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Regulatory T cells are essential players of peripheral tolerance and suppression of inflammatory immune responses. Type 1 regulatory T (Tr1) cells are FoxP3- regulatory T cells induced in the periphery under tolerogenic conditions. Tr1 cells are identified as LAG3+CD49b+ mature CD4+ T cells that promote peripheral tolerance through secretion of IL-10 and TGF-β in addition to exerting perforin- and granzyme B-mediated cytotoxicity against myeloid cells. After the initial challenges of isolation were overcome by surface marker identification, ex vivo expansion of antigen-specific Tr1 cells in the presence of tolerogenic dendritic cells (DCs) and IL-10 paved the way for their use in clinical trials. With one Tr1-enriched cell therapy product already in a Phase I clinical trial in the context of allogeneic hematopoietic stem cell transplantation (allo-HSCT), Tr1 cell therapy demonstrates promising results so far in terms of efficacy and safety. In the current review, we identify developments in phenotypic and molecular characterization of Tr1 cells and discuss the potential of engineered Tr1-like cells for clinical applications of Tr1 cell therapies. More than 3 decades after their initial discovery, Tr1 cell therapy is now being used to prevent graft versus host disease (GvHD) in allo-HSCT and will be an alternative to immunosuppression to promote graft tolerance in solid organ transplantation in the near future.




Keywords: stem cell, transplantation, immunotherapy, immune tolerance, Tr1 cells



Introduction

More than 30 years ago, studies in a severe combined immunodeficiency (SCID) patient that had undergone fully mismatched allogenic hematopoietic stem cell transplantation (allo-HSCT) led to the groundbreaking discovery of type 1 regulatory T (Tr1) cells (1). In this patient, mixed chimerism with donor T cells and host antigen presenting cells (APCs) and B cells was established in the absence of immunosuppression. Donor-derived T cell clones had the ability to respond to host allo-antigens in vitro, but no graft-versus-host disease (GvHD) was observed in vivo, suggesting an active mechanism of tolerance. In subsequent studies, it was discovered that the host-reactive T cell clones isolated from the transplanted patient produced IL-2, IFN-γ and GM-CSF, but not IL-4, suggesting a role for these cytokines in the observed peripheral tolerance (2). Shortly after the cloning of human IL-10 (3), a second transplanted SCID patient was found to have CD4+ T cells specific for host allo-antigens that secreted high levels of IL-10 (4). Further investigation in healthy donors and mice led to the finding of tolerance-inducing, high IL-10-secreting cells that were named Tr1 cells (5).

Tr1 cells can be defined as CD4+Foxp3- regulatory T cells that promote tolerance and dampen inflammatory immune responses. At resting state, Tr1 cells can be found in the spleen or periphery [reviewed in (6)]. Upon antigen-specific TCR activation, Tr1 cells secrete high levels of IL-10 and TGF-β that suppress proliferation of effector T cells and pro-inflammatory cytokine production by APCs. In addition to IL-10 and TGF-β secretion, Tr1 cells also suppress effector T cell responses via engagement of CTLA-4/CD80 or PD-1/PD-L1 (7). Additionally, activated Tr1 cells secrete granzyme B and exert cytotoxicity against myeloid APCs (8), thereby preventing naïve T cell priming (9). Thanks to their ability to prevent production of inflammatory cytokines by APCs and suppress effector T cells, Tr1 cells act as a bridge between innate and adaptive immune responses.



Generation of Human Tr1 Cells

Ex vivo isolation of Tr1 cells from peripheral blood CD4+ T cells of healthy donors results in poor yields since Tr1 cells in circulation are in low quantities [1-10% of peripheral blood memory CD4+ T cells (10)]. Tr1-rich cell products and antigen-specific Tr1 cell clones have been expanded in vitro using a feeder cell mixture or other artificial APCs. With the discovery and use of tolerogenic dendritic cells producing high levels of IL-10 (DC-10) (11) as stimuli for CD4+ T cells, an in vitro method to generate alloantigen-specific Tr1 cells was successfully developed for clinical applications. Another product comprised of engineered polyclonal Tr1-like cells has been developed and tested in pre-clinical models showing promising results to prevent GvHD and exert anti-leukemia responses (12–14). All methods are reviewed in detail elsewhere (6) but in summary, these protocols can be grouped as follows:


Peripheral Blood-Derived Tr1 Cell Lines and Clones

In early studies bulk T cell populations enriched for Tr1 cells were generated by culturing peripheral blood mononuclear cells (PBMC) or CD4+ T cells with allogeneic monocytes and exogenous IL-10 (5). After the initial polyclonal expansion, T cell clones were cultured as single cells and expanded in the presence of irradiated feeder cells containing third party PBMCs and the allogeneic EBV-immortalized cell line JY to obtain antigen-specific Tr1 cells. Polyclonal Tr1 cell lines could also be generated and expanded using mouse L cells expressing hCD32, hCD58 and hCD80 in the presence of anti-CD3 antibody, IL-10 and IFN-a (15). In another study, human ovalbumin-specific Tr1 cell clones were generated by using Drosophila-derived APCs (16). Overall, peripheral blood Tr1 cells could be isolated and expanded in vitro in the presence of feeder cells.



In Vitro Tr1 Generation by Tolerogenic DC Stimulation

Immature monocyte-derived dendritic cells (iDCs) enabled the generation of Tr1 cells from naïve CD4+ T cells in vitro and this differentiation was IL-10-dependent (17). Following these findings, the discovery of DC-10 – an IL-10-secreting, ILT4+ HLA-G+ DC population generated in vitro from monocytes in the presence of IL-10 – allowed the optimization of an in vitro allo-antigen-specific Tr1 generation protocol (11). Recently, both ex vivo-generated and in vivo DC-10 were shown to express CD141 and CD163, enabling ex vivo isolation of DC-10 population from peripheral blood (18). Naïve CD4+ T cells isolated from healthy donor PBMCs can be cultured with allogeneic DC-10 to generate anergic, alloantigen-specific Tr1-enriched cell populations in vitro and can be safely used for cell therapy (19). Another Tr1-enriched cell therapy product, T10, was generated by co-culturing T cells of transplant recipients with organ donor DCs to promote tolerogenic Tr1 generation (20). This preclinical study confirmed the potential benefit of T10 to prevent graft rejection, as explained in later sections. A similar strategy is now being used to generate the T-allo10 cell therapy product to prevent GvHD in allo-HSCT. Briefly, peripheral blood monocyte-derived DC-10 cells of a patient undergoing allo-HSCT and CD4+ T cells of the stem cell donor are isolated and co-cultured ex vivo in the presence of exogenous IL-10 to generate patient alloantigen-specific tolerogenic T-allo10 cells. This Tr1-rich cell therapy product T-allo10 is currently in phase I clinical trial (Clinicaltrials.gov identifier NCT03198234), explained in later sections.



Next Generation of Engineered Tr1-Like Cells: CD4IL-10

CD4IL-10 are engineered Tr1-like cells and are generated by transducing human peripheral blood CD4+ T cells with a lentiviral vector over-expressing human IL10 (hIL10). CD4IL-10 display a Tr1 cytokine production profile (IL-10+IFN-γ+IL-2-IL-4-), phenotypic markers (CD2+CD18+CD226+), suppressive properties, and cytotoxicity against myeloid cells. CD4IL-10 also prevent xeno-GvHD in humanized mouse models (12, 13) and kill primary acute myeloid leukemia blasts (13, 14). Interestingly, CD4IL-10 upregulate cytotoxicity-related genes correlated with constitutive expression of IL-10 (our unpublished data). In contrast to other methods which produce low yields of poorly proliferating Tr1 cell products, polyclonal CD4IL-10 grow and expand in vitro for several weeks, providing larger quantities of Tr1-like cells. Accordingly, CD4IL-10 are promising candidates to be used in clinic in near future for prevention of GvHD and promotion of anti-leukemia responses in acute myeloid leukemia patients going through allo-HSCT.




