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Umbilical cord mesenchymal stromal cells transplantation delays the onset of hyperglycemia in the RIP-B7.1 mouse model of experimental autoimmune diabetes through multiple immunosuppressive and anti-inflammatory responses
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Type 1 diabetes mellitus (T1DM) is an autoimmune disorder specifically targeting pancreatic islet beta cells. Despite many efforts focused on identifying new therapies able to counteract this autoimmune attack and/or stimulate beta cells regeneration, TD1M remains without effective clinical treatments providing no clear advantages over the conventional treatment with insulin. We previously postulated that both the inflammatory and immune responses and beta cell survival/regeneration must be simultaneously targeted to blunt the progression of disease. Umbilical cord-derived mesenchymal stromal cells (UC-MSC) exhibit anti-inflammatory, trophic, immunomodulatory and regenerative properties and have shown some beneficial yet controversial effects in clinical trials for T1DM. In order to clarify conflicting results, we herein dissected the cellular and molecular events derived from UC-MSC intraperitoneal administration (i.p.) in the RIP-B7.1 mouse model of experimental autoimmune diabetes. Intraperitoneal (i.p.) transplantation of heterologous mouse UC-MSC delayed the onset of diabetes in RIP-B7.1 mice. Importantly, UC-MSC i. p. transplantation led to a strong peritoneal recruitment of myeloid-derived suppressor cells (MDSC) followed by multiple T-, B- and myeloid cells immunosuppressive responses in peritoneal fluid cells, spleen, pancreatic lymph nodes and the pancreas, which displayed significantly reduced insulitis and pancreatic infiltration of T and B Cells and pro-inflammatory macrophages. Altogether, these results suggest that UC-MSC i. p. transplantation can block or delay the development of hyperglycemia through suppression of inflammation and the immune attack.
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INTRODUCTION
Type I diabetes Mellitus (T1DM) is an autoimmune disorder targeting the destruction of pancreatic insulin-producing beta cells, ultimately leading to hyperglycemia and the requirement of insulin therapy for survival. Latest findings indicate that T1DM originates from an early low chronic inflammation and disease of beta cells followed by the collapse of immune tolerance to pancreatic beta cell self-antigens such as insulin in individuals, a process which is facilitated by genetic predisposition and environmental factors (Pociot and Lernmark 2016; Antonela et al. 2017; Jerram et al. 2017; Norris et al. 2020; Roep et al. 2021; von Scholten et al. 2021). Although autoreactive CD45+, CD8+, CD3+ and CD4+ T Cells are the main cellular effectors of beta cells destruction (Willcox et al. 2009; Sarikonda et al. 2014), increasing evidence also demonstrated the critical participation of other immune cell types, mainly CD20+ B lymphocytes and pro-inflammatory CD68+ macrophages in the initiation and progression of the disease (Gaglia et al. 2011; Morgan et al. 2014; Campbell-Thompson et al. 2016; Christie 2016).
Despite advances in our understanding of T1DM progression that has highlighted a relevant number of targets that upon modulation could either prevent or revert hyperglycemia in the Non-Obese Diabetic (NOD) mouse model of T1DM, translation to human patients has been mitigated by poor clinical trial outcomes (Thayer et al. 2010; Warshauer et al. 2020; von Scholten et al. 2021). As such, trials using anti-CD3 or anti-CD20 monoclonal antibodies to inhibit the development and mobilization of either T- or B- cells, led to a mild and transient improvement in C-peptide responses but failed to impede the recurrence of β-cell autoimmunity (Bluestone et al. 2010; Aronson et al. 2014; Vudattu and Herold 2014). A more recent clinical trial using Verapamil, a calcium channel blocker that improves beta cell survival was also shown to improve C-peptide response after a mixed meal highlighting the importance of targeting the metabolic damage to the beta cell mass in addition to the immune cells (Ovalle et al. 2018).
The shortfalls of these “targeted monotherapies” have been a matter of debate and challenge the strategy of whether blocking a specific immune cell type or molecular mechanism is sufficient enough to attenuate the ongoing autoimmune attack and preserve the beta cell mass in T1DM (Cobo-Vuilleumier et al. 2018; Cobo-Vuilleumier and Gauthier 2020). Advanced therapies that simultaneously target multiple key immune events while establishing a local pancreatic anti-inflammatory and regenerative milieu have come into the limelight as a powerful alternative approach for the treatment of T1DM (Canibano-Hernandez et al. 2018; Warshauer et al. 2020). As such, cell-based immunotherapies using ex vivo expanded autologous tolerogenic dendritic cells or regulatory T Cells (Tregs) were shown to convey pleiotropic positive effects in the treatment of different human autoimmune disorders, including T1DM (Marek-Trzonkowska et al. 2012; Phillips et al. 2017; Stojanovic et al. 2017). Nonetheless, the isolation, differentiation and expansion of such immune cells are tedious and raise concerns on the feasibility of this approach for therapeutics. Alternatively, mesenchymal stromal/stem cells (MSC) have gained increasing interest due to their immunomodulatory and regenerative properties as well as ease of isolation/purification from various adult tissues (Franquesa et al. 2012; Shen et al. 2021). As of 2022, approximately 1500 clinical trials using MSC were registered at www.clinical trials.gov for indications ranging from neurological disease to diabetes. Of particular appeal are umbilical cord MSC (UC-MSC) that, in addition to possess immunosuppressive and anti-inflammatory properties, also display low immunogenicity offering the prospect of allogeneic transplantation (Can et al. 2017). To date, several clinical trials using UC-MSC infusion into newly onset T1DM patients have been yet completed but generated conflicting outcomes. On one hand, two independent studies reported no improvement in beta cell mass or C-peptide preservation whereas Tregs were increased in one study but not in the other subsequent to a 1 and 2 year follow-up of a single UC-MSC infusion (Haller et al. 2011; Giannopoulou et al. 2014). On the other hand, two other studies claimed that both C-peptide and HbA1c levels were improved after UC-MSC infusion resulting in reduced daily insulin dosage for patients at more than 1 year post-infusion (Hu et al. 2013; Lu et al. 2021). A common denominator to all studies was the absence of adverse side effects related to infusion (Haller et al. 2011; Hu et al. 2013; Giannopoulou et al. 2014; Lu et al. 2021).
Given the high yield of healthy MSC that can be harvested from the umbilical cord combined with their immunomodulatory and regenerative properties, we sought to dissect the cellular and molecular events derived from UC-MSC intraperitoneal (i.p.) transplantation in the RIP-B7.1 mouse model of experimental autoimmune diabetes (EAD) in order to resolve pending discrepancies hindering further clinical studies. Of special relevance, transgene expression of the co-stimulatory B7.1 molecule in β-cells has shown to represent a highly reproducible EAD induction model (Rajasalu et al. 2004; Rajasalu et al. 2010; Cobo-Vuilleumier et al. 2018), by inducing a rapid and consistent insulitis mimicking closely the aggressive immune attack occurring in younger children with type 1 diabetes (Craig et al. 2019).
Overall, we show that a single i. p. injection of UC-MSC could delay the onset of insulitis and hyperglycemia in RIP-B7.1 mice. Mechanistically, we show that UC-MSC i. p. transplantation drastically modified the composition and phenotype of peritoneal fluid cells, by mobilizing myeloid-derived suppressor cells (MDSC), T Cells and regulatory T Cells (Tregs). Interestingly, similar regulatory cells responses were further detected in diverse degrees into the spleen and pancreatic lymph nodes, in a timely orchestrated process correlating ultimately with a significantly lower pancreatic infiltration of T and B Cells as well as pro-inflammatory macrophages.
RESULTS
Phenotypic characterization of umbilical cord mesenchymal stromal cells
Consistent with mesenchymal stromal/stem cells (MSC) characteristics, umbilical cord MSC (UC-MSC) derived from E17 pregnant FVB mice displayed the typical fibroblastic morphology of MSC and accordingly expressed pericytes (α-SMA, desmin, PDGR-β and NG2) and mouse MSC (CD29, Sca-1 and CD44) markers (Supplementary Figures S1A–C). Consistent with their stemness properties, UC-MSC were also shown to possess mesodermal differentiation capacity as evidenced by their ability to acquire adipocytes, chondrocytes and osteocytes characteristics upon culture into specific lineage inductive media (Supplementary Figures S1D–F).
Intraperitoneal UC-MSC transplantation delays EAD onset, reduces insulitis and normalizes the plasmatic cytokines profile in immunized-RIP-B7.1 mice
Increasing amounts of UC-MSC were intraperitoneally (i.p.) transplanted into either immunized (IMM) or not (CT) RIP-B7.1 mice and glycemia was monitored up to 8-weeks post treatment (Supplementary Figure S2). A single i. p. dose of 5 × 105 UC-MSC provided the most effective reduction of hyperglycemia as compared to either a single or two doses of 2 × 105 UC-MSC (Supplementary Figure S2A). Long-term follow-up experiments indicated that a single i. p. dose of 5 × 105 UC-MSC provided a delay of approximately 7 weeks in the EAD onset of IMM-RIP-B7.1 mice, after when 100% of them became hyperglycemic at 13-14 weeks post-transplantation (Figures 1A, B). Control RIPB7.1 mice (not immunized) which were transplanted with 5 × 105 UC-MSC didn´t show any obvious alterations in terms of overall health status, glycemia (Figure 1A) or weight (data not shown) by comparison to their non-transplanted counterparts.
