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Abstract

:

Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by joint inflammation and damage, often associated with an imbalance in M1/M2 macrophages. Elevated levels of anti-inflammatory M2 macrophages have been linked to a therapeutic response in RA. We have previously demonstrated that mesenchymal stem/stromal cell small extracellular vesicles (MSC-sEVs) promote M2 polarization and hypothesized that MSC-sEVs could alleviate RA severity with a concomitant increase in M2 polarization. Here, we treated a mouse model of collagen-induced arthritis (CIA) with MSC-sEVs. Relative to vehicle-treated CIA mice, both low (1 μg) and high (10 μg) doses of MSC-sEVs were similarly efficacious but not as efficacious as Prednisolone, the positive control. MSC-sEV treatment resulted in statistically significant reductions in disease progression rate and disease severity as measured by arthritic index (AI), anti-CII antibodies, IL-6, and C5b-9 plasma levels. There were no statistically significant differences in the treatment outcome between low (1 μg) and high (10 μg) doses of MSC-sEVs. Furthermore, immunohistochemical analysis revealed that concomitant with the therapeutic efficacy, MSC-sEV treatment increased anti-inflammatory M2 macrophages and decreased pro-inflammatory M1 macrophages in the synovium. Consistent with increased M2 macrophages, histopathological examination also revealed reduced inflammation, pannus formation, cartilage damage, bone resorption, and periosteal new bone formation in the MSC-sEV-treated group compared to the vehicle group. These findings suggest that MSC-sEVs are potential biologic disease-modifying antirheumatic drugs (DMARDs) that can help slow or halt RA joint damage and preserve joint function.
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1. Introduction


Rheumatoid arthritis (RA) is a chronic autoimmune disorder marked by persistent synovial inflammation, accompanied by cartilage degradation and bone erosion. These processes culminate in the development of joint deformities and a decline in functional capacities [1,2]. While current treatment strategies to mitigate inflammation and manage symptoms are effective for many patients, many also do not respond well [3,4]. Notably, extended use of a widely used corticosteroid in RA treatment, prednisolone, has been associated with heightened mortality rates [5,6]. Therefore, there is a critical need to develop innovative and safe therapeutic approaches that can effectively target the fundamental mechanisms driving the progression of RA.



In this regard, mesenchymal stromal cells (MSCs) are a highly promising therapeutic tool to address RA, primarily due to their ability to modulate the immune response [7,8]. Although MSCs were initially thought to home injured tissues, engraft, and differentiate into appropriate cell types for tissue repair, they are now thought to exert their therapeutic activity primarily through secreted factors rather than direct differentiation [9,10].



In the investigation of MSC secretion, we were first to report that the therapeutic agent in MSC secretion had a molecular weight larger than 1000 kD [11]. Subsequently, Cammussi and his colleagues referred to this therapeutic agent as “microvesicles”, with a size range of 80–1000 nm [12], while we identified it as “exosomes” with a size range of 100–130 nm [13]. Both microvesicles and exosomes are extracellular vesicles (EVs). In 2017, Cammussi and colleagues further revealed that the smaller ~160 nm fraction, rather than the larger ~215 nm fraction, exhibited the most significant therapeutic potential [14]. Consequently, it is now widely acknowledged that the therapeutic activity of MSCs is primarily mediated by small EVs (sEVs) in the 50–200 nm size range [15]. Importantly, MSC-sEVs have shown therapeutic efficacy comparable to their parental MSCs [12,16,17,18].



MSC-sEVs can be prepared using different sources of MSCs such as bone marrow or adipose and EV enrichment protocols such as ultracentrifugation and size exclusion chromatography. Although most shared a core set of critical quality attributes [19], their proteomes can vary according to differences in MSC sources and preparation methods [20]. To mitigate such variations, we used an immortalized clonal MSC to prepare our MSC-sEV preparations [21]. These MSC-sEV preparations have a diverse proteome with over 200 immunomodulatory proteins and they exhibit a spectrum of immunomodulatory activities such as inhibition of mitogen-activated lymphocyte proliferation, secretion of anti-inflammatory cytokines, promotion of regulatory T cell (Treg) and M2 macrophage polarization, inhibition of C5b9 complement complex formation, and suppression of C5b9-induced NETs and neutrophil secretion of IL-17 [22,23,24,25,26,27,28,29,30,31].



Given the correlation between an enhanced presence of anti-inflammatory M2 macrophages and therapeutic response in RA [32], we postulate that our MSC-sEV preparations with their established efficacy in promoting M2 macrophage polarization [23,31,33] could alleviate the severity of RA. To test this hypothesis, we employed a mouse model of collagen-induced arthritis (CIA), a widely used preclinical model that mimics essential pathological features of human RA [34,35]. Our evaluation involved measuring the Arthritic Index (AI) scores and systemic inflammation levels, examining histopathological changes, and assessing macrophage polarization in both control and treated animals.




2. Materials and Methods


2.1. Culture of MSC and Preparation of MSC-sEV


Immortalized E1-MYC 16.3 human ESC-derived mesenchymal stem cells were cultured in DMEM with 10% fetal calf serum, as previously described [21]. For MSC-sEV preparation, the cells were grown in a chemically defined medium for three days until 80% confluence was reached [13]. The defined medium was made by mixing 480 mL DMEM (31053, Thermo Fisher, Waltham, MA, USA) with 5 mL each of NEAA (11140-050, Thermo Fisher, Waltham, MA, USA), L Glutamine (25030-081, Thermo Fisher, Waltham, MA, USA), Sodium Pyruvate (11360, Thermo Fisher, Waltham, MA, USA) and ITS-X (51500-056, Thermo Fisher, Waltham, MA, USA), as well as 0.5 mL of 2-ME (21985-02, Thermo Fisher, Waltham, MA, USA). Additionally, 0.1 mL of bFGF (0.5 ng/μL 0.2%BSA in PBS (+)) and 0.005 mL of PDGF (100 ng/μL PBS (+)) were added into the mixture, which were obtained separately as follows: bFGF (13256-029, Thermo Fisher, Waltham, MA, USA), Bovine Serum Albumin (BSA, A9647, Sigma-Aldrich, St. Louis, MO, USA), PDGF (100-00 AB CYTOLAB, Karlsruhe, Germany) and PBS(+) (14040-133, Thermo Fisher, Waltham, MA, USA). The conditioned medium (CM) was tangentially flow filtered and then concentrated 50 times using a membrane with a molecular weight cut-off (MWCO) of 100 kDa (Sartorius, Gottingen, Germany). The protein concentration of the MSC-sEV preparation was measured using a Coomassie Plus (Bradford) Assay Kit (ThermoFisher Scientific, Waltham, MA, USA). Only batches of exosomes determined by Nanoparticle tracking analysis on a ZetaView instrument (Particle Matrix GmbH, Dusseldorf, Germany) that met specific parameters, such as 1.46 × 1011 ± 2.43 × 1010 particles per ug protein and particle modal size of 138.62 ± 4.45 nm, were used for this study. Additionally, the sEV preparations were filtered with a 0.22 μm filter (Merck Millipore, Billerica, MA, USA) and determined by Western blot or ELISA to express CD81 and CD73 before being stored in a −80 °C freezer.




