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Autoimmune diseases result from imbalances in the immune system and disturbances in the mechanisms of immune tolerance. T-regulatory cells (Treg) are key factors in the formation of immune tolerance. Tregs modulate immune responses and repair processes, controlling the innate and adaptive immune system. The use of Tregs in the treatment of autoimmune diseases began with the manipulation of endogenous Tregs using immunomodulatory drugs. Then, a method of adoptive transfer of Tregs grown in vitro was developed. Adoptive transfer of Tregs includes polyclonal Tregs with non-specific effects and antigen-specific Tregs in the form of CAR-Treg and TCR-Treg. This review discusses non-specific and antigen-specific approaches to the use of Tregs, their advantages, disadvantages, gaps in development, and future prospects.
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Introduction

Autoimmune diseases (AIDs) arise as a result of an imbalance in the immune system and impairments in the mechanisms of immune tolerance. To a large extent, the state of the immune system depends on T-regulatory cells (Tregs), which are key factors of immune tolerance. In addition to immunoregulatory properties, Tregs participate in the regenerative processes of skeletal and cardiac muscles, skin, lungs, bones, and the central nervous system (1).

Tregs are characterized by the expression of markers CD4 and CD25, as well as by inhibiting the activation and proliferation of helper CD4+ T cells, cytotoxic CD8+ T cells, and prevention of B cell activation. All Tregs can be divided into two groups including natural Tregs (nTregs) and induced Tregs (iTregs) (2). The cell-specific marker of nTreg and some iTreg subpopulations is FOXP3, which is necessary for their maturation and function. Further, iTregs are divided into four more subpopulations, namely IL-10-secreting CD4+ Treg1 cells (Tr1 cells), TGF-β-secreting Tregs (Th3), CD8+ Tregs, and CD4+CD25+FoxP3–IL-35-dependent cells (iTr35) (3). Meanwhile, nTregs originate from CD4+ thymocytes and leave the thymus as CD4+CD25+FoxP3+ cells.

Tregs can modulate immune responses and reparative processes through control of both the innate and adaptive immune systems.

The involvement of Tregs in the treatment of AIDs began with the attempt of the impact on endogenous Tregs (Figure 1). In fact, the introduction of immunomodulatory agents was used to increase the number and/or functional activity of endogenous Tregs in vivo. Later, another approach emerged, which involved the adoptive transfer of in vitro expanded Tregs. Adoptive transfer of Tregs consists of several variations: polyclonal Tregs with a non-specific impact on the immune system and antigen-specific Tregs in the form of CAR-Tregs and TCR-Tregs. This review highlights non-specific and antigen-specific approaches to the use of Tregs.




Figure 1 | Types of Treg cell therapy for AIDs. T-regulatory cell-based therapies include: Increase in the number and functional activity of endogenous Tregs and Polyclonal Tregs, which are non-specific methods, and CAR-Tregs and TCR-Tregs, which are antigen-specific methods.







The effect of Tregs on immune system cells to implement immunosuppressive function

First of all, it should be noted that Tregs can affect cells of the innate immune system including macrophages and neutrophils, which are involved in inflammatory and regenerative processes (Figure 2). The study by Lewkowicz et al. (4) showed that Tregs induced neutrophil apoptosis and blocked the production of IL-6 by neutrophils, as well as caused the formation of secondary immunosuppressive neutrophils, generating IL-10, TGF-β1, IDO, and HO-1. The authors of the study (5) also demonstrated neutrophil apoptosis induced by Tregs. Besides, Tregs could stimulate neutrophil phagocytosis by macrophages and promote macrophage polarization to the M2 phenotype by anti-inflammatory cytokines (e.g., IL-4, IL-10, IL-13) (1, 6).




Figure 2 | Effect of Tregs on cells of the innate and adaptive immune systems. Effect on cells of the innate immune system. Tregs induce neutrophil apoptosis, promote the formation of secondary immunosuppressive neutrophils generating IL-10, TGF-β1, IDO, and HO-1, and stimulate neutrophil phagocytosis by macrophages and polarization of macrophages into the anti-inflammatory phenotype M2. Effect on cells of the adaptive immune system. Tregs bind LAG3 to MHCII and CTLA-4 to CD80/86 on DCs, which disrupts the maturation and antigen presentation processes in DCs promoting the formation of DCs with a tolerogenic phenotype. By producing IDO, Tregs disrupt the binding of CD80/86 on DCs to CD28 on T effector cells, inhibiting their activation. IL-10 directly inhibits T cell expansion, suppressing antigen presentation and DC activity, while TGF-β blocks T lymphocyte proliferation and Th1 and Th2 cell differentiation. Tregs suppress metabolic processes by producing adenosine leading to suppression of T cell activity. Tregs regulate the activity of autoimmune B lymphocytes through the binding of PD-1 on autoimmune B cells to PDL-1 and PDL-2 on Tregs. Additionally, Tregs can use granzyme A and B as well as perforin to indirectly suppress the activity of effector B lymphocytes and T cells.



