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Background

Adiponectin is an important immunomodulatory mediator in inflammatory conditions. While we previously showed that adiponectin receptor 1 (AdipoR1) is expressed in murine regulatory T cells (Tregs), its expression in human Tregs remain unknown. Here, we examined the expression of AdipoR1 in human Tregs and whether its ligand, globular adiponectin (gAd) affects the Treg ability to secrete IL-10 and the role of Type 2 (T2) inflammation in such process.



Methods

Human Tregs from peripheral blood were analyzed by flow cytometry for AdipoR1, Helios and IL-10 expression. CD4+ T cells enriched from peripheral blood mononuclear cells (PBMCs) were cultured in the presence or the absence of gAd or the chemical adiponectin receptor agonist, AdipoRon, or in a T2 cytokine milieu. Flow cytometry was then used to assess intracellular IL-10, IL-10 secreting cells, FOXP3 and Helios expression, and phosphorylated p38 MAP kinase (MAPK). IL-10 levels in CD4+ T cell supernatants were quantified by ELISA.



Results

We found that a subset of human Tregs expressed AdipoR1. Importantly, more Helios- cells expressed AdipoR1 than Helios+ cells. Likewise, there was a higher frequency of IL-10+ cells within Helios- AdipoR1+ Tregs compared to Helios+ AdipoR1+ Tregs. In contrast, the IL-10 mean fluorescence intensity (MFI) was higher in Helios+ AdipoR1+ Tregs compared to Helios-AdipoR1+ Tregs. When human CD4+ T cells were treated with gAd or AdipoRon, a significant increase in IL-10 secretion, FOXP3 expression, and p38 MAPK phosphorylation was observed in Helios- AdipoR1+ Tregs. Interestingly, gAd under T2 cytokine milieu significantly increased the intracellular levels of IL-10, mainly in Helios+ AdipoR1+ Tregs, and IL-10 levels in supernatants of CD4+ T cells.



Conclusions

Collectively, our findings suggest that adiponectin/AdipoR1 axis promotes IL-10 release by Tregs, mainly in Helios- Tregs, and the effect was amplified by T2 inflammation in Helios+ Tregs.





Keywords: adiponectin receptor 1, regulatory T cells, interleukin-10, adiponectin, type 2 inflammation



Introduction

Regulatory T cells (Tregs) are critical modulators of immune responses and play an important role in maintaining peripheral tolerance (1, 2). Tregs express FOXP3, a key transcription factor for their development and function (2, 3). According to their origin, FOXP3+ Tregs can be divided into two major subsets, i) thymus-derived Tregs (tTregs) and ii) peripherally-induced Tregs (pTregs) (3–5). Although these cell populations are considered phenotypically undistinguishable, several studies suggested that Helios, an Ikaros family transcription factor, could discriminate between tTregs and pTregs (6–9). Tregs are capable to further differentiate in response to specific inflammatory signals where they can express diverse markers associated with specific functional features or tissue localization (10–13). Interestingly, FOXP3+ Tregs constitute more than half of the CD4+ T cells in the abdominal fat of lean mice and have been implicated in controlling insulin resistance through IL-10 induction (14). We previously showed that the majority of adipose tissue-resident Tregs in lean mice were Helios+ FOXP3+ Tregs and expressed higher levels of adiponectin receptor 1 (AdipoR1) than their counterpart in the spleen (15). However, AdipoR1 expression and its function in human Tregs remain unknown.

Adiponectin is the most abundant adipocyte-derived protein in human plasma, with circulating concentrations that oscillate from 5 to 30 µg/ml; it represents 0.01% of the total plasma proteins (16–18). While adiponectin levels are inversely correlated with obesity and insulin resistance, weight loss and exercise induce adiponectin synthesis (19–21). Circulating adiponectin exists as a full-length protein that forms oligomeric complexes and also as a globular C-terminal fragment (gAd) generated by proteolytic cleavage (22, 23). These adiponectin isoforms have distinct biological properties and affinities for the adiponectin receptors (AdipoRs). While AdipoR1 is a high-affinity receptor for gAd, AdipoR2 binds preferentially to the full-length protein (24–26). The full-length adiponectin forms high molecular multimers and binds to T-cadherin, which is critical for cell adhesion and energy homeostasis (16, 27).

Adiponectin has a broad range of biological functions including effects on the metabolism, immune responses and inflammation (28, 29). For instance, adiponectin attenuates the adhesion and the chemotaxis of human eosinophils (30) and reduces type 2 (T2) cytokine levels in a mouse model of allergic airway inflammation (31). In human dendritic cells and macrophages, adiponectin induces the synthesis of anti-inflammatory cytokines such as IL-10 and IL-1RA (32, 33). Importantly, while adiponectin-treated dendritic cells promote Tregs expansion (34), the direct effect of adiponectin on the functions of Tregs has not been demonstrated. Hence, here we examined whether human circulating Tregs express the AdipoR1 and whether human Tregs produce IL-10 in response to adiponectin. Moreover, we also studied whether T2 inflammation affects AdipoR1+ Tregs response to adiponectin.



Materials and Methods


Samples

This study included human peripheral whole blood samples and fresh buffy coats. Peripheral blood was collected in EDTA Vacutainer® tubes (Becton Dickinson, USA) from healthy volunteers who gave their oral informed consents. The ethical approval was granted by the regional Ethical Approval Committee (no 593-08). The fresh buffy coats were obtained from healthy blood donors (Blood Donor Center, Sahlgrenska University Hospital, Gothenburg). All samples were completely anonymized.



Phenotypic Analysis of Human Circulating Tregs

For ex vivo phenotypic analysis, peripheral blood was first diluted 1:1 in serum free RPMI 1640. Samples were then treated with phorbol 12-myristate 13-acetate (PMA, 50 ng/ml of cell suspension; Sigma-Aldrich, St Louis, MO, USA) and ionomycin (1 μg/ml of cell suspension, Sigma-Aldrich) for 4 h at 37°C. Brefeldin A (10 μg/ml of cell suspension; Sigma-Aldrich) was added for the last 3 h of incubation to inhibit protein transport before cells were stained with different surface markers (Table 1). Viable cells were determined by using the Live/Dead fixable Aqua stain kit (Life Technologies, Invitrogen™). Surface staining was followed by red blood cell lysis using BD FACS™ Lysing Solution (BD Pharmingen™ San Jose, CA, USA). Intracellular staining was performed using the Foxp3 Staining Buffer Set (eBioscience) according to the manufacturer’s instructions. A solution of human IgG (1 mg/ml; Sigma Aldrich) was added for at least 15 minutes at 4°C prior incubation with antibodies to prevent any non-specific binding. Antibodies used in this study are listed in Table 1. Samples were then processed on FACSVerse™ flow cytometer using FACS Suite software (BD Biosciences, San Jose, CA, USA) and data were analyzed using FlowJo Version 9.3.2 Software® (Tri star Inc, Ashland, OR, USA). All the gates were determined using the fluorescence minus one (FMO) approach or matched isotype controls (AdipoR1, Helios and IL-10; Table 1). The gating strategy to identify Treg subsets was performed as follows: dead cells (positive for LD Aqua dye) were excluded and lymphocytes were identified using forward and side scatter properties (FSC-A vs SSC-A), cell doublets (FSC-A vs FSC-H) were excluded and CD4+ T cells were gated from single cells and analyzed for CD25 expression. Helios+ FOXP3+ and Helios- FOXP3+ cells were gated on CD4+ CD25+ cells and then analyzed for AdipoR1 and IL-10 expression.


Table 1 | Antibodies used for flow cytometry.





Human PBMCs and CD4+ T Cells Isolation

Peripheral blood mononuclear cells (PBMCs) were obtained from fresh buffy coats and were isolated by density gradient centrifugation using Ficoll-Paque™ PLUS Media (GE Healthcare Bio-Sciences, Uppsala, Sweden). CD4+ T lymphocytes were enriched from PBMCs and purified by negative selection using magnetic separation according to the manufacturer´s protocol (Human CD4 T Lymphocyte Enrichment Set-DM; BD IMag™, BD Pharmingen™). The purity was evaluated by flow cytometry (>95%).