2.2. Mice


Fifty-five DBA/1J mice were purchased from Jackson Laboratories (male, 7–9 weeks old) for the CIA experiments, individually examined and housed in five cages of ten mice each, and one cage containing five mice. The mice were placed in quarantine with daily inspections, and were ear-tagged with unique numbers for identification purposes.




2.3. CIA Model


This study was performed by Washington Biotechnology INC, 6200 Seaforth Street Baltimore, MD 21224 under IACUC no: 21-059.11. For making 0.01 M acetic acid, 0.1 mL glacial acetic acid (Cat. A35-500, Thermo Fisher Scientific, Waltham, MA, USA) was dissolved in 160 mL de-ionized water. After that, 20 mg bovine type II collagen (BCII, Cat. 20021, Chondrex, Inc., Woodinville, WA, USA) was solubilized to a concentration of 4 mg/mL in 5 mL 0.01 M acetic acid at 4 °C with constant mixing overnight. On Day 0, the 3 mL BCII was emulsified with 3 mL Complete Freund’s adjuvant (CFA, Cat.7001, lot 200224, Chondrex, Inc., Woodinville, WA, USA, 4 mg/mL Mycobacterium tuberculosis) on an ice bath in six batches, the mice were weighed, and fifty mice were immunized subcutaneously (SC) at the base of the tail with 50 µL of the BCII/CFA emulsion. Five mice were not inoculated and were identified as Naïve control. On Day 21, the 3 mL BCII was again emulsified with 3 mL Incomplete Complete Freund’s adjuvant (ICFA, Cat. F5506, lot SLBT9741, Sigma-Aldrich, St. Louis, MO, USA) on an ice bath in six batches, and the mice were weighed and boosted SC at the base of the tail with 50 µL of the BCII/ICFA emulsion. Between DAY 22–52, the mice were weighed and scored for signs of arthritis daily as defined in Table 1. Each paw was scored, and the sum of all four scores was recorded as the Arthritic Index (AI). The maximum possible AI was 16. On Day 28, the treatment regimen was initiated. Every ten mice upon scoring an average AI of 2.8 were assigned to a treatment group. Treatment was initiated on the day of assignment as per Table 2. After 14 days of therapy, the mice in each group were weighed and scored for signs of arthritis. The mice in each group were anesthetized and exsanguinated into pre-chilled EDTA-treated tubes (Cat. 365974, Becton Dickinson, Franklin Lakes, NJ, USA), respectively. The blood samples were processed to plasma which was stored in six aliquots in labeled Eppendorf tubes at −80 °C. The limbs were individually removed to 10 mL neutral buffered 10% formalin (Cat. 5701, Richard-Allan Scientific, San Diego, CA, USA) and the carcasses were disposed of appropriately.




2.4. Mouse Plasma Anti-CII Antibody and Cytokine Measurement


The plasma aliquots were thawed to room temperature. The samples for Naïve control and the other groups were diluted 1:1000 and 1:50,000, respectively, and then assayed by ELISA for mouse Type II collagen-specific IgG (anti-CII) antibody (Cat. 2036T, Chondrex, Inc., Woodinville, WA, USA). The remaining samples were diluted 1:2 and assayed by ELISA for IL-6 (Cat. M6000B, R&D Systems, Minneapolis, MN, USA), IL-10 (Cat. M1000B, R&D Systems, Minneapolis, MN, USA), IL-17 (Cat. M1700, R&D Systems, Minneapolis, MN, USA), IL-23 (Cat. M2300, R&D Systems, Minneapolis, MN, USA), and C5b-9 (Cat. OKCV01374, Aviva Systems Biology, San Diego, CA, USA). The results were analyzed using Student’s t-test. p values < 0.05 were considered as statistically significant.




2.5. Histological Assessment of CIA


The formalin-preserved limbs were performed for histopathological processing and evaluation. Paws were embedded in paraffin in the frontal plane. Ankles, if left attached to the hind paw, were also embedded in the frontal plane but may have been detached and sectioned in the sagittal plane for special purposes. Sections were cut and stained with toluidine blue. The methods for toluidine bluejoint staining are a modified version of those described by Schmitz [36]. For the evaluation of joints, when scoring paws or ankles from mice with lesions of type II collagen arthritis, severity of changes as well as number of individual joints affected must be considered. When only one to four-digit joints and/or the wrist/carpus or ankle/tarsus are affected, an arbitrary assignment of a maximum score of 0.5, 1, 2, or 3 for the parameters below is given depending on severity of changes as described in Table 3. If more than four-digit joints plus wrist/ankle are involved, the assigned scores are generally 4 or 5 for inflammation and will vary according to the criteria (Table 3) for the other parameters. The inflammatory infiltration in mice with type II collagen arthritis consists of neutrophils and macrophages with smaller numbers of lymphocytes when the lesions are in the acute to subacute phase. Tissue edema and neutrophil exudates within the joint space are common in the acute to subacute phase. As the inflammation progresses to chronic, mononuclear inflammatory cells (monocytes, lymphocytes) predominate and fibroblast proliferation, often with deposition of metachromatic matrix, occurs in synovium and periarticular tissue. Exudate is less common in the joint space. Unless indicated in the comments area, the inflammation type is acute to subacute. DBA mice have an increased incidence of dactylitis and onchyoperiostitis affecting the nail bed and distal phalynx [37]. These lesions were recorded in the comment section but were not included in the inflammation score. The associated parameters were scored according to the indicated criteria in Table 3.




2.6. Immunohistochemistry Staining for CD163


As a marker of M2 macrophages, CD163 was assessed [38] by standard immunohistochemistry (IHC), and CD86 was also assessed as a marker for M1 macrophages [39]. For IHC staining, Immunocal (StatLab #1414) decalcified formalin-fixed, paraffin-embedded (FFPE) mouse paws, staining was conducted on a Leica Bond RX platform using standard chromogenic methods. The sections were cut to 5 μm thickness. For antigen retrieval, slides were incubated with a pH6 Tris-based buffer (CD86) or a pH9 EDTA-based buffer (CD163) for 2 h at 70 °C. Subsequently, a 5-min enzyme block with 3% H2O2 and a 10-min protein block with 1% Casein were conducted at room temperature, followed by a 30-min antibody incubation (CD86—1:400, Cell Signaling rabbit clone E5W6H, # 19589; CD163—1:400, Abcam rabbit clone EPR19518, ab182422) at room temperature. Antibody binding was detected using an HRP-conjugated, anti-rabbit secondary polymer, followed by chromogenic visualization with diaminobenzidine (DAB). A Hematoxylin counterstain was used to visualize nuclei. For quantification analysis of CD163 and CD86, positively stained cells were counted, respectively, in five randomly selected fields in the most severely inflamed joints using a micrometer to delineate an area that was 10 × 100 units at 400× magnification. Two ankle joints at most were counted, then digit joints were counted. Comments were also made about the location of immune-positive cells within the exudate/infiltrate in the joint space and expanded synovial lining/subsynovial tissue. The subsynovial areas of the inflamed synovium, excluding the lining or exudate, exhibited the highest numbers of CD163-positive macrophages. In contrast, normal or near-normal joints showed higher numbers of CD163-positive macrophages in the synovial lining. Therefore, counts were conducted in both areas to highlight the distribution differences between normal and diseased joints.




