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Effective enhancement of the immunomodulatory capacity of canine adipose-derived mesenchymal stromal cells on colitis by priming with colon tissue from mice with colitis
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Introduction: The therapeutic efficacy of mesenchymal stromal cells (MSCs) in inflammatory bowel disease is not completely known and is not consistent. Priming with inflammatory cytokines has been proposed to adapt MSCs to an inflammatory environment to have them ready to counteract it, but may have undesirable effects on MSCs, such as increased immunogenicity. In this study, we hypothesized that priming MSCs with inflamed intestinal tissue would more effectively enhance their therapeutic effect on intestinal inflammation.

Methods: The capacity of canine adipose-derived MSCs (cADSCs) primed with colon tissue homogenates from mice with experimentally induced colitis or a combination of tumor necrosis factor-α and interferon-γ to inhibit T-cell proliferation was analyzed, along with their own apoptosis, proliferation, cell surface marker expression, and transcriptome. In addition, colitis mice were treated with the primed cADSCs to assess colitis severity and immune cell profile.

Results: Priming with cytokines induced apoptosis, decreased cell proliferation, and major histocompatibility complex-II gene expression in cADSCs, but these adverse effects were mild or absent with colitis-tissue priming. cADSCs primed with colitis tissue reduced the severity of colitis via the induction of M2 macrophages and T-regulatory cells and suppression of T-helper (Th)1/Th17-cell responses, and their effects were comparable to those of cytokine-primed cells.

Discussion: Our results emphasize the importance of the activation of MSCs by the appropriate microenvironment to maximize their therapeutic effect.
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1 Introduction

Inflammatory bowel disease (IBD), including Crohn's disease and ulcerative colitis, is a naturally occurring gastrointestinal disorder in humans caused by multiple etiologies, such as genetic factors, environmental factors, and abnormalities in gut microbiota and immune response (1). Patients' quality of life is severely compromised by chronic gastrointestinal symptoms that repeatedly go into remission and recur, and by complications such as fistulas, abscesses, and colorectal cancer (2). Current treatments for human IBD include aminosalicylic acid, glucocorticoids, immunosuppressants, and tumor necrosis factor (TNF)-α inhibitors, but nearly 30% of patients do not respond to these treatments and 50% of patients become refractory over time (1, 2). Chronic inflammatory enteropathy (CIE) is a multifactorial gastrointestinal disorder that occurs spontaneously in dogs, and its symptoms, pathogenesis, and treatment are similar in many ways to those of human IBD (3). CIE is clinically classified by treatment responsiveness into food-responsive enteropathy, antimicrobial-responsive enteropathy, and immunosuppressant-responsive enteropathy (3). Dogs that do not respond to these treatments are classified as having non-responsive enteropathy and reportedly account for 5% to 27% of dogs with CIE (4). Against this background, the development of new therapeutic strategies for human IBD and canine CIE is desirable.

Since their discovery by Friedenstein in 1966, mesenchymal stromal cells (MSCs) have been intensively studied as a cell source for tissue regeneration because of their stemness, including self-renewal and multilineage differentiation potential (5). Recently, MSCs have attracted attention for their stromal properties, including immunomodulatory and angiogenic capacities mediated by secreted factors, and many studies on them have been conducted not only in human medicine but also in veterinary medicine as a cell source for treating inflammatory and immune-mediated diseases (5, 6). MSCs can be isolated from almost all tissues of the body, including bone marrow, adipose tissue, umbilical cord, dental pulp, muscle, and synovium. Adipose-derived mesenchymal stromal cells (ADSCs) are one of the most common cell sources in humans and dogs due to their relatively low invasiveness, high-yield isolation, and high proliferative potential (5, 6). In fact, therapeutic effects of ADSCs have been observed in dogs as well as in humans for cutaneous, musculoskeletal, ocular, hepatic, respiratory, and neurological diseases (6, 7).

MSCs are expected to be a novel treatment for IBD and CIE and, indeed, have been shown to effectively ameliorate gastrointestinal inflammation in a number of preclinical studies using experimental animal models (8). However, the success of these preclinical studies has not been replicated in clinical trials (9). This may be attributable to the heterogeneity of MSCs caused by differences in sources such as donors and tissues, autologous or allogeneic origin, manufacturing steps such as isolation, culture, and cryopreservation methods, and application steps such as administration methods and patient conditions (10, 11). In veterinary medicine, two studies have reported fairly promising therapeutic effects of canine ADSCs (cADSCs) on CIE, but both were open-label studies without control groups in a small number of dogs by the same research group (12, 13). Therefore, there is a need to conduct larger-scale clinical trials to verify the efficacy and safety of MSCs, as well as for efforts to stabilize the quality of MSC products.

Priming approaches have been proposed as a way to enhance the inconsistent therapeutic effects of MSCs (11, 14). Priming, also known as preconditioning or licensing, has been demonstrated in several studies to affect MSC function by modulating biological, biochemical, and biophysical factors to enhance therapeutic efficacy (14). Among these, priming MSCs with inflammatory cytokines or hypoxic conditions is the most studied approach to enhance their immunomodulatory capacity by mimicking the inflamed microenvironment in the body (15). However, priming with inflammatory cytokines such as TNF-α and interferon (IFN)-γ may have adverse effects on MSCs for therapeutic application, such as by increasing their immunogenicity (15). MSCs exist as pericytes or fibroblast-like cells in the stromal tissue of almost all organs and work to maintain tissue homeostasis (16). Once tissue inflammation or damage occurs, MSCs are activated in response to the microenvironment and contribute to tissue repair through immunomodulation and matrix remodeling (17, 18). Although the cues in the disease microenvironment that activate MSCs are still unclear, it is suggested that a variety of factors act in combination to enhance their repair capacity. However, to the best of our knowledge, no studies have examined whether canine MSCs enhance their therapeutic potential in response to the disease microenvironment.

Based on the above, the purpose of our study was to investigate whether priming canine MSCs with disease tissue including components of the disease microenvironment would enhance their therapeutic efficacy on the original disease. In the context of studies to improve the therapeutic efficacy of MSCs for CIE, canine MSCs primed with inflammatory intestinal tissue from dogs with enteritis should be administered to canine models of enteritis to determine if the therapeutic efficacy is enhanced, but such a canine model has not been established. Therefore, we decided to test our hypothesis using a mouse model of dextran sulfate sodium (DSS)-induced colitis, a preclinical model of IBD and CIE commonly used in MSC xenotransplantation studies (8). If this study demonstrates that priming with colitis tissue from colitis mice enhances the immunomodulatory and therapeutic efficacy of cADSCs on mice with DSS-induced colitis, it will provide the basis for further studies to evaluate the functional changes of canine MSCs primed with inflamed intestinal mucosal samples from dogs with CIE and their efficacy on CIE patients.