Measurement of IL-10-Secreting Cells

CD4+ T cells were cultured in serum-free TexMACS™ medium (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). We used a supplemented serum-free medium in order to prevent the ability of additional factors to stimulate IL-10 production since endogenous adiponectin present in the fetal bovine serum has been shown to be physiologically active (35). Cells were treated with recombinant human (rh) gAd (10 μg/ml; R&D Systems®, Minneapolis, MN, USA) or a synthetic small-molecule agonist of AdipoRs, AdipoRon (8 μM/ml; Tocris Bioscience, UK) for 4 h or 16 h. As positive control for IL-10 production, cells were treated with PMA (50 ng/ml) and ionomycin (1 μg/ml) for 4 h. IL-10-secreting cells were assessed using the IL-10 Secretion Assay detection kit according to the manufacturer’s protocol (MACS; Miltenyi Biotec). Briefly, CD4+ T cells were labelled with IL-10 catch reagent and a secretion period of 45 minutes at 37°C was performed. Cells were then labelled with IL-10 detection antibody and counterstained for CD4, AdipoR1, FOXP3 and Helios or isotype controls (Table 1). Flow cytometry analysis of IL-10-secreting cells was performed as described above.



Measurement of Intracellular IL-10 Levels

CD4+ T cells were cultured and treated as described above, with the exception of brefeldin A (10 μg/ml) that was added for the last 3 h of incubation. CD4+ T cells were harvested and the intracellular IL-10 levels were measured by flow cytometry.



Cell Culture in T2 Inflammatory Milieu

CD4+ T cells were cultured in serum-free AIM V™ medium (Life Technologies Inc., Gaithersburg, MD) supplemented with rhIL-2 (400 U/ml; R&D Systems®). To address the stability of ex vivo isolated CD4+ T cells, cells were seeded in plates pre-coated with anti-CD3 and soluble anti-CD28 antibodies (1 μg each/ml; BD Pharmingen™, BD Biosciences). To obtain a T2 cytokine milieu, rhIL-4 (10 ng/ml), and anti-human (h) IL-12 (10 μg/ml) and anti-hIFN-γ (10 μg/ml) neutralizing antibodies (all from BD Pharmingen™) were added as previously described (36). Cells were cultured for 5 days in the presence or absence of gAd (10 μg/ml). After the treatment, cells were re-stimulated with PMA (10 ng/ml) and ionomycin (500 ng/ml) for 4 h and brefeldin A (10 μg/ml) was added in the last 3 h of the stimulation. Cells were harvested and washed with PBS, and intracellular staining was performed.



Intracellular Staining and Flow Cytometric Analysis

CD4+ T cells were stained either with Live/Dead fixable Aqua stain kit (Invitrogen™) or 7AAD (BD Pharmingen™), and surface antibodies (Table 1). Staining for FOXP3, Helios, IL-10 and phospho-p38 MAPK (Table 1) was performed using the FOXP3 Staining Buffer Set (eBioscience) according to the manufacturer’s instructions. A solution of human IgG was added for at least 15 minutes at 4°C prior incubation with antibodies. Samples were analyzed on an FACSVerse™ flow cytometer using FACS Suite software (BD Biosciences, San Jose, CA, USA), and analyzed with FlowJo Version 9.3.2 Software® (Tri star Inc, Ashland, OR, USA). All the gates were determined using the fluorescence minus one (FMO) approach or matched isotype controls (AdipoR1, Helios and IL-10; Table 1). Single CD4+ T cells were acquired through gating strategy mentioned above. The continuous expression of AdipoR1, IL-10, and phospho-p38 MAPK was performed on CD4+ FOXP3+ Helios+ or CD4+ FOXP3+ Helios- cells. The gating strategy to identify Treg subsets is described in the Figure captions.



Enzyme-Linked Immunosorbent Assay (ELISA)

Following incubation under T2 cytokine conditions, CD4+ T cells were harvested and centrifuged, and culture supernatants were collected and analyzed for IL-10 using ELISA DuoSet kit (R&D Systems®, catalogue no. DY217B-05) according to the manufacturer´s instructions. Absorbance was measured on a Varioskan™ LUX multimode microplate reader (Thermo Fisher Scientific). Of note, brefeldin A was not added to avoid inhibition of IL-10 secretion.



Statistical Analysis

Data were analyzed with GraphPad Prism version 7.0b (GraphPad Software, La Jolla, CA, USA), and were expressed as means ± SEM. Data were tested for normal distribution by applying Shapiro-Wilk test. As variables were normally distributed, statistical analysis was performed using Student’s t-test or one-way ANOVA with Tukey’s multiple-comparisons post-hoc test. Pearson’s correlation analysis (rP, Pearson’s r correlation coefficient) was used to determinate the association between AdipoR1 and IL-10 expression. Statistical significance was defined as *P < 0.05, **P < 0.01, and ***P < 0.001.




Results


Human Circulating FOXP3+ Tregs Express AdipoR1

Human CD4+ T cells have been shown to preferentially express the AdipoR1 (37, 38); however, the expression of such receptor in Tregs has not been studied. Therefore, we sought to determine whether human circulating Tregs expressed AdipoR1. To this end, freshly collected whole blood cells were stained for two subpopulations of Tregs (CD4+ CD25+ FOXP3+ Helios+ or CD4+ CD25+ FOXP3+ Helios-) and analyzed by flow cytometry (Figures 1A, B). We found a lower frequency of AdipoR1 in Helios+ Tregs than that of Helios- Tregs (6.3% ± 1.201 vs 19% ± 1.995, respectively, Figure 1C). In contrast, the intensity of AdipoR1 expression in Tregs, shown as the mean fluorescence intensity (MFI), was significantly higher in Helios+ Tregs than that of Helios- Tregs (432 ± 46.22 vs 287.2 ± 24.47 respectively, Figure 1D).




Figure 1 | Human Circulating FOXP3+ Tregs Express AdipoR1. Flow cytometry analysis of AdipoR1 expression in Treg subsets was performed in peripheral whole blood from healthy donors. (A) Gating strategy of human circulating CD4+ CD25+ T cells. Dead cells, positive for LD Aqua dye, were excluded and lymphocytes were gated. CD4+ T cells were gated from single cells (excluding of doublets, FSC-A vs FSC-H) and analyzed for CD25 expression. (B) Helios+ and Helios- FOXP3+ Tregs were gated on CD4+ CD25+ cells and then analyzed for AdipoR1 expression. FACS plots are from a representative experiment. (C) Frequency of AdipoR1+ cells and (D) MFI (mean fluorescence intensity) AdipoR1 in Helios+ and Helios- FOXP3+ Tregs. Data were obtained from four independent experiments and are shown as the mean ± SEM of n=5. Student’s t-test, *P< 0.05 and **P< 0.01.





AdipoR1 Expression Correlates With IL-10 Production in FOXP3 Tregs

Previous studies have showed that Helios- but not Helios+ human FOXP3 Tregs produce a variety of cytokines ex vivo, including the anti-inflammatory cytokine IL-10 (39, 40). Therefore, we next examined the ability of human AdipoR1+ and AdipoR1- Treg subsets to produce IL-10. As shown in Figure 2A, Helios- Tregs contained an increased frequency of IL-10+ cells as compared with Helios+ Tregs (both AdipoR1+ and AdipoR1- cells). However, the frequency of IL-10+ cells was more prominent in Helios- AdipoR1+ Tregs than in Helios- AdipoR1- Tregs. Strikingly, the intensity of IL-10 expression (MFI) was significantly higher in both Helios+ and Helios- AdipoR1+ cells as compared with their counterparts within AdipoR1- cells (Figure 2B). Moreover, Helios expression differentially affected the intensity of IL-10 expression in AdipoR1+ and AdipoR1- populations. Indeed, while Helios+ AdipoR1+ Tregs expressed more IL-10 than Helios- AdipoR1+ Tregs, Helios+ AdipoR1- Tregs expressed less IL-10 than Helios- AdipoR1- Tregs (Figure 2B). Interestingly, AdipoR1 expression in Tregs showed a positive correlation with IL-10 production and expression (frequency, Figure 2C; MFI, Figure 2D). Taken together, these data suggest that Tregs expressing AdipoR1 produce more IL-10.