2.7. Statistical Tests


Statistical analyses were performed using Bonferroni Multiple Comparison Test on GraphPad Prism 6 (GraphPad Software Inc., La Jolla, CA, USA). p values < 0.05 were considered statistically significant. The average value and standard deviation of each group were calculated by the individual animal in the group. A trend or tendency was assumed when a one-tailed t-test returned p values < 0.1. Results were expressed as mean ± SD.





3. Results


3.1. MSC-sEVs Alleviate the Arthritic Index (AI) in a Mouse Model of CIA


The first signs of disease were observed six days after the second immunization with bovine type II collagen (BCII) (Figure 1). As animals developed the disease, they were sorted into treatment groups with an average AI of 2.8 (range of 2–4) prior to the initiation of the dosing regimen (Table 1). For MSC-sEV treatment, each CIA mouse was injected intraperitoneally (IP) with 1 or 10 μg MSC-sEVs, as described in the Materials and Methods (Figure 1, Table 2). Prednisolone, a corticosteroid that is used to treat RA, was administered orally as a positive control [40] (Figure 1, Table 2).



Compared to the naïve (Normal) mice, the induction of CIA caused a significant reduction in body weight (Figure 2). However, there were no significant differences in mean body weight among the Vehicle group, Prednisolone group, and the two MSC-sEV groups during the treatment period (Figure 2).



We assessed disease progression by AI as defined in (Table 1). All CIA animals showed elevated AI with statistically significant differences among the groups (Figure 3). The Vehicle group had an AI of 12.2 after fourteen days. Prednisolone treatment arrested disease progression and reduced disease severity with a significant 95% reduction at fourteen days. MSC-sEVs were less effective than prednisolone in reducing the rate of disease progression and yielded a significant 42–50% reduction in disease severity at fourteen days (Figure 3). The AI was not statistically significant different between 1 and 10 μg doses of MSC-sEVs, indicating that the maximum therapeutic dose was 1 μg MSC-sEVs per mouse.




3.2. MSC-sEVs Decrease Anti-CII, IL-6, and C5b-9 in a Mouse Model of CIA


Additionally, we analyzed the plasma for antibody to mouse Type II collagen (anti-CII), C5b-9, IL-6, IL-17, IL-10, and IL-23 using commercially available ELISA kits. We found that the CIA mice exhibited a significant increase in terminal plasma concentrations of anti-CII, C5b-9, IL-6, and IL-17, relative to the normal mice (Figure 4). In the Prednisolone group, the terminal plasma concentration of IL-6 was significantly reduced by 77% (Figure 4). For the MSC-sEV treated mice, the 1 µg/mouse dose yielded a significant inhibition of terminal plasma IL-6, while the 10 µg/mouse dose yielded a significant inhibition of terminal plasma concentration of anti-CII, IL-6 and C5b-9 (Figure 4). Despite these differences, the average AI scores in both groups of mice were not statistically different.




3.3. MSC-sEVs Reduce the Histopathological Scores in a Mouse Model of CIA


To investigate if the improved AI score in MSC-sEV treated mice (Figure 3) was underpinned by improved histopathological changes, the paws of the 1 µg µg/mouse treatment group (n = 10) analyzed both normal (n = 1) and CIA mice (n = 10) (Figure 5A) and scored for the presence of inflammation, pannus, cartilage damage, bone resorption, and periosteal new bone formation, as defined in Table 3. The MSC-sEV group had statistically significant lower scores than the Vehicle group, namely, reduced paw inflammation (56% reduction), pannus formation (77%), cartilage damage (67%), bone resorption (77%), periosteal bone formation (63%), and summed paw scores (67%) (Figure 5B).




3.4. MSC-sEVs Increase Anti-Inflammatory M2 but Not Pro-Inflammatory M1 Macrophages


We had previously reported that MSC-sEVs preferentially polarized M2 over M1 macrophages [23] through a CD73-mediated AKT phosphorylation pathway [33]. To determine if the efficacy of MSC-sEVs in alleviating the severity of CIA was concomitant with increased M2 macrophage polarization, we assessed the relative abundance of CD163+ M2 and CD86+ M1 macrophages by immunohistochemistry (IHC) staining in paw sections.



In naïve mice, there was no detectable level of CD86+ or CD163+ cells in all layers of the synovium except synovial lining where there was abundant CD163+ cells. In the vehicle group, CD86+ cells were detected in all layers of the synovium, while CD163+ cells were present in the subsynovial tissue but not the synovial lining (Figure 6).



In contrast, both CD86+ and CD163+ staining was detected in all layers of the synovium in MSC-sEV treated mice and they exhibited a trend towards the staining pattern of the naïve mice than the vehicle controls. Relative to the vehicle animals, there was a 90% reduction of CD86+ in the synovium and 70% reduction of CD163+ cells in the subsynovial tissue (Figure 6). Concomitantly, CD163+ cells which were not detected in the synovial lining of vehicle-treated animals were elevated towards the level observed in naïve animals. Together, our data indicated that the relative distribution of CD86+ and CD163+ cells in MSC-sEV treated animals was trending towards the normal baseline distribution observed in naïve animals.





4. Discussion


In this study, we evaluated the therapeutic potential of MSC-sEVs in a mouse model of collagen-induced arthritis (CIA), a widely used preclinical model that mimics key pathological features of human RA [34,35]. Although current treatment strategies of suppressing inflammation and managing symptoms with steroids such as prednisolone are effective, the long-term use of prednisolone is associated with increased mortality [5]. Consistent with its effectiveness, daily oral administration of prednisolone resulted in an immediate arrest of disease progression and a significant reduction in disease severity. IP injection of MSC-sEVs also alleviated disease progression, terminal disease severity, systemic inflammation, and other immune responses associated with arthritis. Generally, MSC-sEV treatment was efficacious in reducing the severity of CIA but was not as effective as prednisolone. Nevertheless, MSC-sEVs could significantly mitigate joint damage and promote tissue repair in the arthritic joints.



Similar to MSCs, which are known to promote M2 macrophage polarization [41,42,43], MSC-sEVs also exhibit the same ability [23,44]. It is crucial for MSC-sEVs to alleviate disease severity in different animal studies, such as hyperoxia-induced lung injury [45], as well as bone and cartilage repair [29,30]. Consistent with our hypothesis that MSC-sEVs could mitigate the severity of RA by enhancing M2 macrophage polarization, we observed that the reduced disease severity in MSC-sEV treatment was concomitant with reduced pro-inflammatory CD86+ cells M1 macrophages in the synovium, and increased CD163+ anti-inflammatory M2 macrophages in the synovial lining.