Once activated, Tregs can impact dendritic cells (DCs), T effector cells, and B cells (Figure 2). Tregs bind LAG3 to MHCII and CTLA-4 to CD80/86 on DCs, thereby disrupting the maturation and antigen presentation processes on DCs and promoting the formation of DCs with a tolerogenic phenotype. By producing IDO, Tregs also disrupt the binding of CD80/86 on DCs to CD28 on T effector cells and block their activation (7). IL-10, produced by Tregs, directly inhibits T cell expansion and suppresses antigen presentation and DC activity (8). TGF-β, which is also produced by Tregs, can block T cell proliferation by inhibition of the IL-2 expression via the Smad3 signaling pathway, as well as by inhibition of cyclins including cyclin D2 and cyclin E, cyclin-dependent kinase (CDK-4) and c-myc. TGF-β can inhibit Th1 and Th2 cell differentiation by blocking the T-bet/STAT4 and GATA-3/NFAT signaling pathways (9). Tregs are able to induce apoptosis of effector cells through the release of granzyme A, granzyme B, and perforin. Activated Tregs can suppress metabolic processes by generating adenosine from ATP, which is further metabolized through the CD39/CD73 pathway. This process entails T cell suppression by inducing negative signaling towards antigen-presenting cells (APCs) and effector T cells (10). Due to the high surface expression of CD25 and the ability to scavenge IL-2, Tregs can reduce proinflammatory cytokine signaling (11).

Recent research has revealed that Tregs play a crucial role in suppressing autoimmune B-lymphocyte activity. To achieve this effect, Tregs require two key conditions: high expression of PD-1 on autoimmune B cells and simultaneous activity of two molecules, PDL-1 and PDL-2, which bind to PD-1 (12). This enables Tregs to control the activity of autoimmune B lymphocytes. Additionally, Tregs can use granzyme B and perforin to indirectly suppress the activity of effector B lymphocytes. These molecules are able to reduce the production of autoantibodies ultimately leading to a decrease in the activity of autoimmune B lymphocytes (12).

The features of antigen-specific Tregs are of particular interest. Antigen-specific Tregs are activated upon recognition of specific antigens presented by APCs. This targeted activation allows them to suppress effector T cells, which respond to the same antigens, and effectively prevent inappropriate immune responses against self-tissues. Antigen-specific Tregs are more effective in controlling autoimmune reactions since they can migrate to tissues containing their cognate antigens (13, 14). This localized action reduces the risk of non-specific immunosuppression, making them a promising therapeutic option.

The antigen-specific mechanism of action of Tregs is critical to their role in immune regulation. Tregs can effectively suppress autoreactive T cells and maintain immune homeostasis. This specificity not only enhances their therapeutic potential in AIDs but also determines the importance of comprehension of their biology for the development of Tregs-based targeted therapy.

Based on the above, it becomes clear that Tregs are indeed a promising platform for the development of AID therapy.





Types of therapy based on the use of Tregs for AIDs

As mentioned earlier, there are two main methods of impact on Tregs: administration of immunomodulatory agents, which increase the number and/or efficacy of Tregs in vivo, and adoptive transfer of in vitro expanded Tregs (13) (Table 1).


Table 1 | Tregs-based therapies for autoimmune diseases: targets, specificity, advantages and disadvantages.



Currently, several methods are used to increase endogenous Tregs. These include low doses of IL-2, mutant IL-2, IL-2/anti-IL-2 complexes, rapamycin as the mTOR inhibitor, and gut microbiome transplantation. Several studies have shown the efficacy of low doses of IL-2 (15–17). The advantage of IL-2 is associated with its common availability, for example, in the form of Proleukin (Aldesleukin). However, it is important to remember that, depending on the dose, IL-2 therapy can lead to an increase in the number of not only Tregs, but also T-effector cells (18). Rapamycin has been shown to inhibit mTOR (19, 20), a molecule involved in triggering the activation signal from IL-2R and CD28 via phosphatidylinositol 3-kinase (PI3K), thereby blocking the activation signal in T cells and their proliferation (21, 22). Thus, rapamycin selectively increased the number of Tregs while maintaining their suppressor phenotype (19). Gut microbiome transplantation is considered a method for stimulating Tregs. Studies have shown that butyrate, produced by certain types of bacteria in the gut, was able to regulate the expression of anti-inflammatory genes in DCs and increased the stability of expression of the transcription factor FOXP3 in Tregs (23, 24).

Adoptive transfer is based on the isolation of Tregs from peripheral blood and their expansion in vitro. Tregs can be isolated using CliniMACS reagents, which use double negative selection (monoclonal antibodies against CD8 and CD19) followed by positive selection (monoclonal antibodies against CD25). The study by Mauro Di Ianni et al. (25) emphasized that this method enriches CD4+CD25+FoxP3+ cells with immunosuppressive capabilities, which can serve as a source of natural Tregs lacking CD8+ and CD4+/CD25- clones. It is also possible to sort Treg cells using the FACSAria device, after staining the cells with a cocktail of monoclonal antibodies, as in the study Trzonkowski et al. (26). Polyclonal expansion of Tregs is mostly achieved by addition of beads coated with monoclonal antibodies against CD3/CD28 in the presence of IL-2 (27), with or without rapamycin. Furthermore, the co-use of TGF-β and all-trans retinoic acid (ATRA) (28–30) or vitamin D and TGF-β has been discribed. Adoptive transfer of Tregs involves several approaches including polyclonal Tregs and antigen-specific Tregs.




