 x 10° (1.1 x 109 3.9 x 10° (4.7 x 109 54 x10° (5.5 x 10°)
N=11 N=4

RA without bDMARDs 3.2 x10* (2.8 x 10 4.4 x 10° (3.3 x 10 4.9 x 10° (4.7 x 109 4.8 x10° (4.6 x 10°)
N=8 N=3

RA with bDMARDs 5.7 x 10* (4.0 x 10% 7.4 x 10* (6.3 x 10%) 672 (76) 1,646 (948)
N=4 N=2

Cell numbers were determined using flow cytometry and are displayed as mean (SD).
IFP, infrapatellar fat pad: SC, subcutaneous fat tissue.
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Collection of samples

Infrapatellar fat pad (IFP) and subcutaneous fat tissue (SC) of patients of
OA and RA were collected tfrom total knee arthroplasty (TKA)

Selection of CD14 positive cells

1. Samples were digested by collagenase and centrifuged to collect
stromal vascular fraction (SVF) in the pellets.

2. SVF were stained with Human CD14 MicroBeads and was performed

magnetic cell separation (MACs) to separate CD14 positive cells

Patella
(Kneecap)

Infrapatellar fat pad
(IFP)

Flow cvtometry analysis (FCM)
CD14 positive cells were labelled

Quantitative real-time
with anti-CD14, CDS0 and CD163 %Ww
antibodies to perform FCM (GRT-PCR) analysis
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The impact of BMI and age in the OA and RA without bDMARDs and RA with bDMARDs groups. The patients were classified into groups with BMI below or over 25 or into age groups
below or over 75 years old. The statistics of CD14-positive cells and the gene expression levels in each group were determined by paired-sample Wilcoxon signed-rank test, while the
statistics for the M1/M2 ratio in each group were determined using Mann-Whitney U-tests. Data are expressed as p-values between subcutaneous fat tissue and infrapatellar fat pad. Data
in bold font indicate significance.