2 Results


2.1 Priming with colon tissue homogenate from mice with colitis enhances the capacity of cADSCs to inhibit lymphocyte proliferation in a concentration-dependent manner

We first determined the concentration of colon tissue homogenate derived from colitis mice suitable for priming cADSCs. For this purpose, cADSCs were incubated with colon homogenates at graded concentrations for 24 h, followed by evaluation of primed cell morphology and cell viability. Colon priming at concentrations up to 0.1 mg/mL had no apparent effect on the morphology of the cADSCs, but at higher concentrations the cells were observed to “aggregate” (Figure 1A). The viability of primed cells, assessed by trypan blue exclusion, maintained above 98% at concentrations up to 0.5 mg/mL, but reduced mildly to about 94% at concentrations of 1.0 mg/mL (Supplementary Figure 1). After this experiment, primed cADSCs were co-cultured for 3 days with CD4+ T-helper (Th) cells derived from the spleen of colitis mice stimulated with anti-CD3/CD28-coated beads, followed by flow cytometry measurement of Th cell proliferation (Figure 1B). Priming with colon homogenate at concentrations up to 0.5 mg/mL enhanced the capacity of cADSCs to inhibit Th-cell proliferation in a concentration-dependent manner (Figure 1C). However, priming with colon homogenate at 1.0 mg/mL as the total protein concentration did not further enhance the capacity of cADSCs to inhibit Th-cell proliferation (Figure 1D). Therefore, the concentration of 0.1 mg/mL in colon priming that best enhanced the capacity of cADSCs to inhibit lymphocyte proliferation without affecting their cell morphology and survival was used in subsequent in vivo experiments.
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FIGURE 1
 Effect of priming concentration of colon tissue homogenate from mice with colitis on the morphology of canine adipose-derived mesenchymal stromal cells (cADSCs) and their capacity to inhibit CD4+ T-helper (Th)-cell proliferation. (A) Microscopic morphology of cADSCs primed with colitis colon at graded concentrations. Scale bar = 200 μm. (B) Gating method in flow cytometry for analyzing Th-cell proliferation. Panels from left to right show gating of lymphocyte fractions, removal of doublets, removal of dead cells, gating of CD4+ cells, and histogram of cell trace violet-positive cells, with red boxes indicating gating regions. (C) Histogram of cell trace violet-positive cells showing CD4+ Th-cell division in each condition. (D) Comparison of CD4+ Th-cell proliferation in each condition. The proliferation of Th cells was quantified using the percentage of cell trace violetlow cells. The same lower-case letter beside the bars indicates that there is no significant difference between the groups (p > 0.05). Data are expressed as the mean ± standard deviation from experiments performed in triplicate; n = 5.




2.2 cADSCs primed with colon homogenate strongly inhibit proliferation of CD4+ Th cells from mice with colitis, as do those primed with TNF-α+IFN-γ

To compare the effects of priming on the capacity of cADSCs to inhibit Th-cell proliferation, cADSCs were primed with colon homogenate as well as purified inflammatory cytokines (TNF-α+IFN-γ), serum or liver homogenate from colitis mice for 24 h, after which co-culture assays were performed with primed cells and Th cells derived from mice with colitis. Based on the finding that colon priming enhances the capacity of cADSCs to inhibit Th-cell proliferation in a concentration-dependent manner up to 0.5 mg/mL, in this experiment, cADSCs were primed with mouse-derived substances at two different concentrations. However, priming with 0.5 mg/mL serum resulted in most cells aggregating after 24 h, so they were excluded from the experiment. Th-cell proliferation was significantly inhibited after 72 h in co-cultures with naïve or any primed cADSCs compared with that in mono-culture (Figure 2A). Priming with liver homogenate as well as colon homogenate significantly enhanced the capacity of cADSCs to inhibit Th-cell proliferation in a concentration-dependent manner (Figure 2B). The capacity to inhibit Th-cell proliferation was strongest for cADSCs primed colon homogenate at high concentrations, followed by cADSCs primed with colon homogenate at low concentrations, liver homogenate at high concentrations, and TNF-α+IFN-γ.
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FIGURE 2
 Effect of priming with different conditions on the capacity of cADSCs to inhibit Th-cell proliferation. (A) Histogram of cell trace violet-positive cells showing division of CD4+ Th cells co-cultured with primed cADSCs with each condition. (B) Comparison of Th-cell proliferation in each condition. cADSCs primed with colon homogenate at a low concentration inhibited Th-cell proliferation to the same extent as cADSCs primed with liver homogenate at a high concentration or tumor necrosis factor (TNF)-α+interferon (IFN)-γ. The same lower-case letter beside bars indicates that there is no significant difference between the groups (p > 0.05). Data are expressed as the mean ± standard deviation from experiments performed in triplicate; n = 5.




2.3 Colon priming could avoid adverse effects on cADSCs

Priming may affect the survival, proliferation, and immunogenicity of MSCs, as well as their immunomodulatory capacity (14). Therefore, we next investigated the effect of priming with diseased tissue on the properties of cADSCs. To examine the effect of priming on survival, cADSCs were primed with TNF-α+IFN-γ, liver homogenate, and a low or high concentration of colon homogenate for 24 h, after which the frequency of Annexin-V and propidium iodide (PI)-positive apoptotic cell was measured by flow cytometry (Figure 3A). Priming with these conditions was chosen because TNF-α+IFN-γ application is a well-studied priming method, liver represents a non-primary lesion organ in colitis, and low and high concentrations of colon homogenate allow the study of concentration-dependent effects. Apoptosis of cADSCs was induced drastically by TNF-α+IFN-γ priming and mildly by liver priming, while colon priming did not induce apoptosis at levels exceeding that of naive cADSCs, even at a high concentration (Figure 3B).
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FIGURE 3
 Different effects of various priming conditions on the properties of cADSCs. (A) Flow cytometric detection of apoptosis in primed cADSCs. The sum of the percentages of cells positive for Annexin V alone or in combination with propidium iodide (PI), indicated by red boxes, was measured as representative of apoptotic cells. (B) Comparison of the percentage of apoptotic cells in cADSCs primed with each condition. TNF-α+IFN-γ priming significantly induced apoptosis in cADSCs, but colon priming did not. (C) Proliferation of cADSCs after 1–4 days of priming measured spectrophotometrically. Optical density (OD) values after 2–4 days of priming were normalized by OD values after 1 day. Cell proliferation after 4 days of priming was best induced by priming with colitis colon at a low concentration. Data are expressed as the mean ± standard deviation from experiments performed in triplicate; n = 5; *p < 0.05, **p < 0.01.