Polyclonal regulatory T cells

Currently, therapy with Tregs is well characterized. The first data on the use of polyclonal T-regs were promising and focused on graft-versus-host disease (GVHD) in 2009 (26) and Crohn’s disease in 2012 (31). The therapy was safe and resulted in a reduction in the severity of symptoms in Crohn’s disease, while in GVHD it decreased the need for immunosuppressive therapy. Subsequently, many scientists conducted research in this area. In 2015, Theil et al. (32) developed a GMP protocol for isolating and expanding stem cell donor-derived Tregs. They also demonstrated the feasibility of clinical use of these Tregs in five patients with chronic GVHD. In 2022, Landwehr-Kenzel et al. conducted a clinical trial using polyclonally expanded Tregs in three children with severe GVHD that was refractory to treatment (33). All children showed clinical improvement and decreased GVHD activity. Clonal expansion of Tregs was confirmed by next-generation sequencing.

Afterwards, polyclonal Tregs were used for the treatment of AIDs. For example, in patients with type 1 diabetes mellitus (T1DM) treated with T-regs, insulin requirements and C-peptide levels remained stable although no reduction in disease progression was observed (34–36). Bender et al. also showed insufficient efficacy of polyclonal Tregs therapy in patients with T1DM: single doses did not prevent the decline in residual β-cell function over 1 year compared with placebo (37). In systemic lupus erythematosus (SLE), the use of polyclonal T-regs resulted in temporary stabilization of the disease but injected T-regs were detected in skin biopsies of a patient with active skin disease (38). Thus, efficacy was partial and insufficient to significantly improve the course of the diseases.

Over time, a problem, which might have caused the lack of efficacy of this type of therapy, was revealed, and it was stipulated by the non-specificity of the polyclonal Treg effects. A number of preclinical studies demonstrating the relationship between the antigen specificity of Tregs and their therapeutic efficacy have shown that antigen-specific Tregs were more effective than polyclonal Tregs (39–43).

Another challenge in the therapy with polyclonal Tregs is obtaining a sufficient number of cells with a stable phenotype. To eliminate these problems, several strategies are being developed; these include stabilization of the FOXP3 gene expression with Cas9 and Helios proteins, epigenetic editing of FOXP3, protection of FOXP3 from polyubiquitination, and enhancing the suppressive ability of Tregs by RNA interference targeting protein kinase PKCθ (44). In addition, the co-use of polyclonal Tregs and standard immunosuppressive therapy reduced the efficacy of this type of cell therapy (45). To make Tregs resistant to immunosuppressant drugs, Amini and other researchers developed a protocol based on the CRISPR-Cas9 system that effectively targets the FKBP12 gene, an adaptor protein that is essential for the immunosuppressive function of tacrolimus (46).

In the review by Amini et al., the term “Super Tregs” is introduced, referring to genetically modified Tregs with enhanced capabilities to more effectively suppress immune responses. Various genetic engineering tools exist that allow precise manipulation of Tregs. These include gene editing using programmable nuclease systems (CRISPR/Cas9, TALENs, and ZFNs), delivery of gene editing components, and various genetic engineering strategies to enhance Treg stability and function (47).





Antigen-specific regulatory T cells

Antigen-specific Tregs can be produced in vitro by genetically inserting synthetic receptors, including engineered T cell receptors (TCRs) and chimeric antigen receptors (CARs). CAR and TCR therapies have been rapidly developing in the last decade. Until recently, these developments were used to treat cancer but now these technologies have become of interest for the treatment of AIDs.




CAR technology

It should be noted that the use of CAR technology in AIDs began with CAR-T cells. Research and clinical trials of CAR-T therapy for the treatment of AIDs have shown its potential efficacy (48, 49). In particular, a recent study involved patients with SLE (50). Autologous T cells from SLE patients were transduced with a lentiviral CAR vector against CD19, expanded, and reinfused. As a result, remission was achieved in 3 months, and drug-free remission lasted more than 8 months. Another study followed fifteen patients with three different AIDs including SLE, idiopathic inflammatory myositis, and systemic sclerosis for two years; they were treated with a single infusion of T cells with CD19-chimeric antigen receptor (51). All patients experienced significant clinical responses but some of them had side effects such as cytokine storm, neurotoxicity, and pneumonia.

However, despite its potential efficacy, CAR-T cell therapy has a number of challenges and risks. Uncontrolled activation and proliferation of CAR-T cells can lead to undesirable consequences, such as cytokine storm and thrombocytopenia (52). In addition, there is a risk of toxic effects on organs and tissues due to the uncontrolled destruction of healthy cells as well as a risk of autoimmune reactions during the migration and proliferation of CAR-T cells that leads to the development of new AIDs (52).

To sort out the problems associated with the CAR-T, one should pay attention to the use of CRISPR–Cas9 technology (53). For example, modified CRISPR–Cas9 CAR-T with dual targeting to CD19 and CD22 antigens was successfully used for the treatment of 11 patients with B-cell acute lymphoblastic leukemia (54). No cases of hepatotoxicity or infectious complications were observed during the treatment. This approach demonstrated a safe profile and high antileukemic activity.