Figure 2 | AdipoR1 Expression Correlates with IL-10 Production in FOXP3 Tregs. Human circulating AdipoR1+ and AdipoR1- Treg subsets were analyzed by flow cytometry for IL-10 expression. (A) Frequency of IL-10+ cells and (B) MFI IL-10 in AdipoR1+ and AdipoR1- Treg subsets (Helios+ and Helios- cells). (C) The frequency or (D) MFI of AdipoR1 and IL-10 in Helios+ and Helios- Tregs were plotted on a scatter plot and correlation analysis was performed. Cells were gated as shown in Figure 1A (B) Data are means ± SEM of n=5. Student’s t-test, *P< 0.05, **P< 0.01, and ***P< 0.001. Correlations were performed by using Pearson’s correlation coefficient (rP).





gAd Induces IL-10 Secretion in Helios- AdipoR1+ Tregs

Adiponectin is known to induce IL-10 production in a variety of immune cells (32, 33, 41, 42). Since AdipoR1 preferentially binds to gAd isoform (26), we next investigated whether gAd induces IL-10 expression in AdipoR1+ Tregs. To this end, CD4+ T cells enriched from buffy coats were treated with gAd for 4 h or 16 h and intracellular IL-10 was measured by flow cytometry. We found that while PMA/ionomycin significantly enhanced intracellular IL-10 expression in Helios- AdipoR1+ Tregs, no effect was seen in Helios+ AdipoR1+ Tregs (Figure 3A). Strikingly, gAd treatment for 4 or 16 h did not affect the intracellular expression of IL-10 in AdipoR1+ Treg subsets (Figure 3A). Since gAd did not affect the intracellular levels of IL-10, we next sought to determine whether gAd induces the IL-10 secretion in AdipoR1+ Tregs. We found that PMA/ionomycin treatment did not increase the frequency of IL-10-secreting AdipoR1+ Tregs (Figure 3B). Strikingly, while gAd did not affect the frequency of IL-10-secreting cells in Helios+ AdipoR1+ Tregs, it significantly increases such frequency in Helios- AdipoR1+ Tregs at both 4 and 16 h of treatment (Figure 3B). These results clearly indicate that gAd induces a rapid secretion of IL-10 by Helios- AdipoR1+ Tregs.




Figure 3 | gAd induces IL-10 secretion in Helios- AdipoR1+ Tregs. CD4+ T cells were cultured in the presence of gAd and then analyzed by flow cytometry. (A) Representative FACS plots show the intracellular levels of IL-10 in Helios+ AdipoR1+ Tregs (upper) and Helios- AdipoR1+ Tregs (bottom). The graph (right) summarizes the frequencies of IL-10+ AdipoR1+ Treg subsets. (B) Representative FACS plots show the percentage of IL-10-secreting cells within Helios+ AdipoR1+ Tregs (upper) and Helios- AdipoR1+ Tregs (bottom). The graph (right) summarizes the frequencies of IL-10-secreting cells within AdipoR1+ Treg subsets. Analysis of intracellular IL-10+ cells or IL-10-secreting cells was performed in CD4+ FOXP3+ Helios+ AdipoR1+ Tregs and in CD4+ FOXP3+ Helios- AdipoR1+ Tregs. Data are means ± SEM of n=4-6 blood donors. One-way ANOVA with Tukey’s multiple comparisons test, *P< 0.05 and **P< 0.01.





gAd Induces FOXP3 in CD4+ T Cells, p38 MAPK Activation in Helios- Cells and AdipoR1 Expression in Tregs

We next investigated whether gAd differentially affects FOXP3 expression in Helios- and Helios+ cells. Neither gAd nor PMA/ionomycin treatments affected the expression of FOXP3 in Helios+ cells (Figure 4A). In contrast, treatment either with PMA/ionomycin for 4 h or gAd for 16 h, but not for 4 h, markedly increased the expression of FOXP3 in Helios- cells (Figure 4A). Because the conversion of conventional CD4+ T cells (FOXP3- cells) into FOXP3+ Tregs is mediated by p38 MAP kinase (MAPK) signalling pathway (43), we next investigated whether gAd treatment activates p38 MAPK in FOXP3+ Tregs. As shown in Figure 4B, gAd treatment significantly induced p38 MAPK phosphorylation in FOXP3+ Helios- Tregs but not in FOXP3+ Helios+ Tregs (Figure 4B). Furthermore, we investigated whether gAd treatment could affect the expression of AdipoR1 in Tregs. Interestingly, gAd treatment for 4 and 16 h increased the frequency of AdipoR1 in FOXP3+ Helios+ Tregs compared to unstimulated and PMA/ionomycin treated cells (Figure 4C). Moreover, gAd treatment for 16 h increased the frequency of AdipoR1 in FOXP3+ Helios- Tregs compared to PMA/ionomycin treatment. Together, these results suggest that gAd affects the biology of Tregs by inducing FOXP3 expression and activation of p38 MAPK in Helios- Tregs, but also by upregulating the expression of AdipoR1.




Figure 4 | gAd induces FOXP3 in CD4+ T cells, p38 MAPK activation in Helios- cells and AdipoR1 expression in Tregs. CD4+ T cells were cultured in the presence of gAd and then analyzed by flow cytometry. (A) Representative FACS plots show FOXP3 and Helios expression in CD4+ T cells treated with gAd (4 h or 16 h) or PMA/ionomycin (4 h). The graph summarizes the frequencies of FOXP3+ Helios+ Tregs or FOXP3+ Helios- Tregs following treatments. Analysis of FOXP3 and Helios was performed in CD4+ T cells. (B) Frequency of phosphorylated p38 (p-p38) MAPK positive cells within FOXP3+ Helios+ Tregs and FOXP3+ Helios- Tregs. (C) Frequency of AdipoR1 in Helios+ and Helios- FOXP3+ Tregs upon treatment with gAd or PMA/IO. Data are means ± SEMs of n= 4-6 blood donors. Student’s t-test, §P<0.01 in comparisons between Helios+ and Helios- cells with their respective treatment or for one-to-one comparisons (C). One-way ANOVA with Tukey’s multiple comparisons test, *P< 0.05 and **P< 0.01.





AdipoRon Induces FOXP3 Expression and IL-10 Release in Helios- AdipoR1+ Tregs

To further validate gAd effects on the function of Treg subsets, CD4+ T cells were treated with AdipoRon, a synthetic agonist of adiponectin receptors (44). We found that while AdipoRon did not affect the frequency of FOXP3 in Helios+ cells, it significantly increased the frequency of FOXP3 in Helios- cells at 4 h, but not at 16 h of treatment (Figure 5A). Similarly, when p38 MAPK activation was assessed after 4 h of treatment with AdipoRon, we found that it induced p38 MAPK phosphorylation in Helios- Tregs but not in Helios+ Tregs (Figure 5B). We next examined whether AdipoRon induces the IL-10 production in AdipoR1+ Tregs. AdipoRon did not affect the intracellular levels of IL-10 in either Helios+ or Helios- AdipoR1+ Tregs (Figure 5C). Interestingly, AdipoRon significantly increased the frequency of IL-10-secreting Helios- AdipoR1+ Tregs as compared with both unstimulated cells and Helios+ AdipoR1+ Tregs (Figure 5D). Together, these findings indicate that both gAd and AdipoRon activate, albeit at different time points, Helios- AdipoR1+ Tregs by increasing the secretion of IL-10, the expression of FOXP3 and the phosphorylation of p38 MAPK.




Figure 5 | AdipoRon induces FOXP3 expression and IL-10 release from Helios- AdipoR1+ Tregs. CD4+ T cells were cultured in the presence of AdipoRon and then analyzed by flow cytometry. (A) Frequency of FOXP3+ Helios+ Tregs or FOXP3+ Helios- Tregs. (B) Frequency of phosphorylated p38 (p-p38) MAPK cells within FOXP3+ Helios+ Tregs and FOXP3+ Helios- Tregs. (C) Frequency of intracellular IL-10+ cells in AdipoR1+ Tregs. (D) Frequency of IL-10-secreting AdipoR1+ Tregs. The analysis of intracellular IL-10+ cells or IL-10-secreting cells was performed in CD4+ FOXP3+ Helios+ AdipoR1+ Tregs and CD4+ FOXP3+ Helios- AdipoR1+ Tregs. Data are means ± SEM of n=4-6 blood donors. One-way ANOVA with Tukey’s multiple comparisons test, and Student’s t-test for one-to-one comparisons,*P< 0.05, **P< 0.01, and ***P< 0.001.





gAd Induces the Production of IL-10 in AdipoR1+ Tregs in a T2 Cytokine Milieu

We next investigated whether gAd ability to induce IL-10 production is affected under T2 inflammatory environment. To this end, CD4+ T cells were cultured for 5 days in T2 cytokine milieu in presence or absence of gAd and the frequency of IL-10+ cells was assessed in Helios+ and Helios- AdipoR1+ Tregs. Strikingly, we found that under T2 inflammatory conditions, gAd induced a significant increase in the intracellular expression of IL-10 in both Helios+ and Helios- AdipoR1+ Tregs as compared with cells under T2 conditions alone (Figure 6A). The induction of IL-10 by gAd under T2 conditions was significantly higher in Helios+ AdipoR1+ Tregs as compared with Helios- AdipoR1+ Tregs (Figure 6A). Similarly, IL-10 levels were significantly augmented in supernatants of CD4+ T cells cultured under T2 conditions in the presence of gAd as compared with T2 conditions alone or unstimulated cells (Figure 6B). Together, these findings suggest that T2 inflammation amplifies adiponectin effect on Helios+ Tregs functions. To examine whether AdipoR1+ conventional CD4+ T cells contribute to IL-10 accumulation in response to gAd, we assessed intracellular IL-10 expression in AdipoR1+ non-Tregs (CD4+ FOXP3- cells). As shown in Figure 6C, we found that the addition of gAd under T2 cytokine milieu did not affect the frequency of IL-10+ AdipoR1+ non-Tregs (Figure 6C). Together, these findings indicate that under T2 inflammation, Helios+ AdipoR1+ Tregs are the primary source of IL-10 in response to gAd.