As with apoptosis, cADSCs were primed for 24 h under each condition, followed by passaging of primed cADSCs and analysis of cell proliferation after 1–4 days. Differences in the proliferation of cADSCs primed with different conditions were observed day by day, and after 4 days, cADSCs primed with colon homogenate at a concentration of 0.1 mg/mL showed better cell proliferation than those under the other conditions (Figure 3C). In contrast, the proliferation of cADSCs primed with TNF-α+IFN-γ or liver homogenate was rather suppressed compared with that of naive cADSCs.



2.4 cADSCs primed with colon homogenate were showed enriched expression of genes associated with cell proliferation in addition to inflammation-related genes

To further characterize the biological response of cADSCs to priming with colon homogenate representing diseased tissue, gene expression profiling was performed using RNA sequencing (RNA-seq) and the results were compared to the transcriptomes of naive and TNF-α+IFN-γ-primed cADSCs. Primary analysis of sequencing reads obtained by RNA-seq detected the expression of 17,863 genes among naive cADSCs, and cADSCs primed with TNF-α+IFN-γ or colon homogenate (Supplementary Table 1). Principal component analysis (PCA) showed that priming markedly altered the gene expression of cADSCs, with variation among the different strains of cADSCs (Figure 4A). In particular, to identify the genes of cADSCs affected by priming in common between the two different conditions and the genes specifically affected by each type of priming, differentially expressed genes (DEGs) were detected from each dataset using DESeq2 and Venn diagram analysis was performed. TNF-α+IFN-γ priming and colon priming upregulated 957 and 628 genes, respectively, of which 264 genes were in common (Figures 4B, C, Supplementary Figures 2A, B, Supplementary Table 2). At the same time, the downregulated genes numbered 371 and 489 for TNF-α+IFN-γ priming and colon priming, respectively, of which 186 genes were in common (Supplementary Figures 2A–D, Supplementary Table 3). Enrichment analysis based on the Molecular Signatures Database (MSigDB) hallmark gene set was performed to reveal the biological relevance of the gene sets that were specifically or commonly up- or downregulated by each priming condition. The top-ranked pathways associated with the 264 commonly upregulated genes were inflammation-related pathways such as TNF-α signaling via nuclear factor-kappa B (NFκB), inflammatory response, IFN-γ response, and complement, as well as apoptosis (Figures 4D, E, Supplementary Table 4). Similarly, the pathways associated with the 693 genes that were specifically upregulated by TNF-α+IFN-γ priming were inflammation-related pathways, including TNF-α signaling via NFκB, inflammatory response, IFN-γ response, and IFN-α response, but also allograft rejection pathways (Figure 4F). In contrast, pathways associated with the 364 genes specifically upregulated in colon priming were cell proliferation-related pathways such as the G2M checkpoint, mitotic spindle, and E2F targets, as well as hypoxia (Figure 4G). Enrichment analysis of the gene sets downregulated by the different priming conditions revealed that late estrogen response was associated with both types of priming; epithelial–mesenchymal transition was specifically associated with TNF-α+IFN-γ priming; and E2F targets, cholesterol homeostasis, and Notch signaling pathways were specifically associated with colon priming (Supplementary Figures 2E–H, Supplementary Tables 4, 5).
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FIGURE 4
 Effects of TNF-α+IFN-γ priming and colon priming on the transcriptome of cADSCs. (A) Biplot obtained from principal component analysis (PCA) for transcriptomes of naive cADSCs and those primed with TNF-α+IFN-γ or colon homogenate. (B) Venn diagram of genes significantly upregulated by priming with TNF-α+IFN-γ or colon homogenate. Differentially expressed gene (DEG) analysis was performed using DESeq2; n = 3; fold change >2, false discovery rate (FDR) < 0.05. (C) Integrated heatmap of genes commonly upregulated in both types of priming. (D) Top-ranked functional pathways enriched in gene sets upregulated by priming, including 264 common genes (green), 693 genes specific to TNF-α+IFN-γ priming (blue), and 364 genes specific to colon priming (red); FDR < 0.05. (E) Gene-concept network (cnet) plot of pathways enriched for upregulated gene sets common to each type of priming. (F) cnet plot of pathways enriched for gene sets specifically upregulated by TNF-α+IFN-γ priming. (G) cnet plot of pathways enriched for gene sets specifically upregulated by colon priming.




2.5 Colon priming improves the therapeutic effect of cADSCs on colitis to the same extent as TNF-α+IFN-γ priming

To assess whether exposure to diseased tissues specifically enhances the therapeutic effect of cADSCs on the original disease, cADSCs primed with each condition were administered intraperitoneally to mice on day 2 of colitis induction by DSS (Figure 5A). The mice used in a series of experiments investigating the therapeutic effects of primed cADSCs in vivo were different from those used for homogenate preparation and co-culture assays. On day 10 of the experiment, compared with that in the colitis mice receiving phosphate-buffered saline (PBS), body weight loss was mildly but significantly suppressed in colitis mice receiving naive cADSCs and cADSCs primed with TNF-α+IFN-γ or colon homogenate (Figure 5B), and disease activity index (DAI) was significantly reduced in mice receiving cADSCs primed with TNF-α+IFN-γ or colon homogenate (Figure 5C). Meanwhile, in the assessment of the length of the mouse colon after sacrifice, only cADSCs primed with colon homogenate showed improvement in shortening (Figures 5D, E). Histological evaluation of the colon showed no significant ameliorative effect of primed cADSCs, although some mice treated with cADSCs primed with TNF-α+IFN-γ or colon homogenate had relatively mild histological severity (Figures 5F, G).
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FIGURE 5
 Effect of priming conditions on the therapeutic efficacy of cADSCs in dextran sulfate sodium (DSS)-induced colitis. (A) Scheme for priming and administering cADSCs and induction of colitis by DSS. (B) Comparison of body weight loss on day 10 in mice receiving cADSCs primed with each condition. Control represents healthy mice that received neither DSS nor cADSCs. (C) Comparison of disease activity index (DAI) at day 10 of the experiment. Colon-primed cADSCs most significantly reduced DAI. (D) Gross images of the colon of mice treated with cADSCs primed with each condition. The length of the colon, excluding the cecum, was measured. (E) Colon-primed cADSCs significantly improved colon shortening. (F) Histological images of the colon of mice treated with primed cADSCs. Some mice treated with cADSCs primed with TNF-α+IFN-γ or colon homogenate had relatively mild mucosal epithelial injury. Bar = 100 μm. (G) Comparison of histological scores in each group. Data are expressed as the mean ± standard deviation; n = 5; *p < 0.05, **p < 0.01, ***p < 0.001, NS, not significant.