Another effective approach to solve these problems is associated with CAR-Tregs. The source for producing CAR-Tregs can be CD4+ T cells or Tregs (55). Obtaining CAR-Tregs by means of polyclonal Tregs has limitations, such as low levels of Tregs in the peripheral blood and an unstable phenotype (55). It is possible that the use of CD4+ T cells and viral transduction of FOXP3 is the most promising as it results in the production of cells with a more stable phenotype and bypasses the problem of low Tregs in the peripheral blood (55–57).

It is suggested that through clonal deletion and induction of anergy, CAR-Tregs can reveal and regulate the activity of autoimmune T cells (58) as well as produce immunosuppressive cytokines (59). CAR-Tregs are independent of MHC and have high specificity, therefore they are promising candidates for therapy. Concurrently, CAR-Tregs can competitively bind IL-2 and inhibit the proliferation of effector T cells (60). Besides, CAR-Tregs are able to recognize the target antigen on target cells through the CAR structure and inhibit the function of effector T cells (61).

The pioneers of CAR-Treg research were Megan Levings and et al. The researchers developed a CAR specific to HLA-A2 and used it to generate Treg cells specific to human alloantigens (62). Experiments showed that Treg cells with an A2 CAR retain their phenotype and ability to suppress the immune response before, during, and after stimulation. In mouse studies, human Treg cells with an A2 CAR were shown to be more effective in preventing graft-versus-host disease than Treg cells with an irrelevant CAR.

CAR-Tregs have been used in the treatment of various disease models. CAR-Tregs with carcinoembryonic antigens (SCA431, scFv, CD28, and CD3z) have been used in the treatment of colitis and have shown their efficacy (63). Oligodendrocyte glycoproteins of myelin (MOG scFv, CD28, and CD3z) have been used in the treatment of multiple sclerosis demonstrating effective control of inflammatory responses (56). Besides, CAR-Tregs with insulin scFv, CD28, and CD3z molecules were used to treat a mouse model of T1DM and showed successful results without affecting the overall immune status of mice (64).

Treatments of AIDs using CAR-Tregs have not yet been tested in clinical trials. However, two registered clinical trials of CAR-Tregs have been reported, which were aimed to induce immune tolerance identical to the processes observed in AID. These trials were being conducted in another medicine area, namely in the transplantation of solid organs such as kidneys and livers, and involved CAR-Tregs targeting HLA-A2 (65, 66).

Concurrently, there are limitations in the use of CAR-Treg. In fact, CAR-Tregs are capable of migrating to the site of the inflammatory reaction to accomplish their suppressor functions by interacting with tissue-specific autoantigens (56, 67). If these autoantigens are expressed not only in the site of an autoimmune reaction but also in other healthy tissues of the body, the immune system response may be less effective and lead to systemic hyperactivation of CAR-Tregs that in turn can cause a non-specific immunosuppressive reaction (68).

A recently proposed approach to CAR-Treg optimization implies the production of universal CAR-Tregs (UniCAR-Tregs), which are designed on the basis of universal tumor-targeted CAR-T cells (UniCAR-T). UniCAR-T is a two-component system. The first component is a universal CAR-T cell that does not recognize human surface antigens but can interact with a peptide motif. This motif is contained in the second component, a soluble adapter called a targeting module (TM) (69). TMs are bispecific molecules that link UniCAR-T cells to target cells. UniCAR-T can be turned on and off by dosing the TMs (70). Unlike conventional CAR-T that target specific antigens on tumor cells, UniCARs are designed to recognize a non-immunogenic peptide epitope derived from the human La/SS-B protein. This design ensures that UniCAR-modified T cells remain inert until they encounter the appropriate target module that can bind to both the tumor cell and the UniCAR epitope (71). UniCAR-T have been used in clinical trials and have shown their effectiveness, for example in the study by Wermke et al. on the treatment of acute myeloid leukemia (69, 72). Regulation of the antigen specificity of UniCAR-Treg using a bispecific targeting module allows for an expansion of their scope of application. UniCAR-Tregs can be used universally, since their activation and antigen specificity are regulated by TM exchange (73). A study by Koristka et al. demonstrated that Tregs can be successfully modified and antigen-specifically activated using UniCAR technology both in vitro and in vivo (73).

Summarizing all the above, one can conclude that CAR-Tregs represent a promising approach to the treatment of AIDs, providing targeted immune modulation with potentially fewer side effects than traditional therapies. However, current research is essential to sort out the challenges associated with the implementation of this approach and ensuring its safe and effective use in clinical practice.





TCR-Tregs

In order to generate antigen-specific Tregs, researchers use retroviral or lentiviral transduction methodology to express antigen-specific TCR. These methods enable to obtain TCR-Tregs with the desired antigen specificity.

TCRs have been used to generate TCR-Tregs for the treatment of various AID models such as T1DM, multiple sclerosis, acquired factor VIII deficiency, etc. (74–77) and have shown their efficacy. In a study by Eggenhuizen et al., Sm-specific TCRs were transduced into Tregs, produced from SLE patients positive for anti-Sm and HLA-DR15. Sm-Tregs effectively suppressed inflammatory responses and inhibited disease progression in a humanized mouse model of lupus nephritis (78).