Biological Characterization of Human Tr1 Cells


Phenotype

Tr1 cells were hard to identify for many years due to the lack of specific surface markers. The discovery of LAG3 and CD49b expressed on both murine and human memory CD4+ Tr1 cells enabled the isolation and characterization of Tr1 populations from peripheral blood of healthy donors (10). Since then, many other studies confirmed the expression of these proteins on murine (21–29), non-human primate (30) and human (18, 31–44) Tr1 cell populations.

It is important to note that CD49b and LAG3 are not exclusively expressed on Tr1 cells and are not sufficient to identify Tr1 cells alone. This is mainly due to the fact that LAG3 is also expressed by activated T cells and CD49b is expressed on memory T cell populations (45). Nevertheless, our data support that when LAG3+CD49b+ memory T cells are purified, the regulatory function expected of Tr1 cells is confined to this population. Single-cell RNA sequencing analysis of IL-10-producing CD4+FoxP3- cells revealed that Tr1 cells can be differentiated from other IL-10-producing CD4+ T cells by their expression of co-inhibitory receptors (CIRs) in addition to LAG3 and CD49b (46). High IL-10 secretion was correlated with high granzyme B as well as expression of CIRs LAG3, TIGIT, TIM3 and PD-1 in CD4+FoxP3- T cells. Only the CIR-rich IL-10-secreting splenic T cells had suppressive capacity as shown by in vivo models of colitis. Thus, IL-10 alone is not a factor in determining Tr1 identity but the combination of IL-10 with granzyme B and CIRs along with suppressive function frame the Tr1 population definition. In conclusion, on top of LAG3 and CD49b, Tr1 phenotyping should be supported by other surface markers such as PD-1, CTLA-4, ICOS, TIM-3, TIGIT, CD226, CD73 and CD39 [reviewed in (47)].



Molecular Characterization

The search for key transcription factors playing a role in Tr1 cell generation and function has been hampered until recently by the difficulty of purifying Tr1 cells and distinguishing them from other IL-10-producing T cells. Unlike Foxp3+ regulatory T cells (Tregs), Tr1 cells currently do not have a defined master regulator that can be used as a lineage-determining transcription factor. The difference between Tregs and Tr1 cells was unequivocally demonstrated when CD4+ T cells from IPEX patients carrying loss-of-function FOXP3 mutations could differentiate in vitro into functional Tr1 cells (48).

Transcription factors that play a role in anergy induction and IL-10 production were among the first candidates to be investigated for their relevance in Tr1 biology and function. For instance, EGR-2, a key transcription factor for T cell anergy, was found to be expressed in Tr1 cells (49, 50), and EGR2 overexpression in naïve CD4+ T cells caused elevated LAG3 expression and IL-10 production (10, 51). In vitro culture of murine T cells with IL-27 and TGF-β drove the differentiation of IL-10 producing T cells (52). Notably, there are several transcription factors that induce IL-10 production upon IL-27 treatment in murine CD4+ T cells. In a recent study covering transcriptional and epigenetic profiling of murine Th cell subsets, Blimp-1 (encoded by the Prdm1 gene) and Maf were demonstrated to be two transcription factors driving the expression of genes induced with IL-27, including IL-10 in Tr1 cells (53). Prdm1 and Maf double knock-out led to spontaneous colitis, mimicking the phenotype observed in IL-10 knockout mice (53). IL-27 signals through EGR-2 to induce IL-10 production by Blimp-1 in CD4+ T cells (54), and EGR-2 is necessary for IL-27-induced Blimp-1-dependent IL-10 induction (51). Blimp-1 is required for high IL-10 secretion, not only by Tr1 cells but also by other CD4+ T cells (55, 56) and CD8+ cytotoxic T lymphocytes (57). Blimp-1 deficiency results in markedly less IL-10 production by CD4+ T cells, while its overexpression promotes Tr1 generation (58). Recently, eomesodermin (Eomes) was demonstrated to coordinate with Blimp-1 to drive Tr1 polarization, and Eomes was critical for protection against GvHD (59). Importantly, T-bet was also crucial for Eomes-mediated Tr1 differentiation. As previously mentioned, c-Maf also contributes to IL-27-induced IL-10 production by Tr1 cells. The aryl hydrocarbon receptor (AHR) also contributes to Tr1 differentiation (60). Interestingly, this has been shown to occur through the formation of AHR/c-Maf heterodimers (61) and through metabolic regulation (25). A recent study also revealed that a cytokine, activin-A, induced an IRF4/AHR transcriptional network in human cells to drive Tr1 differentiation, and adoptive transfer of activin-A-induced Tr1 cells protected against asthma in humanized mouse models (62). The role for IRF4 was further shown in mouse models of infection in which ITK signaling through Ras/IRF4 promoted Tr1 differentiation in vivo (24). Additionally, transcription factors IRF1 and BATF were stated as ‘pioneering factors’ that have substantial roles in murine Tr1 differentiation and function (63). Both IRF1 and BATF are induced upon IL-27 stimulation and are required for chromatin accessibility of Tr1-associated genes as shown by ATAC-seq analysis (63). Taken together, downstream signaling of IL-27 shapes the epigenetic and transcriptomic requirements for Tr1 generation and function in murine T cells.

Continuous expression of IL10 in human peripheral blood CD4+ T cells is essential to drive Tr1 cell differentiation; however, IL-10 alone is not a lineage-determining factor since it can be secreted by many cells of the immune system. IL-10 producing CD4+ T cells are a heterogenous population, but Tr1 cells can be characterized with the expression of CIRs (46). In this study, IL-10-secreting CD4+FoxP3- T cells isolated from the spleens and small intestines of mice had tissue-dependent transcriptional profiles. Single-cell RNA sequencing showed that IL-10-producers from the spleen were more diverse in terms of their transcriptional profile compared to the intestine. Id2 and Bhlhe40 are additional transcription factors found highly expressed in IL-10-producing CD4+ CIR-rich cell subsets but their specific roles in these cell subsets are yet to be determined (46). In a different study, Bhlhe40 was required to repress IL-10 expression in Mycobacterium tuberculosis infected mice (64). Interestingly, Yu et al. showed that Bhlhe40 behaved as a switch between anti and proinflammatory states of Th1 cells, regulating IL-10 expression depending on different immunological cues (65). Thus, the role of Bhlhe40 in Tr1 generation needs further investigation.

While the aforementioned transcription factors revolve around IL-10 regulation, the IL-10 Receptor (IL-10R) is also essential in Tr1 induction in vivo as well as Tr1 generation in vitro (66). IL-10R signals through STAT3 and p38/MAPK, resulting in activation of multiple immune-related pathways. STAT3 is also hyperphosphorylated in activated peripheral blood Tr1 cells (67). The IL-10/STAT3 axis might be essential in regulation of transcription factors required for Tr1 generation and function, contributing to the maintenance of peripheral tolerance (68).