2.6 cADSCs primed with colon homogenate markedly shift macrophage polarity to M2 phenotype

We next performed phenotypic analysis of macrophages to determine the modulatory effects of primed cADSCs on these cells, which are important mediators in the pathogenesis of DSS-induced colitis in mice (19). Peritoneal macrophages from colitis mice treated with cADSCs primed with each condition were isolated and the frequencies of F4/80+ CD80+ proinflammatory M1 macrophages and F4/80+ CD206+ anti-inflammatory M2 macrophages were determined using flow cytometry. Both naive cADSCs and cADSCs primed with any condition reduced F4/80+ CD80+ M1 macrophages, which were drastically increased by colitis induction, but cADSCs primed with TNF-α+IFN-γ or colon homogenate in particular significantly and markedly reduced them (Supplementary Figures 3A, B). Concurrently, F4/80+ CD206+ M2 macrophages increased to higher levels than in healthy control mice with the administration of any cADSCs, and were most increased with administration of cADSCs primed with colon homogenate (Supplementary Figures 3C, D). The ratio of M1 to M2 phenotypes of macrophages was greatly polarized toward M1 dominance by induction of colitis, but was significantly skewed toward M2 dominance by administration of cADSCs primed with any conditions, especially by administration of cADSCs primed with colon homogenate (Figure 6A).
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FIGURE 6
 Differential capacity of cADSCs primed with variable conditions to modulate macrophage polarity and Th cell paradigm. (A) The ratio of M1 to M2 macrophage frequencies. cADSCs primed with TNF-α+IFN-γ or colon homogenate markedly shifted macrophage polarity toward M2 dominance. (B) Balance of the Th1/Th2-cell paradigm as indicated by the ratio of Th1 to Th2-cell frequencies. The cADSCs primed with colon homogenate modulated the Th1/Th2 balance by inhibiting Th1-cell activation. (C) Balance of the Th17/T regulatory (Treg)-cell paradigm as indicated by the ratio of Th17 to Treg cells. Priming with any condition effectively enhanced the capacity of cADSCs to suppress Th17-cell responses and induce Treg-cells, but the effect was particularly pronounced with TNF-α+IFN-γ or colon-priming. Data are expressed as the mean ± standard deviation; n = 5; *p < 0.05, **p < 0.01.




2.7 cADSCs primed with colon homogenate effectively suppress Th1/Th17-cell responses

Among the various Th-cell subsets, activation of the Th1/Th17-cell response, characterized by a cytokine profile featuring components such as TNF-α, IFN-γ, interleukin (IL)-6, and IL-17, also contributes to the development of the acute phase of DSS-induced colitis (20). Therefore, we investigated the effect of priming with diseased tissue on the capacity of cADSCs to modulate an imbalanced Th-cell paradigm by the phenotypic analysis of CD4+ Th cells from mice with colitis. To this end, CD4+ Th cells were isolated from the spleens of colitis mice treated with cADSCs primed with each condition, and the frequencies of Th1 cells expressing IFN-γ as an intracellular cytokine, Th2 cells expressing IL-4, Th17 cells expressing IL-17A, and T-regulatory (Treg) cells expressing both CD25 on the cell surface and the transcription factor Foxp3 in the nucleus were determined using flow cytometry.

The frequency of CD4+ IFN-γ+ Th1 cells did not show statistically significant changes in any of the treated mice compared to the control group (Supplementary Figures 4A, B). Even though the frequency of Th1 cells tended to increase in colitis mice without cADSC treatment and not in mice with primed cADSC treatment, the reason statistical significance was not detected is suggested by the high variability in the colitis mice without cADSC. For CD4+ IL-4+ Th2 cells, the induction of colitis by DSS and treatment with any cADSCs did not cause consistent and obvious changes (Supplementary Figures 4C, D). The ratio of Th1 to Th2 cell frequencies, representing the Th1/Th2 balance, was significantly reduced in mice treated with cADSCs primed with colon homogenate to the same level as in healthy controls, in contrast to the level in mice treated with naive cADSCs (Figure 6B). Again, because of the high variability in the PBS group, no statistically significant difference between the PBS group and the colon primed group was detected.

The naive and all primed cADSCs consistently reduced the frequency of CD4+ IL-17A+ Th17 cells increased by colitis induction, similar to the suppression pattern in Th1 cells, and especially cADSCs primed with colon homogenate significantly reduced Th17 cells (Supplementary Figures 5A, B). In contrast, the frequency of CD4+ CD25+ Foxp3+ Treg cells was clearly increased in mice treated with all primed cADSCs, and those treated with cADSCs primed with TNF-α+IFN-γ or colon homogenate in particular showed significant and marked increases in this frequency compared with PBS-treated mice (Supplementary Figures 5C, D). The ratio of Th17- to Treg-cell frequencies as a measure of the balance of the Th17/Treg-cell paradigm was significantly reduced in mice treated with cADSCs primed with TNF-α+IFN-γ or colon homogenate compared with that in mice without cADSC treatment (Figure 6C). In summary, all priming methods enhanced the capacity of cADSCs to suppress Th1/Th17-cell responses and induce Treg cells in colitis mice, with colon priming having the strongest enhancing effect.