Figure 6 | gAd induces the production of IL-10 in AdipoR1+ Tregs in a T2 cytokine milieu. CD4+ T cells were cultured under a T2 cytokine milieu in the presence or absence of gAd for 5 days. (A) Intracellular IL-10+ AdipoR1+ Tregs were assessed by flow cytometry and results were expressed as fold increases in the frequency of positive cells over basal (unstimulated cells). (B) IL-10 levels were determined in culture supernatants by ELISA. (C) Intracellular IL-10+ AdipoR1+ non-Tregs (CD4+ FOXP3- cells) were assessed by flow cytometry and results were expressed as fold increases in the frequency of positive cells over basal (unstimulated cells). Data are means ± SEM of n=5-6 blood donors. One-way ANOVA with Tukey’s multiple comparisons test, and Student’s t-test for one-to-one comparisons, *P< 0.05 and **P< 0.01.






Discussion

In this study, we report that human Tregs express the AdipoR1 and produce more IL-10 than AdipoR1- Tregs. Moreover, ex vivo study of Treg subpopulations, defined by Helios expression, revealed that gAd isoform induces IL-10 secretion from Helios- AdipoR1+ Tregs, while under T2 inflammation Helios+ AdipoR1+ Tregs were the primary source of IL-10. Importantly, we show that gAd or the synthetic agonist of AdipoRs, AdipoRon, increase the expression of FOXP3 in Helios- CD4+ T cells. All above findings reveal a novel mechanism for the anti-inflammatory effect of adiponectin in human Tregs further suggesting adiponectin/AdipoR1 axis as a suitable therapeutic option for the treatment of inflammatory conditions.

AdipoRs are expressed in human immune cells, where CD4+ T cells preferentially express the AdipoR1 (37, 38). We previously showed that CD4+ FOXP3+ Tregs express AdipoR1 in mouse tissues (15, 45); however, whether human Tregs express AdipoR1 has not been explored. In the present study, we report that both Helios+ and Helios- Tregs express AdipoR1. Because adiponectin exerts anti-inflammatory effects on multiple immune cells, we speculate that AdipoR1 may also mediate such effects in Tregs. Our data show that AdipoR1+ Tregs produce significantly higher levels of IL-10 compared to AdipoR1- Tregs. An interesting finding in our study was that subpopulations of Tregs, determined by expression of the transcription factor Helios, differentially expressed AdipoR1 and produced IL-10. Although Helios has been proposed as a marker to discriminate tTregs (FOXP3+ Helios+ Tregs) from pTregs (FOXP3+ Helios- Tregs) in human and mouse (6, 7), it has also been reported that tTregs possess a mixture of Helios+ and Helios- cells (46). Furthermore, pTregs generated in vitro and in vivo acquire some levels of Helios depending on stimulation conditions (47–49). Our findings confirm previous data showing that Helios– Tregs produce significantly more IL-10 compared to Helios+ Tregs (6, 39, 40, 46). Interestingly, we also found a subpopulation of Helios+ Tregs that express AdipoR1+ and produce IL-10. Recent studies show that Tregs are functionally heterogeneous and adapt their phenotype to different environments to suppress cell/tissue-specific responses (50, 51). Accordingly, our group previously showed that AdipoR1 expression in Helios+ Tregs negatively correlated with epididymal fat in a mouse model of diet-induced obesity (DIO) (15). More recently, we showed that severe obesity augmented the frequency of AdipoR1+ Tregs in lungs, suggesting that adipose tissue-related Tregs might reach distant tissues to control systemic inflammation (45). In our current study, we demonstrate that human Tregs also express the AdipoR1 and produce IL-10. Interestingly, AdipoR1+ Tregs express a much higher level of IL-10 than AdipoR1- Tregs, which suggests that adiponectin might have a role in the IL-10-mediated regulatory functions of this subset of Tregs.

Because adiponectin induces the production of IL-10 in human monocytes (32), it was plausible that AdipoR1+ Tregs treated with adiponectin produce IL-10. However, we found that levels of intracellular IL-10 in AdipoR1+ Tregs were not affected by treatment with gAd. Evidence obtained from mouse studies shows that adipose tissue Tregs express up to 136-fold increase of IL-10 transcripts compared to lymph node Tregs (14). We speculate that AdipoR1+ Tregs might also accumulate IL-10 and adiponectin would induce its secretion. Indeed, the IL-10 secretion assay showed that gAd induced the rapid secretion of IL-10 (4 h) in Helios- AdipoR1+ Tregs, but also at later time point (16 h). In line with this, studies performed in macrophages treated with gAd showed that maximal accumulation of IL-10 mRNA occurred at 5 h while a significant increase of IL-10 in cell supernatants was seen at 2 h (52). Furthermore, Kumada and colleagues demonstrated that IL-10 mRNA levels started to increase at 6 h of adiponectin treatment and continued elevated at 48 h while IL-10 protein was detected in culture supernatants within 24 h (33). In our study, a major limitation to trace the IL-10 production from mRNA to secreted protein in AdipoR1+ Tregs is the absence of known surface markers to discriminate between Helios+ and Helios- Tregs. However, although further studies are needed to address the molecular mechanisms that regulate the functions of AdipoR1+ Tregs, our data suggest that AdipoR1 expression distinguish a subset of IL-10-producing Tregs, where gAd might selectively induce the rapid secretion of IL-10 in Helios- AdipoR1+ Tregs.

A major finding in our study is that gAd induces the expression of FOXP3. Interestingly, studies performed in mouse cells demonstrated that dendritic cells differentiated in the presence of adiponectin, and subsequently co-cultured with CD4+ T cells, were able to induce FOXP3+ Tregs compared with untreated dendritic cells (34). Moreover, a recent study conducted in a mouse model of autoimmune encephalomyelitis showed that treatment with gAd reduced the expression of inflammatory markers and increased the frequency of FOXP3+ Tregs (53). To our knowledge, this is the first study showing that gAd directly influences the biology of human Tregs. Cheng and colleagues found that full-length adiponectin promoted Th1 lineage and did not alter the expression of FOXP3 (38). These data suggest that adiponectin isoforms differentially affect the biology of CD4+ T cells. A striking result in our study was that the induction of FOXP3 occurred in Helios- but not in Helios+ cells, which is in line with the hypothesis that Helios- cells correspond to the phenotype of pTregs. Although we cannot determine the origin of AdipoR1+ Tregs only based on their differential expression of Helios, it is possible that the expression of Helios in these subpopulations of Tregs correlates with a more stable FOXP3 expression. Interestingly, we show that gAd induces the activation of p38 MAPK in Helios− Tregs but not in Helios+ Tregs, which is consistent with a previous study showing that p38 MAPK signalling is required for the generation of pTreg (43). Thus, it is plausible that Helios- Tregs with a marked activation of p38 MAPK correspond to pTregs. Furthermore, our data also reveal that gAd upregulates the expression of AdipoR1 in Tregs. Importantly, this effect was not due to FOXP3 induction upon gAd treatment as AdipoR1 expression was elevated in both Helios+ and Helios- Tregs whereas FOXP3 induction was observed only in Helios- cells. Accordingly, it has been shown that the levels of adiponectin and AdipoRs are directly related. For instance, adiponectin levels and AdipoR1/R2 expression levels are both decreased in obesity (54, 55). Additional studies performed in mice showed that deficiency of AdipoR1, but not of AdipoR2, resulted in an obese phenotype (56). In line with this, we previously showed that AdipoR1 expression in Tregs is reduced in obese mice (15). Hence, it is possible that gAd/AdipoR1 axis may exert a protective role against inflammatory conditions, such as obesity, where the upregulation of AdipoR1 through its own ligand may increase the sensitivity of Tregs to adiponectin, which in turn promotes IL-10 production.