TCR stimulation is essential for Tr1 suppressive function both in vitro and in vivo (9). ITK, a kinase activated downstream of TCR activation modulates Tr1 generation in murine and human CD4+ T cells. In ITK knock-out mice, IL-10 production is impaired and the suppressive function of ITK-deficient cells can be reversed by IRF4 expression. As mentioned above, ITK is responsible for the Ras/IRF4 activation that contributes to CD4+ T cell development into CD49b+LAG3+ Tr1 cells (24). As with canonical TCR stimulation for T cell activation, costimulatory and coinhibitory signals have been demonstrated to affect Tr1 cell differentiation. In one case, stimulation of murine naïve CD4+ T cells with anti-CD3 in the presence of soluble PD-L1 produced a substantial proportion of Tr1-like cells (69). Similarly, activation of human CD4+ T cells with anti-CD3 in the presence of anti-CD46 led to downregulation of IL-2 and gave rise to Tr1 cells (70, 71). Interestingly, this effect is not seen in T cells from MS patients (72). Costimulation of human naïve CD4+ T cells through CD55 also produces highly suppressive Tr1 cells (73).

Overall, these data suggest that several distinct transcription factors and signaling pathways play roles in differentiation, generation and activation of Tr1 cells through IL-27 stimulation, regulation of IL-10 gene expression or through altering suppressive and cytotoxic functions of Tr1 cells. To date, no single transcription factor has been proven to be sufficient to lead to Tr1 generation alone and their dynamic interactions within mouse or human Tr1 cells require further investigations.



Cytotoxic Properties of Tr1 Cells

In addition to their well-known suppressive function, both peripheral and engineered Tr1 cells (CD4IL-10) are able to recognize and kill cells of myeloid origin (8, 12–14). Constitutive expression of hIL10 in human CD4+ T cells results in upregulation of cytotoxicity-related genes (our unpublished data). Tr1 cells and CD4IL-10 express high amounts of granzyme B along with CD2, CD18 and CD226 that contribute to myeloid cell killing (8, 12, 13). CD2 binds to CD54, CD18 binds to CD58, and CD226 binds to CD112 and CD155 found on target cells, enhancing adhesion and sending activating signals. Myeloid target cell killing is dependent on granzyme B expression by CD4IL-10 and HLA class I expression on target cells (8, 13). In addition to myeloid cell lines and primary adult acute myeloid leukemia, we recently showed that CD4IL-10 can also kill pediatric AML blasts (14). We observed that pediatric AML differ in their sensitivity to CD4IL-10 mediated killing and group as sensitive, intermediate-resistant, or resistant. RNA sequencing of different groups of pediatric AML showed that sensitive and resistant blasts have distinct transcriptional profiles. CD200, a prognostic factor for AML (74), was differentially expressed on the resistant pediatric AML. The receptor for CD200, CD200R1, is expressed on T cells and functions as an inhibitory receptor contributing to diminished cytotoxic responses (14). Thus, it is possible that resistant pediatric AML have signature molecules upregulated on their surface that can be used as predictive markers to select patients with AML suitable for CD4IL-10 cell therapy. Tr1 cells or engineered Tr1-like cells can enhance anti-tumor response once delivered to a leukemia patient undergoing allo-HSCT, targeting residual tumor cells that would otherwise cause relapse. While exerting anti-tumor activity, Tr1 cells also promote tolerance and thus provide a combinatorial benefit to the patient.




Clinical Application of Tr1 Cells


Suppressive Roles in Transplantation

The ability of Tr1 cells to maintain tolerance in organ transplantation has been demonstrated in many preclinical studies. Battaglia et al. showed that rapamycin plus IL-10 treatment induced Tr1 cells that modulated long term tolerance in vivo and prevented allograft rejection following islet transplantation (75). Notably, antigen-specific Tr1 cells were found to be more potent than polyclonal Tr1 (76). Interestingly, Tr1 cells localized in the spleen maintained long-term tolerance (77). A potential advantage of Tr1 cell therapy compared to traditional immune suppression was recently demonstrated: Tr1 cell therapy did not alter the anti-viral response in islet transplant models in mice, nor did viral infections change Tr1 efficacy in maintaining transplant tolerance (78). Recently, graft-infiltrating M2 macrophages were shown to induce Tr1-mediated tolerance after islet cell transplantation in mouse models (79). Accordingly, CD206high IL-10-producing macrophages infiltrated the graft of G-CSF/rapamycin-treated tolerant mice and in vivo depletion of phagocytic cells abrogated graft tolerance and Tr1 induction (79). Taken together, these preclinical studies show the crosstalk between Tr1 cells and other immune cells and demonstrate that Tr1 cells promote graft tolerance in islet transplantation while preserving anti-viral immunity.

In solid organ transplantation, host immune cells attack donor organs, leading to transplant rejection. To prevent this immune response, transplant recipients are obliged to take life-long immunosuppressive treatments that have severe negative impacts, including recurrent severe infections. A key approach to replace or minimize immunosuppressive treatments is to induce donor-specific tolerance. A clinical product called T10 was developed to optimize the production of Tr1-enriched cell products in patients undergoing kidney transplants, aiming to prevent graft rejection (20, 80) (Figure 1A). The T10 product is generated by culturing donor DC-10 with patient CD4+ T cells in the presence of exogenous IL-10. CD4+ T cells isolated from patients undergoing dialysis were able to reach sufficient numbers of ex vivo expanded T10 cells that maintained suppressive abilities stably after cryopreservation. In parallel, phenotyping was done periodically with peripheral blood Tr1 cells of patients going through immunosuppression to understand potential effects of immunosuppressive treatments on Tr1 cells, since planned T10 infusion would take place in patients receiving immunosuppressive treatments. The phenotype of Tr1s from transplant patients were comparable to healthy controls and optimal times for T10 infusion were considered to be at time zero and around 36 weeks after transplantation. These pre-clinical studies were essential to optimize Tr1 medicinal product quality and demonstrate the potential for transplant patients, but no product infusion has been done yet. Despite the promising results in pre-clinical studies, the role of Tr1 in solid organ transplantation is a field anticipating in-patient trials.




Figure 1 | Tr1 cell therapy strategies in transplantation. (A) Tr1 cell therapy in solid organ transplantation. Patient CD4+ T cells (1) and donor tolerogenic DC-10 cells (2) will be isolated prior to organ transplantation. A Tr1-rich cell therapy product will be expanded by culturing CD4+ T cells and DC-10 in the presence of exogenous IL-10 (3). The alloantigen-specific Tr1-rich cell therapy product will be phenotyped and tested ex vivo for suppressive capacity and will be infused into the transplant recipient (4). Concurrently or a day after infusion, organ transplantation will take place (5). (B) Tr1 cell therapy in allo-HSCT. Donor CD4+ T cells (1) and patient-derived tolerogenic DC-10 cells (2) will be isolated prior to HSCT. Steps (3) and (4) will be followed as in part (A). A day after infusion, HSCT will take place (5). (C) CD4IL-10 cell therapy in allo-HSCT. In this example, the transplant recipient is an acute myeloid leukemia patient. Stem cell donor or 3rd party healthy donor CD4+ T cells will be isolated (1) and transduced with hIL10 lentivirus to generate CD4IL-10 cells (2). After ex vivo expansion and quality control, CD4IL-10 cells will be infused to the transplant recipient (3) concurrently with allo-HSCT (4). While donor stem cells repopulate blood, donor T cells promote graft versus host disease (GvHD). CD4IL-10 cells prevent GvHD by secretion of IL-10 and promote graft versus leukemia (GvL) response via granzyme B/perforin mediated cytotoxicity against residual AML cells.