3 Discussion

Various priming approaches have been proposed to improve the therapeutic efficacy of MSCs, including cytokines, growth factors, hypoxia, drugs, and biomaterials (14). Among them, the priming of MSCs with inflammatory cytokines aimed at increasing the secretion of anti-inflammatory and immunomodulatory factors has been the subject of numerous studies. Yang et al. reported that priming cADSCs with a combination of TNF-α and IFN-γ markedly enhanced the capacity of these cells to suppress the expression of proinflammatory cytokines in lipopolysaccharides (LPS)-activated macrophage cell lines and canine peripheral blood mononuclear cells via upregulation of the cyclooxygenase (COX)-2/prostaglandin E2 (PGE2) pathway (21). The same group also showed that TNF-α-primed cADSCs ameliorated colitis by promoting the polarization of M2 macrophages in mice with DSS-induced colitis via the hypersecretion of PGE2 and TNF-α-stimulated gene/protein 6 (TSG-6) (22), and that extracellular vesicles (EVs) derived from cADSCs primed with TNF-α and IFN-γ effectively suppressed colitis by inducing Treg cells and M2 macrophages (23). Consistent with the above studies, priming of cADSCs with a combination of TNF-α and IFN-γ in this study drastically enhanced the capacity of cADSCs to induce M2 macrophages and Treg cells, suppress Th1/Th17-cell responses, and inhibit Th-cell proliferation, thereby reducing the severity of colitis, with the upregulation of COX-2 and TSG-6 (Supplementary Table 1). Enrichment analysis showed that pathways such as TNF-α signaling via NFκB, IFN-γ responses, and inflammatory responses were enriched as expected, but surprisingly these pathways were also commonly enriched upon priming with colitis tissue. Furthermore, the enhancing effect of cADSCs on immunomodulatory capacity was equally observed upon priming with colitis tissue. The colon of mice with DSS-induced colitis expresses high levels of TNF-α and IFN-γ compared with that of healthy mice, but at picogram levels (24, 25). Therefore, cytokine concentrations much lower than those used in this study (20 ng/mL) may be sufficient to enhance the immunomodulatory capacity of cADSCs, and the inclusion of cytokines at concentrations and types more closely resembling the inflammatory environment may appropriately enhance the therapeutic effect of cADSCs. This is supported by studies reporting that exposure of human ADSCs to synovial fluid from patients with rheumatoid arthritis or plasma from patients with graft-vs.-host disease, which contain picogram levels of multiple inflammatory cytokines such as TNF-α, exerts better immunomodulatory effects (26, 27).

Priming is a good way to enhance MSC function, but one must consider that it may affect MSC survival, proliferation, and immunogenicity (15). In this regard, Li et al. showed that treatment of mouse bone marrow-derived MSCs (BMSCs) for 48 h with 10 ng/mL each of TNF-α and IFN-γ synergistically induced cell apoptosis, which was mediated by nitric oxide (28). In addition, Domenis et al. reported that priming of human ADSCs with graded concentrations of TNF-α and IFN-γ from 10 to 40 ng/mL for 48 h caused concentration-dependent changes in cell morphology and decreased proliferation (29). Regarding the effect on immunogenicity, Montesinos et al. demonstrated that stimulation of human BMSCs with a low concentration of TNF-α (0.5 ng/mL) or IFN-γ (5 ng/mL) for 24 h increased the expression of major histocompatibility complex (MHC)-I (30). Meanwhile, MHC-II expression of human BMSCs was not induced by TNF-α, but was markedly induced by IFN-γ, after 24 h (31, 32). Similar to these reports, in the present study, cADSC priming with the combination of TNF-α and IFN-γ induced apoptosis, decreased cell proliferation, and MHC-II gene (DLA-DRA and DLA-DQA1) expression, while enrichment analysis revealed enrichment of the apoptotic and allograft rejection pathways. A marked upregulation of MHC-II gene expression in cytokine-primed cells was revealed by RNA-seq (Supplementary Table 1). In contrast, priming of cADSCs with colitis tissue did not induce cell apoptosis, even at high concentrations, but rather promoted cell proliferation, and MHC-II gene expression was marginal. Priming with colitis tissue also showed upregulation of the apoptotic pathway in common, while the upregulation of cell proliferation and hypoxic pathways was specifically observed. Several studies have shown that priming MSCs under hypoxic conditions improves the survival and proliferative potential of the cells (33, 34). The detailed mechanisms by which the hypoxia and cell proliferation pathways were upregulated are unknown, but activation of these pathways may have protected cADSCs primed with colitis tissue from apoptosis. With regard to immunogenicity, priming human BMSCs with IL-17 alone or a cocktail of IL-1β, IL-6, and IL-23, cytokines secreted by Th17 cells, has been reported to enhance immunomodulatory capacity without increasing the expression of MHC-II or co-stimulatory molecules (35, 36). Considering the activation of Th17 cells that occurs in the colon of mice with DSS-induced colitis, it is suggested that not only low concentrations of TNF-α and IFN-γ in colitis tissue, but also Th17 cytokines, may be responsible for the enhanced function of cADSCs without increasing their immunogenicity. Similar priming effects that enhance function without adversely affecting MSCs are also provided by exposure of human ADSCs to the inflammatory environment produced by activated T cells, synovial fluid from rheumatoid arthritis patients, or plasma from graft-vs.-host disease patients (26, 27, 37).

MSCs are well known to change their properties and functions in response to the surrounding microenvironment (18). Therefore, the aim of this study was to investigate whether ex vivo exposure of cADSCs to inflamed colon tissue from mice would more effectively enhance the therapeutic effect of cADSCs on colitis in mice. DSS-induced colitis is a representative disease model used in preclinical studies of human IBD and canine CIE (38). Actually, some studies have reported that xenotransplantation of canine MSC ameliorate DSS-induced colitis in mice via immunomodulatory effects (21, 22, 39). In this study, to determine whether the original disease microenvironment enhances the immunomodulatory and therapeutic effects of canine MSCs on DSS-induced colitis in mice, cADSCs were primed with colon homogenates from colitis mice rather than dogs and the enhancing effects were compared to other priming conditions. DSS is toxic to mucosal epithelial cells of the colon, and when 40–50 kDa DSS is added at a concentration of 1–5% to drinking water and fed to mice for 5–10 days, it disrupts the integrity of the epithelial barrier and causes acute colitis (40). In addition to epithelial cell damage, macrophages play an important role in the pathogenesis of colitis, and stimulated and subsequently activated proinflammatory M1 macrophages not only cause direct colonic mucosal injury via the secretion of proinflammatory cytokines such as TNF-α, IL-1β, and IL-6, but also cause the infiltration of neutrophils and CD4+ Th cells into the mucosal epithelium via the secretion of IL-23 (41). Meanwhile, the adaptive immune system is not essential for the development of colitis, but the Th1/Th17-cell response, characterized by cytokines such as IFN-γ, IL-6, and IL-17, contributes to the progression of colitis (20, 42). Although the mechanism by which MSCs improve the pathogenesis of this model is not fully understood, they have been reported to improve the severity of colitis by reprogramming macrophages, modifying the Th-cell paradigm, and inducing regulatory immune cells via the secretion of indoleamine 2,3-dioxygenase (IDO), PGE2, transforming growth factor-β1, TSG-6, and EVs, among others (8). It has also been reported that intravenously administered rat BMSCs engraft onto damaged colon epithelium and restore the integrity of the epithelial barrier by rebuilding the tight junction protein claudin (43). Consistent with many previous reports, our intraperitoneally administered cADSCs, even naive ones, shifted the macrophage phenotype from M1 to M2 polarity, suppressed activation of Th1/Th17-cell responses, and directly inhibited Th-cell proliferation. However, their immunomodulatory capacity and were particularly enhanced in cADSCs primed with a combination of the inflammatory cytokines TNF-α and IFN-γ and in cADSCs primed with colon homogenate from colitis mice. These results emphasize the importance of activating MSCs by exposure to an inflammatory environment in order to maximize their therapeutic efficacy.