MSC-sEVs have potential for treating RA due to their unique characteristics and mechanisms of action. They can traverse biological barriers and deliver their cargo directly to inflamed joints, enabling targeted therapy [46]. As RA is a highly complex autoimmune disease, the therapeutic effects of MSC-sEVs in RA are likely to be multifactorial and involve many aspects of the immune system. In addition to macrophages, RA is also associated with the dysregulation of several immune cell types such as Tregs [47,48] and neutrophils [49]. Humoral factors, such as complements, are also complicated in RA pathology [50]. To gain a comprehensive understanding of the immunomodulatory mechanisms underlying the function of MSC-sEVs in the context of CIA, it is essential to explore the intricate interplay between different immune compartments and the diverse immune modulating activities of MSC-sEVs. Previous investigations have revealed that MSC-sEVs can activate TLR4 and elicit an anti-inflammatory response in human and mouse primary monocytes [23]. Additionally, in vitro experiments have demonstrated that these sEVs can promote the polarization of naïve CD4+ T cells into CD4+CD25+Foxp3+ Tregs in the presence of allogeneic CD11c+ APCs [22]. In vivo studies have also shown that MSC-sEVs can augment Tregs in animals with allogenic skin grafts or GVHD [22,23], indicating their potential to induce regulatory cell types in immunologically challenged hosts [23]. Moreover, MSC-sEVs exhibit the capacity to modulate soluble humoral factors and innate immune cells by inhibiting the formation of the terminal complement complex through the presence of CD59 on MSC-sEVs [24]. This inhibition subsequently hinders complement-activated neutrophils, leading to a reduction in NETs and IL-17 both in vitro [27] and in vivo [26]. Additionally, the regenerative potential of MSC-sEVs to repair and restore joint integrity may also contribute to the efficacy of MSC-sEVs in treating RA [51].



In summary, our study’s findings underscore the therapeutic potential of MSC-sEVs in effectively mitigating RA, offering a promising avenue for treatment through immune modulation rather than mere immune suppression.







Author Contributions


Conceptualization, S.K.L. and B.Z.; methodology, B.Z., R.C.L. and W.K.S.; formal analysis, B.Z. and S.K.L.; writing—original draft preparation, B.Z.; writing—review and editing, R.C.L. and S.K.L.; All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by IAF-ICP funding (#I1801E0019, Developing exosomes for Therapy, A*STAR, Singapore) and IAF-PP funding (#H19H6a0026, Translating MSC-sEVs into pharmaceuticals (TEx2Pharm), A*STAR, Singapore.




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of Washington Biotechnology, Inc., Baltimore, MD, USA (Approval No. 21-059.11, 1 December 2021).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are all available in this article.




Acknowledgments


We gratefully acknowledge Andre Choo (BTI) and Jayanthi Padmanabhan (BTI) for the preparation of the conditioned medium and purification of the MSC-sEVs.




Conflicts of Interest


The authors declare no conflict of interest. S.K.L. is a founder director of Paracrine Therapeutics.




References


	



McInnes, I.B.; Schett, G. The pathogenesis of rheumatoid arthritis. N. Engl. J. Med. 2011, 365, 2205–2219. [Google Scholar] [CrossRef]

	



Guo, Q.; Wang, Y.; Xu, D.; Nossent, J.; Pavlos, N.J.; Xu, J. Rheumatoid Arthritis: Pathological Mechanisms and Modern Pharmacologic Therapies. Bone Res. 2018, 6, 15. [Google Scholar] [CrossRef]

	



Smolen, J.S.; Aletaha, D.; McInnes, I.B. Rheumatoid arthritis. Lancet 2016, 388, 2023–2038. [Google Scholar] [CrossRef]

	



Bullock, J.; Rizvi, S.A.A.; Saleh, A.M.; Ahmed, S.S.; Do, D.P.; Ansari, R.A.; Ahmed, J. Rheumatoid Arthritis: A Brief Overview of the Treatment. Med Princ Pract. 2018, 27, 501–507. [Google Scholar] [CrossRef]

	



Chester Wasko, M.; Dasgupta, A.; Ilse Sears, G.; Fries, J.F.; Ward, M.M. Prednisone Use and Risk of Mortality in Patients with Rheumatoid Arthritis: Moderation by Use of Disease-Modifying Antirheumatic Drugs. Arthritis Care Res. 2016, 68, 706–710. [Google Scholar] [CrossRef]

	



del Rincón, I.; Battafarano, D.F.; Restrepo, J.F.; Erikson, J.M.; Escalante, A. Glucocorticoid Dose Thresholds Associated with All-Cause and Cardiovascular Mortality in Rheumatoid Arthritis. Arthritis Rheumatol. 2014, 66, 264–272. [Google Scholar] [CrossRef]

	



Lopez-Santalla, M.; Bueren, J.A.; Garin, M.I. Mesenchymal stem/stromal cell-based therapy for the treatment of rheumatoid arthritis: An update on preclinical studies. eBioMedicine 2021, 69, 103427. [Google Scholar] [CrossRef]

	



Lee, B.W.; Kwok, S.K. Mesenchymal Stem/Stromal Cell-Based Therapies in Systemic Rheumatic Disease: From Challenges to New Approaches for Overcoming Restrictions. Int J Mol Sci. 2023, 24, 10161. [Google Scholar] [CrossRef]

	



Caplan, A.I. Mesenchymal Stem Cells: Time to Change the Name! Stem Cells Transl. Med. 2017, 6, 1445–1451. [Google Scholar] [CrossRef]

	



Caplan, A.I.; Dennis, J.E. Mesenchymal stem cells as trophic mediators. J. Cell. Biochem. 2006, 98, 1076–1084. [Google Scholar] [CrossRef]

	



Timmers, L.; Lim, S.-K.; Arslan, F.; Armstrong, J.S.; Hoefler, I.E.; Doevendans, P.A.; Piek, J.J.; El Oakley, R.M.; Choo, A.; Lee, C.N.; et al. Reduction of myocardial infarct size by human mesenchymal stem cell conditioned medium. Stem Cell Res. 2008, 1, 129–137. [Google Scholar] [CrossRef]

	



Bruno, S.; Grange, C.; Deregibus, M.C.; Calogero, R.A.; Saviozzi, S.; Collino, F.; Morando, L.; Busca, A.; Falda, M.; Bussolati, B.; et al. Mesenchymal stem cell-derived microvesicles protect against acute tubular injury. J. Am. Soc. Nephrol. 2009, 20, 1053–1067. [Google Scholar] [CrossRef]

	



Lai, R.C.; Arslan, F.; Lee, M.M.; Sze, N.S.; Choo, A.; Chen, T.S.; Salto-Tellez, M.; Timmers, L.; Lee, C.N.; El Oakley, R.M.; et al. Exosome secreted by MSC reduces myocardial ischemia/reperfusion injury. Stem Cell Res. 2010, 4, 214–222. [Google Scholar] [CrossRef]

	



Bruno, S.; Tapparo, M.; Collino, F.; Chiabotto, G.; Deregibus, M.C.; Soares Lindoso, R.; Neri, F.; Kholia, S.; Giunti, S.; Wen, S. Renal regenerative potential of different extracellular vesicle populations derived from bone marrow mesenchymal stromal cells. Tissue Eng. Part A 2017, 23, 1262–1273. [Google Scholar] [CrossRef]

	