Antigen-specific Treg therapy has one distinct advantage over polyclonal Tregs. Tang et al. showed that a small amount of TCR-Tregs was sufficient to reduce disease activity and in some cases even completely reverse T1DM in NOD mice (79). Other researchers have also shown that only 2,000 TCR-Tregs were needed to prevent T1DM in mice (80). The lower dosage makes the antigen-specific TCR-Treg approach more advantageous in comparison to polyclonal Tregs.

Although relatively small numbers of antigen-specific Tregs may be required to ameliorate AID compared to polyclonal Tregs, identifying a suitable high-affinity antigen-specific TCR to transduce into Tregs remains a challenge in some AIDs. With a large diversity of TCRs, the number of Tregs in the peripheral blood is small. In addition, many Tregs reside in tissues, making their isolation challenging.

In clinical practice, the use of Tregs is associated with certain difficulties, since they need to be isolated from the total number of cells in the peripheral blood, where they make up approximately 1–5% of all CD4 lymphocytes (81). One approach to circumvent this obstacle is reprogramming T cells into Tregs. In particular, in the study by Wright et al., CD4+ T cells were transformed into antigen-specific Tregs using transduction of FOXP3 and a specific TCR targeted to serpin (82). This entailed the accumulation of TCR-transduced FOXP3 CD4+ T cells in draining lymph nodes, a decrease in the number of Th17, and the regression of bone tissue destruction (83). To obtain sufficient numbers of Tregs, researchers can also use the method of transforming antigen-specific effector T cells into induced Tregs through TGF-β and IL-2 stimulation, overexpression of transgenic FOXP3, blockade of cyclin-dependent kinase 8/19 (CDK8 and CDK19) signaling, and combination of overexpression of CTLA-4, IL-2 and antigen stimulation. For example, the combined use of a monoclonal antibody to CD3, a CDK8/19 inhibitor, and TGF-β resulted in a 10-fold increase in CD25highFoxP3+ Tregs in cultured CD4+ T lymphocytes compared to unstimulated lymphocytes due to the transdifferentiating of antigen-specific effector T lymphocytes into Tregs (84).

A key challenge in developing TCR-based therapies is to identify suitable target antigens that are expressed as peptides on specific HLA alleles (85). First, it is necessary to determine whether TCRs from Tregs or T effector cells are more promising sources for their isolation (86). Second, it may be necessary to identify TCRs restricted by widely expressed HLA molecules since not all AIDs are associated with HLA-DRB1 alleles, in particular. Third, sequence data from both TCRα and TCRβ will be needed to determine TCR specificity (87).

Another challenge in selecting TCRs is determining the required affinity. In this regard, low- and high-affinity TCRs have been compared in various studies (75, 88–90), which have shown that TCR affinity can be both positively (75) and negatively (89) correlated with immunosuppressive function. However, over time, it has become clear that there is a more complex pattern, in which the role of the TCR is context-dependent and may differ for both high- and low-affinity interactions. For example, researchers (90) showed that Tregs with high- and low-affinity TCRs migrated to the pancreas though Tregs with high-affinity TCRs activated classical pathways (CTLA-4, IL-10, etc.), while Tregs with low-affinity TCRs expressed proteins associated with tissue repair (amphiregulin and IL-35). It is worth noting that injection of both high- and low-affinity Tregs to NOD mice was more effective in suppressing disease activity than injection of only one of these types.

Studies on TCR-Tregs are associated with MHC class II. Presumably, TCRs of class I can be more effective since they are substantially distributed in tissues providing wider access to target cells. Some studies describe the use of high-affinity or low-affinity class I TCRs, specific for various tumor antigens (91–94). In particular, the study (72) emphasized the independence of TCR-Tregs on the CD8 coreceptor. Other authors (74) demonstrated that HLA-A2-restricted transduced Tregs, which did not express CD8, maintained FOXP3 expression, and suppressed tyrosinase-specific T cells. Another study (94) described CD4 coreceptor-independent Tregs, thereby explaining their ability to be stimulated by low-affinity class I TCRs without CD8, in contrast to CD4+ Tconv. All this increases the choice of cells for TCR selection enabling direct recognition of tissue antigens independently on APCs.

On the way from finding cells to isolate TCR to transduction and production of TCR-Tregs, researchers encounter another challenge related to improper coupling between the alpha and beta TCR chains of endogenous and transduced TCR. However, a solution to this problem is already being developed. In particular, to facilitate the correct coupling of TCR chains, it is common to use such methods as silencing of the endogenous TCR gene, CRISPR deletion of the endogenous TCR gene, modification of the transduced TCR by cysteinization of the alpha-beta constant chains through forming a disulfide bond (83, 95–98).






Targeting inflammatory mediators

Recently, a group of scientists have presented a new concept for the production of Tregs with inflammation biosensors (99, 100). This approach may help to solve the problem of choosing antigens for Treg therapy. Inflammation biosensors are targeted at inflammatory mediators including TNFα, TNF-like ligand 1A, and tumor necrosis factor superfamily instead of antigens and are called artificial immune receptors (AIRs) (100). AIRs have an intracellular CD3z chain and a costimulatory signaling domain CD28 in their structure that may resemble the structure of CAR-T. AIRs have a number of advantages: activation of Tregs occurs only at the site of the inflammatory response and only membrane-bound ligands trigger the process; extracellular receptor domains interact with several ligands increasing efficacy; natural receptor domains are of high stability in comparison, for example, to CARs (100). Bittner et al. demonstrated that AIR-mediated activation of murine Tregs led to TCR-like signaling cascades and induction of Treg proliferation; moreover, AIR-Tregs were more efficient than polyclonal Tregs (100).