Our data show that AdipoRon induces the expression of FOXP3 at an early time point (4 h) but not at a later time point (16 h). In contrast, gAd induces the expression of FOXP3 at 16 h of stimulation but not at 4 h of stimulation. This apparent discrepancy may be due to the nature of these ligands. While AdipoRon is a synthetic chemical compound and the most potent agonist for AdipoRs (44), gAd is the natural/native ligand for AdipoR1 (24, 26). Although we do not exclude the possibility that the early effects of AdipoRon on the induction of Tregs could be mediated by both AdipoRs, previous studies have shown that AdipoR1 primarily activates the AMPK and p38 MAPK pathways, whereas AdipoR2 mainly acts through COX-2 and PPARα/γ pathways (42). Since p38 MAPK pathway signal has been shown to be involved in the induction of FOXP3 and IL-10 production (42, 43), pathways previously shown to be activated by AdipoR1, we believe that the effect of AdipoRon on the induction of FOXP3 is mediated by AdipoR1; however, further studies are needed to validate this hypothesis. Because AdipoRon induced FOXP3 expression at early time points, we investigated its effects following 4 h of treatment. Similar to the results obtained with gAd, AdipoRon induced p38 MAPK activation in Helios- cells and IL-10 secretion by Helios- AdipoR1+ Tregs. AdipoRon is the most well studied synthetic agonist of AdipoRs (44, 57). It possess anti-diabetic and anti-atherogenic effects (44, 58); however, the direct effects of AdipoRon on immune cells are not completely defined. A study performed in muscle cells obtained from a mouse model of Duchenne muscular dystrophy revealed that the treatment with AdipoRon augmented the expression of IL-10 mRNA and protein as compared to untreated animals (59). Moreover, this study demonstrated that AdipoRon significantly reduced pro-inflammatory cytokines, indicating that AdipoRon might be beneficial in the treatment of inflammatory diseases (59). Interestingly, anti-inflammatory effects of AdipoRon were abolished by silencing the AdipoR1 gene, suggesting that such functions were mediated by AdipoR1 (59). In our study, we did not determine whether AdipoRon induced the IL-10 production in Helios- AdipoR1+ Tregs via AdipoR1 or AdipoR2. However, AdipoR1 has been strongly associated with the anti-inflammatory effects of adiponectin, particularly the gAd isoform (24, 59, 60). Here, we suggest the AdipoR1 as a potential target for specific agonists that might modulate the anti-inflammatory functions of Tregs.

We previously showed that DIO mice under allergic asthma model showed a reduced frequency of Helios- AdipoR1+ Tregs in the lungs compared to DIO non-allergic mice (45). In the current study, we investigated whether allergic T2 inflammatory environment may affect human AdipoR1+ Tregs. Strikingly, we found that under T2 inflammatory conditions gAd induced IL-10 production not only in Helios- AdipoR1+ Tregs but also in Helios+ AdipoR1+ Tregs, indicating that this latter subpopulation might respond to gAd by producing IL-10 under specific inflammatory conditions. The effect of gAd/AdipoR1 axis on anti-inflammatory responses, including the induction of IL-10, has been observed in several cell types (52, 60, 61). Mandal and colleagues reported that IL-10 is required for gAd to suppress LPS-induced TNFα expression in Kupffer cells. Notably, this effect was abolished by knocking down AdipoR1 but not AdipoR2 (61). In mouse macrophages, gAd inhibited NF-κB signaling through AdipoR1 (62), while full-length adiponectin acted via AdipoR2 to shift macrophages toward a M2 phenotype utilizing an IL-10 independent mechanism (63). Our data suggest that under a T2 inflammatory environment, gAd is able to induce IL-10 production in AdipoR1+ Tregs. Although gAd is not typically detected in the circulation, the full-length adiponectin is cleaved in specific tissues or at sites of inflammation (23, 64), suggesting that the functions of gAd are mediated by inflammatory signals. Because of the robust association between reduced adiponectin levels and obesity-related diseases (65, 66), it is of significant interest to understand the molecular mechanisms that regulate the adiponectin/AdipoRs functions. Accordingly, our data show that upon gAd or AdipoRon treatment, CD4+ T cells acquire FOXP3 expression. Therefore, the development of new compounds that mimic or enhance adiponectin actions in an isoform-specific manner would be an attractive therapeutic option to ameliorate metabolic or inflammatory disorders. Particularly, our findings reveal a novel mechanism through which gAd and AdipoRon might induce anti-inflammatory effects by upregulating Tregs and IL-10 release.

Here, we reported for first time the existence of IL-10-producing AdipoR1+ Tregs in human; however, further studies are still needed to elucidate the role of this subpopulation in in vivo inflammatory conditions. In addition, our study has some limitations. For example, our samples were anonymized where we do not have access to any demographic information, such as gender or age, which may influence the expression and the function of AdipoR1/adiponectin axis. Also, our study used a small number of samples. However, the main objective of this study was to explore the expression and the function of AdipoR1 in human Tregs in response to adiponectin. We believe that due to our straightforward approach, we manage to address such goals despite this limitation. However, we recognize that the above limitations need to be addressed in future studies by using bigger sample size and additional experimental approaches.

In conclusion, human circulating AdipoR1+ Treg subpopulations differ in their regulatory properties and can be subdivided based on their Helios expression. Our data suggest that under inflammatory conditions the gAd/AdipoR1 axis might play a critical role in regulating the functions of Helios+ and Helios- AdipoR1+ Tregs where T2 inflammation amplifies the effect of gAd on IL-10 production by Helios+ AdipoR1+ Tregs (Figure 7). Further studies are still needed to determine the molecular mechanisms underlying the effect of gAd on AdipoR1+ Tregs; however, the induction of AdipoR1 and IL-10 production in Tregs suggests a potential novel strategy to attenuate inflammatory responses.




Figure 7 | AdipoR1 expression distinguish a subpopulation of IL-10-producing Tregs. (A) AdipoR1+ Tregs in human peripheral blood. Human circulating Tregs express AdipoR1 and produce IL-10. While there is a high frequency of AdipoR1+ cells that produce IL-10 within Helios- Tregs, AdipoR1 and IL-10 expression (MFI) is upregulated within Helios+ Tregs. (B) In vitro activated AdipoR1+ Tregs. gAd or AdipoRon induce IL-10 release in Helios- AdipoR1+ Tregs. gAd or AdipoRon promote the generation of FOXP3+ Helios- Tregs likely through activation of p38 MAPK. (C) AdipoR1+ Tregs under T2 cytokine conditions. T2 inflammatory environment amplifies the effect of gAd on IL-10 production by AdipoR1+ Tregs, where Helios+ AdipoR1+ Tregs are the primary source of IL-10. Figure was created using templates from Servier Medical Art, which are licensed under a Creative Commons Attribution 3.0 Unported License (http://smart.servier.com/).





Data Availability Statement

The data generated in this study are available on request to the corresponding author.



Ethics Statement

Peripheral blood was collected from healthy volunteers who gave their oral informed consent under the ethical approval granted by the regional Ethical Approval Committee (no 593-08). The fresh buffy coats were obtained from healthy blood donors (Blood Donor Center, Sahlgrenska University Hospital, Gothenburg). All samples were completely anonymized without access to any data about the donors.



Author Contributions 

PR-R and AB conceived the study, designed the experiments, analyzed data, and wrote the manuscript. PR-R and CM performed the experiments. CM, MR, and OT contributed to data interpretation and provided critical comments to the manuscript. All authors reviewed and commented on the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by grants from Herman Krefting Foundation, the Swedish Heart Lung Foundation (Ref. 20120565, 20170747, 20180219, 20180220, 20200619), and the Swedish Cancer and Allergy Foundation (AB); National Institutes of Health grants R01HL111541 (OT). PR-R was supported by Consejo Nacional de Ciencia y Tecnología (CONACyT), México (Ref. 232150/261200).