Although MSCs are not constitutively immunosuppressive, several studies have shown that their immunomodulatory function is activated by the host inflammatory environment (44). Therefore, in DSS-induced colitis, delivery of MSCs to inflamed colonic tissues may effectively activate their immunomodulatory function. Differences in the migration of MSCs to the inflamed colon that depend on the route of administration have been reported. For example, Castelo-Branco et al. showed that the intraperitoneal administration of allogeneic ADSCs to rats with trinitrobenzene sulfonic acid (TNBS)-induced colitis improved inflammation via the migration of ADSCs into the inflamed colon, but intravenous administration did not improve inflammation as the cells did not migrate into the colon (45). Li et al. also reported that the intravenous administration of human BMSCs to mice with TNBS-induced colitis resulted in most of them being trapped in the lungs and spleen, but the overexpression of CXCL2 on the cells markedly increased migration to the colon (46). In contrast, Gonçalves et al. reported that allogeneic ADSCs administered intravenously to mice with DSS-induced colitis induced high levels of IFN-γ in mouse serum, thereby activating the immunomodulatory function of ADSCs and showing increased T-cell apoptosis in the inflamed colon and improvement of inflammation, although this did not occur upon intraperitoneal administration (47). Furthermore, Pan et al. showed that allogeneic umbilical cord-derived MSCs administered intraperitoneally or intravenously to mice with DSS-induced colitis migrate into the colon by either route and improve colitis by improving local microcirculation, repairing epithelial barriers, and exerting immunomodulatory effects, with the effect of intraperitoneal administration being shown to be superior (48). Although the biodistribution of administered cADSCs was not analyzed in this study, it is possible that some of the intraperitoneally administered cADSCs migrated to the inflamed colon and were activated by its microenvironment, as suggested by the fact that even naive cADSCs exhibited immunomodulatory effects. Thus, intraperitoneal administration may be a more appropriate route of administration to enhance the therapeutic effect of MSCs in colitis in mice. However, the intraperitoneal administration of MSCs is not practical in large animals such as dogs or in humans due to the large volume of their abdominal cavity. With the exception of fistula-type Crohn's disease, local administration of MSCs is difficult in canine CIE and human IBD because of the diffuse or multiple lesions in the intestine, which is much larger and longer than in mice, and MSCs are almost always administered intravenously (8, 10). Although no studies have yet examined the biodistribution of intravenously administered MSCs in dogs with CIE or patients with IBD, intravenously administered MSCs in these species are often trapped early in the lungs and then redistributed to the spleen, liver, and kidney, but rarely in the intestinal tract (49). Furthermore, proteins, including cytokines, in the blood do not accurately reflect the state of inflammation in the gastrointestinal tract, as evidenced by the absence of established blood biomarkers (50). In summary, because intravenously administered MSCs in dogs and humans are less exposed to the inflammatory microenvironment, priming MSCs with inflammatory tissue may be a promising approach for successful MSC therapy not only in rodent experimental animal models but also in canine CIE and human IBD patients.

Hepatobiliary disorders are common extraintestinal manifestations of IBD (51). Similarly, in DSS-induced colitis, disruption of the colonic mucosal epithelial barrier increases intestinal permeability, allowing inflammatory cytokines and toxins such as LPS to reach the liver via the portal vein and cause inflammatory damage (52). In addition, during the acute phase of colitis caused by DSS, serum from C57BL/6J mice exhibits a cytokine expression pattern characterized by TNF-α, IFN-γ, and IL-6 from M1 macrophages/Th1 cells and IL-17 from Th17 cells similar to the expression pattern found in colon (24, 25). Therefore, we also primed cADSCs with serum and liver as non-colon tissues derived from colitis mice to test the specificity of priming with colitis tissue in enhancing the therapeutic effect of MSCs on colitis. Our results showed that priming with colitis tissue enhanced the immunomodulatory and therapeutic effects of cADSCs more than priming with other tissues, suggesting that the enhancing effects were specific. Given that the factors contained in each tissue sample are diverse, including not only cytokines but also EVs, miRNAs, and extracellular matrix, this study cannot clarify the mechanisms involved in the enhancement of cADSC function by priming, but it is possible that not only factors induced by inflammation but also components of colon tissue played an important role. To further validate this site-specific potentiation effect, it is necessary to compare the therapeutic effect of cADSCs primed with liver homogenates or colon homogenates on hepatitis models, for example.

Taken together, priming with colitis tissue homogenate enhanced the immunomodulatory capacity of cADSCs as much as priming with a combination of TNF-α and IFN-γ, a priming method that is well known to enhance the immunosuppressive capacity of MSCs. Furthermore, priming with colitis tissue enhanced the function of cADSCs without inducing apoptosis, decreased cell proliferation, or immunogenicity. Therefore, priming MSCs with diseased tissues may be an alternative method of priming MSCs to that of cytokines. We believe that if future studies demonstrate the safety of primed cells in dogs, they can be considered for use in individual cases in the clinic. The lack of direct quantification of cytokines and other proteins contained in the mouse-derived tissue samples used for priming or secreted by the primed cADSCs is a major limitation of this study, but given the diversity of factors contained in the samples and the lack of clarity on the mechanism of action of cADSCs, an exhaustive proteomic analysis is needed to investigate them. Detailed analysis of the mechanisms by which inflammatory tissue enhances MSC function was not within the scope of this study, but should be conducted in the future. If the factors involved in MSC activation are identified for this priming method, they may be purified and combined, making this a disease-specific and scalable method. In addition, it will be necessary to investigate the effects of primed cADSCs on the function as well as phenotype of macrophages and Th cell subsets. However, to the best of our knowledge, this is the first study to report that exposure of cADSCs to colitis tissue appropriately enhances their immunomodulatory and therapeutic effects on the original disease, colitis. Based on this finding, better therapeutic efficacy may be achieved by priming MSCs with mucosal samples obtained in a relatively non-invasive manner by endoscopic gastrointestinal mucosal biopsy, an essential step in the definitive diagnosis of canine CIE and human IBD. To achieve this, further studies are needed to elucidate the mechanisms mediating the functional enhancement of MSCs by priming, as well as to analyze characteristics and functions of primed MSCs in more detail.