Tr1 Therapy in the Context of allo-HSCT

Many leukemia patients are dependent on successful allo-HSCT for treatment of their hematological malignancies and reconstitution of a healthy immune system. Allo-HSCT is also the only cure for patients with inherited blood disorders, such as SCID and beta thalassemia. Following the initial studies that demonstrated Tr1-mediated tolerance after mismatched allo-HSCT in SCID patients (1, 2, 4), Tr1 cells were also shown to play a role in thalassemic patients with persistent mixed chimerism after allo-HSCT (81). In a proof-of-concept clinical study, the ALT-TEN trial, twelve patients with hematological malignancies undergoing haplo-HSCT were given IL-10-anergized donor T cells (IL10-DLI) containing Tr1 cells to support immune reconstitution in the absence of severe GvHD (32). 4 patients had positive outcomes, long term disease remission and gene expression profiles of these patients’ cells were associated with tolerance (32). This study led the way to the use of Tr1 cell therapy in allo-HSCT recipients.

In the current T-allo10 clinical trial (Clinicaltrials.gov identifier NCT03198234), the IL-10-anergized donor T cells specific for the host allo-antigens are generated using an optimized protocol. Donor CD4+ T cells are co-cultured with host-derived DC-10 to ‘educate’ the T cells to become anergic to the host allo-antigens and to generate alloantigen-specific Tr1 cells (Figure 1B). The T-allo10 cell product contains up to 15% Tr1 cells. T-allo10 cells are infused one day before the transplant to patients undergoing related or unrelated mismatched allo-HSCT. The goal of this study is to show the safety, unravel the maximum tolerated dose and demonstrate the capacity of the T-allo10 cells to prevent GvHD and promote long term tolerance in patients receiving mismatched HSCT. Thus far, the preliminary analysis shows that the therapy is well tolerated, with long-term persistence of Tr1 cells (Chen et al., unpublished data). Recently, the T-allo10 trial has also been expanded to patients undergoing alpha-beta T cell-depleted haplo-HSCT to boost immune cell reconstitution and help prevent GvHD (Clinicaltrials.gov identifier NCT04640987). Overall, the T-allo10 clinical trial will be a first step in determining in vivo safety and efficacy of alloantigen-specific tolerogenic Tr1 cells that can be further used in other clinical settings beyond allo-HSCT.

Beyond these studies, there are also preclinical studies investigating the method of in utero HCT for prevention of congenital hematological diseases, but the injection window and technical difficulties have not been overcome yet. Nevertheless, it was recently demonstrated that treatment with tolerance-inducing Tregs and Tr1 cells prevented GvHD and promoted long-term multilineage chimerism in mice receiving in utero HCT (82).



Other Immune Mediated Diseases

Tr1 cells play important roles in suppressing autoimmunity and it has been reported that Tr1 function may be impaired in diseases like type I diabetes, colitis, and multiple sclerosis (MS) (83). In patients with refractory Crohn’s disease, ovalbumin-specific Treg (OVA-Tregs) cells isolated from patients’ blood and restimulated with ovalbumin have been reinfused intravenously (84). This study (Crohn’s And Treg Cells Study- CATS1) demonstrated that Treg infusions were well-tolerated and reduced pathology in some patients. Tr1 cells can modulate inflammasome activity in macrophages via secretion of IL-10 (28), which can be a potential approach in treating inflammatory bowel disease (IBD). It was also recently revealed that the phenotype of Tr1 cells isolated from the gut of patients with Crohn’s disease or ulcerative colitis was not different from that of healthy individuals after ex vivo expansion. In addition, these Tr1 cells were able to secrete IL-22, promoting barrier function in intestinal epithelial cells (85). Collectively, Tr1 cell therapy is a promising approach for treating IBD.



Considerations for Future Clinical Applications

Treg cell therapies for autoimmune disorders and transplant patients is an area of increasing interest. Despite the abundance of promising preclinical studies, several hurdles remain for the clinical application of Treg cell therapies [reviewed in (86, 87)]. In the current clinical trial in allo-HSCT, the manufactured alloantigen-specific T-allo10 cell product is only enriched in Tr1 cells. The lack of purity represents a significant limitation to the use of this cell product in other clinical settings. Nevertheless, administration of tolerogenic Tr1-enriched cell products could increase graft tolerance in solid organ transplant patients, comparable to their tolerogenic effect in allo-HSCT. Antigen-specific Tr1 cells can also be generated for known self-antigens causing autoimmune disorders, like early-onset type 1 diabetes, to prevent autoreactive T cells from destructing islet cells (88).

CD4IL-10, engineered Tr1 cells that overexpress hIL10, is a pure cell therapy product which should be considered for future clinical applications. Preclinical studies demonstrate that CD4IL-10 not only share the functional properties of Tr1 cells but also can grow and expand in abundance. The bidirectional lentiviral vector used for concurrent expression of IL-10/delta-NGFR has been recently updated to meet FDA requirements (Liu et al, unpublished data). Polyclonal CD4IL-10 cells can provide a GMP-compliant cell therapy option for leukemic patients undergoing allo-HSCT in the near future (Figure 1C). The future generation of antigen-specific engineered Tr1-like cells will also broaden their clinical applications to other immune mediated diseases.




Concluding Remarks

In the 33 years since their discovery, Tr1 cells have been shown to be essential in peripheral tolerance in transplant settings, chronic infections, and autoimmune disorders. While it was challenging to isolate, expand, and identify these cells, we now have more information than ever regarding their phenotype, function, and ex vivo expansion. Multiple single cell level -omics analyses such as single cell RNA sequencing and ATAC sequencing are advancing our understanding of key molecular mechanisms regulating Tr1 differentiation and function. Alloantigen-specific Tr1-enriched cell products in clinical trials will yield insights on safety and efficacy of these cells and pave the way for their use in other clinical settings such as solid organ transplantation and tissue stem cell therapies. Furthermore, refined methods to generate and expand polyclonal and antigen-specific Tr1 cells will allow their application in autoimmune and chronic inflammatory disorders in the near future.



Author Contributions

All authors contributed to the article and approved the submitted version.



Acknowledgments

The authors would like to thank Benjamin Thomas, Molly Uyeda, Pauline Chen and Alma-Martina Cepika for their helpful scientific discussions and critical reading. The authors would also like to state that the figures in this review were created with BioRender.com.



References

1. Roncarolo, MG, Yssel, H, Touraine, JL, Bacchetta, R, Gebuhrer, L, De Vries, JE, et al. Antigen Recognition by MHC-incompatible Cells of a Human Mismatched Chimera. J Exp Med (1988) 168(6):2139–52. doi: 10.1084/jem.168.6.2139

2. Bacchetta, R, de Waal Malefijt, R, Yssel, H, Abrams, J, de Vries, JE, Spits, H, et al. Host-Reactive CD4+ and CD8+ T Cell Clones Isolated From a Human Chimera Produce IL-5, Il-2, IFN-Gamma and Granulocyte/Macrophage-Colony-Stimulating Factor But Not IL-4. J Immunol (1990) 144(3):902–8.