Acknowledgments

We would like to thank the blood donors and the nurses at Krefting Research Centre for aiding in sample collection.



References

1. Hawrylowicz, CM, and O’Garra, A. Potential Role of interleukin-10-secreting Regulatory T Cells in Allergy and Asthma. Nat Rev Immunol (2005) 5(4):271–83. doi: 10.1038/nri1589

2. Vignali, DA, Collison, LW, and Workman, CJ. How Regulatory T Cells Work. Nat Rev Immunol (2008) 8(7):523–32. doi: 10.1038/nri2343

3. Sakaguchi, S, Yamaguchi, T, Nomura, T, and Ono, M. Regulatory T Cells and Immune Tolerance. Cell (2008) 133(5):775–87. doi: 10.1016/j.cell.2008.05.009

4. Curotto de Lafaille, MA, and Lafaille, JJ. Natural and Adaptive foxp3+ Regulatory T Cells: More of the Same or a Division of Labor? Immunity (2009) 30(5):626–35. doi: 10.1016/j.immuni.2009.05.002

5. Shevach, EM, and Thornton, AM. tTregs, pTregs, and Itregs: Similarities and Differences. Immunol Rev (2014) 259(1):88–102. doi: 10.1111/imr.12160

6. Thornton, AM, Korty, PE, Tran, DQ, Wohlfert, EA, Murray, PE, Belkaid, Y, et al. Expression of Helios, an Ikaros Transcription Factor Family Member, Differentiates Thymic-Derived From Peripherally Induced Foxp3+ T Regulatory Cells. J Immunol (2010) 184(7):3433–41. doi: 10.4049/jimmunol.0904028

7. Getnet, D, Grosso, JF, Goldberg, MV, Harris, TJ, Yen, HR, Bruno, TC, et al. A Role for the Transcription Factor Helios in Human Cd4(+)Cd25(+) Regulatory T Cells. Mol Immunol (2010) 47(7-8):1595–600. doi: 10.1016/j.molimm.2010.02.001

8. Kim, YC, Bhairavabhotla, R, Yoon, J, Golding, A, Thornton, AM, Tran, DQ, et al. Oligodeoxynucleotides Stabilize Helios-Expressing Foxp3+ Human T Regulatory Cells During In Vitro Expansion. Blood (2012) 119(12):2810–8. doi: 10.1182/blood-2011-09-377895

9. Thornton, AM, Lu, J, Korty, PE, Kim, YC, Martens, C, Sun, PD, et al. Helios(+) and Helios(-) Treg Subpopulations are Phenotypically and Functionally Distinct and Express Dissimilar TCR Repertoires. Eur J Immunol (2019) 49(3):398–412. doi: 10.1002/eji.201847935

10. Zheng, Y, Chaudhry, A, Kas, A, deRoos, P, Kim, JM, Chu, TT, et al. Regulatory T-cell Suppressor Program Co-Opts Transcription Factor IRF4 to Control T(H)2 Responses. Nature (2009) 458(7236):351–6. doi: 10.1038/nature07674

11. Koch, MA, Tucker-Heard, G, Perdue, NR, Killebrew, JR, Urdahl, KB, and Campbell, DJ. The Transcription Factor T-bet Controls Regulatory T Cell Homeostasis and Function During Type 1 Inflammation. Nat Immunol (2009) 10(6):595–602. doi: 10.1038/ni.1731

12. Chaudhry, A, Rudra, D, Treuting, P, Samstein, RM, Liang, Y, Kas, A, et al. Cd4+ Regulatory T Cells Control Th17 Responses in a Stat3-dependent Manner. Science (2009) 326(5955):986–91. doi: 10.1126/science.1172702

13. Cipolletta, D, Feuerer, M, Li, A, Kamei, N, Lee, J, Shoelson, SE, et al. Ppar-Gamma is a Major Driver of the Accumulation and Phenotype of Adipose Tissue Treg Cells. Nature (2012) 486(7404):549–53. doi: 10.1038/nature11132

14. Feuerer, M, Herrero, L, Cipolletta, D, Naaz, A, Wong, J, Nayer, A, et al. Lean, But Not Obese, Fat is Enriched for a Unique Population of Regulatory T Cells That Affect Metabolic Parameters. Nat Med (2009) 15(8):930–9. doi: 10.1038/nm.2002

15. Ramos-Ramirez, P, Malmhall, C, Johansson, K, Lotvall, J, and Bossios, A. Weight Gain Alters Adiponectin Receptor 1 Expression on Adipose Tissue-Resident Helios+ Regulatory T Cells. Scand J Immunol (2016) 83(4):244–54. doi: 10.1111/sji.12419

16. Katira, A, and Tan, PH. Adiponectin and its Receptor Signaling: An Anti-Cancer Therapeutic Target and its Implications for Anti-Tumor Immunity. Expert Opin Ther Targets (2015) 19(8):1105–25. doi: 10.1517/14728222.2015.1035710

17. Choi, HM, Doss, HM, and Kim, KS. Multifaceted Physiological Roles of Adiponectin in Inflammation and Diseases. Int J Mol Sci (2020) 21(4):1219. doi: 10.3390/ijms21041219

18. Martinez Cantarin, MP, Waldman, SA, Doria, C, Frank, AM, Maley, WR, Ramirez, CB, et al. The Adipose Tissue Production of Adiponectin is Increased in End-Stage Renal Disease. Kidney Int (2013) 83(3):487–94. doi: 10.1038/ki.2012.421

19. Giannessi, D, Maltinti, M, and Del Ry, S. Adiponectin Circulating Levels: A New Emerging Biomarker of Cardiovascular Risk. Pharmacol Res (2007) 56(6):459–67. doi: 10.1016/j.phrs.2007.09.014

20. Wilk, S, Scheibenbogen, C, Bauer, S, Jenke, A, Rother, M, Guerreiro, M, et al. Adiponectin is a Negative Regulator of Antigen-Activated T Cells. Eur J Immunol (2011) 41(8):2323–32. doi: 10.1002/eji.201041349

21. Carbone, F, La Rocca, C, and Matarese, G. Immunological Functions of Leptin and Adiponectin. Biochimie (2012) 94(10):2082–8. doi: 10.1016/j.biochi.2012.05.018

22. Park, M, Youn, B, Zheng, XL, Wu, D, Xu, A, and Sweeney, G. Globular Adiponectin, Acting Via Adipor1/APPL1, Protects H9c2 Cells From Hypoxia/Reoxygenation-Induced Apoptosis. PLoS One (2011) 6(4):e19143. doi: 10.1371/journal.pone.0019143

23. Waki, H, Yamauchi, T, Kamon, J, Kita, S, Ito, Y, Hada, Y, et al. Generation of Globular Fragment of Adiponectin by Leukocyte Elastase Secreted by Monocytic Cell Line Thp-1. Endocrinology (2005) 146(2):790–6. doi: 10.1210/en.2004-1096

24. Yamauchi, T, Kamon, J, Ito, Y, Tsuchida, A, Yokomizo, T, Kita, S, et al. Cloning of Adiponectin Receptors That Mediate Antidiabetic Metabolic Effects. Nature (2003) 423(6941):762–9. doi: 10.1038/nature01705

25. Yamauchi, T, Iwabu, M, Okada-Iwabu, M, and Kadowaki, T. Adiponectin Receptors: A Review of Their Structure, Function and How They Work. Best Pract Res Clin Endocrinol Metab (2014) 28(1):15–23. doi: 10.1016/j.beem.2013.09.003

26. Kadowaki, T, and Yamauchi, T. Adiponectin and Adiponectin Receptors. Endocr Rev (2005) 26(3):439–51. doi: 10.1210/er.2005-0005

27. Hug, C, Wang, J, Ahmad, NS, Bogan, JS, Tsao, TS, and Lodish, HF. T-Cadherin is a Receptor for Hexameric and High-Molecular-Weight Forms of Acrp30/Adiponectin. Proc Natl Acad Sci USA (2004) 101(28):10308–13. doi: 10.1073/pnas.0403382101

28. Neumeier, M, Weigert, J, Schaffler, A, Wehrwein, G, Muller-Ladner, U, Scholmerich, J, et al. Different Effects of Adiponectin Isoforms in Human Monocytic Cells. J Leukoc Biol (2006) 79(4):803–8. doi: 10.1189/jlb.0905521

29. Ouchi, N, and Walsh, K. Adiponectin as an Anti-Inflammatory Factor. Clin Chim Acta (2007) 380(1-2):24–30. doi: 10.1016/j.cca.2007.01.026