Comparison of CAR-Tregs and TCR-Tregs

CAR-Tregs apply synthetic receptors designed to recognize specific antigens independently of MHC molecules (101), which enables their broader use across different patient groups without MHC compatibility limitations. CARs typically consist of a single-chain variable fragment (scFv) linked to intracellular signaling domains, which activate Tregs upon antigen binding (100, 102). However, if there is a lack of surface molecules, CAR may not work. Besides, the ability to target intracellular antigens is blocked due to MHC-independent antigen recognition (103, 104). On the other hand, TCR-Tregs rely on T cell receptors, which require specific MHC-antigen complexes for activation. This may create limitations in efficacy among different patient populations, as the TCR must match the patient’s MHC type (55, 102).

CAR-Tregs have a high affinity for their cognate antigen but for recognition and activation of Tregs, a large number of target antigens on the surface of target cells are required (105). In contrast, TCR-Tregs require only one interaction of the peptide–MHC with the TCR to activate Tregs (106–109).

CAR-Tregs have been shown to exhibit increased cytotoxicity and a more inflammatory profile compared to TCR Tregs. They secrete higher levels of inflammatory cytokines, which may result in declined suppression of effector T cells and APCs (55, 110). These processes may enhance their ability to target specific antigens but carry the risk of unwanted inflammatory reactions. In contrast, TCR-Tregs maintain a more stable immunosuppressive function due to their dependence on natural signaling pathways associated with endogenous activation of TCR. They tend to have a less inflammatory phenotype and are more effective in suppressing immune responses without causing excessive activation of T effector cells (102, 111).

Concurrently, there are general disadvantages of using these cell immunotherapy strategies, which include high production costs and problematic target selection. It is also necessary to take into account that the main side effects will only be determined with the widespread use of these approaches. One of the possible side effects upon injecting these cells may be the loss of FOXP3 expression in inflammatory foci of the environment, in which induced Tregs can be transformed into effector T cells, promoting the aggravation of the disease. Several approaches are known to stabilize the Treg phenotype including treatment of Tregs with all-trans retinoic acid (ATRA) and stimulation of ectopic expression of the FOXP3 gene to stabilize the regulatory phenotype (112).






Treg exosomes

Exosomes are extracellular vesicles, which transport bioactive molecules for intercellular communication (113). Exosomes can transfer proteins, lipids, and nucleic acids (DNA, mRNA/miRNA) to target cells (114). They are widely distributed in body fluids and are involved in intercellular communication, homeostasis, and angiogenesis (115, 116). The integral structure of exosomes enables to keep their molecular cargo intact when crossing biological barriers; that is crucial for targeting specific tissues (117, 118). Exosomes are highly stable under various storage conditions, which simplifies their handling and increases shelf life compared to traditional cell therapy. They can be lyophilized to produce ready-made preparations, which facilitates their use in clinical settings without the need for immediate administration (119). Thus, exosomes are promising delivery agents for drugs and bioactive molecules.

The immunosuppressive function of Treg exosomes may be mediated by their CD73 content, which promotes adenosine production (120). It is currently unknown whether Treg exosomes contain immunoregulatory cytokines IL-10, IL-35, and TGF-β. However, there is other interesting evidence: exosomes derived from FOXP3+ Treg cells contain various microRNAs. In a study by Okoye et al., microRNAs and the exosomal pathway were shown to be essential for effective Treg cell function (121). Let-7d was found to be packaged and transported to Th1 cells, suppressing Th1 cell proliferation and IFN-γ secretion.

Yu et al. investigated the use of Treg exosomes as a therapy in transplantation (122). The authors isolated and purified Treg-derived exosomes and established a rat kidney transplant model. Then, autologous exosomes were administered to recipients. The study showed that exosome function could delay allograft rejection and prolong the survival time of the transplanted kidney by suppressing T cell proliferation.

Some studies confirm that exosomes isolated from Tregs have functions similar to Tregs, namely they are able to suppress autoimmune reactions and induce immunological tolerance (123, 124).

Thus, exosomes represent a compelling alternative to Tregs due to their ability to safely and effectively modulate immune responses, versatility in therapeutic applications, and practical advantages in production and storage. However, there is a downside: the potential side effects and mechanisms of action of Treg exosomes are not fully understood. As research progresses, exosome-based therapies can revolutionize treatment strategies in various areas of medicine.





Conclusion

Both polyclonal and antigen-specific Tregs are used for the treatment of AIDs. Many studies confirm that antigen-specific Tregs are more effective even upon using a small dosage of the cells in comparison to polyclonal Tregs. Currently, the approaches with CAR-Tregs and TCR-Tregs are being actively developed. Both types of cell therapy are quite promising, but it is still necessary to solve many problems in designing and determining sources for cell production, dosages and methods of administration for further use in clinical trials.