Gimona, M.; Brizzi, M.F.; Choo, A.B.H.; Dominici, M.; Davidson, S.M.; Grillari, J.; Hermann, D.M.; Hill, A.F.; de Kleijn, D.; Lai, R.C.; et al. Critical considerations for the development of potency tests for therapeutic applications of mesenchymal stromal cell-derived small extracellular vesicles. Cytotherapy 2021, 23, 373–380. [Google Scholar] [CrossRef]

	



Doeppner, T.R.; Herz, J.; Gorgens, A.; Schlechter, J.; Ludwig, A.K.; Radtke, S.; de Miroschedji, K.; Horn, P.A.; Giebel, B.; Hermann, D.M. Extracellular Vesicles Improve Post-Stroke Neuroregeneration and Prevent Postischemic Immunosuppression. Stem Cells Transl. Med. 2015, 4, 1131–1143. [Google Scholar] [CrossRef]

	



Nawaz, M.; Fatima, F.; Vallabhaneni, K.C.; Penfornis, P.; Valadi, H.; Ekstrom, K.; Kholia, S.; Whitt, J.D.; Fernandes, J.D.; Pochampally, R.; et al. Extracellular Vesicles: Evolving Factors in Stem Cell Biology. Stem Cells Int. 2016, 2016, 1073140. [Google Scholar] [CrossRef]

	



Baek, G.; Choi, H.; Kim, Y.; Lee, H.C.; Choi, C. Mesenchymal Stem Cell-Derived Extracellular Vesicles as Therapeutics and as a Drug Delivery Platform. Stem Cells Transl. Med. 2019, 8, 880–886. [Google Scholar] [CrossRef]

	



Witwer, K.W.; Van Balkom, B.W.M.; Bruno, S.; Choo, A.; Dominici, M.; Gimona, M.; Hill, A.F.; De Kleijn, D.; Koh, M.; Lai, R.C.; et al. Defining mesenchymal stromal cell (MSC)-derived small extracellular vesicles for therapeutic applications. J. Extracell. Vesicles 2019, 8, 1609206. [Google Scholar] [CrossRef]

	



van Balkom, B.W.M.; Gremmels, H.; Giebel, B.; Lim, S.K. Proteomic Signature of Mesenchymal Stromal Cell-Derived Small Extracellular Vesicles. Proteomics 2019, 19, 1800163. [Google Scholar] [CrossRef]

	



Chen, T.S.; Arslan, F.; Yin, Y.; Tan, S.S.; Lai, R.C.; Choo, A.B.; Padmanabhan, J.; Lee, C.N.; de Kleijn, D.P.; Lim, S.K. Enabling a robust scalable manufacturing process for therapeutic exosomes through oncogenic immortalization of human ESC-derived MSCs. J. Transl. Med. 2011, 9, 47. [Google Scholar] [CrossRef]

	



Zhang, B.; Yeo, R.W.Y.; Lai, R.C.; Sim, E.W.K.; Chin, K.C.; Lim, S.K. Mesenchymal stromal cell exosome–enhanced regulatory T-cell production through an antigen-presenting cell–mediated pathway. Cytotherapy 2018, 20, 687–696. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, B.; Yin, Y.; Lai, R.C.; Tan, S.S.; Choo, A.B.H.; Lim, S.K. Mesenchymal Stem Cells Secrete Immunologically Active Exosomes. Stem Cells Dev. 2014, 23, 1233–1244. [Google Scholar] [CrossRef]

	



Lai, R.C.; Yeo, R.W.; Tan, S.S.; Zhang, B.; Yin, Y.; Sze, N.S.; Choo, A.; Lim, S.K. Mesenchymal Stem Cell Exosomes: The Future MSC-Based Therapy? In Mesenchymal Stem Cell Therapy; Chase, L., Vemuri, M., Eds.; Humana Press: Totowa, NJ, USA, 2013; pp. 39–62. [Google Scholar]

	



Arslan, F.; Lai, R.C.; Smeets, M.B.; Akeroyd, L.; Choo, A.; Aguor, E.N.; Timmers, L.; van Rijen, H.V.; Doevendans, P.A.; Pasterkamp, G.; et al. Mesenchymal stem cell-derived exosomes increase ATP levels, decrease oxidative stress and activate PI3K/Akt pathway to enhance myocardial viability and prevent adverse remodeling after myocardial ischemia/reperfusion injury. Stem Cell Res. 2013, 10, 301–312. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, B.; Lai, R.C.; Sim, W.K.; Choo, A.B.H.; Lane, E.B.; Lim, S.K. Topical Application of Mesenchymal Stem Cell Exosomes Alleviates the Imiquimod Induced Psoriasis-Like Inflammation. Int. J. Mol. Sci. 2021, 22, 720. [Google Scholar] [CrossRef]

	



Loh, J.T.; Zhang, B.; Teo, J.K.H.; Lai, R.C.; Choo, A.B.H.; Lam, K.-P.; Lim, S.K. Mechanism for the attenuation of neutrophil and complement hyperactivity by MSC exosomes. Cytotherapy 2022, 24, 711–719. [Google Scholar] [CrossRef] [PubMed]

	



Loinard, C.; Ribault, A.; Lhomme, B.; Benderitter, M.; Flamant, S.; Paul, S.; Dubois, V.; Lai, R.C.; Lim, S.K.; Tamarat, R. HuMSC-EV induce monocyte/macrophage mobilization to orchestrate neovascularization in wound healing process following radiation injury. Cell Death Discov. 2023, 9, 38. [Google Scholar] [CrossRef]

	



Zhang, S.; Chuah, S.J.; Lai, R.C.; Hui, J.H.P.; Lim, S.K.; Toh, W.S. MSC exosomes mediate cartilage repair by enhancing proliferation, attenuating apoptosis and modulating immune reactivity. Biomaterials 2018, 156, 16–27. [Google Scholar] [CrossRef]

	



Chuah, S.J.; Yong, C.W.; Teo, K.Y.W.; Chew, J.R.J.; Cheow, Y.A.; Zhang, S.; Wong, R.C.W.; Lim, A.A.T.; Lim, S.K.; Toh, W.S. Mesenchymal stromal cell-derived small extracellular vesicles modulate macrophage polarization and enhance angio-osteogenesis to promote bone healing. Genes Dis. 2022, 9, 841–844. [Google Scholar] [CrossRef]

	



Zhang, B.; Zhang, B.; Lai, R.C.; Sim, W.K.; Lam, K.P.; Lim, S.K. MSC-sEV Treatment Polarizes Pro-Fibrotic M2 Macrophages without Exacerbating Liver Fibrosis in NASH. Int. J. Mol. Sci. 2023, 24, 8092. [Google Scholar] [CrossRef]

	



Tardito, S.; Martinelli, G.; Soldano, S.; Paolino, S.; Pacini, G.; Patane, M.; Alessandri, E.; Smith, V.; Cutolo, M. Macrophage M1/M2 polarization and rheumatoid arthritis: A systematic review. Autoimmun. Rev. 2019, 18, 102397. [Google Scholar] [CrossRef] [PubMed]

	