[image: Figure 1]FIGURE 1 | UC-MSC transplantation delay the onset of experimental autoimmune diabetes (EAD) in immunized RIP-B7.1 mice, reducing insulitis and normalizing plasmatic cytokine profile during the protective phase. (A) Summary measurements of non-fasting blood glucose in control (CT) and immunized (IMM) RIP-B7.1 mice transplanted with vehicle or 5 × × 105 UC-MSC, recorded until 14 weeks post transplantation. (B) Summary percentages of diabetic RIP-B7.1 mice (≥250 mg/dL) into different experimental groups. (A, B) Values are means ± s. e.m. of n = 18 mice for CT and CT+5 × 105 UC-MSC, n = 28 for IMN and n = 31 for IMM+5 × 105 UC-MSC. (C) Representative hematoxylin and eosin (H&E) histological staining of pancreatic sections from CT and IMM-RIP-B7.1 mice at 7 weeks post-transplantation with vehicle or 5 × 105 UC-MSC (40X magnification). (D) Insulitis scores as a grade of 0–4 according to percentage of infiltrated islets. (n = 4 mice per group). (E) Pancreatic sections from CT and IMM RIP-B7.1 mice at 7 weeks post-transplantation with vehicle or 5 × 105 UC-MSC were co-immunostained for insulin (green) and glucagon (red). Nuclei are stained with DAPI (blue). Representative single-channel fluorescence images are shown individually and merged. 40X magnification. (F) Plasmatic cytokines profile from CT and IMM RIP-B7.1 mice at 7 weeks after vehicle or 5 × 105 UC-MSC transplantation. Values are mean ± SE cytokine concentration [pg/mL]. CT, n = 8; CT + UC-MSC, n = 8; IMM, n = 10; IMM + UC-MSC, n = 10. (D, F) *, p ≤ 0.05; **, p ≤ 0.03; ***, p ≤ 0.01, one-way ANOVA.
To understand how UC-MSC transplantation protected temporally IMM-RIP-B7.1 mice against the programmed EAD, we first analyzed the presence of immune cells infiltration within islets (insulitis) at 7 days and 7 weeks post-transplantation (Figure 1C). A single dose of 5 × 105 UC-MSC produced the best protection against the development of the highest grades of insulitis in IMM-RIP-B7.1 mice (Figure 1D), and preserved islets integrity and normal α- and β-cell content (Figure 1E). Correlating with these results, IMM-RIP-B7.1 mice transplanted with UC-MSC had reduced plasmatic concentrations of the pro-inflammatory cytokines IL-6, IFN-γ and TNF-α as compared to vehicle-treated IMM-RIP-B7.1 mice (Figure 1F).
Biodistribution of transplanted UC-MSC
In vivo imaging system (IVIS) was used to track Dir+-labelled UC-MSC after i. p. transplantation (Figures 2A, B). Dir+ signals rapidly disseminated through the peritoneal cavity and incorporated to the different visceral organs tested, including the mesentery, gonadal fat depots and liver at 24 h post-transplantation. Strong Dir+ signals detected in the stroma of fresh liver section clearly indicate an accumulation of phagocytized Dir+ UC-MSC-derived residues (Figure 2B). Analysis of the spleen and mesentery suggested that Dir+ UC-MSC had not migrated massively into their stroma since the majority of Dir+ signal was concentrated into their outermost mesothelium (Figure 2C). In line with this finding, pancreatic lymph nodes (PLN) were also found to lack detectable internal Dir+ signal, which was instead detected onto adipose tissue surrounding PLN (Figure 2C). Finally, some large Dir+ UC-MSC aggregates were found adhered onto the mesenteric mesothelium in close proximity to the pancreas in most UC-MSC transplanted RIP-B7.1 mice, which supports a local action of UC-MSC to the target pancreas (Figures 2D, E). However, most of the Dir+ UC-MSC aggregates initially detected as adhered onto the mesenteric surface at day 1 post-transplantation were by contrast undetectable after 7 days when only traces of Dir+ signals inside mesothelium cells which could correspond to macrophages (Figures 2E, F). Finally, at 7 days post-transplantation of CFSE+ UC-MSC, fluorescent cells consistent with UC-MSC or phagocytes bearing UC-MSC-derived CFSE+ residues were detected inside CD54hi milky spots in the mesenteric submesothelium (Figure 2G).
[image: Figure 2]FIGURE 2 | Transplanted UC-MSC rapidly spread inside the peritoneal cavity and adhere to the mesothelium surface of several peritoneal organs. (A) Shows wide dissemination of 5 × 105 Dir+ UC-MSC through the peritoneal cavity at 6 h post-transplantation (arrow points to the injection site). (B) Shows comparative Dir+ fluorescence levels into mesentery, gonadal adipose tissue and liver section from vehicle or Dir+ UC-MSC transplanted IMM mice, at 24 h post-transplantation. (C) Upper and middle images show comparative Dir+ fluorescence into the separated splenic and mesenteric mesothelium (arrows), respectively. Lower image shows Dir+ fluorescence signal in pancreatic lymph nodes (PLN), which was externally restricted to peripheral adipose tissue (asterisks), but not to PLN (ellipse). (D) Whole-mount visualization of connected mesentery and pancreas at 24 h post-transplantation of Dir+ UC-MSC and after washing in PBS allows the visualization of small to large Dir+ UC-MSC aggregates adhered on their surface. (E) En face bright field picture of mesentery and pancreas surface at 24 h post-transplantation of Dir+ UC-MSC, showing small to large blue Dir+ UC-MSC aggregates (ellipses) adhered on top of the mesenteric adipose tissue mesothelium but not on top of the pancreatic mesothelium. (F) En face bright field picture of mesentery and pancreas surface at 7 days post-transplantation of Dir+ UC-MSC. At that time post-transplantation, Dir+ aggregates were not observable on top of the mesentery surface (left image). By contrast, many areas of the mesenteric adipose tissue displayed residual Dir+ dots in surface cells (enlarged spot). (G) En face immunofluorescence picture of the mesentery surface showing Dir+ cells inside a milky spot (depicted by CD54-PEhigh lymphocytes) which should likely correspond to macrophages with internalized Dir+ residues.
UC-MSC are massively targeted by peritoneal macrophages
To start deciphering the immune protection mechanisms triggered by UC-MSC i. p. transplantation, we first analyzed peritoneal fluid cells (PFC) from IMM mice transplanted or not with fluorescently labelled UC-MSC (Supplementary Figure S3). Peritoneal drainages collected at 24 h post-transplantation with CFSE+ UC-MSC helped the visualization of numerous small to large cellular aggregates, consisting of a core of CFSE+/CD11bneg UC-MSC surrounded by several layers of CFSE−/CD11bhi myeloid cells (Figure 3A). Examination of PFC at day 1 post-transplantation of fluorescently-labelled UC-MSC, indicated that part of CD11b(hi) large peritoneal macrophages presented fluorescent residues in their cytoplasm, indicating they are actively involed in UC-MSC phagocytosis (Figure 3B). Most UC-MSC/myeloid cells aggregates were collected as free-floating aggregates within peritoneal lavages, while by contrast only a minor portion of them were found firmly attached on top of mesenteric adipose depots (Figures 2D, E).
[image: Figure 3]FIGURE 3 | Intraperitoneally transplanted UC-MSC are targeted by peritoneal macrophages in a process accompanied by a strong mobilization of neutrophils and myeloid-derived suppressor cells in the peritoneal fluid. (A) Left image, shows low 2X magnification fluorescence picture of a peritoneal drainage collected at 24 h post-transplantation of CFSE+ UC-MSC and showing presence of many small to very large CFSE+ UC-MSC clusters. Scale bar is 500 µm. Middle image, merged fluorescent and light photograph of CFSE+ UC-MSC aggregates showing a core of CFSE+ UC-MSC surrounded by several layers of CSFEneg external cells (arrow). Right image, CD11b-PE staining of peritoneal lavage cells helped to visualize how CFSE+ UC-MSC aggregates had an external layer of CD11bhigh/CSFEneg peritoneal macrophages. Scale bar is 100 µm. (B) Shows CD11b-PE stained peritoneal fluid cells (PFC) collected by from IMM-RIP-B7.1 mice at 24 h post-transplantation of CSFE+ UC-MSC, or UC-MSC bearing phagocytosed Fluospheres. Note how, UC-MSC-derived fluorescent residues are by majority internalized into large CD11bhigh peritoneal macrophages (arrows) but not into small CD11blow expressing myeloid cells (ellipse). (C) CD11b-PE staining of PFC collected at 24 h from immunized mice transplanted with vehicle (IMM) or UC-MSC (IMM + MSC). Note the presence of numerous CD11blow expressing myeloid cells (ellipse) among PFC from IMM + MSC mice. Their smaller size is distinguishable from CD11bhigh large peritoneal macrophages (arrow). (D, E) Flow cytometric quantification of CD11bmed/MHC-II-/med myeloid-derived suppressor cells within PFC. (D) CD11b and MHC-II (I/A-I/E) expression analysis onto PFC from CT or IMM RIP-B7.1 mice 24 h post-transplantation. UC-MSC transplantation induced mobilization of two myeloid subpopulations with distinct SSC-H/FSC-H characteristics and MHC-II/CD11b costaining patterns. Upper, SSC-H/FSC-H dot plots of gated PFC (blue line area). Note how cells display distinct coloration according to their CD11b and MCH-II expression patterns clustered into distinct regions (lower). PFC from CT + MSC and IMM + MSC mice contain display increased CD11bmed/MHC-IImed (R1) and CD11bmed/MHC-IIneg-low (R2) myeloid cells subsets, which are delimited by a dashed ellipse into SSC-H/FSC-H dot plots. (E) Quantification of CD11bmed/MHC-II-/med myeloid cells (R1+R2) percentages. (F) Quantification of CD11bmed/Ly6C− myeloid cells and CD11bmed/Ly6C+ myeloid-derived suppressor cells (MDSC) percentages. (E, F) Analysis performed onto PFC from CT and IMM RIP-B7.1 mice transplanted with vehicle or 5 × 105 UC-MSC, at time of 1 day, 7 days and 7 weeks post-transplantation. (G) Q-PCR analysis of macrophage inhibitory factor (MIF), interleukin-10 (IL-10) and arginase I (ARG1) mRNA expression in PFC collected at 1 and 7 days after UC-MSC transplantation. (E–G) Values are mean ± s. e.m of n ≥ 5 mice for each experimental group. Results show relative mRNA expression to CT mice (value set as 1). *, p ≤ 0.05; **, p ≤ 0.03; ***, p ≤ 0.01, one-way ANOVA. NS is for not significant differences.
UC-MSC transplantation triggers a rapid and massive recruitment of myeloid-derived suppressor cells (MDSC) in the peritoneal fluid
Analysis of PFC collected from RIP-B7.1 mice at day 1 post-transplantation evidenced how many of them corresponded to small CD11bmed myeloid cells (Figure 3C), clearly distinguishable from large rounded CD11bhi peritoneal macrophages (Cassado Ados et al. 2015). Correlating with this finding, PFC from both CT- and IMM-RIP-B7.1 mice transplanted with UC-MSC were found to contain approximately 30% of CD11bmed myeloid cells, consisting mostly of [CD11bmed/MHC-IIlow] cells and in lower extent of [CD11bmed/MHC-IIneg] cells (Figures 3D, E). Further analysis indicated that these infiltrated CD11bmed myeloid cells were also composed by both CD11bmed/Ly6C+ and CD11bmed/Ly6C− myeloid cells (Figure 3F), being Ly6C expressed onto mouse MDSC (Saiwai et al. 2013). A more detailed analysis of these Ly6C+ MDSC indicated that they corresponded to granulocytic [CD11bmed/LY6C+/SCC-Hhi] and monocytic [CD11bmed/LY6Chi/SCC-Hmed] MDSC (data not shown).