3. Vieira, P, de Waal-Malefyt, R, Dang, MN, Johnson, KE, Kastelein, R, Fiorentino, DF, et al. Isolation and Expression of Human Cytokine Synthesis Inhibitory Factor cDNA Clones: Homology to Epstein-Barr Virus Open Reading Frame BCRFI. Proc Natl Acad Sci U S A (1991) 88(4):1172–6. doi: 10.1073/pnas.88.4.1172

4. Bacchetta, R, Bigler, M, Touraine, JL, Parkman, R, Tovo, PA, Abrams, J, et al. High Levels of Interleukin 10 Production In Vivo are Associated With Tolerance in SCID Patients Transplanted With HLA Mismatched Hematopoietic Stem Cells. J Exp Med (1994) 179(2):493–502. doi: 10.1084/jem.179.2.493

5. Groux, H, O’Garra, A, Bigler, M, Rouleau, M, Antonenko, S, de Vries, JE, et al. A CD4+ T-Cell Subset Inhibits Antigen-Specific T-cell Responses and Prevents Colitis. Nature (1997) 389(6652):737–42. doi: 10.1038/39614

6. Gregori, S, and Roncarolo, MG. Engineered T Regulatory Type 1 Cells for Clinical Application. Front Immunol (2018) 9:233. doi: 10.3389/fimmu.2018.00233

7. Akdis, M, Verhagen, J, Taylor, A, Karamloo, F, Karagiannidis, C, Crameri, R, et al. Immune Responses in Healthy and Allergic Individuals are Characterized by a Fine Balance Between Allergen-Specific T Regulatory 1 and T Helper 2 Cells. J Exp Med (2004) 199(11):1567–75. doi: 10.1084/jem.20032058

8. Magnani, CF, Alberigo, G, Bacchetta, R, Serafini, G, Andreani, M, Roncarolo, MG, et al. Killing of Myeloid APCs Via HLA Class I, CD2 and CD226 Defines a Novel Mechanism of Suppression by Human Tr1 Cells. Eur J Immunol (2011) 41(6):1652–62. doi: 10.1002/eji.201041120

9. Gregori, S, Goudy, KS, and Roncarolo, MG. The Cellular and Molecular Mechanisms of Immuno-Suppression by Human Type 1 Regulatory T Cells. Front Immunol (2012) 3:30. doi: 10.3389/fimmu.2012.00030

10. Gagliani, N, Magnani, CF, Huber, S, Gianolini, ME, Pala, M, Licona-Limon, P, et al. Coexpression of CD49b and LAG-3 Identifies Human and Mouse T Regulatory Type 1 Cells. Nat Med (2013) 19(6):739–46. doi: 10.1038/nm.3179

11. Gregori, S, Tomasoni, D, Pacciani, V, Scirpoli, M, Battaglia, M, Magnani, CF, et al. Differentiation of Type 1 T Regulatory Cells (Tr1) by Tolerogenic DC-10 Requires the IL-10-dependent ILT4/HLA-G Pathway. Blood (2010) 116(6):935–44. doi: 10.1182/blood-2009-07-234872

12. Andolfi, G, Fousteri, G, Rossetti, M, Magnani, CF, Jofra, T, Locafaro, G, et al. Enforced IL-10 Expression Confers Type 1 Regulatory T Cell (Tr1) Phenotype and Function to Human CD4(+) T Cells. Mol Ther (2012) 20(9):1778–90. doi: 10.1038/mt.2012.71

13. Locafaro, G, Andolfi, G, Russo, F, Cesana, L, Spinelli, A, Camisa, B, et al. Il-10-Engineered Human Cd4(+) Tr1 Cells Eliminate Myeloid Leukemia in an HLA Class I-Dependent Mechanism. Mol Ther (2017) 25(10):2254–69. doi: 10.1016/j.ymthe.2017.06.029

14. Cieniewicz, B, Uyeda, MJ, Chen, PP, Sayitoglu, EC, Liu, JM, Andolfi, G, et al. Engineered Type 1 Regulatory T Cells Designed for Clinical Use Kill Primary Pediatric Acute Myeloid Leukemia Cells. Haematologica (2020) 106(7). doi: 10.3324/haematol.2020.263129

15. Levings, MK, Sangregorio, R, Galbiati, F, Squadrone, S, de Waal Malefyt, R, and Roncarolo, MG. IFN-Alpha and IL-10 Induce the Differentiation of Human Type 1 T Regulatory Cells. J Immunol (2001) 166(9):5530–9. doi: 10.4049/jimmunol.166.9.5530

16. Brun, V, Bastian, H, Neveu, V, and Foussat, A. Clinical Grade Production of IL-10 Producing Regulatory Tr1 Lymphocytes for Cell Therapy of Chronic Inflammatory Diseases. Int Immunopharmacol (2009) 9(5):609–13. doi: 10.1016/j.intimp.2009.01.032

17. Levings, MK, Gregori, S, Tresoldi, E, Cazzaniga, S, Bonini, C, and Roncarolo, MG. Differentiation of Tr1 Cells by Immature Dendritic Cells Requires IL-10 But Not CD25+CD4+ Tr Cells. Blood (2005) 105(3):1162–9. doi: 10.1182/blood-2004-03-1211

18. Comi, M, Avancini, D, Santoni de Sio, F, Villa, M, Uyeda, MJ, Floris, M, et al. Coexpression of CD163 and CD141 Identifies Human Circulating IL-10-producing Dendritic Cells (DC-10). Cell Mol Immunol (2020) 17(1):95–107. doi: 10.1038/s41423-019-0218-0

19. Bacchetta, R, Gregori, S, Serafini, G, Sartirana, C, Schulz, U, Zino, E, et al. Molecular and Functional Characterization of Allogantigen-Specific Anergic T Cells Suitable for Cell Therapy. Haematologica (2010) 95(12):2134–43. doi: 10.3324/haematol.2010.025825

20. Mfarrej, B, Tresoldi, E, Stabilini, A, Paganelli, A, Caldara, R, Secchi, A, et al. Generation of Donor-Specific Tr1 Cells to be Used After Kidney Transplantation and Definition of the Timing of Their In Vivo Infusion in the Presence of Immunosuppression. J Transl Med (2017) 15(1):40. doi: 10.1186/s12967-017-1133-8

21. Chien, CH, Yu, HC, Chen, SY, and Chiang, BL. Characterization of c-Maf(+)Foxp3(-) Regulatory T Cells Induced by Repeated Stimulation of Antigen-Presenting B Cells. Sci Rep (2017) 7:46348. doi: 10.1038/srep46348

22. Clemente-Casares, X, Blanco, J, Ambalavanan, P, Yamanouchi, J, Singha, S, Fandos, C, et al. Expanding Antigen-Specific Regulatory Networks to Treat Autoimmunity. Nature (2016) 530(7591):434–40. doi: 10.1038/nature16962

23. Hooper, KM, Kong, W, and Ganea, D. Prostaglandin E2 Inhibits Tr1 Cell Differentiation Through Suppression of C-Maf. PLoS One (2017) 12(6):e0179184. doi: 10.1371/journal.pone.0179184

24. Huang, W, Solouki, S, Koylass, N, Zheng, SG, and August, A. ITK Signalling Via the Ras/IRF4 Pathway Regulates the Development and Function of Tr1 Cells. Nat Commun (2017) 8:15871. doi: 10.1038/ncomms15871

25. Mascanfroni, ID, Takenaka, MC, Yeste, A, Patel, B, Wu, Y, Kenison, JE, et al. Metabolic Control of Type 1 Regulatory T Cell Differentiation by AHR and HIF1-Alpha. Nat Med (2015) 21(6):638–46. doi: 10.1038/nm.3868

26. Said, SS, Barut, GT, Mansur, N, Korkmaz, A, and Sayi-Yazgan, A. Bacterially Activated B-Cells Drive T Cell Differentiation Towards Tr1 Through PD-1/PD-L1 Expression. Mol Immunol (2018) 96:48–60. doi: 10.1016/j.molimm.2018.02.010

27. Xu, L, Yin, W, Sun, R, Wei, H, and Tian, Z. Liver Type I Regulatory T Cells Suppress Germinal Center Formation in HBV-tolerant Mice. Proc Natl Acad Sci U S A (2013) 110(42):16993–8. doi: 10.1073/pnas.1306437110