Future prospects

The field of Treg therapy is rapidly evolving, especially with the emergence of engineered Tregs such as CAR-Tregs and TCR-Tregs. These methods will enable the treatment of various AIDs, transplant rejection, and a number of other immune-mediated disorders. Promising data have been obtained upon the use of CAR-Tregs and TCR-Tregs in preclinical disease models. However, before moving on to the clinical stage, many experiments will need to be conducted to improve different stages of cell production, including methods of their obtaining and stabilization. Perhaps a new direction of Treg therapy will be a combination of different methods, for example, the combined use of TCR-Tregs and rapamycin or low doses of IL-2. Besides, combinations of CAR-Tregs or TCR-Tregs with exosomes derived from Tregs are also possible, as well as the combined use of CAR-Tregs and TCR-Tregs for eliminating drawbacks of each of them and affecting different targets. Moreover, a promising direction may be associated with understanding the specificity of the type of cell therapy for an individual patient.

Finding a suitable source for TCR remains a common problem. A successful strategy can be generating antigen-specific CD8+ T cells followed by the isolation of TCR from them for subsequent viral transduction into T cells together with FOXP3. In addition, a future-oriented direction may be the generation of antigen-specific Tregs for TCR isolation using DCs modified with DNA constructs, as has been shown in our previous work (125).

The future of TCR-Treg and CAR-Treg approaches looks promising, even with current advances in research aimed at overcoming limitations and improving therapeutic efficacy.





Author contributions

MF: Conceptualization, Visualization, Writing – original draft. SS: Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was carried out with the support of the Russian Science Foundation, project number 21-65-00004 (https://rscf.ru/project/21-65-00004/, accessed on 20 April 2021).




Acknowledgments

This research work was supported by the academic leadership program Priority 2030 proposed by the Federal State Autonomous Educational Institution of Higher Education I.M. Sechenov First Moscow State Medical University of the Ministry of Health of the Russian Federation (Sechenov University).





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.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

1. Li, J, Tan, J, Martino, MM, and Lui, KO. Regulatory T-cells: potential regulator of tissue repair and regeneration. Front Immunol. (2018) 9:585. doi: 10.3389/fimmu.2018.00585

2. Bulygin, AS, Khantakova, JN, ShkAruba, NS, Shiku, H, and Sennikov, SS. The role of metabolism on regulatory T cell development and its impact in tumor and transplantation immunity. Front Immunol. (2022) 3:1016670. doi: 10.3389/fimmu.2022.1016670

3. Sakaguchi, S, Vignali, DA, Rudensky, AY, Niec, RE, and Waldmann, H. The plasticity and stability of regulatory T cells. Nat Rev Immunol. (2013) 13:461–7. doi: 10.1038/nri3464

4. Lewkowicz, N, Klink, M, Mycko, MP, and Lewkowicz, P. Neutrophil–CD4+ CD25+ T regulatory cell interactions: a possible new mechanism of infectious tolerance. Immunobiology. (2013) 218:455–64. doi: 10.1016/j.imbio.2012.05.029

5. D’Alessio, FR, Tsushima, K, Aggarwal, NR, West, EE, Willett, MH, Britos, MF, et al. CD4+ CD25+ Foxp3+ Tregs resolve experimental lung injury in mice and are present in humans with acute lung injury. J Clin Invest. (2009) 119:2898–913. doi: 10.1172/JCI36498

6. Taams, LS, van Amelsfort, JM, Tiemessen, MM, Jacobs, KM, de Jong, EC, Akbar, AN, et al. Modulation of monocyte/macrophage function by human CD4+CD25+ regulatory T cells. Hum Immunol. (2005) 66:222–30. doi: 10.1016/j.humimm.2004.12.006

7. Vignali, DA, Collison, LW, and Workman, CJ. How regulatory T cells work. Nat Rev Immunol. (2008) 8:523–32. doi: 10.1038/nri2343

8. Read, S, Malmström, V, and Powrie, F. Cytotoxic T lymphocyte–associated antigen 4 plays an essential role in the function of CD25+ CD4+ regulatory cells that control intestinal inflammation. J Exp Med. (2000) 192:295–302. doi: 10.1084/jem.192.2.295

9. Gorelik, L, Constant, S, and Flavell, RA. Mechanism of transforming growth factor beta-induced inhibition of T helper type 1 differentiation. J Exp Med. (2002) 195:1499–505. doi: 10.1084/jem.20012076

10. Deaglio, S, Dwyer, KM, Gao, W, Friedman, D, Usheva, A, Erat, A, et al. Adenosine generation catalyzed by CD39 and CD73 expressed on regulatory T cells mediates immune suppression. J Exp Med. (2007) 204:1257–65. doi: 10.1084/jem.20062512

11. Fan, MY, Low, JS, Tanimine, N, Finn, KK, Priyadharshini, B, Germana, SK, et al. Differential roles of IL-2 signaling in developing versus mature tregs. Cell Rep. (2018) 25:1204–1213.e4. doi: 10.1016/j.celrep.2018.10.002

12. Gotot, J, Gottschalk, C, Leopold, S, Knolle, PA, Yagita, H, Kurts, C, et al. Regulatory T cells use programmed death 1 ligands to directly suppress autoreactive B cells in vivo. Proc Natl Acad Sci. (2012) 109:10468–73. doi: 10.1073/pnas.1201131109

13. Selck, C, and Dominguez-Villar, M. Antigen-specific regulatory T cell therapy in autoimmune diseases and transplantation. Front Immunol. (2021) 14:661875. doi: 10.3389/fimmu.2021.661875