30. Yamamoto, R, Ueki, S, Moritoki, Y, Kobayashi, Y, Oyamada, H, Konno, Y, et al. Adiponectin Attenuates Human Eosinophil Adhesion and Chemotaxis: Implications in Allergic Inflammation. J Asthma (2013) 50(8):828–35. doi: 10.3109/02770903.2013.816725

31. Shore, SA, Terry, RD, Flynt, L, Xu, A, and Hug, C. Adiponectin Attenuates Allergen-Induced Airway Inflammation and Hyperresponsiveness in Mice. J Allergy Clin Immunol (2006) 118(2):389–95. doi: 10.1016/j.jaci.2006.04.021

32. Wolf, AM, Wolf, D, Rumpold, H, Enrich, B, and Tilg, H. Adiponectin Induces the Anti-Inflammatory Cytokines IL-10 and IL-1RA in Human Leukocytes. Biochem Biophys Res Commun (2004) 323(2):630–5. doi: 10.1016/j.bbrc.2004.08.145

33. Kumada, M, Kihara, S, Ouchi, N, Kobayashi, H, Okamoto, Y, Ohashi, K, et al. Adiponectin Specifically Increased Tissue Inhibitor of Metalloproteinase-1 Through Interleukin-10 Expression in Human Macrophages. Circulation (2004) 109(17):2046–9. doi: 10.1161/01.CIR.0000127953.98131.ED

34. Tsang, JY, Li, D, Ho, D, Peng, J, Xu, A, Lamb, J, et al. Novel Immunomodulatory Effects of Adiponectin on Dendritic Cell Functions. Int Immunopharmacol (2011) 11(5):604–9. doi: 10.1016/j.intimp.2010.11.009

35. Wang, Y, Lu, G, Wong, WP, Vliegenthart, JF, Gerwig, GJ, Lam, KS, et al. Proteomic and Functional Characterization of Endogenous Adiponectin Purified From Fetal Bovine Serum. Proteomics (2004) 4(12):3933–42. doi: 10.1002/pmic.200400826

36. Bratke, K, Klein, C, Kuepper, M, Lommatzsch, M, and Virchow, JC. Differential Development of Plasmacytoid Dendritic Cells in Th1- and Th2-like Cytokine Milieus. Allergy (2011) 66(3):386–95. doi: 10.1111/j.1398-9995.2010.02497.x

37. Palmer, C, Hampartzoumian, T, Lloyd, A, and Zekry, A. A Novel Role for Adiponectin in Regulating the Immune Responses in Chronic Hepatitis C Virus Infection. Hepatology (2008) 48(2):374–84. doi: 10.1002/hep.22387

38. Cheng, X, Folco, EJ, Shimizu, K, and Libby, P. Adiponectin Induces Pro-Inflammatory Programs in Human Macrophages and CD4+ T Cells. J Biol Chem (2012) 287(44):36896–904. doi: 10.1074/jbc.M112.409516

39. Raffin, C, Pignon, P, Celse, C, Debien, E, Valmori, D, and Ayyoub, M. Human Memory Helios- FOXP3+ Regulatory T Cells (Tregs) Encompass Induced Tregs That Express Aiolos and Respond to IL-1beta by Downregulating Their Suppressor Functions. J Immunol (2013) 191(9):4619–27. doi: 10.4049/jimmunol.1301378

40. Muller, M, Herrath, J, and Malmstrom, V. Il-1R1 is Expressed on Both Helios(+) and Helios(-) FoxP3(+) Cd4(+) T Cells in the Rheumatic Joint. Clin Exp Immunol (2015) 182(1):90–100. doi: 10.1111/cei.12668

41. Kamio, N, Akifusa, S, Yamaguchi, N, Nonaka, K, and Yamashita, Y. Anti-Inflammatory Activity of a Globular Adiponectin Function on RAW 264 Cells Stimulated by Lipopolysaccharide From Aggregatibacter Actinomycetemcomitans. FEMS Immunol Med Microbiol (2009) 56(3):241–7. doi: 10.1111/j.1574-695X.2009.00573.x

42. Tan, PH, Tyrrell, HE, Gao, L, Xu, D, Quan, J, Gill, D, et al. Adiponectin Receptor Signaling on Dendritic Cells Blunts Antitumor Immunity. Cancer Res (2014) 74(20):5711–22. doi: 10.1158/0008-5472.CAN-13-1397

43. Huber, S, Schrader, J, Fritz, G, Presser, K, Schmitt, S, Waisman, A, et al. P38 MAP Kinase Signaling is Required for the Conversion of CD4+CD25- T Cells Into Itreg. PLoS One (2008) 3(10):e3302. doi: 10.1371/journal.pone.0003302

44. Okada-Iwabu, M, Yamauchi, T, Iwabu, M, Honma, T, Hamagami, K, Matsuda, K, et al. A Small-Molecule Adipor Agonist for Type 2 Diabetes and Short Life in Obesity. Nature (2013) 503(7477):493–9. doi: 10.1038/nature12656

45. Ramos-Ramirez, P, Malmhall, C, Johansson, K, Adner, M, Lotvall, J, and Bossios, A. Lung Regulatory T Cells Express Adiponectin Receptor 1: Modulation by Obesity and Airway Allergic Inflammation. Int J Mol Sci (2020) 21(23):8990. doi: 10.3390/ijms21238990

46. Himmel, ME, MacDonald, KG, Garcia, RV, Steiner, TS, and Levings, MK. Helios+ and Helios- Cells Coexist Within the Natural Foxp3+ T Regulatory Cell Subset in Humans. J Immunol (2013) 190(5):2001–8. doi: 10.4049/jimmunol.1201379

47. Akimova, T, Beier, UH, Wang, L, Levine, MH, and Hancock, WW. Helios Expression is a Marker of T Cell Activation and Proliferation. PLoS One (2011) 6(8):e24226. doi: 10.1371/journal.pone.0024226

48. Zabransky, DJ, Nirschl, CJ, Durham, NM, Park, BV, Ceccato, CM, Bruno, TC, et al. Phenotypic and Functional Properties of Helios+ Regulatory T Cells. PLoS One (2012) 7(3):e34547. doi: 10.1371/journal.pone.0034547

49. Gottschalk, RA, Corse, E, and Allison, JP. Expression of Helios in Peripherally Induced Foxp3+ Regulatory T Cells. J Immunol (2012) 188(3):976–80. doi: 10.4049/jimmunol.1102964

50. Xu, L, Huang, Q, Wang, H, Hao, Y, Bai, Q, Hu, J, et al. The Kinase Mtorc1 Promotes the Generation and Suppressive Function of Follicular Regulatory T Cells. Immunity (2017) 47(3):538–51.e5. doi: 10.1016/j.immuni.2017.08.011

51. Schmidleithner, L, Thabet, Y, Schonfeld, E, Kohne, M, Sommer, D, Abdullah, Z, et al. Enzymatic Activity of HPGD in Treg Cells Suppresses Tconv Cells to Maintain Adipose Tissue Homeostasis and Prevent Metabolic Dysfunction. Immunity (2019) 50(5):1232–48.e14. doi: 10.1016/j.immuni.2019.03.014

52. Park, PH, Huang, H, McMullen, MR, Bryan, K, and Nagy, LE. Activation of Cyclic-AMP Response Element Binding Protein Contributes to Adiponectin-Stimulated Interleukin-10 Expression in RAW 264.7 macrophages. J Leukoc Biol (2008) 83(5):1258–66. doi: 10.1189/jlb.0907631

53. Piccio, L, Cantoni, C, Henderson, JG, Hawiger, D, Ramsbottom, M, Mikesell, R, et al. Lack of Adiponectin Leads to Increased Lymphocyte Activation and Increased Disease Severity in a Mouse Model of Multiple Sclerosis. Eur J Immunol (2013) 43(8):2089–100. doi: 10.1002/eji.201242836

54. Tsuchida, A, Yamauchi, T, Ito, Y, Hada, Y, Maki, T, Takekawa, S, et al. Insulin/Foxo1 Pathway Regulates Expression Levels of Adiponectin Receptors and Adiponectin Sensitivity. J Biol Chem (2004) 279(29):30817–22. doi: 10.1074/jbc.M402367200