4 Materials and methods


4.1 cADSC isolation and characterization

cADSCs were isolated from the falciform ligament fat of five healthy beagles (males; mean age: 1.8 years; mean weight: 11.0 kg), as previously described (53). This study was approved by the Bioethics Committee of Nippon Veterinary and Life Science University (approval number 2023S-5; 31 March, 2023). The animals were handled in accordance with the animal care guidelines of the Institute of Laboratory Animal Resources, Nippon Veterinary and Life Science University, Japan. Briefly, collected adipose tissue was digested in Dulbecco's Modified Eagle's Medium (DMEM) containing 0.15% collagenase type I (Sigma-Aldrich, St. Louis, MO, USA) with gentle agitation at 37°C for 1 h. After centrifugation, the pellet containing the stromal vascular fraction was resuspended in DMEM, filtered through a 100 μm nylon mesh, plated into a T-75 culture flask containing DMEM complete medium [DMEM supplemented with 10% fetal bovine serum (FBS; Capricorn, Hessen, Germany) and 1% penicillin–streptomycin (Thermo Fisher Scientific, Waltham, MA, USA)], and incubated overnight in a humidified atmosphere with 5% CO2 at 37°C. The cells were detached using trypsin-EDTA solution (Sigma-Aldrich) upon reaching 80–90% confluence and passaged. As shown in our previous studies, cADSCs were characterized by flow cytometry for expression pattern of CD29, CD44, and CD90 positive, CD34, CD45, and HLA-DR negative cell surface markers (53). In addition, the trilineage differentiation potential of these cells for adipogenesis, osteogenesis, and chondrogenesis was confirmed. All experiments were performed using cADSCs at passages 2–3.



4.2 Mouse colon, liver homogenate, and serum preparation

To obtain mouse-derived samples and prepare homogenates for priming cADSCs, fifteen 6-week-old male C57BL/6J mice were purchased from Jackson Laboratory Japan (Kanagawa, Japan) and fed ad libitum on sterile water and standard experimental chow in a temperature- and light-controlled room. Mice in which colitis had been induced by 7 days of 3% DSS (36–50 kDa; MP Biomedical, Solon, OH, USA) solution administration were euthanized by CO2 asphyxiation, and colon, liver, and whole-blood samples were collected. The colon and liver samples were washed well in PBS and immediately frozen in liquid nitrogen, followed by manual homogenization on ice using a tapered tissue grinder. After adding 1 mL of PBS per 100 mg of homogenate, the samples were centrifuged at 10,000 × g for 20 min at 4°C, and the supernatant was collected and filtered through a 20 μm mesh filter for sterilization. The collected whole blood was centrifuged at 1,200 × g for 15 min at 4°C, and the supernatant was collected to obtain serum. Total protein concentrations of colon and liver homogenates and serum were determined using a Qubit protein assay kit (Thermo Fisher Scientific), in accordance with the manufacturer's instructions. Homogenates and sera were stored frozen in liquid nitrogen until use.



4.3 cADSC priming protocols

cADSCs were thawed and suspended in DMEM complete medium and plated on 100 mm cell culture dishes. After 3–5 days, when cADSCs reached 70–80% confluence, the medium was removed and washed twice with PBS, after which DMEM complete medium containing 0.1 mg of homogenate or serum as total protein per mL, or containing 20 ng of recombinant mouse TNF-α (Miltenyi Biotec, Bergisch Gladbach, Germany) and recombinant mouse IFN-γ (Miltenyi Biotec) per mL was added and incubated with 5% CO2 at 37°C. After 24 h, cells were detached with trypsin-EDTA solution and used for subsequent experiments.



4.4 Lymphocyte proliferation inhibition assay

cADSCs primed with colon homogenate at graded concentrations of 0.01 to 1.0 mg/mL, primed with liver homogenate or serum at concentrations of 0.1 mg/mL and 0.5 mg/mL, or primed with 20 ng/mL mouse TNF-α and mouse IFN-γ were plated in six-well plates. After 24 h, cADSC adhesion was confirmed and the medium of the wells was removed, followed by the addition of 1 × 106 splenic Th cells from colitis mice without cADSC treatment pre-labeled with 5 μM Cell Trace Violet (Thermo Fisher Scientific) in RPMI-1640 complete medium (RPMI-1640 supplemented with 10% FBS, 1% penicillin–streptomycin, and 50 μM 2-mercaptoethanol) to the wells with or without 2 × 105 naive or primed cADSCs. The cells were then co-cultured with or without cADSCs in the presence of anti-mouse CD3/CD28 antibody-loaded Anti-Biotin MACSiBead particles (Miltenyi Biotec) at 37°C with 5% CO2 for 72 h. Th cells and cADSCs were cultured with direct contact in the wells. Finally, Th cells were collected and stained with an anti-CD4-APC antibody (Clone: RM4-5; BioLegend) or the isotype control, and proliferation was measured by flow cytometry.



4.5 cADSC apoptosis assay

Naive cADSCs or cADSCs primed for 24 h with 20 ng/mL of each of TNF-α and IFN-γ, 0.1 mg/mL liver homogenate, or 0.1 mg/mL or 0.5 mg/mL colon homogenate were stained with the FITC Annexin-V Apoptosis Detection Kit with PI (BioLegend, San Diego, CA, USA), in accordance with the manufacturer's instructions, and then apoptotic cells were measured by flow cytometry as the sum of the percentages of cells positive for Annexin V alone or in combination with PI.



4.6 cADSC proliferation assay

Naive cADSCs or cADSCs primed for 24 h with 20 ng/mL of each of TNF-α and IFN-γ, 0.1 mg/mL liver homogenate, or 0.1 mg/mL or 0.5 mg/mL colon homogenate were plated in 96-well plates at 2 × 103 cells each. After incubation at 37°C and 5% CO2 for 1–4 days, Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) was added to the wells, in accordance with the manufacturer's instructions and cell proliferation was measured as OD values at a wavelength of 450 nm with a Synergy HT Microplate Reader (BioTek, Winooski, VT, USA). OD values after day 2 were normalized by OD values on day 1.