Quantitative real-time PCR (qPCR) analyses revealed that PFC from transplanted IMM-RIP-B7.1 mice had significantly higher levels of the enzyme arginase I (ARG1) as compared to either CT or IMM mice (Figure 3G), which is highly expressed in MDSC (Gabrilovich and Nagaraj 2009) and acts as a major immunosuppression mechanism of T Cells responses through depletion of L-arginine (Bronte and Zanovello 2005; Munder 2009). Conversely, the proinflammatory cytokine macrophage inhibitory factor (MIF) which expression was upregulated in PFC from IMM-RIP-B7.1 mice was by contrast downregulated in IMM-RIP-B7.1 mice transplanted with UC-MSC (Figure 3G).
Initial acute peritoneal immune response induced by UC-MSC transplantation is followed by a massive activation of peritoneal macrophages and mobilization of T cells in the peritoneal fluid
Analysis of PFC collected from the different experimental groups could evidence how resident peritoneal macrophages initially detected as CD11bhi/MHC-IIlow cells at day 1 post-transplantation had further shifted their immunophenotype to activated CD11bhi/MHC-IIhigh macrophages at 7 days post-transplantation (Figures 4A, B). Relevantly, PFC collected in mice at 7 days post-transplantation were also found to contain higher percentages of CD4+ and CD8+ T Cells (Figures 4C, D), suggesting that an active interaction between peritoneal macrophages and T Cells was possibly occurring at that time post-transplantation. Interestingly, percentages of activated CD4+/CD25+ and CD8+/CD25+ T Cells were also increased at 7 days post-transplantation (Figure 4E) and correlated with a higher expression levels by PFC of transcripts encoding interleukin-4 (IL-4) and FoxP3 (Figure 4F), which could indicate that part of the increase in activated CD4+/CD25+ T Cells correspond to regulatory T Cells (Tregs).
[image: Figure 4]FIGURE 4 | UC-MSC transplantation induces in a second step a strong activation of peritoneal macrophages and mobilization of T Cells and regulatory T Cells. (A, B) Peritoneal macrophages are massively activated at 7 days post-transplantation, but return to a lower activation state after 7 weeks post-transplantation. (A) Representative CD11b and MHC-II expression dot plots of PFC from 7 days transplanted CT or IMM RIP-B7.1 mice with vehicle or 5 × 105 UC-MSC. Note how CD11bhi/MHC-IIneg-low peritoneal macrophages (R3 region) in CT and IMM mice shifted to an activated CD11bhi/MHC-IIhi phenotype (R4 region) in CT + MSC and IMM + MSC mice. (B) Quantification of CD11bhi/MHC-IIhi activated macrophages percentages within PFC. (C–F) Peritoneal fluid contains increased T Cells and activated T Cells percentages and regulatory T Cells markers at 7 days post-transplantation. (C) Representative CD4 and CD25 expression dot plots and CD4-PE stainings of PFC from IMM and IMM + MSC mice at 7 days post-transplantation. (D) Quantification of total CD4+ and CD8+ T Cells percentages within PFC. (E) Flow cytometric quantification of CD4+/CD25+ and CD8+/CD25+ activated T Cells percentages within PFC. (B, D, E) PFC were collected from CT and IMM RIP-B7.1 mice, at 24 h, 7 days and 7 weeks post-transplantation with vehicle or 5 × 105 UC-MSC. (F) Q-PCR analysis of CD4, interleukin-4 (IL-4) and forkhead box P3 (FoxP3) mRNA expression in PFC collected from CT and immunized RIP-B7.1 mice transplanted with vehicle (IMM) or 5 × 105 UC-MSC (IMM + MSC) at day 1 and 7 post-transplantation. Results show relative mRNA expression to CT mice (value set as 1). (B, D, E F) Values are mean ± s. e.m of n ≥ 5 mice for each experimental group. *, p ≤ 0.05; **, p ≤ 0.03; ***, p ≤ 0.01, one-way ANOVA. NS is for not significant differences.
Spleens of UC-MSC transplanted mice display increased MDSC percentages and anti-inflammatory/immunosuppressive markers
As previously observed in the peritoneal fluid, mice analyzed at 7 days post-transplantation also displayed increased percentages of CD11b+/Ly6C+ MDSC in their spleen (Figure 5A), consisting of granulocytic [CD11b+/Ly6Clow/med/SSC-Hhigh] and monocytic [CD11b+/Ly6Chi/SSC-Hmed] MDSC (Supplementary Figure S3). Correlating with these findings, splenocytes from UC-MSC transplanted IMM-RIP-B7.1 mice also up-expressed interleukin-10 (IL-10) and ARG1, two genes which are highly expressed by MDCS (Figure 5B). Relevantly, and as similarly observed in PFC, splenocytes from IMM-RIP-B7.1 mice also displayed significantly higher expression of MIF as compared to CT mice (Figure 5B), confirming thus that MIF up-expression likely plays a relevant role in the EAD of IMM-RIP-B7.1 mice. However, and by contrast to results initially observed in PFC (Figure 3G), no significant differences for MIF expression were observed in response to UC-MSC transplantation in IMM-RIP-B7.1 mice, even if the results at days 1 and 7 post-transplantation show a pattern indicating a possible reduction in its expression (Fig. 5 b).
[image: Figure 5]FIGURE 5 | UC-MSC transplantation induces splenic anti-inflammatory and immunosuppressive responses in immunized RIP-B7.1 mice. (A) Quantification of splenic CD11b+/Ly6C− myeloid cells and CD11b+/Ly6C+ myeloid-derived suppressor cells (MDSC). Note how both CT and IMM mice at 7 days post-transplantation display increased splenic percentages of CD11b+/Ly6C+ MDSC. (B) Q-PCR quantification of MIF, IL-10 and ARG1 mRNA expression. (C–E) Splenocytes from UC-MSC transplanted IMM mice display increased percentages of total and activated CD4+ T Cells and higher expression of the associated regulatory T Cells markers IL-4 and forkhead box P3 (FoxP3), compared to CT mice. (C) Quantification of total splenic CD4+ and CD8+ T Cells percentages. (D) Quantification of total splenic activated CD4+/CD25+ and CD8+/CD25+ T Cells percentages. (A, C, D) Splenocytes were collected from CT and IMM RIP-B7.1 mice, at 24 h, 7 days and 7 weeks post-transplantation with vehicle or 5 × 105 UC-MSC. (E) Q-PCR quantification of interleukin-4 (IL-4) and FoxP3 mRNA expression. (B, E) Splenocytes collected from CT and immunized RIP-B7.1 mice transplanted with vehicle (IMM) or 5 × 105 UC-MSC (IMM + MSC) at day 1 and 7 post-transplantation. Results show relative mRNA expression to CT mice (value set as 1). (A–E) Values are mean ± s. e.m of n ≥ 5 mice for each experimental group. *, p ≤ 0.05; **, p ≤ 0.03; ***, p ≤ 0.01, one-way ANOVA. NS is for not significant differences.
UC-MSC transplantation transiently increases activated CD4+/CD25+ T cells and tregs markers in the spleen of immunized-RIP-B7.1 mice
We next assessed whether UC-MSC transplantation alters splenic T Cells percentages (Figures 5C, D). Although no drastic changes were observed over time post-transplantation, UC-MSC transplanted IMM-RIP-B7.1 mice displayed a transient increase in total CD4+ T Cells and CD4+/CD25+ activated T Cells at day 1 post-transplantation (Figures 5C, D). Accordingly, splenocytes of UC-MSC transplanted IMM-RIP-B7.1 mice had higher transcript levels of the Treg markers IL-4 and FoxP3 (Figure 5E).
UC-MSC transplantation moderately increases MDSC and activated T cells in pancreatic lymph nodes
Although FC analysis indicated a transient increase of CD11b+/Ly6C+ MDSC in pancreatic lymph nodes (PLN) from IMM-RIP-B7.1 mice at day 1 post-transplantation (Figure 6A), no obvious differences for MIF, IL-10 or ARG1 mRNA expression were observed between experimental groups (Figure 6B). Furthermore, and as previously observed in splenocytes, PLN cells from day 1 transplanted IMM-RIP-B7.1 mice also displayed higher percentages of both CD4+ T Cells and CD4+/CD25+ activated T Cells when compared to CT mice (Figures 6C, D), but however did not show significant increases in IL-4 and Foxp3 mRNA expression compared to non-transplanted IMM-RIP-B7.1 mice (Figure 6E).
[image: Figure 6]FIGURE 6 | Immunized RIP-B7.1 transplanted with UC-MSC display transiently increased MDSC, activated T Cells and regulatory T Cells markers in pancreatic lymph nodes. (A) Quantification of CD11b+/Ly6C− and CD11b+/Ly6C+ MDSC within pancreatic lymph nodes (PLN). Note how PLN from day 1-transplanted IMM mice display increased percentage of CD11b+/Ly6C+ MDSC. (B) Q-PCR analysis of MIF, IL-10 and ARG1 mRNA expression in PLN. Results show relative mRNA expression to CT mice (value set as 1). (C–E) PLN from day 1 UC-MSC transplanted IMM mice transiently display higher percentages of total and activated CD4+ T Cells, correlating with higher expression of the regulatory T Cells markers forkhead box P3 (FoxP3). (C) Summary flow cytometric quantification of total CD4+ and CD8+ T Cells in PLN. (D) Quantification of activated CD4+/CD25+ and CD8+/CD25+ T Cells in PLN. (A, C, D) Splenocytes were collected from CT and IMM RIP-B7.1 mice, at 24 h, 7 days and 7 weeks post-transplantation with vehicle or 5 × 105 UC-MSC. (E) Q-PCR analysis of interleukin-4 (IL-4) and FoxP3 mRNA expression in PLN. (B, E) PLN were collected from CT and immunized RIP-B7.1 mice transplanted with vehicle (IMM) or 5 × 105 UC-MSC (IMM + MSC) at day 1 and 7 post-transplantation. (A–D) Values are mean ± s. e.m of n ≥ 5 mice for each experimental group. *, p ≤ 0.05; **, p ≤ 0.03; ***, p ≤ 0.01, one-way ANOVA. NS is for not significant differences.
UC-MSC transplantation induces a transient increase of activated B cells in the spleen and pancreatic lymph nodes of immunized RIP-B7.1 mice
Flow cytometry analysis revealed higher percentages of activated CD19+/CD25+ B Cells in the spleen and pancreatic lymph nodes of IMM-RIP-B7.1 mice, at 1 day after UC-MSC transplantation (Supplementary Figure S4F, G). Percentages of activated B Cells percentages among PFCs were in turn decreased in both CT- and IMM-RIP-B7.1 mice, at 7 days post-transplantation (Supplementary Figure S4E).
UC-MSC transplantation reduces pancreatic infiltration of T and B cells and pro-inflammatory macrophages in immunized RIP-B7.1 mice
We next analyzed leukocytes infiltration in the pancreas at day 1 and 7 as well as at 7 weeks post-transplantation and found that as early as 15 days post-immunization (corresponding to 7 days post-transplantation), IMM-RIP-B7.1 mice already displayed a significant increase of both CD4+ T- and CD19+ B Cells among pancreatic stromal cells (Supplementary Figure S5). At 8 weeks post-immunization (7 weeks post-transplantation), IMM-RIP-B7.1 mice which already had developed severe insulitis and hyperglycemia (Figure 1) displayed the highest increase of CD11b+ myeloid cells, CD4+ and CD8+ T Cells and CD19+ B Cells (Supplementary Figure S5). Establishment of total cell counts per pancreas at that time post-transplantation (Figure 7A) could evidence how UC-MSC-transplanted IMM-RIP-B7.1 mice displayed significantly lower numbers of infiltrated CD4+ and CD8+ T Cells (p < 0.05), CD19+ B Cells (p < 0.05) and CD11b+ myeloid cells (p ≤ 0.03) as compared to vehicle-treated IMM-RIP-B7.1 mice (Figure 7B).