Teo, K.Y.W.; Zhang, S.; Loh, J.T.; Lai, R.C.; Hey, H.W.D.; Lam, K.P.; Lim, S.K.; Toh, W.S. Mesenchymal Stromal Cell Exosomes Mediate M2-like Macrophage Polarization through CD73/Ecto-5′-Nucleotidase Activity. Pharmaceutics 2023, 15, 1489. [Google Scholar] [CrossRef] [PubMed]

	



Brand, D.D.; Kang, A.H.; Rosloniec, E.F. The mouse model of collagen-induced arthritis. Methods Mol. Med. 2004, 102, 295–312. [Google Scholar] [PubMed]

	



Miyoshi, M.; Liu, S. Collagen-Induced Arthritis Models. Methods Mol. Biol. 2018, 1868, 3–7. [Google Scholar] [PubMed]

	



Schmitz, N.; Laverty, S.; Kraus, V.B.; Aigner, T. Basic methods in histopathology of joint tissues. Osteoarthr. Cartil. 2010, 18 (Suppl. S3), S113–S116. [Google Scholar] [CrossRef]

	



Lories, R.J.; Matthys, P.; de Vlam, K.; Derese, I.; Luyten, F.P. Ankylosing enthesitis, dactylitis, and onychoperiostitis in male DBA/1 mice: A model of psoriatic arthritis. Ann. Rheum. Dis. 2004, 63, 595–598. [Google Scholar] [CrossRef]

	



Roszer, T. Understanding the Mysterious M2 Macrophage through Activation Markers and Effector Mechanisms. Mediat. Inflamm. 2015, 2015, 816460. [Google Scholar] [CrossRef]

	



Fahy, N.; de Vries-van Melle, M.L.; Lehmann, J.; Wei, W.; Grotenhuis, N.; Farrell, E.; van der Kraan, P.M.; Murphy, J.M.; Bastiaansen-Jenniskens, Y.M.; van Osch, G.J. Human osteoarthritic synovium impacts chondrogenic differentiation of mesenchymal stem cells via macrophage polarisation state. Osteoarthr. Cartil. 2014, 22, 1167–1175. [Google Scholar] [CrossRef]

	



Lim, S.S.; Conn, D.L. The use of low-dose prednisone in the management of rheumatoid arthritis. Bull. Rheum. Dis. 2001, 50, 1–4. [Google Scholar]

	



Vasandan, A.B.; Jahnavi, S.; Shashank, C.; Prasad, P.; Kumar, A.; Prasanna, S.J. Human Mesenchymal Stem Cells Program Macrophage Plasticity by Altering Their Metabolic Status Via a Pge(2)-Dependent Mechanism. Sci Rep. 2016, 6, 38308. [Google Scholar] [CrossRef]

	



Luque-Campos, N.; Bustamante-Barrientos, F.A.; Pradenas, C.; García, C.; Araya, M.J.; Bohaud, C.; Contreras-López, R.; Elizondo-Vega, R.; Djouad, F.; Luz-Crawford, P.; et al. The Macrophage Response Is Driven by Mesenchymal Stem Cell-Mediated Metabolic Reprogramming. Front Immunol. 2021, 12, 624746. [Google Scholar] [CrossRef] [PubMed]

	



Selleri, S.; Bifsha, P.; Civini, S.; Pacelli, C.; Dieng, M.M.; Lemieux, W.; Jin, P.; Bazin, R.; Patey, N.; Marincola, F.M.; et al. Human Mesenchymal Stromal Cell-Secreted Lactate Induces M2-Macrophage Differentiation by Metabolic Reprogramming. Oncotarget. 2016, 7, 30193–30210. [Google Scholar] [CrossRef] [PubMed]

	



Du, T.; Ju, G.; Zhou, J.; Zhong, L.; Rong, L.; Chen, W.; Zhang, X.; Zhou, R.; Ding, D.; Ji, T. Microvesicles Derived from Human Umbilical Cord Mesenchyme Promote M2 Macrophage Polarization and Ameliorate Renal Fibrosis Following Partial Nephrectomy Via Hepatocyte Growth Factor. Hum Cell. 2021, 34, 1103–1113. [Google Scholar] [CrossRef] [PubMed]

	



Willis, G.R.; Fernandez-Gonzalez, A.; Anastas, J.; Vitali, S.H.; Liu, X.; Ericsson, M.; Kwong, A.; Mitsialis, S.A.; Kourembanas, S. Mesenchymal Stromal Cell Exosomes Ameliorate Experimental Bronchopulmonary Dysplasia and Restore Lung Function through Macrophage Immunomodulation. Am J Respir Crit Care Med. 2018, 197, 104–116. [Google Scholar] [CrossRef]

	



Harrell, C.R.; Jovicic, N.; Djonov, V.; Arsenijevic, N.; Volarevic, V. Mesenchymal Stem Cell-Derived Exosomes and Other Extracellular Vesicles as New Remedies in the Therapy of Inflammatory Diseases. Cells. 2019, 12, 1605. [Google Scholar] [CrossRef]

	



Morita, T.; Shima, Y.; Wing, J.B.; Sakaguchi, S.; Ogata, A.; Kumanogoh, A. The Proportion of Regulatory T Cells in Patients with Rheumatoid Arthritis: A Meta-Analysis. PLoS ONE 2016, 11, e0162306. [Google Scholar] [CrossRef]

	



Oh, S.; Rankin, A.L.; Caton, A.J. CD4+CD25+ regulatory T cells in autoimmune arthritis. Immunol. Rev. 2010, 233, 97–111. [Google Scholar] [CrossRef]

	



Fresneda Alarcon, M.; McLaren, Z.; Wright, H.L. Neutrophils in the Pathogenesis of Rheumatoid Arthritis and Systemic Lupus Erythematosus: Same Foe Different M.O. Front. Immunol. 2021, 12, 649693. [Google Scholar] [CrossRef]

	



Holers, V.M.; Banda, N.K. Complement in the Initiation and Evolution of Rheumatoid Arthritis. Front. Immunol. 2018, 9, 1057. [Google Scholar] [CrossRef]

	



Zhang, S.; Wong, K.L.; Ren, X.; Teo, K.Y.W.; Afizah, H.; Choo, A.B.H.; Lai, R.C.; Lim, S.K.; Hui, J.H.P.; Toh, W.S. Mesenchymal Stem Cell Exosomes Promote Functional Osteochondral Repair in a Clinically Relevant Porcine Model. Am. J. Sports Med. 2022, 50, 788–800. [Google Scholar] [CrossRef]








[image: Biomolecules 13 01501 g001] 