55. Kollias, A, Tsiotra, PC, Ikonomidis, I, Maratou, E, Mitrou, P, Kyriazi, E, et al. Adiponectin Levels and Expression of Adiponectin Receptors in Isolated Monocytes From Overweight Patients With Coronary Artery Disease. Cardiovasc Diabetol (2011) 10:14. doi: 10.1186/1475-2840-10-14

56. Bjursell, M, Ahnmark, A, Bohlooly, YM, William-Olsson, L, Rhedin, M, Peng, XR, et al. Opposing Effects of Adiponectin Receptors 1 and 2 on Energy Metabolism. Diabetes (2007) 56(3):583–93. doi: 10.2337/db06-1432

57. Zhang, Y, Zhao, J, Li, R, Lau, WB, Yuan, YX, Liang, B, et al. AdipoRon, the First Orally Active Adiponectin Receptor Activator, Attenuates Postischemic Myocardial Apoptosis Through Both AMPK-mediated and AMPK-independent Signalings. Am J Physiol Endocrinol Metab (2015) 309(3):E275–82. doi: 10.1152/ajpendo.00577.2014

58. Esfahani, M, Shabab, N, and Saidijam, M. AdipoRon may be Benefit for Atherosclerosis Prevention. Iran J Basic Med Sci (2017) 20(2):107–9. doi: 10.22038/ijbms.2017.8228

59. Abou-Samra, M, Selvais, CM, Boursereau, R, Lecompte, S, Noel, L, and Brichard, SM. AdipoRon, a New Therapeutic Prospect for Duchenne Muscular Dystrophy. J Cachexia Sarcopenia Muscle (2020) 11(2):518–33. doi: 10.1002/jcsm.12531

60. Park, PH, McMullen, MR, Huang, H, Thakur, V, and Nagy, LE. Short-Term Treatment of RAW264.7 Macrophages With Adiponectin Increases Tumor Necrosis Factor-Alpha (Tnf-Alpha) Expression Via ERK1/2 Activation and Egr-1 Expression: Role of TNF-alpha in Adiponectin-Stimulated interleukin-10 Production. J Biol Chem (2007) 282(30):21695–703. doi: 10.1074/jbc.M701419200

61. Mandal, P, Park, PH, McMullen, MR, Pratt, BT, and Nagy, LE. The Anti-Inflammatory Effects of Adiponectin are Mediated Via a Heme Oxygenase-1-Dependent Pathway in Rat Kupffer Cells. Hepatology (2010) 51(4):1420–9. doi: 10.1002/hep.23427

62. Yamaguchi, N, Argueta, JG, Masuhiro, Y, Kagishita, M, Nonaka, K, Saito, T, et al. Adiponectin Inhibits Toll-Like Receptor Family-Induced Signaling. FEBS Lett (2005) 579(30):6821–6. doi: 10.1016/j.febslet.2005.11.019

63. Mandal, P, Pratt, BT, Barnes, M, McMullen, MR, and Nagy, LE. Molecular Mechanism for Adiponectin-Dependent M2 Macrophage Polarization: Link Between the Metabolic and Innate Immune Activity of Full-Length Adiponectin. J Biol Chem (2011) 286(15):13460–9. doi: 10.1074/jbc.M110.204644

64. Fruebis, J, Tsao, TS, Javorschi, S, Ebbets-Reed, D, Erickson, MR, Yen, FT, et al. Proteolytic Cleavage Product of 30-Kda Adipocyte Complement-Related Protein Increases Fatty Acid Oxidation in Muscle and Causes Weight Loss in Mice. Proc Natl Acad Sci U S A (2001) 98(4):2005–10. doi: 10.1073/pnas.041591798

65. Fantuzzi, G. Adiponectin and Inflammation: Consensus and Controversy. J Allergy Clin Immunol (2008) 121(2):326–30. doi: 10.1016/j.jaci.2007.10.018

66. Lang, HF, Chou, CY, Sheu, WH, and Lin, JY. Weight Loss Increased Serum Adiponectin But Decreased Lipid Levels in Obese Subjects Whose Body Mass Index was Lower Than 30 Kg/M(2). Nutr Res (2011) 31(5):378–86. doi: 10.1016/j.nutres.2011.04.004



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Ramos-Ramírez, Malmhäll, Tliba, Rådinger and Bossios. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-12-677550-g003.jpg
osmased PWALIO g gpaten
il | { i 25, ot
et | | da )
s e B i
3 2 )
f b
et | H
il R— |
1 9 O
L
o
e
3
Helios™ |






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Adiponectin/AdipoR1 Axis Promotes IL-10 Release by Human Regulatory T Cells

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Samples

          



          		

            Phenotypic Analysis of Human Circulating Tregs

          



          		

            Human PBMCs and CD4+ T Cells Isolation

          



          		

            Measurement of IL-10-Secreting Cells

          



          		

            Measurement of Intracellular IL-10 Levels

          



          		

            Cell Culture in T2 Inflammatory Milieu

          



          		

            Intracellular Staining and Flow Cytometric Analysis

          



          		

            Enzyme-Linked Immunosorbent Assay (ELISA)

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Human Circulating FOXP3+ Tregs Express AdipoR1

          



          		

            AdipoR1 Expression Correlates With IL-10 Production in FOXP3 Tregs

          



          		

            gAd Induces IL-10 Secretion in Helios- AdipoR1+ Tregs

          



          		

            gAd Induces FOXP3 in CD4+ T Cells, p38 MAPK Activation in Helios- Cells and AdipoR1 Expression in Tregs

          



          		

            AdipoRon Induces FOXP3 Expression and IL-10 Release in Helios- AdipoR1+ Tregs

          



          		

            gAd Induces the Production of IL-10 in AdipoR1+ Tregs in a T2 Cytokine Milieu

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions 

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-12-677550-g006.jpg
(eseaq sano oBueys pros)
91 -uou yodpy 0111

(1520 19n0 0600 p0)
S vodipy 01





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2021.677550_cover.jpg
, frontiers
in Immunology

Adiponectin/AdipoR1 Axis Promotes
IL-10 Release by Human
Regulatory T Cells





OEBPS/Images/fimmu-12-677550-g004.jpg
FOXP3

Unsimsated

sedon COR* Tents
PuAs10 oadan oad 1on

*@a

i Qo

EE,

Es “

i

&
5 I
o

»@ LA

Ottt
W

. AdPORI” Toge






OEBPS/Images/fimmu-12-677550-g002.jpg
A DHelios B — OHelios™
Haios . Heior
P - n

AdipoR1"  AdipoR1 AdipoRt*  AdipoRt

o
3007 1= 0.9363
P=00001
¢ o
= 200
H
2 10
ol
o 10 20 30 0 100 200 300 400 500 600

% AdipoR1* Tregs AdipoR1 MFlin Tregs





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-677550-g001.jpg
=

SSC-A

L0 Aqua aye

Gatedon CO4* COZ5"

AdipoR1

HAGPORT" Togs

£

p—
¥ot

Ot
o





OEBPS/Images/fimmu-12-677550-g007.jpg
i @&
. &
P

AN ™
@ ‘T2 cytokine milieu %
A

Inviro Induced Tregs






OEBPS/Images/fimmu-12-677550-g005.jpg
% FOXP3*cells

% IL0* AdIPOR1 Tyyg

r—— Gritest
e o
‘Z £l
9 i
gk
. b+
st
[T
ol L
@\‘4" * & \&‘ b* &
b f
&

20 OHelos® s

o
s 2015
g?
0] + 1o
3&
. 8%
5] - 2% 5
= pe l & ®
S & e @5
@é’ Yh\f






OEBPS/Images/table1.jpg
Antibody / Clone

Coarsks
CORPATA

Co251M-A251

AdipoRt

FOXP3 / 206AET

Hobos /2276

L0/ JES3 907

110/ L-10 Secraton Assay Kt

Phospho-p38 MARKISS38.

Dorkey antiabst G secondary Ab / PoyA064
Armerian Hamster 193, s0ype controe299A
Rat IgG1 K, Isotype control / R3-34

Labelling

8510
APCHT
PECYT
Unconjugated
PERucP-0/55
PE1APC
Bvazt

PE

PECYT

Fc

PEAPC

Bvaz1

£D Bosences
80 Boscences

80 Boscences

Phoersx Phamacoutcals
oBioscence | BD Boscence

€D Boscencss

Mitenyi Bioteo
8D Bosciences

80 Biosciences

Gatalogue no.

562070
560158
ss77a1

600144

124777 1561493

129883 179883
561053

130090434
60241
406408

12.4888/ 174883

562868