4.7 RNA sequencing

Total RNA was extracted from naive cADSCs or cADSCs primed for 24 h with 20 ng/mL of each of TNF-α and IFN-γ, or 0.1 mg/mL colon homogenate using a NucleoSpin RNA kit (TaKaRa, Shiga, Japan), in accordance with the manufacturer's instructions. Construction of the cDNA library was performed with 1 μg of total RNA using Illumina NEBNext Ultra II RNA Library Prep Kit, in accordance with the manufacturer's instructions, followed by paired-end sequencing (2 × 150 bp) using a NovaSeq 6000 instrument. An average of 16–20 million read pairs were generated for each library. Primary analysis of RNA-seq raw data was carried out on the web using RaNa-seq (https://ranaseq.eu/; accessed on 22 February, 2024) (54). In this way, FASTQ files were pre-processed with the FASTp tool (55), expression was quantified with Salmon (56) against the genome assembly CanFam3.1, and raw count data and count data normalized by transcripts per million (TPM) were output. Secondary analysis of RNA-seq data was performed on the web by inputting these count data into RNAseqChef (https://imeg-ku.shinyapps.io/RNAseqChef/; accessed on 10 March, 2024) (57). For the pairwise comparison analysis, DEG detection was performed using DESeq2 with fold change and false discovery rate (FDR) cut-off values of >2 and < 0.05, respectively. To compare DEGs from different data sets, Venn diagram analysis was performed. Functional enrichment analysis was performed using clusterProfiler (58) with an FDR cut-off of >0.05 based on the MSigDB hallmark gene set.



4.8 Mouse colitis induction and cADSC treatment

To evaluate the therapeutic effect of cADSCs primed with each condition on colitis in vivo, 35 6-week-old c57BL/6J mice were purchased separately from the mice used for homogenate preparation and lymphocyte proliferation inhibition assays. To induce colitis, mice received 3% DSS solution in drinking water for 7 days, followed by sterile water for 3 days. On day 2 of colitis induction, mice received 200 μL of PBS or 2 × 106 cells of naive or primed cADSCs intraperitoneally. In contrast, healthy control mice received only sterile water to drink and the intraperitoneal administration of PBS. Each group included 5 mice. The mice were sacrificed by CO2 asphyxiation on day 10, and colon tissues and immune cells were harvested for subsequent histological evaluation and phenotypic analysis.



4.9 Evaluation of colitis severity

The severity of colitis was assessed based on the DAI, colon length, and the histological score of the colon. The DAI was calculated as the sum of three scores, namely, percent weight loss from initial weight (grades 0–4: 0, none; 1, 1–5% loss; 2, 6–10% loss; 3, 11–20% loss; 4, >20% loss), stool consistency (grades 0–3: 0, normal; 1, soft; 2, loose; 3, watery), and rectal bleeding (grades 0–3: 0, none; 1, occult blood; 2, visible bleeding; 3, gross bleeding), and was compared among the groups. Colon length was measured with a ruler from colon samples harvested on day 10. Two pathologists evaluated hematoxylin and eosin-stained colon tissue sections in a blinded fashion, and histological scores were calculated in accordance with previously reported methods (23) as follows: inflammatory cell infiltration (score 0–4: 0, no filtration; 1, infiltrate around crypt bases; 2, infiltrate reaching the lamina muscularis mucosa with abundant edema; 3, extensive infiltration reaching the muscularis mucosa with abundant edema; 4, infiltration of the submucosal layer) and epithelial damage (score 0–4: 0, normal morphology; 1, loss of goblet cells; 2, loss of goblet cells in large areas; 3, loss of crypts; 4, loss of crypts in large areas).



4.10 Phenotypic analysis of mouse peritoneal macrophages and splenic CD4+ Th cells

To investigate the effect of primed cADSCs on the immune system of mice with DSS-induced colitis, immune cells were harvested from these mice with and without cADSC treatment. Isolation and phenotypic analysis of mouse peritoneal macrophages and splenic CD4+ Th cells were performed as previously described (24). In brief, peritoneal macrophages were isolated by collecting and centrifuging PBS injected into the abdominal cavity of mice, and splenic CD4+ Th cells were isolated from cell suspensions obtained by mechanical mashing of the spleen by negative magnetic selection using a mouse CD4+ T-cell isolation kit (Miltenyi Biotec), in accordance with the manufacturer's instructions.

For flow cytometric phenotyping of macrophages, the cells were stained with the following antibodies or their respective isotype controls: anti-F4/80-FITC (clone: BM8; BioLegend), anti-CD80-APC (clone: 16-10A1; BioLegend), and anti-CD206-PE (clone: C068C2; BioLegend).

For intracellular cytokine detection, Th cells were stimulated with phorbol 12-myristate 13-acetate (50 ng/mL; Sigma-Aldrich) and ionomycin (1 μg/mL; Sigma-Aldrich) for 6 h and brefeldin A (10 μg/mL; Sigma-Aldrich) for 4 h, and then stained with an anti-CD4-APC antibody (Clone: RM4-5; BioLegend) or isotype control. The cells were fixed and permeabilized with Cyto-Fast Fix/Perm Buffer Set (BioLegend) and then stained with anti-IFN-γ-PE (clone: XMG1.2; BioLegend), anti-IL-4-PE (clone: 11B11; BioLegend), and anti-IL-17A-PE (clone: TC11-18H10.1; BioLegend) antibodies, or their respective isotype controls.

For flow cytometric detection of Treg cells, Th cells were stained with anti-CD4-APC and anti-CD25-PE (clone: PC61; BioLegend) antibodies or their respective isotype controls, followed by fixing and permeabilizing with True-Nuclear Transcription Factor Buffer Set (BioLegend) and staining with an anti-Foxp3-Alexa Fluor488 antibody (clone: MF-14; BioLegend) or isotype control. All samples were measured using a CytoFLEX instrument (Beckman Coulter, Brea, CA, USA) and data were analyzed using CytExpert ver. 2.0 analysis software.



4.11 Statistical analysis

All results are presented as the mean ± standard deviation. Data were tested for distribution normality using the Shapiro-Wilks normality test. Differences among multiple groups were assessed by one-way analysis of variance for normally distributed data and compared using the Dunnett's or Tukey–Kramer multiple comparison post hoc test, and assessed by Kruskal-Wallis test for non-normally distributed data and compared using Steel-Dwass post hock test. p < 0.05 was considered statistically significant. Statistical analyses were performed using R Commander 4.1.2.
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