28. Yao, Y, Vent-Schmidt, J, McGeough, MD, Wong, M, Hoffman, HM, Steiner, TS, et al. Tr1 Cells, But Not Foxp3+ Regulatory T Cells, Suppress Nlrp3 Inflammasome Activation Via an IL-10-Dependent Mechanism. J Immunol (2015) 195(2):488–97. doi: 10.4049/jimmunol.1403225

29. Mbongue, JC, Rawson, J, Garcia, PA, Gonzalez, N, Cobb, J, Kandeel, F, et al. Reversal of New Onset Type 1 Diabetes by Oral Salmonella-Based Combination Therapy and Mediated by Regulatory T-Cells in NOD Mice. Front Immunol (2019) 10:320. doi: 10.3389/fimmu.2019.00320

30. Singh, A, Ramachandran, S, Graham, ML, Daneshmandi, S, Heller, D, Suarez-Pinzon, WL, et al. Long-Term Tolerance of Islet Allografts in Nonhuman Primates Induced by Apoptotic Donor Leukocytes. Nat Commun (2019) 10(1):3495. doi: 10.1038/s41467-019-11338-y

31. Andreani, M, Gianolini, ME, Testi, M, Battarra, M, Tiziana, G, Morrone, A, et al. Mixed Chimerism Evolution is Associated With T Regulatory Type 1 (Tr1) Cells in a Beta-Thalassemic Patient After Haploidentical Haematopoietic Stem Cell Transplantation. Chimerism (2014) 5(3-4):75–9. doi: 10.1080/19381956.2015.1103423

32. Bacchetta, R, Lucarelli, B, Sartirana, C, Gregori, S, Lupo Stanghellini, MT, Miqueu, P, et al. Immunological Outcome in Haploidentical-HSC Transplanted Patients Treated With IL-10-Anergized Donor T Cells. Front Immunol (2014) 5:16. doi: 10.3389/fimmu.2014.00016

33. Farez, MF, Mascanfroni, ID, Mendez-Huergo, SP, Yeste, A, Murugaiyan, G, Garo, LP, et al. Melatonin Contributes to the Seasonality of Multiple Sclerosis Relapses. Cell (2015) 162(6):1338–52. doi: 10.1016/j.cell.2015.08.025

34. Kim, J, Lee, J, Gonzalez, J, Fuentes-Duculan, J, Garcet, S, and Krueger, JG. Proportion of CD4(+)CD49b(+)LAG-3(+) Type 1 Regulatory T Cells in the Blood of Psoriasis Patients Inversely Correlates With Psoriasis Area and Severity Index. J Invest Dermatol (2018) 138(12):2669–72. doi: 10.1016/j.jid.2018.05.021

35. Koch, K, Koch, N, Sandaradura de Silva, U, Jung, N, Schulze zur Wiesch, J, Fatkenheuer, G, et al. Increased Frequency of CD49b/LAG-3(+) Type 1 Regulatory T Cells in HIV-Infected Individuals. AIDS Res Hum Retroviruses (2015) 31(12):1238–46. doi: 10.1089/aid.2014.0356

36. Kunicki, MA, Amaya Hernandez, LC, Davis, KL, Bacchetta, R, and Roncarolo, MG. Identity and Diversity of Human Peripheral Th and T Regulatory Cells Defined by Single-Cell Mass Cytometry. J Immunol (2018) 200(1):336–46. doi: 10.4049/jimmunol.1701025

37. Pedroza-Gonzalez, A, Zhou, G, Vargas-Mendez, E, Boor, PP, Mancham, S, Verhoef, C, et al. Tumor-Infiltrating Plasmacytoid Dendritic Cells Promote Immunosuppression by Tr1 Cells in Human Liver Tumors. Oncoimmunology (2015) 4(6):e1008355. doi: 10.1080/2162402X.2015.1008355

38. Song, Z, Zhang, T, Li, G, Tang, Y, Luo, Y, and Yu, G. Tr1 Responses are Elevated in Asymptomatic H. Pylori-Infected Individuals and are Functionally Impaired in H. Pylori-Gastric Cancer Patients. Exp Cell Res (2018) 367(2):251–6. doi: 10.1016/j.yexcr.2018.04.002

39. Yan, H, Zhang, P, Kong, X, Hou, X, Zhao, L, Li, T, et al. Primary Tr1 Cells From Metastatic Melanoma Eliminate Tumor-Promoting Macrophages Through Granzyme B- and Perforin-Dependent Mechanisms. Tumour Biol (2017) 39(4):1010428317697554. doi: 10.1177/1010428317697554

40. Zhu, Z, Ye, J, Ma, Y, Hua, P, Huang, Y, Fu, X, et al. Function of T Regulatory Type 1 Cells is Down-Regulated and is Associated With the Clinical Presentation of Coronary Artery Disease. Hum Immunol (2018) 79(7):564–70. doi: 10.1016/j.humimm.2018.05.001

41. Talvard-Balland, N, Sutra Del Galy, A, Michonneau, D, Le Buanec, H, Chasset, F, Robin, M, et al. Expansion of Circulating Cd49b(+)Lag3(+) Type 1 Regulatory T Cells in Human Chronic Graft-Versus-Host Disease. J Invest Dermatol (2021) 141(1):193–7.e2. doi: 10.1016/j.jid.2020.04.018

42. Spiering, R, Jansen, MAA, Wood, MJ, Fath, AA, Eltherington, O, Anderson, AE, et al. Targeting of Tolerogenic Dendritic Cells to Heat-Shock Proteins in Inflammatory Arthritis. J Transl Med (2019) 17(1):375. doi: 10.1186/s12967-019-2128-4

43. Raverdeau, M, Christofi, M, Malara, A, Wilk, MM, Misiak, A, Kuffova, L, et al. Retinoic Acid-Induced Autoantigen-Specific Type 1 Regulatory T Cells Suppress Autoimmunity. EMBO Rep (2019) 20:e47121. doi: 10.15252/embr.201847121

44. Eyoh, E, McCallum, P, Killick, J, Amanfo, S, Mutapi, F, and Astier, AL. The Anthelmintic Drug Praziquantel Promotes Human Tr1 Differentiation. Immunol Cell Biol (2019) 97(5):512–8. doi: 10.1111/imcb.12229

45. Huang, W, Solouki, S, Carter, C, Zheng, SG, and August, A. Beyond Type 1 Regulatory T Cells: Co-expression of LAG3 and CD49b in IL-10-Producing T Cell Lineages. Front Immunol (2018) 9:2625. doi: 10.3389/fimmu.2018.02625

46. Brockmann, L, Soukou, S, Steglich, B, Czarnewski, P, Zhao, L, Wende, S, et al. Molecular and Functional Heterogeneity of IL-10-producing Cd4(+) T Cells. Nat Commun (2018) 9(1):5457. doi: 10.1038/s41467-018-07581-4

47. Roncarolo, MG, Gregori, S, Bacchetta, R, and Battaglia, M. Tr1 Cells and the Counter-Regulation of Immunity: Natural Mechanisms and Therapeutic Applications. Curr Top Microbiol Immunol (2014) 380:39–68. doi: 10.1007/978-3-662-43492-5_3

48. Passerini, L, Di Nunzio, S, Gregori, S, Gambineri, E, Cecconi, M, Seidel, MG, et al. Functional Type 1 Regulatory T Cells Develop Regardless of FOXP3 Mutations in Patients With IPEX Syndrome. Eur J Immunol (2011) 41(4):1120–31. doi: 10.1002/eji.201040909