[image: Figure 7]FIGURE 7 | UC-MSC transplantation significantly reduces pancreatic leukocytes infiltration in IMM-RIP-B7.1 mice. (A) Total pancreatic stromal cells counts obtained from experimental groups at 7 weeks after UC-MSC transplantation. (B) Quantification of total numbers of CD4+ and CD8+ T Cells, CD19+ B Cells and CD11b+ myeloid cells per pancreas in CT or IMM RIP-B7.1 mice at 7 weeks post-transplantation with vehicle or 5 × 105 UC-MSC. (C) Quantification of [CD11b+;F4/80+;CD206-] and [CD11b+;F4/80+;CD206+] pancreatic macrophages subsets. (D) Quantification of [CD11b+;Ly6C−;MHC-II-] and [CD11b+;Ly6C−;MHC-II+] pancreatic myeloid cells subsets. (E) Quantification of [CD11b+;MHC-II+;GR1+] and [CD11b+;MHC-II-;GR1+] pancreatic myeloid cells subsets. (A–E) Analysis performed onto pancreatic stromal cells were collected from CT- or IMM-RIP-B7.1 mice at 7 weeks post-transplantation with vehicle or 5 × 105 UC-MSC. (F) Q-PCR analysis of MIF, IL-10 and ARG1 mRNA expression in pancreatic stromal cells from CT and immunized RIP-B7.1 mice transplanted with vehicle (IMM) or 5 × 105 UC-MSC (IMM + MSC) at day 1 and 7 post-transplantation. Results show relative mRNA expression to CT mice (value set as 1). (B–F) Values are mean ± s. e.m of n ≥ 5 mice for each experimental group. *, p ≤ 0.05; **, p ≤ 0.03; ***, p ≤ 0.01, one-way ANOVA. NS is for not significant differences.
UC-MSC transplantation significantly reduces pancreatic infiltration of pro-inflammatory macrophages and MDSC in hyperglycemic immunized-RIP-B7.1 mice
The immunophenotype of CD11b+ myeloid cells infiltrated in pancreases of hyperglycemic IMM-RIP-B7.1 mice was further characterized by analyzing co-expression of the myeloid-related markers F4/80, CD206, MHC-II, Ly6C and Gr1. At 8 weeks post-immunization (7 weeks post-transplantation), approximately 80% of infiltrated myeloid cells into pancreases of IMM-RIP-B7.1 mice were identified as [CD11b+/F4/80+/CD206-] cells (Figure 7C), which are consistent with M1 pro-inflammatory macrophages (Antonios et al. 2013; Cassado Ados et al. 2015).
Additionally, and in a similar way, near 90% of pancreatic infiltrated myeloid cells corresponded to [CD11b+/Ly6C−/MHC-II+] cells (Figure 7D), an immunophenotype which is mostly consistent with activated macrophages (Gordon and Taylor 2005), but that also identifies dendritic cells subsets (Welzen-Coppens et al. 2012). Interestingly, islet-resident macrophages in NOD mice were also shown to be identified as MHC-IIhi cells (Ferris et al. 2017). In contrast, UC-MSC-transplanted IMM-RIP-B7.1 mice displayed a significantly reduced percentages of both [CD11b+/F4/80+/CD206-] and [CD11b+/Ly6C−/MHC-II+] inflammatory macrophages, which is in agreement with their reduced hyperglycemia as compared to non-transplanted IMM mice (Figures 7B, D). Of particular interest is also our finding that nearly 10% of myeloid cells infiltrated into pancreases of IMM-RIP-B7.1 mice were characterized as [CD11b+/MHC-IIneg/low/Gr1+] cells (Figure 7E) an immunophenotype which is consistent with MDSC (Gabrilovich and Nagaraj 2009). Interestingly, our results indicated that percentages of [CD11b+/MHC-IIneg/low/Gr1+] MDSC were also significantly reduced in UC-MSC transplanted IMM-RIP-B7.1 mice to levels closer to those of RIP-B7.1 control mice (Figure 7E).
However, and in contrast with these results, pancreatic stromal cells from IMM-RIP-B7.1 mice did not express higher levels of the immunosuppressive enzyme ARG1 which was instead expressed at higher levels in UC-MSC transplanted IMM-RIP-B7.1 mice (Figure 7F).
DISCUSSION
Long-term follow-up experiments indicated that a single i. p. transplantation of 5 × 105 UC-MSC in immunized RIP-B7.1 mice could efficiently delay the onset of EAD through induction of multiple anti-inflammatory and immunosuppressive responses into the peritoneal cavity, spleen and pancreatic lymph nodes, which ultimately correlated with lower plasmatic proinflammatory cytokines concentrations and a reduced pancreatic leukocytes infiltration.
The i. p. cells transplantation approach has gained increasing interest in recent years, principally as local approach to treat peritoneal fibrosis or inflammatory or/and autoimmune diseases affecting visceral organs (Bertram et al. 1999; Li et al. 2009; Wakabayashi et al. 2014; El-Hossary et al. 2016).
Interestingly, a study reported the successful attenuation of streptozotocin-induced diabetes via systemic transplantation of human UC-MSC, while in contrast no effectiveness was obtained through the i. p. transplantation route (El-Hossary et al. 2016). Contrary to these outcomes, our results suggest that the i. p. transplantation of heterologous UC-MSC is an effective transplantation approach for T1DM treatment. The strong differences between both experimental mouse diabetes models-chemical versus immune response-may explain divergent results. Indeed, MSC transplantation for T1DM treatment is based on their potent anti-inflammatory and/or immunosuppressive properties.
Despite initial experimental transplantation studies with allogeneic MSC suggested they were endowed with strong immune privilege through induction of host tolerance (Barry et al. 2005), more recent studies however indicated that major histocompatibility complex (MHC)-mismatched MSC are relatively much more immunogenic than initially described, inducing significant cell-mediated and humoral immune responses in vivo (for review see (Berglund et al. 2017). In line with this evidence, we report here that FVB-derived UC-MSC (H2q MHC haplotype) transplanted within RIP-B7.1 mice (H2b MHC haplotype) were massively targeted by CD11bhigh peritoneal macrophages, leading to the formation of peritoneal UC-MSC/macrophages aggregates, which were eliminated from the peritoneal cavity through phagocytosis.
Despite their rapid elimination from the host, transplanted UC-MSC however profoundly modified the cellular composition and inflammatory state of resident peritoneal fluid immune cells, by inducing a rapid and massive peritoneal mobilization of CD11bmed/Ly6C+/hi MDSC, which play a critical role in the resolution of acute inflammation (Saiwai et al. 2013; Li et al. 2021). Additionally and correlating with these findings, UC-MSC transplantation induced a significant upregulation of arginase I (ARG1) expression in PFC, an enzyme with potent immunosuppressive activity and which is highly expressed by murine MDSC and anti-inflammatory M2 type macrophages during the resolution phase of inflammation (Gabrilovich and Nagaraj 2009; Nagaraj et al. 2009; Rath et al. 2014).
Importantly, we also show here that UC-MSC transplantation blunted the expression of the pro-inflammatory marker macrophage inhibitory factor (MIF) in peritoneal fluid cells (PFC), presumably in response to peritoneal MDSC mobilization and induction of the anti-inflammatory response. Although the role of MIF in T1DM development has already been reported (Stosic-Grujicic et al. 2008; Sanchez-Zamora et al. 2016; Korf et al. 2017), none of them have reported an upregulation of MIF in peritoneal immune cells during early diabetes induction. Herein, our finding of upregulated MIF expression in PFC from RIP-B7.1 mice at 8 days of immunization could indicate that peritoneal myeloid cells play an early role in the programmed autoimmune attack, which is in line with previous studies indicating a potential role for resident peritoneal immune cells populations such macrophages and B1-cells in the development of T1DM (Kendall et al. 2004; Silveira and Grey 2006; Emani et al. 2015).
The coincidence of a strong activation of CD11bhi peritoneal macrophages and increased T Cells percentages and Tregs markers expression into PFC of RIP-B7.1 mice at 1 week post-transplantation represents the second temporal wave of immunoregulatory events observed in the peritoneal cavity after the initial target of UC-MSC by peritoneal macrophages and mobilization of MDSC in the peritoneal fluid. It is likely that the mobilization of Tregs within the peritoneal cavity is triggered by the anti-inflammatory/immunosuppressive milieu and T Cells chemokines produced by UC-MSC and MDSC. Mobilization of Tregs in the peritoneal fluid of UC-MSC transplanted IMM-RIP-B7.1 mice likely contributes to EAD attenuation.
The strong upregulation of the antigen-presenting molecules MHC-II onto CD11bhi peritoneal macrophages at 1 week post-transplantation is consistent with their acquisition of a classical activation phenotype as occurring in thioglycollate-elicited or lipopolysaccharide (LPS)-induced peritoneal macrophages (Kim et al. 2015; Pavlou et al. 2017). Such phenomenon could likely indicate that peritoneal macrophages have transitioned into efferocytic or post-phagocytic macrophages presenting UC-MSC-derived antigens to peritoneal fluid T Cells. In support of such premise, MHC-IIhi activated peritoneal macrophages displayed a moderate loss of CD11b expression (data not shown), a phenomenon which has been previously reported in post-efferocytic pro-resolving macrophages (Korns et al. 2011; Schif-Zuck et al. 2011).
We also show that UC-MSC transplantation via i. p. also induced anti-inflammatory and immunosuppressive responses into secondary lymphoid organs (SLOs) as evidenced by increased percentages of CD11b+/Ly6C+ MDSC and activated T Cells and Tregs markers in the spleen and pancreatic lymph nodes of transplanted IMM-RIP-B7.1 mice. Of particular interest, splenocytes from early immunized RIP-B7.1 mice were also found to upregulate MIF, evidencing that EAD development is associated with a splenic inflammatory process, a premise consistent with previous reports indicating a role for MIF expression in the development of T1DM and as critical regulator of innate immunity (Calandra and Roger 2003; Stosic-Grujicic et al. 2008; Sanchez-Zamora et al. 2016).
According to their immunoregulatory activity, UC-MSC transplantation led to the upregulation by splenocytes of the anti-inflammatory cytokine IL10 and immunosuppressive enzyme ARG1 whereas the proinflammatory cytokine IFN-γ was downregulated, thus indicating a shift from a pro-to an anti-inflammatory environment. The UC-MSC-mediated upregulation of IL-4 observed in the spleen, is also consistent with the creation of a milieu favorable to the stimulation of activated B Cells and generation of Tregs cells and T helper 2 cells (Cameron et al. 1997; Guo and Rothstein 2013; Wynn 2015; Yang et al. 2017).