Figure 1. Summary of administration in a mouse model of collagen-induced arthritis (CIA). The diagram illustrates the experimental design (A) and treatment regimen (B). BCII was solubilized in 0.01 M acetic acid, and the BCII/CFA emulsion was prepared by emulsifying BCII with CFA on Day 0. Subcutaneous immunization with BCII/CFA emulsion was performed on fifty mice, while five mice were kept as Naïve controls. On Day 21, a boost was given using BCII/ICFA emulsion. The mice were monitored for signs of arthritis and weighed from Days 22 to 52. The AI was calculated based on the scores of each paw. On Day 28, the treatment regimen was initiated. The vehicle group received IP injections of the vehicle solution at 50 μL per mouse every other day, while the prednisolone group received daily oral administration of prednisolone at a dose of 10 mg/kg daily as a positive control. Both MSC-sEV groups were assigned and received IP injections of MSC-sEVs at doses of one or 10 μg/50 μL/mouse every other day, respectively. After 2 weeks of therapy, the mice were weighed, scored for signs of arthritis, and euthanized. Blood samples were collected for plasma analysis, and the limbs were fixed in neutral buffered 10% formalin for histological analysis. BCII: Bovine type II collagen; CFA: Complete Freund’s adjuvant; ICFA: Incomplete Complete Freund’s adjuvant; AI: Arthritic Index; SC: subcutaneous injection; PO: oral administration; IP: intraperitoneal administration; QD: once daily. 
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Figure 2. Evaluation of body weight in CIA mouse model. The body weight per mouse in each group (Naïve, Vehicle, Prednisolone, MSC-sEVs_1µg, MSC-sEVs_10 µg) was recorded daily after the treatment regimen and animals were sacrificed after 2 weeks of therapy. The body weight was analyzed using Student’s t-test. p values < 0.05 were considered statistically significant. 
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Figure 3. Evaluation of signs of arthritic progression. After subcutaneous immunization of mice with BCII/CFA emulsion and boost with BCII/ICFA emulsion, the mice were monitored for signs of arthritic progression. The AI was calculated and compared based on the scores of each paw of mice in the different groups, including Naïve control, Vehicle control, Prednisolone control, MSC-sEV_1µg, and MSC-sEV_10µg, during the period of 2 weeks of therapy. Each paw was scored on a scale from 0 to 4, and the sum of all four scores was recorded as the AI. The maximum possible AI was 16. The average AI was analyzed using Student’s t-test. p values < 0.05 were considered statistically significant. 
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Figure 4. Measurement of plasma anti-CII, C5b-9, and associated cytokines in the CIA mouse model. The plasma aliquots were thawed to room temperature. For the Naïve control group, plasma samples were diluted 1:1000, while for the other treatment groups, samples were diluted 1:50,000. After that mouse anti-CII levels were measured by ELISA. The remaining samples were diluted 1:2 and assayed using the appropriate ELISA kits for C5b-9, IL-6, IL-17, IL-23, and IL-10. Statistical analysis was performed using Student’s t-test, and p values < 0.05 were considered as statistically significance. * p < 0.05, ** p < 0.01, **** p < 0.0001. 
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Figure 5. Evaluation of anti-arthritis mediated by MSC-sEVs in the CIA mouse model. (A) Representative photomicrographs of toluidine blue-stained joint sections are shown. The sections were cut from paraffin blocks of limb tissue prefixed in formalin solution and stained with toluidine blue. The symbol ‘*’ denotes representative areas of synovial inflammation. Closed arrows mark typical regions of pannus and bone resorption, while the open arrow indicates a region of complete cartilage and bone loss. Closed arrowheads indicate typical normal cartilage surfaces, whereas open arrowheads indicate thinned or damaged cartilage surfaces. (B) The score of arthritic lesions was calculated according to the criteria of Table 3. The bright field image of toluidine blue-stained sections was captured using a digital camera at 16-fold magnifications. For evaluation of joints (paws or ankles), severity of changes as well as number of individual joints affected were estimated. The associated parameters, such as inflammation, pannus, cartilage damage, bone resorption, and periosteal bone formation, were scored as per the indicated criteria in Table 3. A summary of the five histopathological scores is also calculated for each joint, and the cumulative score for these five parameters constituted the Summed Score. ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 6. Assessment of M1 and M2 macrophage distribution in arthritic joints. IHC was performed to assess the presence of M1 and M2 macrophages in the arthritic joints. CD163, a marker for M2 macrophages, and CD86, a marker for M1 macrophages, were evaluated. Representative photomicrographs of CD163/CD86-immunohistochemistry-stained joint sections of CIA mice are shown ((A), upper panel). For quantification analysis, positively stained cells were counted in five randomly selected fields within the most severely inflamed joints and expressed as mean number of cells per high power field ((B), lower panel). A micrometer was used to delineate an area that measured 10 × 100 units at 400× magnification. The counting process included two ankle joints and then digit joints. Additionally, the location of immune-positive cells within the joint space and expanded synovial lining/subsynovial tissue was noted. The closed arrow identifies synoviocytes in the synovial lining. The open arrow identifies some synovial lining that separated during sectioning (artifact). Closed arrowheads identify immune-positive cells in synovial lining, and open arrowheads identify immune-positive cells in subsynovial tissue. Data represent mean ± SD. p values < 0.05 were considered as statistically significant. *** p < 0.001, **** p < 0.0001. 
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Table 1. Definition of arthritic score components.






Table 1. Definition of arthritic score components.





	Arthritic Extent
	Score





	No visible effects of arthritis
	0



	Edema and/or erythema of one digit
	1



	Edema and/or erythema of 2 joints
	2



	Edema and/or erythema of more than 2 joints
	3



	Severe arthritis of the entire paw and digits including limb deformation and ankylosis of the joint.
	4










 





Table 2. Administrations in the CIA mouse model.
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	Group
	No. Mice
	AI
	Dose
	ROA
	Regimen





	Naïve
	5
	0
	N/A
	N/A
	N/A



	Vehicle
	10
	2.8 ± 0.2
	50 µL/mouse
	IP
	Every other day for 2 weeks



	Prednisolone *
	10
	2.8 ± 0.2
	10 mg/kg
	PO
	Daily for 2 weeks



	MSC-sEV_1 µg
	10
	2.8 ± 0.2
	1 µg/mouse
	IP
	Every other day for 2 weeks



	MSC-sEV_10 µg
	10
	2.8 ± 0.2
	10 µg/mouse
	IP
	Every other day for 2 weeks







* The 53.16 mg prednisolone 21-hemisuccinate sodium salt (Cat. P4153, lot BCBB6186V, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 40 mL de-ionized water to prepare a 1 mg/mL solution. N/A: not applicable; PO: oral administration; IP: intraperitoneal administration.