49. Okamura, T, Fujio, K, Shibuya, M, Sumitomo, S, Shoda, H, Sakaguchi, S, et al. Cd4+Cd25-LAG3+ Regulatory T Cells Controlled by the Transcription Factor Egr-2. Proc Natl Acad Sci U S A (2009) 106(33):13974–9. doi: 10.1073/pnas.0906872106

50. Okamura, T, Yamamoto, K, and Fujio, K. Early Growth Response Gene 2-Expressing CD4(+)LAG3(+) Regulatory T Cells: The Therapeutic Potential for Treating Autoimmune Diseases. Front Immunol (2018) 9:340. doi: 10.3389/fimmu.2018.00340

51. Iwasaki, Y, Fujio, K, Okamura, T, Yanai, A, Sumitomo, S, Shoda, H, et al. Egr-2 Transcription Factor is Required for Blimp-1-Mediated Il-10 Production in IL-27-stimulated Cd4+ T Cells. Eur J Immunol (2013) 43(4):1063–73. doi: 10.1002/eji.201242942

52. Awasthi, A, Carrier, Y, Peron, JP, Bettelli, E, Kamanaka, M, Flavell, RA, et al. A Dominant Function for Interleukin 27 in Generating Interleukin 10-Producing Anti-Inflammatory T Cells. Nat Immunol (2007) 8(12):1380–9. doi: 10.1038/ni1541

53. Zhang, H, Madi, A, Yosef, N, Chihara, N, Awasthi, A, Pot, C, et al. An IL-27-Driven Transcriptional Network Identifies Regulators of IL-10 Expression Across T Helper Cell Subsets. Cell Rep (2020) 33(8):108433. doi: 10.1016/j.celrep.2020.108433

54. Neumann, C, Heinrich, F, Neumann, K, Junghans, V, Mashreghi, MF, Ahlers, J, et al. Role of Blimp-1 in Programing Th Effector Cells Into IL-10 Producers. J Exp Med (2014) 211(9):1807–19. doi: 10.1084/jem.20131548

55. Martins, GA, Cimmino, L, Shapiro-Shelef, M, Szabolcs, M, Herron, A, Magnusdottir, E, et al. Transcriptional Repressor Blimp-1 Regulates T Cell Homeostasis and Function. Nat Immunol (2006) 7(5):457–65. doi: 10.1038/ni1320

56. Cretney, E, Xin, A, Shi, W, Minnich, M, Masson, F, Miasari, M, et al. The Transcription Factors Blimp-1 and IRF4 Jointly Control the Differentiation and Function of Effector Regulatory T Cells. Nat Immunol (2011) 12(4):304–11. doi: 10.1038/ni.2006

57. Sun, J, Dodd, H, Moser, EK, Sharma, R, and Braciale, TJ. Cd4+ T Cell Help and Innate-Derived IL-27 Induce Blimp-1-Dependent Il-10 Production by Antiviral Ctls. Nat Immunol (2011) 12(4):327–34. doi: 10.1038/ni.1996

58. Heinemann, C, Heink, S, Petermann, F, Vasanthakumar, A, Rothhammer, V, Doorduijn, E, et al. Il-27 and IL-12 Oppose Pro-Inflammatory IL-23 in CD4+ T Cells by Inducing Blimp1. Nat Commun (2014) 5:3770. doi: 10.1038/ncomms4770

59. Zhang, P, Lee, JS, Gartlan, KH, Schuster, IS, Comerford, I, Varelias, A, et al. Eomesodermin Promotes the Development of Type 1 Regulatory T (TR1) Cells. Sci Immunol (2017) 2(10):eaah7152. doi: 10.1126/sciimmunol.aah7152

60. Gandhi, R, Kumar, D, Burns, EJ, Nadeau, M, Dake, B, Laroni, A, et al. Activation of the Aryl Hydrocarbon Receptor Induces Human Type 1 Regulatory T Cell-Like and Foxp3(+) Regulatory T Cells. Nat Immunol (2010) 11(9):846–53. doi: 10.1038/ni.1915

61. Apetoh, L, Quintana, FJ, Pot, C, Joller, N, Xiao, S, Kumar, D, et al. The Aryl Hydrocarbon Receptor Interacts With c-Maf to Promote the Differentiation of Type 1 Regulatory T Cells Induced by IL-27. Nat Immunol (2010) 11(9):854–61. doi: 10.1038/ni.1912

62. Tousa, S, Semitekolou, M, Morianos, I, Banos, A, Trochoutsou, AI, Brodie, TM, et al. Activin-a Co-Opts IRF4 and AhR Signaling to Induce Human Regulatory T Cells That Restrain Asthmatic Responses. Proc Natl Acad Sci U S A (2017) 114(14):E2891–E900. doi: 10.1073/pnas.1616942114

63. Karwacz, K, Miraldi, ER, Pokrovskii, M, Madi, A, Yosef, N, Wortman, I, et al. Critical Role of IRF1 and BATF in Forming Chromatin Landscape During Type 1 Regulatory Cell Differentiation. Nat Immunol (2017) 18(4):412–21. doi: 10.1038/ni.3683

64. Huynh, JP, Lin, CC, Kimmey, JM, Jarjour, NN, Schwarzkopf, EA, Bradstreet, TR, et al. Bhlhe40 is an Essential Repressor of IL-10 During Mycobacterium Tuberculosis Infection. J Exp Med (2018) 215(7):1823–38. doi: 10.1084/jem.20171704

65. Yu, F, Sharma, S, Jankovic, D, Gurram, RK, Su, P, Hu, G, et al. The Transcription Factor Bhlhe40 is a Switch of Inflammatory Versus Antiinflammatory Th1 Cell Fate Determination. J Exp Med (2018) 215(7):1813–21. doi: 10.1084/jem.20170155

66. Brockmann, L, Gagliani, N, Steglich, B, Giannou, AD, Kempski, J, Pelczar, P, et al. Il-10 Receptor Signaling Is Essential for TR1 Cell Function In Vivo. J Immunol (2017) 198(3):1130–41. doi: 10.4049/jimmunol.1601045

67. Schmetterer, KG, Neunkirchner, A, Wojta-Stremayr, D, Leitner, J, Steinberger, P, and Pickl, WF. STAT3 Governs Hyporesponsiveness and Granzyme B-dependent Suppressive Capacity in Human CD4+ T Cells. FASEB J (2015) 29(3):759–71. doi: 10.1096/fj.14-257584

68. Schmetterer, KG, and Pickl, WF. The IL-10/STAT3 Axis: Contributions to Immune Tolerance by Thymus and Peripherally Derived Regulatory T-Cells. Eur J Immunol (2017) 47(8):1256–65. doi: 10.1002/eji.201646710

69. Ding, Q, Lu, L, Wang, B, Zhou, Y, Jiang, Y, Zhou, X, et al. B7h1-Ig Fusion Protein Activates the CD4+ IFN-Gamma Receptor+ Type 1 T Regulatory Subset Through IFN-gamma-secreting Th1 Cells. J Immunol (2006) 177(6):3606–14. doi: 10.4049/jimmunol.177.6.3606

70. Kemper, C, Chan, AC, Green, JM, Brett, KA, Murphy, KM, and Atkinson, JP. Activation of Human CD4+ Cells With CD3 and CD46 Induces a T-regulatory Cell 1 Phenotype. Nature (2003) 421(6921):388–92. doi: 10.1038/nature01315