Interestingly, the spleen and pancreatic lymph nodes of early UC-MSC transplanted mice display a transient increase in the number of activated CD19+/CD25+ B Cells, which is the subset of B Cells containing regulatory B Cells (Bregs), (Kessel et al. 2012; de Andres et al. 2014; Hong et al. 2019; Ben Nasr et al. 2021). Interestingly, different studies already indicated how MSC transplantation induced increased Bregs, which exert immunosuppression through secretion of IL-10 (Kleffel et al. 2015; Cho et al. 2017; Luk et al. 2017; Phillips et al. 2017; Phillips et al. 2019; Qu et al. 2021). Therefore, the observed high upregulation of IL-10 expression in the spleen of UC-MSC transplanted IMM RIP-B7.1 mice is consistent with a higher number of Bregs in response to UC-MSC transplantation.
Interestingly, UC-MSC transplantation in IMM-RIP-B7.1 mice also exhibited an increase percentage of CD11b+/Ly6C+ MDSC and CD25+/CD4+ activated T Cells in pancreatic lymph nodes (PLN), which together with increased IL-4 and FoxP3 mRNA expression could indicate an expansion of Tregs.
We also show that UC-MSC transplantation significantly reduced pancreatic infiltration of CD4+ and CD8+ T, CD19+ B and CD11b+ myeloid cells in IMM-RIP-B7.1 mice. Myeloid cells infiltrated in the pancreas of IMM-RIP-B7.1 mice were accordingly identified as [F4/80+ CD206-] M1 pro-inflammatory macrophages, which are a major cellular effector in insulitis (Korf et al. 2017).
Of special interest, we also found that hyperglycemic IMM-RIP-B7.1 mice also displayed increased pancreatic infiltration of [CD11b+ MHC-II- Gr1+] MDSC, which is very striking due to their opposite role with M1 pro-inflammatory macrophages and also since a previous study reported decreased MDSC in islets of NOD mice (Fu et al. 2012). Our results are however supported by other studies showing increased MDSC in the peripheral blood and secondary lymphoid organs of NOD and STZ mice models as well as in T1DM and T2DM patients (for review see (Wang et al. 2021). A higher number of MDSC during insulitis development is likely a compensatory mechanism to suppress diabetogenic T Cell proliferation.
Overall, our study provides evidence of multiple immunomodulary responses induced by UC-MSC in the RIP-B7.1 rodent model of T1DM, inducing a strong delay of their EAD. Whether the treatment with a second dose of UC-MSC would be enough to postpone the resurgence of T1DM is also an issue that would require additional studies. Our results therefore support the approach of the i. p. transplantation of allogenic UC-MSC for the treatment of early-diagnosed human T1DM patients.
MATERIALS AND METHODS
Isolation and culture of mouse UC-MSC
UC-MSC were isolated from E17 old FVB (H2q) mice fetuses. Guidelines for the animal research protocols were established and approved by the Animal Experimentation and Ethics Committee of CABIMER (CEEA-CABIMER). Umbilical cords (UC) were sequentially trypsinized into PBS +2% bovine serum albumin (BSA) containing first 0.25% trypsin (Gibco) to detach outermost epithelial lining cells. Partially digested UC were then digested and then 2 mg/mL type Ia collagenase (Sigma) to obtain UC-MSC. Both digestions were done in a water bath (37°C, 15 min) under agitation. Umbilical cords stromal cells were seeded at 20.000 cells/cm2 into 140 mm Petri dishes (Nunc) and cultured into a DMEM, low glucose, GlutaMAX™, pyruvate medium (GIBCO) supplemented with 5% FBS, 1% antibiotics, 1X MEM non-essential amino acids (Gibco), 1X insulin transferrin selenium (ITS), 100 µm 2-mercaptoethanol, 10 ng/mL bFGF and 10 ng/mL EGF in an incubator under low oxygen pressure for 72 h (5% CO2, 3% O2, 37°C). UC-MSC were harvested and frozen in multiple aliquots. Prior transplantation, UC-MSC were thawed and subcultured for 72 h in the same media.
RIP-B7.1 mice
Mice experimentations were approved by the CABIMER Animal Committee, and performed in accordance with the Spanish law on animal use RD 53/2013. Mice were housed under specific pathogen-free conditions in the animal facility of CABIMER. Experimental autoimmune diabetes (EAD) was induced in 8–9 weeks old RIP-B7.1 mice transgenic mice (C57BL/6 H-2b background) by injection of 50 μg preproinsulin (ppINS) expression plasmid (PlasmidFactory GmbH, Germany) into each anterior tibialis muscles (Cobo-Vuilleumier et al. 2018). One week later, mice were intraperitoneally injected with 300 µL of DMEM (vehicle) or DMEM containing 5 × 105 UC-MSC under anesthesia using the IVIS system. Mice were euthanized at 1 day, 1 and 7 weeks after transplantation. Peritoneal fluid cells, splenocytes, pancreatic lymph nodes cells and pancreatic stromal cells were collected for FC and quantitative PCR analysis.
Glycemic records
Circulating glucose levels were measured weekly from tail vein blood samples using an Optium Xceed glucometer (Abbott Scientifica SA, Barcelona, Spain). Two consecutive measurements of non-fasting blood glucose ≥250 mg/dL were considered to indicate overt diabetes.
UC-MSC tracking and biodistribution analysis
Cultured UC-MSC suspensions were fluorescently labelled for 10 min with 10 µM carboxyfluorescein succinimidyl ester (CFSE) or 320 μg/mL XenoLight DiR (PerkinElmer) in DMEM for 20 min for in vivo biodistribution analysis using IVIS® Spectrum in vivo imaging system (PerkinElmer). Fluorescently labelled UC-MSC cultures were extensively washed before harvesting with trypsin. Fluorescently labelled UC-MSC suspension were identically washed twice through centrifugation before transplantation.
ELISA: Plasmatic cytokines measurements
Blood samples were collected by cardiac puncture and centrifuged into Microvette CB 300 K2E, Sarstedt (Nümbrecht, Germany) with EDTA and plasma collected and aliquots frozen at −80°C. Cytokine levels were determined using the mouse V-PLEX ProInflammatory Panel 1 kit 10-Plex (Meso Scale Discovery, Rockville, USA) and data acquired on an MSD MESOTM QuickPlex SQ120.
Pancreas histology and immunohistochemistry
Pancreases sections were obtained as previously reported (Lorenzo et al. 2015). Antibodies used in this study are listed in Supplementary Tables S1, S2. Nuclei were counterstained with DAPI, and sections mounted with DAKO fluorescent mounting medium. Images were acquired using either Leica DM6000B or a Leica TCS SP5 confocal microscope. Insulitis was scored in H&E stained paraffin sections of pancreas, as previously described (Mellado-Gil et al. 2016). For insulitis score, a total of 3 mice for each experimental group were analyzed at 7 weeks after transplantation. Total number of islets analyzed per group was 132 for CT, 82 for CT+5.105 UC-MSC, 71 for IMM, 183 for IMM+2.105 UC-MSC, 177 for IMM+5.105 UC-MSC and 180 for IMM+2 doses of 2.105 UC-MSC.
Peritoneal drainages, spleen, pancreatic lymph nodes and pancreas sampling
Peritoneal drainages were collected with minor modifications as previously described (Ray and Dittel 2010). Briefly, skin of the abdominal wall was removed and the exposed abdominal wall gently cleaned with ethanol prior injecting 8-10 mL cold PBS solution containing 2% BSA and 2.5 mM EDTA into the peritoneal cavity. After a quick gentle massage, mice were placed side down on top of a platform and a small incision in the abdominal wall was made to collect peritoneal lavages into non-adherent Petri dishes placed on ice. Spleen and pancreases were isolated and stored into cold PBS+2%BSA+2.5mMEDTA solution on ice. Pancreatic lymph nodes were surgically removed and collected under magnification. Splenocytes and pancreatic lymph nodes cells were teased into single cell suspensions by gentle disruption between the frosted ends of slides using a cold PBS+2% BSA+2.5 mM EDTA solution and filtered using 100 μm cell strainer (BD Falcon). See also Supplementary Methods for more detailed information.
Flow cytometry
Aliquots of freshly isolated cells resuspended in cold PBS+2%BSA+2.5mMEDTA solution were incubated with antibodies for 30 min on ice. Stained cells were then fixed with 4% paraformaldehyde and then analyzed on a FACSCalibur flow cytometer (BD Biosciences, Madrid, Spain). Data were analyzed using Flowing Software version 2.5.1 (Turku Centre for Biotechnology, Univ. Turku, Finland).
RNA isolation and quantitative PCR (QPCR)
RNA isolation and QPCR was performed as previously reported (Lachaud et al., 2014). Briefly, total RNA content was extracted with Trizol reagent (Invitrogen), and total RNA was reverse-transcribed into cDNA by using MMLV reverse transcriptase (Promega, Madison, WI, United States). qPCR was performed using SYBR-Green and detected using an ABI Prism 7500 system (Applied Biosystems, Foster City, CA, United States). Quantification of the mRNA level of each gene was normalized to β-actin mRNA. Results show folds of mRNA expression of a given gene relative to its expression in control non-immunized RIP-B7.1 mice, which served as the calibrator sample (set as 1). Primers sequences are listed in Supplementary Table S1. Primers aliquots can be obtained upon request.
Figures edition
Graphs were created using GraphPad Prism 7.00. Figures were created using Adobe Photoshop.
Statistical analysis
Results are expressed as mean ± s. e.m. N, is the number of mice analyzed for each group, in each analysis is ≥5 for flow cytometry and is ≥4 for qPCR. Statistical analysis was performed using the GraphPad Prism 7.00 Software (GraphPad, La Jolla, United States). Statistical differences were estimated by one-way ANOVA or Student´s test, whichever was appropriate.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was reviewed and approved by the Animal Experimentation and Ethics Committee of CABIMER (CEEA-CABIMER).
AUTHOR CONTRIBUTIONS
CCL: Conception and design, collection and assembly of data, data analysis and interpretation, manuscript writing and manuscript editing. N-CV, EF-M, and IDC: Collection and assembly of data, data analysis and interpretation. EA, GMC, JTH and AH: Data analysis and interpretation, manuscript editing. BRG, Conception and design, data analysis and interpretation, manuscript writing and editing. BS: Conception and design, data analysis and interpretation, manuscript writing and editing and financial support. All authors have read and agreed to the published the final version of the manuscript.
FUNDING