 





Table 3. Histopathological evaluation of Joints in the CIA mouse model.
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Score






	
Inflammation

	
0

	
Normal




	
0.5

	
Very minimal, affects synovium of only one joint, either a digit joint or the wrist or ankle with minimal infiltration or there may be very minor multifocal synovial or periarticular infiltration of few inflammatory cells in a few joints




	
1

	
Minimal, infiltration of inflammatory cells in synovium and periarticular tissue of 1–2 affected digit joints is generally minimal to moderate or minimal in wrist/ankle, generally about 1–10% of the area at risk is affected




	
2

	
Mild, infiltration of inflammatory cells in synovium and periarticular tissue of 2–3 affected joints is generally mild to marked or mild in wrist/ankle, generally about 11–25% of the area at risk is affected




	
3

	
Moderate, infiltration of inflammatory cells in synovium and periarticular tissue in up to 4 affected digit joints +/− wrist or ankle is generally mild to marked, generally about 26–50% of the area at risk is affected




	
4

	
Marked infiltration of inflammatory cells in most joints with marked edema, several unaffected digit joints may be present, generally about 51–75% of the area at risk is affected




	
5

	
Severe diffuse infiltration with severe edema affecting greater than 75% of all joints and periarticular tissues, greater than 75% of area at risk affected severely, a few digit joints may be less severely affected with not more than 1 unaffected digit joint




	
Pannus

	
0

	
Normal




	
0.5

	
Very minimal, marginal zone only, less than 1% of area at risk affected




	
1

	
Minimal infiltration of pannus in cartilage and subchondral bone, marginal zones mainly. Approximately 1–10% of area at risk affected




	
2

	
Mild infiltration with marginal zone destruction of hard tissue in affected joints, 11–25% of area at risk affected




	
3

	
Moderate infiltration with moderate hard tissue destruction in affected joints, 26–50% of area at risk affected




	
4

	
Marked infiltration with marked destruction of joint architecture, affecting most joints, 51–75% of area at risk affected




	
5

	
Severe infiltration associated with total or near total destruction of joint architecture, affects all joints, greater than 75% of area at risk affected




	
Cartilage damage

	
0

	
Normal




	
0.5

	
Very minimal, affects marginal zones only of one to several joints, proteoglycan loss mainly




	
1

	
Minimal, generally minimal damage with 1–10% cartilage loss in paws




	
2

	
Mild, generally mild loss of toluidine blue staining (proteoglycan) with focal areas of chondrocyte loss and/or collagen disruption in some affected joints/areas with 11–25% overall cartilage loss in paws




	
3

	
Moderate, generally moderate loss of toluidine blue staining (proteoglycan) with multifocal chondrocyte loss and/or collagen disruption in affected joints/area with 26–50% overall cartilage loss in paws




	
4

	
Marked, marked loss of toluidine blue staining (proteoglycan) with multifocal marked (depth to deep zone or tidemark) chondrocyte loss and/or collagen disruption in most joints with a few unaffected or mildly affected with 51–75% overall loss in paws




	
5

	
Severe, severe diffuse loss of toluidine blue staining (proteoglycan) with severe (depth to tide mark) chondrocyte loss and/or collagen disruption in most or all joints, greater than 75% loss in paws




	
Bone Resorption

	
0

	
Normal




	
0.5

	
Very minimal resorption affects only marginal zones




	
1

	
Minimal approximately 1–10% of area at risk of subchondral bone affected




	
2

	
Mild, more numerous areas of resorption, approximately 11–25% of total area at risk of subchondral bone affected




	
3

	
Moderate, obvious resorption of subchondral bone resulting in approximately 26–50% of area at risk of subchondral bone affected




	
4

	
Marked, very obvious resorption of subchondral bone resulting in approximately 51–75% of area at risk of subchondral bone affected




	
5

	
Severe, distortion of entire joint due to destruction approximately 76–100% of area at risk of subchondral bone affected




	
Periosteal new bone formation

	
0

	
Normal, no periosteal proliferation




	
0.5

	
Minimal focal or multifocal early proliferation, measures less than 40 μm width (<1 unit on 25×)




	
1

	
Minimal multifocal early proliferation, measures 40–80 μm width (1–2 units on 25×)




	
2

	
Mild multifocal to diffuse with widths that measure approximately 120–200 μm (3–5 units on 25×)




	
3

	
Moderate diffuse with widths that measure 240–280 μm (6–7 units on 25×)




	
4

	
Marked diffuse with widths that measure 320–400 μm (8–10 units on 25×)




	
5

	
Severe, diffuse with widths that measure greater than 400 μm (>10 units on 25×)

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
Body weight (g)

5

6 7 8 9

Days after treatment

10

—8— Normal

—=— Vehicle

—a— Prednisolone
—e— MSC-sEVs 1ug
—o— MSC-sEVs 10ug

Normal vs Vehicle
** P<0.01

*** P<0.001

**** P<0.0001

MSC-sEVs 10ug vs Vehicle
### P<0.001





nav.xhtml


  biomolecules-13-01501


  
    		
      biomolecules-13-01501
    


  




  





media/file2.png
BCII/CFA immunization on Day 0
BCII/ICFA boost on Day 21

4

// DBA/1J mice N\

Paws scored for Al

for plasma analysis
Vehicle Limb collection
MSC-sEVs for histological analysis

Prednisolone

Mice scored for arthritic signs; @ Blood collection

B
Immunization Mouse selection
0 21 28 52
+ 1 1 + 1 I 1 L1 Day
BCII/CFA 50 pL BCII/ICFA 50 uL
SC, Day 0 SC, Day 21
\ ¢ ¢ ¢ ¢
Naive control Vehicle Prednisolone MSC-sEVs_1ug MSC-sEVs_10ug
(n=5, Al=0) (n=10, Al=2.8+0.2) (n=10, Al=2.8+0.2) (n=10, Al=2.8+0.2) (n=10, Al=2.8+0.2)

v

IP, every other day
2 weeks

v v v

10mg/kg, PO, QD 1ug, IP, every other day 10pg, IP, every other day
2 weeks 2 weeks 2 weeks





media/file13.png





media/file5.jpg
Average Al

T 6 7 8 %
iion shachabunil

)

—e— Nomal
s Vehicle

—a— Prednisolone
—o— MSCSEVS Tug
—o— MSC-SEVs 109

Prednisolone vs Vehicle
++ P<0.0001

MSC-SEVs 14g vs Vehicle
$8P<001

555 P<0.001

5558 P<0.0001

MSC-SEVs 104g vs Vehicle
#P<0.01

8 P<0.001

it P<0.0001





media/file3.jpg
Body weight ()

RIEARIE]

Days after treatment

[

ki

3

)

o~ Nomal
—=— Vehice

—u Prednisolone.
—o— MSC-EVs 1y
o MSCSEVs 10ug

Normal vs Vehicie:
P00l
“++P<0,001
P<0.0001

MISCSEVs 104g vs Vehicie
##4P<0.001






media/file1.jpg
BGIICFA immunization on Day 0
'BCINICFA booston Day 21

/ OBAmice N\,
[T — 04 cotecton
X erpemaonaes
[—— Voo L collcton
NGy or matlogalanayss
Pradnolons
B
Immunization Mouse selecion
o P k3
i R
BOICFASIAL  BGNICFASOW.
56,00 56.0my21
[ ) ]
v ¥ ) v
Naive control  Vehicle Prednisolone  MSC-sEVs fug  MSC-sEVs_10ug
ey (=10, A=26:02) (010, A28202) QA2 (=10 A2E02)
|
v v v v
1P ovoryohorday 10mgho, PO.QD 15, P every tvrday 100, P, every tvorday
Zuecks Zweeks Zueaks Zwosks





media/file7.jpg
8]

w23 oty
-88858838






media/file10.png
Average score

Vehicle Normal

MSC-sEVs_ 1ug

*hkkk

25

O Normal
20 m Vehicle
m MSC-sEVs 1ug

In P Carti Bo Per; S
ﬂammati g’f;lnus al‘tl/age dag')ea 6 eeSorpZ-g,S