71. Cardone, J, Le Friec, G, Vantourout, P, Roberts, A, Fuchs, A, Jackson, I, et al. Complement Regulator CD46 Temporally Regulates Cytokine Production by Conventional and Unconventional T Cells. Nat Immunol (2010) 11(9):862–71. doi: 10.1038/ni.1917

72. Ni Choileain, S, Hay, J, Thomas, J, Williams, A, Vermeren, MM, Benezech, C, et al. TCR-Stimulated Changes in Cell Surface CD46 Expression Generate Type 1 Regulatory T Cells. Sci Signal (2017) 10(502):eaah6163. doi: 10.1126/scisignal.aah6163

73. Sutavani, RV, Bradley, RG, Ramage, JM, Jackson, AM, Durrant, LG, and Spendlove, I. CD55 Costimulation Induces Differentiation of a Discrete T Regulatory Type 1 Cell Population With a Stable Phenotype. J Immunol (2013) 191(12):5895–903. doi: 10.4049/jimmunol.1301458

74. Tonks, A, Hills, R, White, P, Rosie, B, Mills, KI, Burnett, AK, et al. CD200 as a Prognostic Factor in Acute Myeloid Leukaemia. Leukemia (2007) 21(3):566–8. doi: 10.1038/sj.leu.2404559

75. Battaglia, M, Stabilini, A, Draghici, E, Gregori, S, Mocchetti, C, Bonifacio, E, et al. Rapamycin and interleukin-10 Treatment Induces T Regulatory Type 1 Cells That Mediate Antigen-Specific Transplantation Tolerance. Diabetes (2006) 55(1):40–9. doi: 10.2337/diabetes.55.01.06.db05-0613

76. Gagliani, N, Jofra, T, Stabilini, A, Valle, A, Atkinson, M, Roncarolo, MG, et al. Antigen-Specific Dependence of Tr1-cell Therapy in Preclinical Models of Islet Transplant. Diabetes (2010) 59(2):433–9. doi: 10.2337/db09-1168

77. Gagliani, N, Jofra, T, Valle, A, Stabilini, A, Morsiani, C, Gregori, S, et al. Transplant Tolerance to Pancreatic Islets is Initiated in the Graft and Sustained in the Spleen. Am J Transplant (2013) 13(8):1963–75. doi: 10.1111/ajt.12333

78. Jofra, T, Di Fonte, R, Galvani, G, Kuka, M, Iannacone, M, Battaglia, M, et al. Tr1 Cell Immunotherapy Promotes Transplant Tolerance Via De Novo Tr1 Cell Induction in Mice and is Safe and Effective During Acute Viral Infection. Eur J Immunol (2018) 48(8):1389–99. doi: 10.1002/eji.201747316

79. Mfarrej, B, Jofra, T, Morsiani, C, Gagliani, N, Fousteri, G, and Battaglia, M. Key Role of Macrophages in Tolerance Induction Via T Regulatory Type 1 (Tr1) Cells. Clin Exp Immunol (2020) 201(2):222–30. doi: 10.1111/cei.13440

80. Petrelli, A, Tresoldi, E, Mfarrej, BG, Paganelli, A, Spotti, D, Caldara, R, et al. Generation of Donor-Specific T Regulatory Type 1 Cells From Patients on Dialysis for Cell Therapy After Kidney Transplantation. Transplantation (2015) 99(8):1582–9. doi: 10.1097/TP.0000000000000751

81. Serafini, G, Andreani, M, Testi, M, Battarra, M, Bontadini, A, Biral, E, et al. Type 1 Regulatory T Cells are Associated With Persistent Split Erythroid/Lymphoid Chimerism After Allogeneic Hematopoietic Stem Cell Transplantation for Thalassemia. Haematologica (2009) 94(10):1415–26. doi: 10.3324/haematol.2008.003129

82. Riley, JS, McClain, LE, Stratigis, JD, Coons, BE, Ahn, NJ, Li, H, et al. Regulatory T Cells Promote Alloengraftment in a Model of Late-Gestation In Utero Hematopoietic Cell Transplantation. Blood Adv (2020) 4(6):1102–14. doi: 10.1182/bloodadvances.2019001208

83. Pot, C, Apetoh, L, and Kuchroo, VK. Type 1 Regulatory T Cells (Tr1) in Autoimmunity. Semin Immunol (2011) 23(3):202–8. doi: 10.1016/j.smim.2011.07.005

84. Desreumaux, P, Foussat, A, Allez, M, Beaugerie, L, Hebuterne, X, Bouhnik, Y, et al. Safety and Efficacy of Antigen-Specific Regulatory T-Cell Therapy for Patients With Refractory Crohn’s Disease. Gastroenterology (2012) 143(5):1207–17.e2. doi: 10.1053/j.gastro.2012.07.116

85. Cook, L, Stahl, M, Han, X, Nazli, A, MacDonald, KN, Wong, MQ, et al. Suppressive and Gut-Reparative Functions of Human Type 1 T Regulatory Cells. Gastroenterology (2019) 157(6):1584–98. doi: 10.1053/j.gastro.2019.09.002

86. Gregori, S, Passerini, L, and Roncarolo, MG. Clinical Outlook for Type-1 and FOXP3(+) T Regulatory Cell-Based Therapy. Front Immunol (2015) 6:593. doi: 10.3389/fimmu.2015.00593

87. Fortunato, M, Morali, K, Passeri, L, and Gregori, S. Regulatory Cell Therapy in Organ Transplantation: Achievements and Open Questions. Front Immunol (2021) 12:641596. doi: 10.3389/fimmu.2021.641596

88. Yu, H, Gagliani, N, Ishigame, H, Huber, S, Zhu, S, Esplugues, E, et al. Intestinal Type 1 Regulatory T Cells Migrate to Periphery to Suppress Diabetogenic T Cells and Prevent Diabetes Development. Proc Natl Acad Sci U S A (2017) 114(39):10443–8. doi: 10.1073/pnas.1705599114



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 Sayitoglu, Freeborn and Roncarolo. 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/logo.jpg
’ frontiers
in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The Yin and Yang of Type 1 Regulatory T Cells: From Discovery to Clinical Application

      

        		

          Introduction

        



        		

          Generation of Human Tr1 Cells

        

          		

            Peripheral Blood-Derived Tr1 Cell Lines and Clones

          



          		

            In Vitro Tr1 Generation by Tolerogenic DC Stimulation

          



          		

            Next Generation of Engineered Tr1-Like Cells: CD4IL-10

          



        



        



        		

          Biological Characterization of Human Tr1 Cells

        

          		

            Phenotype

          



          		

            Molecular Characterization

          



          		

            Cytotoxic Properties of Tr1 Cells

          



        



        



        		

          Clinical Application of Tr1 Cells

        

          		

            Suppressive Roles in Transplantation

          



          		

            Tr1 Therapy in the Context of allo-HSCT

          



          		

            Other Immune Mediated Diseases

          



          		

            Considerations for Future Clinical Applications

          



        



        



        		

          Concluding Remarks

        



        		

          Author Contributions

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-693105-g001.jpg
A Tri ositherapy in S0Rd Orgen transpiantetion

1. PatientCo4 Tesls 2 onor D10 et

TN

s
Organ donor
S
e
o N
.
g % = g
A 1
ot ]

2 ety
: st furion

Transplant
| T i

tem cell donor _

S Stem call ansplonston

3.C08oalthrapy
prodoctnuson






OEBPS/Images/fimmu.2021.693105_cover.jpg
, frontiers
in Immunology

The Yin and Yang of Type 1
Regulatory T Cells: From Discovery
to Clinical Application