This research was financed by the financial support from Institute of Health Carlos III (Co-funded by Fondos FEDER), for the projects to BS (PI14/01015 and PI-0272-2017, and Programme RETICS, call 2016 (RD16/0011/0034 discontinued in 3-5-19 by Fundación Progreso y Salud). Projects ICI21/00016 (IS Carlos III) and Agencia Valenciana de Innovacion Projects AVI-GVA COVID-19-68 and GVA-COVI19/2021/047 to BS PAIDI group CTS576, and by the European Regional Development Fund (FEDER) and the Consejería de Economía, Conocimiento, Empresas y Universidades de la Junta de Andalucía, within the framework of the operational program FEDER Andalucía 2014–2020. Specific Objective 1.2.3 “Promotion and generation of Frontier knowledge and knowledge oriented to the challenges of society, development of emerging technologies” led the reference research project (UPO-1381598) of JT.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2023.1089817/full#supplementary-material
ABBREVIATIONS
ARG1, Arginase 1; Breg, B regulatory cells; CFSE, Carboxyfluorescein succinimidyl ester; EAD, Experimental autoimmune diabetes; FC, Flow cytometry; H&E, Hematoxylin and eosin; i.p., Intraperitoneal; IL-10, Interleukin 10; IL-4, Interleukin 4; IMC, Immature myeloid cells; iNOS, Inducible nitric oxide synthase; MDSC, Myeloid-derived suppressor cells; MHC-II, Major histocompatibility complex 2; MIF, Macrophage inhibitory factor; NOD, Non-obese diabetic mice; PDGR-β, Platelet derived growth factor beta; PFC, Peritoneal fluid cells; PLN, Pancreatic lymph nodes; ppINS, Preproinsulin; RIP-B7.1, Rat insulin promoter-B7.1; SLOs, Secondary lymphoid organs; T1DM, Type 1 diabetes mellitus; Treg, Regulatory T Cells; UC-MSC, Umbilical cord mesenchymal stromal cells.
REFERENCES
 Antonela, B., Ivana, G., Ivan, K., Nikolina, V., Vesna, B. P., Marina, P., et al. (2017). Environmental risk factors for type 1 diabetes mellitus development. Exp. Clin. Endocrinol. Diabetes 125 (8), 563–570. doi:10.1055/s-0043-109000
 Antonios, J. K., Yao, Z., Li, C., Rao, A. J., and Goodman, S. B. (2013). Macrophage polarization in response to wear particles in vitro. Cell. Mol. Immunol. 10 (6), 471–482. doi:10.1038/cmi.2013.39
 Aronson, R., Gottlieb, P. A., Christiansen, J. S., Donner, T. W., Bosi, E., Bode, B. W., et al. (2014). Low-dose otelixizumab anti-CD3 monoclonal antibody DEFEND-1 study: Results of the randomized phase III study in recent-onset human type 1 diabetes. Diabetes Care 37 (10), 2746–2754. doi:10.2337/dc13-0327
 Barry, F. P., Murphy, J. M., English, K., and Mahon, B. P. (2005). Immunogenicity of adult mesenchymal stem cells: Lessons from the fetal allograft. Stem Cells Dev. 14 (3), 252–265. doi:10.1089/scd.2005.14.252
 Ben Nasr, M., Usuelli, V., Seelam, A. J., D'Addio, F., Abdi, R., Markmann, J. F., et al. (2021). Regulatory B cells in autoimmune diabetes. J. Immunol. 206 (6), 1117–1125. doi:10.4049/jimmunol.2001127
 Berglund, A. K., Fortier, L. A., Antczak, D. F., and Schnabel, L. V. (2017). Immunoprivileged no more: Measuring the immunogenicity of allogeneic adult mesenchymal stem cells. Stem Cell. Res. Ther. 8 (1), 288. doi:10.1186/s13287-017-0742-8
 Bertram, P., Tietze, L., Hoopmann, M., Treutner, K. H., Mittermayer, C., and Schumpelick, V. (1999). Intraperitoneal transplantation of isologous mesothelial cells for prevention of adhesions. Eur. J. Surg. 165 (7), 705–709. doi:10.1080/11024159950189780
 Bluestone, J. A., Herold, K., and Eisenbarth, G. (2010). Genetics, pathogenesis and clinical interventions in type 1 diabetes. Nature 464 (7293), 1293–1300. doi:10.1038/nature08933
 Bronte, V., and Zanovello, P. (2005). Regulation of immune responses by L-arginine metabolism. Nat. Rev. Immunol. 5 (8), 641–654. doi:10.1038/nri1668
 Calandra, T., and Roger, T. (2003). Macrophage migration inhibitory factor: A regulator of innate immunity. Nat. Rev. Immunol. 3 (10), 791–800. doi:10.1038/nri1200
 Cameron, M. J., Arreaza, G. A., Zucker, P., Chensue, S. W., Strieter, R. M., Chakrabarti, S., et al. (1997). IL-4 prevents insulitis and insulin-dependent diabetes mellitus in nonobese diabetic mice by potentiation of regulatory T helper-2 cell function. J. Immunol. 159 (10), 4686–4692. doi:10.4049/jimmunol.159.10.4686
 Campbell-Thompson, M., Fu, A., Kaddis, J. S., Wasserfall, C., Schatz, D. A., Pugliese, A., et al. (2016). Insulitis and beta-cell mass in the natural history of type 1 diabetes. Diabetes 65 (3), 719–731. doi:10.2337/db15-0779
 Can, A., Celikkan, F. T., and Cinar, O. (2017). Umbilical cord mesenchymal stromal cell transplantations: A systemic analysis of clinical trials. Cytotherapy 19 (12), 1351–1382. doi:10.1016/j.jcyt.2017.08.004
 Canibano-Hernandez, A., Del Burgo, L. S., Espona-Noguera, A., Ciriza, J., and Pedraz, J. L. (2018). Current advanced therapy cell-based medicinal products for type-1-diabetes treatment. Int. J. Pharm. 543 (1-2), 107–120. doi:10.1016/j.ijpharm.2018.03.041
 Cassado Ados, A., D'Imperio Lima, M. R., and Bortoluci, K. R. (2015). Revisiting mouse peritoneal macrophages: Heterogeneity, development, and function. Front. Immunol. 6, 225. doi:10.3389/fimmu.2015.00225
 Cho, K. A., Lee, J. K., Kim, Y. H., Park, M., Woo, S. Y., and Ryu, K. H. (2017). Mesenchymal stem cells ameliorate B-cell-mediated immune responses and increase IL-10-expressing regulatory B cells in an EBI3-dependent manner. Cell. Mol. Immunol. 14, 895–908. doi:10.1038/cmi.2016.59
 Christie, M. R. (2016). Delving into the type 1 diabetic islet: Evidence that B-cell infiltration of islets is linked to local hyperimmunity and accelerated progression to disease. Diabetes 65 (5), 1146–1148. doi:10.2337/dbi16-0008
 Cobo-Vuilleumier, N., and Gauthier, B. R. (2020). Time for a paradigm shift in treating type 1 diabetes mellitus: Coupling inflammation to islet regeneration. Metabolism 104, 154137. doi:10.1016/j.metabol.2020.154137
 Cobo-Vuilleumier, N., Lorenzo, P. I., Rodriguez, N. G., Herrera Gomez, I. G., Fuente-Martin, E., Lopez-Noriega, L., et al. (2018). LRH-1 agonism favours an immune-islet dialogue which protects against diabetes mellitus. Nat. Commun. 9 (1), 1488. doi:10.1038/s41467-018-03943-0
 Craig, M. E., Kim, K. W., Isaacs, S. R., Penno, M. A., Hamilton-Williams, E. E., Couper, J. J., et al. (2019). Early-life factors contributing to type 1 diabetes. Diabetologia 62 (10), 1823–1834. doi:10.1007/s00125-019-4942-x
 de Andres, C., Tejera-Alhambra, M., Alonso, B., Valor, L., Teijeiro, R., Ramos-Medina, R., et al. (2014). New regulatory CD19(+)CD25(+) B-cell subset in clinically isolated syndrome and multiple sclerosis relapse. Changes after glucocorticoids. J. Neuroimmunol. 270 (1-2), 37–44. doi:10.1016/j.jneuroim.2014.02.003
 El-Hossary, N., Hassanein, H., El-Ghareeb, A. W., and Issa, H. (2016). Intravenous vs intraperitoneal transplantation of umbilical cord mesenchymal stem cells from Wharton's jelly in the treatment of streptozotocin-induced diabetic rats. Diabetes Res. Clin. Pract. 121, 102–111. doi:10.1016/j.diabres.2016.09.008
 Emani, R., Alam, C., Pekkala, S., Zafar, S., Emani, M. R., and Hanninen, A. (2015). Peritoneal cavity is a route for gut-derived microbial signals to promote autoimmunity in non-obese diabetic mice. Scand. J. Immunol. 81 (2), 102–109. doi:10.1111/sji.12253
 Ferris, S. T., Zakharov, P. N., Wan, X., Calderon, B., Artyomov, M. N., Unanue, E. R., et al. (2017). The islet-resident macrophage is in an inflammatory state and senses microbial products in blood. J. Exp. Med. 214 (8), 2369–2385. doi:10.1084/jem.20170074
 Franquesa, M., Hoogduijn, M. J., Bestard, O., and Grinyo, J. M. (2012). Immunomodulatory effect of mesenchymal stem cells on B cells. Front. Immunol. 3, 212. doi:10.3389/fimmu.2012.00212
 Fu, W., Wojtkiewicz, G., Weissleder, R., Benoist, C., and Mathis, D. (2012). Early window of diabetes determinism in NOD mice, dependent on the complement receptor CRIg, identified by noninvasive imaging. Nat. Immunol. 13 (4), 361–368. doi:10.1038/ni.2233
 Gabrilovich, D. I., and Nagaraj, S. (2009). Myeloid-derived suppressor cells as regulators of the immune system. Nat. Rev. Immunol. 9 (3), 162–174. doi:10.1038/nri2506
 Gaglia, J. L., Guimaraes, A. R., Harisinghani, M., Turvey, S. E., Jackson, R., Benoist, C., et al. (2011). Noninvasive imaging of pancreatic islet inflammation in type 1A diabetes patients. J. Clin. Invest. 121 (1), 442–445. doi:10.1172/JCI44339
 Giannopoulou, E. Z., Puff, R., Beyerlein, A., von Luettichau, I., Boerschmann, H., Schatz, D., et al. (2014). Effect of a single autologous cord blood infusion on beta-cell and immune function in children with new onset type 1 diabetes: A non-randomized, controlled trial. Pediatr. Diabetes 15 (2), 100–109. doi:10.1111/pedi.12072
 Gordon, S., and Taylor, P. R. (2005). Monocyte and macrophage heterogeneity. Nat. Rev. Immunol. 5 (12), 953–964. doi:10.1038/nri1733
 Guo, B., and Rothstein, T. L. (2013). IL-4 upregulates Igα and Igβ protein, resulting in augmented IgM maturation and B cell receptor-triggered B cell activation. J. Immunol. 191 (2), 670–677. doi:10.4049/jimmunol.1203211
 Haller, M. J., Wasserfall, C. H., Hulme, M. A., Cintron, M., Brusko, T. M., McGrail, K. M., et al. (2011). Autologous umbilical cord blood transfusion in young children with type 1 diabetes fails to preserve C-peptide. Diabetes Care 34 (12), 2567–2569. doi:10.2337/dc11-1406
 Hong, M., Liao, Y., Liang, J., Chen, X., Li, S., Liu, W., et al. (2019). Immunomodulation of human CD19(+)CD25(high) regulatory B cells via Th17/Foxp3 regulatory T cells and Th1/Th2 cytokines. Hum. Immunol. 80 (10), 863–870. doi:10.1016/j.humimm.2019.05.011
 Hu, J., Yu, X., Wang, Z., Wang, F., Wang, L., Gao, H., et al. (2013). Long term effects of the implantation of Wharton's jelly-derived mesenchymal stem cells from the umbilical cord for newly-onset type 1 diabetes mellitus. Endocr. J. 60 (3), 347–357. doi:10.1507/endocrj.ej12-0343
 Jerram, S. T., Dang, M. N., and Leslie, R. D. (2017). The role of epigenetics in type 1 diabetes. Curr. Diab Rep. 17 (10), 89. doi:10.1007/s11892-017-0916-x
 Kendall, P. L., Woodward, E. J., Hulbert, C., and Thomas, J. W. (2004). Peritoneal B cells govern the outcome of diabetes in non-obese diabetic mice. Eur. J. Immunol. 34 (9), 2387–2395. doi:10.1002/eji.200324744
 Kessel, A., Haj, T., Peri, R., Snir, A., Melamed, D., Sabo, E., et al. (2012). Human CD19(+)CD25(high) B regulatory cells suppress proliferation of CD4(+) T cells and enhance Foxp3 and CTLA-4 expression in T-regulatory cells. Autoimmun. Rev. 11 (9), 670–677. doi:10.1016/j.autrev.2011.11.018
 Kim, M., Park, S. Y., Jin, M. L., Park, G., and Son, H. J. (2015). Cucurbitacin B inhibits immunomodulatory function and the inflammatory response in macrophages. Immunopharmacol. Immunotoxicol. 37 (5), 473–480. doi:10.3109/08923973.2015.1085065
 Kleffel, S., Vergani, A., Tezza, S., Ben Nasr, M., Niewczas, M. A., Wong, S., et al. (2015). Interleukin-10+ regulatory B cells arise within antigen-experienced CD40+ B cells to maintain tolerance to islet autoantigens. Diabetes 64 (1), 158–171. doi:10.2337/db13-1639
 Korf, H., Breser, L., Van Hoeck, J., Godoy, J., Cook, D. P., Stijlemans, B., et al. (2017). MIF inhibition interferes with the inflammatory and T cell-stimulatory capacity of NOD macrophages and delays autoimmune diabetes onset. PLoS One 12 (11), e0187455. doi:10.1371/journal.pone.0187455
 Korns, D., Frasch, S. C., Fernandez-Boyanapalli, R., Henson, P. M., and Bratton, D. L. (2011). Modulation of macrophage efferocytosis in inflammation. Front. Immunol. 2, 57. doi:10.3389/fimmu.2011.00057
 Lachaud, C. C., Lopez-Beas, J., Soria, B., and Hmadcha, A. (2014). EGF-induced adipose tissue mesothelial cells undergo functional vascular smooth muscle differentiation. Cell. Death Dis. 5, e1304. doi:10.1038/cddis.2014.271
 Li, S., Sun, Z., Lv, G., Guo, X., Zhang, Y., Yu, W., et al. (2009). Microencapsulated UCB cells repair hepatic injure by intraperitoneal transplantation. Cytotherapy 11 (8), 1032–1040. doi:10.3109/14653240903121278
 Li, X., Liu, J., Xing, Z., Tang, J., Sun, H., Zhang, X., et al. (2021). Polymorphonuclear myeloid-derived suppressor cells link inflammation and damage response after trauma. J. Leukoc. Biol. 110 (6), 1143–1161. doi:10.1002/JLB.3MA0821-029R
 Lorenzo, P. I., Fuente-Martin, E., Brun, T., Cobo-Vuilleumier, N., Jimenez-Moreno, C. M., I, G. H. G., et al. (2015). PAX4 defines an expandable beta-cell subpopulation in the adult pancreatic islet. Sci. Rep. 5, 15672. doi:10.1038/srep15672
 Lu, J., Shen, S. M., Ling, Q., Wang, B., Li, L. R., Zhang, W., et al. (2021). One repeated transplantation of allogeneic umbilical cord mesenchymal stromal cells in type 1 diabetes: An open parallel controlled clinical study. Stem Cell. Res. Ther. 12 (1), 340. doi:10.1186/s13287-021-02417-3
 Luk, F., Carreras-Planella, L., Korevaar, S. S., de Witte, S. F. H., Borras, F. E., Betjes, M. G. H., et al. (2017). Inflammatory conditions dictate the effect of mesenchymal stem or stromal cells on B cell function. Front. Immunol. 8, 1042. doi:10.3389/fimmu.2017.01042
 Marek-Trzonkowska, N., Mysliwiec, M., Dobyszuk, A., Grabowska, M., Techmanska, I., Juscinska, J., et al. (2012). Administration of CD4+CD25highCD127-regulatory T cells preserves beta-cell function in type 1 diabetes in children. Diabetes Care 35 (9), 1817–1820. doi:10.2337/dc12-0038
 Mellado-Gil, J. M., Jimenez-Moreno, C. M., Martin-Montalvo, A., Alvarez-Mercado, A. I., Fuente-Martin, E., Cobo-Vuilleumier, N., et al. (2016). PAX4 preserves endoplasmic reticulum integrity preventing beta cell degeneration in a mouse model of type 1 diabetes mellitus. Diabetologia 59 (4), 755–765. doi:10.1007/s00125-016-3864-0
 Morgan, N. G., Leete, P., Foulis, A. K., and Richardson, S. J. (2014). Islet inflammation in human type 1 diabetes mellitus. IUBMB Life 66 (11), 723–734. doi:10.1002/iub.1330
 Munder, M. (2009). Arginase: An emerging key player in the mammalian immune system. Br. J. Pharmacol. 158 (3), 638–651. doi:10.1111/j.1476-5381.2009.00291.x
 Nagaraj, S., Collazo, M., Corzo, C. A., Youn, J. I., Ortiz, M., Quiceno, D., et al. (2009). Regulatory myeloid suppressor cells in health and disease. Cancer Res. 69 (19), 7503–7506. doi:10.1158/0008-5472.CAN-09-2152
 Norris, J. M., Johnson, R. K., and Stene, L. C. (2020). Type 1 diabetes-early life origins and changing epidemiology. Lancet Diabetes Endocrinol. 8 (3), 226–238. doi:10.1016/S2213-8587(19)30412-7
 Ovalle, F., Grimes, T., Xu, G., Patel, A. J., Grayson, T. B., Thielen, L. A., et al. (2018). Verapamil and beta cell function in adults with recent-onset type 1 diabetes. Nat. Med. 24 (8), 1108–1112. doi:10.1038/s41591-018-0089-4
 Pavlou, S., Wang, L., Xu, H., and Chen, M. (2017). Higher phagocytic activity of thioglycollate-elicited peritoneal macrophages is related to metabolic status of the cells. J. Inflamm. (Lond) 14, 4. doi:10.1186/s12950-017-0151-x
 Phillips, B. E., Garciafigueroa, Y., Trucco, M., and Giannoukakis, N. (2017). Clinical tolerogenic dendritic cells: Exploring therapeutic impact on human autoimmune disease. Front. Immunol. 8, 1279. doi:10.3389/fimmu.2017.01279
 Phillips, B. E., Garciafigueroa, Y., Engman, C., Trucco, M., and Giannoukakis, N. (2019). Tolerogenic dendritic cells and T-regulatory cells at the clinical trials crossroad for the treatment of autoimmune disease; emphasis on type 1 diabetes therapy. Front. Immunol. 10, 148. doi:10.3389/fimmu.2019.00148
 Pociot, F., and Lernmark, A. (2016). Genetic risk factors for type 1 diabetes. Lancet 387 (10035), 2331–2339. doi:10.1016/S0140-6736(16)30582-7
 Qu, Z., Lou, Q., Cooper, D. K. C., Pu, Z., Lu, Y., Chen, J., et al. (2021). Potential roles of mesenchymal stromal cells in islet allo- and xenotransplantation for type 1 diabetes mellitus. Xenotransplantation 28 (3), e12678. doi:10.1111/xen.12678
 Rajasalu, T., Barth, C., Spyrantis, A., Durinovic-Bello, I., Uibo, R., Schirmbeck, R., et al. (2004). Experimental autoimmune diabetes: A new tool to study mechanisms and consequences of insulin-specific autoimmunity. Ann. N. Y. Acad. Sci. 1037, 208–215. doi:10.1196/annals.1337.034
 Rajasalu, T., Brosi, H., Schuster, C., Spyrantis, A., Boehm, B. O., Chen, L., et al. (2010). Deficiency in B7-H1 (PD-L1)/PD-1 coinhibition triggers pancreatic beta-cell destruction by insulin-specific, murine CD8 T-cells. Diabetes 59 (8), 1966–1973. doi:10.2337/db09-1135
 Rath, M., Muller, I., Kropf, P., Closs, E. I., and Munder, M. (2014). Metabolism via arginase or nitric oxide synthase: Two competing arginine pathways in macrophages. Front. Immunol. 5, 532. doi:10.3389/fimmu.2014.00532
 Ray, A., and Dittel, B. N. (2010). Isolation of mouse peritoneal cavity cells. J. Vis. Exp. 35, 1488. doi:10.3791/1488
 Roep, B. O., Thomaidou, S., van Tienhoven, R., and Zaldumbide, A. (2021). Type 1 diabetes mellitus as a disease of the beta-cell (do not blame the immune system?). Nat. Rev. Endocrinol. 17 (3), 150–161. doi:10.1038/s41574-020-00443-4
 Saiwai, H., Kumamaru, H., Ohkawa, Y., Kubota, K., Kobayakawa, K., Yamada, H., et al. (2013). Ly6C+ Ly6G- Myeloid-derived suppressor cells play a critical role in the resolution of acute inflammation and the subsequent tissue repair process after spinal cord injury. J. Neurochem. 125 (1), 74–88. doi:10.1111/jnc.12135
 Sanchez-Zamora, Y. I., Juarez-Avelar, I., Vazquez-Mendoza, A., Hiriart, M., and Rodriguez-Sosa, M. (2016). Altered macrophage and dendritic cell response in mif-/- mice reveals a role of mif for inflammatory-Th1 response in type 1 diabetes. J. Diabetes Res. 2016, 7053963. doi:10.1155/2016/7053963
 Sarikonda, G., Pettus, J., Phatak, S., Sachithanantham, S., Miller, J. F., Wesley, J. D., et al. (2014). CD8 T-cell reactivity to islet antigens is unique to type 1 while CD4 T-cell reactivity exists in both type 1 and type 2 diabetes. J. Autoimmun. 50, 77–82. doi:10.1016/j.jaut.2013.12.003
 Schif-Zuck, S., Gross, N., Assi, S., Rostoker, R., Serhan, C. N., and Ariel, A. (2011). Saturated-efferocytosis generates pro-resolving CD11b low macrophages: Modulation by resolvins and glucocorticoids. Eur. J. Immunol. 41 (2), 366–379. doi:10.1002/eji.201040801
 Shen, Z., Huang, W., Liu, J., Tian, J., Wang, S., and Rui, K. (2021). Effects of mesenchymal stem cell-derived exosomes on autoimmune diseases. Front. Immunol. 12, 749192. doi:10.3389/fimmu.2021.749192
 Silveira, P. A., and Grey, S. T. (2006). B cells in the spotlight: Innocent bystanders or major players in the pathogenesis of type 1 diabetes. Trends Endocrinol. Metab. 17 (4), 128–135. doi:10.1016/j.tem.2006.03.006
 Stojanovic, I., Dimitrijevic, M., Vives-Pi, M., Mansilla, M. J., Pujol-Autonell, I., Rodriguez-Fernandez, S., et al. (2017). Cell-based tolerogenic therapy, experience from animal models of multiple sclerosis, type 1 diabetes and rheumatoid arthritis. Curr. Pharm. Des. 23 (18), 2623–2643. doi:10.2174/1381612823666170214120708
 Stosic-Grujicic, S., Stojanovic, I., Maksimovic-Ivanic, D., Momcilovic, M., Popadic, D., Harhaji, L., et al. (2008). Macrophage migration inhibitory factor (MIF) is necessary for progression of autoimmune diabetes mellitus. J. Cell. Physiol. 215 (3), 665–675. doi:10.1002/jcp.21346
 Thayer, T. C., Wilson, S. B., and Mathews, C. E. (2010). Use of nonobese diabetic mice to understand human type 1 diabetes. Endocrinol. Metab. Clin. North Am. 39 (3), 541–561. doi:10.1016/j.ecl.2010.05.001
 von Scholten, B. J., Kreiner, F. F., Gough, S. C. L., and von Herrath, M. (2021). Current and future therapies for type 1 diabetes. Diabetologia 64 (5), 1037–1048. doi:10.1007/s00125-021-05398-3
 Vudattu, N. K., and Herold, K. C. (2014). Treatment of new onset type 1 diabetes with teplizumab: Successes and pitfalls in development. Expert Opin. Biol. Ther. 14 (3), 377–385. doi:10.1517/14712598.2014.881797
 Wakabayashi, K., Hamada, C., Kanda, R., Nakano, T., Io, H., Horikoshi, S., et al. (2014). Adipose-derived mesenchymal stem cells transplantation facilitate experimental peritoneal fibrosis repair by suppressing epithelial-mesenchymal transition. J. Nephrol. 27 (5), 507–514. doi:10.1007/s40620-014-0133-5
 Wang, S., Tan, Q., Hou, Y., and Dou, H. (2021). Emerging roles of myeloid-derived suppressor cells in diabetes. Front. Pharmacol. 12, 798320. doi:10.3389/fphar.2021.798320
 Warshauer, J. T., Bluestone, J. A., and Anderson, M. S. (2020). New frontiers in the treatment of type 1 diabetes. Cell. Metab. 31 (1), 46–61. doi:10.1016/j.cmet.2019.11.017
 Welzen-Coppens, J. M., van Helden-Meeuwsen, C. G., Drexhage, H. A., and Versnel, M. A. (2012). Abnormalities of dendritic cell precursors in the pancreas of the NOD mouse model of diabetes. Eur. J. Immunol. 42 (1), 186–194. doi:10.1002/eji.201141770
 Willcox, A., Richardson, S. J., Bone, A. J., Foulis, A. K., and Morgan, N. G. (2009). Analysis of islet inflammation in human type 1 diabetes. Clin. Exp. Immunol. 155 (2), 173–181. doi:10.1111/j.1365-2249.2008.03860.x
 Wynn, T. A. (2015). Type 2 cytokines: Mechanisms and therapeutic strategies. Nat. Rev. Immunol. 15 (5), 271–282. doi:10.1038/nri3831
 Yang, W. C., Hwang, Y. S., Chen, Y. Y., Liu, C. L., Shen, C. N., Hong, W. H., et al. (2017). Interleukin-4 supports the suppressive immune responses elicited by regulatory T cells. Front. Immunol. 8, 1508. doi:10.3389/fimmu.2017.01508
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 © 2023 Lachaud, Cobo-Vuilleumier, Fuente-Martin, Diaz, Andreu, Cahuana, Tejedo, Hmadcha, Gauthier and Soria. 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.
OPS/images/fcell-11-1089817-g005.gif





OPS/images/fcell-11-1089817-g006.gif
T M s

fors





OPS/images/fcell-11-1089817-g003.gif
£

3

LR #

Z - -
Fomon™ e @ o™ yec s

o mn @ s

e w0 ane1






OPS/images/fcell-11-1089817-g004.gif
conB/MHCA

r—

P






OPS/images/fcell-11-1089817-g007.gif
o e s
e

o miw s omnse






OPS/xhtml/nav.xhtml
Contents

		Cover

		Umbilical cord mesenchymal stromal cells transplantation delays the onset of hyperglycemia in the RIP-B7.1 mouse model of experimental autoimmune diabetes through multiple immunosuppressive and anti-inflammatory responses		Introduction

		Results		Phenotypic characterization of umbilical cord mesenchymal stromal cells

		Intraperitoneal UC-MSC transplantation delays EAD onset, reduces insulitis and normalizes the plasmatic cytokines profile in immunized-RIP-B7.1 mice

		Biodistribution of transplanted UC-MSC

		UC-MSC are massively targeted by peritoneal macrophages

		UC-MSC transplantation triggers a rapid and massive recruitment of myeloid-derived suppressor cells (MDSC) in the peritoneal fluid

		Initial acute peritoneal immune response induced by UC-MSC transplantation is followed by a massive activation of peritoneal macrophages and mobilization of T cells in the peritoneal fluid

		Spleens of UC-MSC transplanted mice display increased MDSC percentages and anti-inflammatory/immunosuppressive markers

		UC-MSC transplantation transiently increases activated CD4+/CD25+ T cells and tregs markers in the spleen of immunized-RIP-B7.1 mice

		UC-MSC transplantation moderately increases MDSC and activated T cells in pancreatic lymph nodes

		UC-MSC transplantation induces a transient increase of activated B cells in the spleen and pancreatic lymph nodes of immunized RIP-B7.1 mice

		UC-MSC transplantation reduces pancreatic infiltration of T and B cells and pro-inflammatory macrophages in immunized RIP-B7.1 mice

		UC-MSC transplantation significantly reduces pancreatic infiltration of pro-inflammatory macrophages and MDSC in hyperglycemic immunized-RIP-B7.1 mice





		Discussion

		Materials and methods		Isolation and culture of mouse UC-MSC

		RIP-B7.1 mice

		Glycemic records

		UC-MSC tracking and biodistribution analysis

		ELISA: Plasmatic cytokines measurements

		Pancreas histology and immunohistochemistry

		Peritoneal drainages, spleen, pancreatic lymph nodes and pancreas sampling

		Flow cytometry

		RNA isolation and quantitative PCR (QPCR)

		Figures edition

		Statistical analysis





		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		Abbreviations

		References









OPS/images/cover.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology

Umbilical cord mesenchymal
stromal cells transplantation
delays the onset of
hyperglycemia in the RIP-B7.1
mouse model of experimental
autoimmune diabetes through
multiple immunosuppressive
and anti-inflammatory
responses





OPS/images/fcell-11-1089817-g001.gif





OPS/images/fcell-11-1089817-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