14. Serr, I, Drost, F, Schubert, B, and Daniel, C. Antigen-specific treg therapy in type 1 diabetes – challenges and opportunities. Front Immunol. (2021) 12:712870. doi: 10.3389/fimmu.2021.712870

15. He, J, Zhang, X, Wei, Y, Sun, X, Chen, Y, Deng, J, et al. Low-dose interleukin-2 treatment selectively modulates CD4+ T cell subsets in patients with systemic lupus erythematosus. Nat Med. (2016) 22:991–3. doi: 10.1038/nm.4148

16. Todd, JA, Evangelou, M, Cutler, AJ, Pekalski, ML, Walker, NM, Stevens, HE, et al. Regulatory T cell responses in participants with type 1 diabetes after a single dose of interleukin-2: a non-randomised, open label, adaptive dose-finding trial. PloS Med. (2016) 13:e1002139. doi: 10.1371/journal.pmed.1002139

17. Hartemann, A, Bensimon, G, Payan, CA, Jacqueminet, S, Bourron, O, Nicolas, N, et al. Low-dose interleukin 2 in patients with type 1 diabetes: a phase 1/2 randomised, double-blind, placebo-controlled trial. Lancet Diabetes Endocrinol. (2013) 1:295–305. doi: 10.1016/S2213-8587(13)70113-X

18. Ye, C, Brand, D, and Zheng, SG. Targeting IL-2: an unexpected effect in treating immunological diseases. Sig Transduct Target Ther. (2018) 3:2. doi: 10.1038/s41392-017-0002-5

19. Battaglia, M, Stabilini, A, and Roncarolo, MG. Rapamycin selectively expands CD4+ CD25+ FoxP3+ regulatory T cells. Blood. (2005) 105:4743–8. doi: 10.1182/blood-2004-10-3932

20. Zeiser, R, Leveson-Gower, DB, Zambricki, EA, Kambham, N, Beilhack, A, Loh, J, et al. Differential impact of mammalian target of rapamycin inhibition on CD4+ CD25+ Foxp3+ regulatory T cells compared with conventional CD4+ T cells. Blood J Am Soc Hematol. (2008) 111:453–62. doi: 10.1182/blood-2007-06-094482

21. Thomson, AW, Turnquist, HR, and Raimondi, G. Immunoregulatory functions of mTOR inhibition. Nat Rev Immunol. (2009) 9:324–37. doi: 10.1038/nri2546

22. Sennikov, SV, Khantakova, JN, and Knauer, NY. T-regulatory cells in transplantology: from preparation to clinical applications. Bull Siberian Med. (2018) 17:199–210. doi: 10.20538/1682-0363-2018-1-199-210

23. Zeiser, R, Leveson-Gower, DB, Zambricki, EA, Kambham, N, Beilhack, A, Loh, J, et al. Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation. Nature. (2013) 504:451–5. doi: 10.1038/nature12726

24. Zhang, M, Zhou, Q, Dorfman, RG, Huang, X, Fan, T, Zhang, H, et al. Butyrate inhibits interleukin-17 and generates Tregs to ameliorate colorectal colitis in rats. BMC Gastroenterol. (2016) 16:84. doi: 10.1186/s12876-016-0500-x

25. Di Ianni, M, Del Papa, B, Cecchini, D, Bonifacio, E, Moretti, L, Zei, T, et al. Immunomagnetic isolation of CD4+ CD25+ FoxP3+ natural T regulatory lymphocytes for clinical applications. Clin Exp Immunol. (2009) 156:246–53. doi: 10.1111/j.1365-2249.2009.03901.x

26. Trzonkowski, P, Bieniaszewska, M, Juscinska, J, Dobyszuk, A, Krzystyniak, A, Marek, N, et al. First-in-man clinical results of the treatment of patients with graft versus host disease with human ex vivo expanded CD4+CD25+CD127- T regulatory cells. Clin Immunol. (2009) 133:22–6. doi: 10.1016/j.clim.2009.06.001

27. Putnam, AL, Safinia, N, Medvec, A, Laszkowska, M, Wray, M, Mintz, MA, et al. Clinical grade manufacturing of human alloantigen-reactive regulatory T cells for use in transplantation. Am J Transplant. (2013) 13:3010–20. doi: 10.1111/ajt.12433

28. Theodosiou, M, Laudet, V, and Schubert, M. From carrot to clinic: an overview of the retinoic acid signaling pathway. Cell Mol Life Sci. (2010) 67:1423–45. doi: 10.1007/s00018-010-0268z

29. Lu, L, Lan, Q, Li, Z, Zhou, X, Gu, J, Li, Q, et al. Critical role of all-trans retinoic acid in stabilizing human natural regulatory T cells under inflammatory conditions. Proc Nat Acad Sci USA. (2014) 111:3432–40. doi: 10.1073/pnas.1408780111

30. Lu, L, Ma, J, Li, Z, Lan, Q, Chen, M, Liu, Y, et al. All-trans retinoic acid promotes TGF-beta-induced Tregs via histone modification but not DNA demethylation on Foxp3 gene locus. PloS One. (2011) 6:e24590. doi: 10.1371/journal.pone.0024590

31. Desreumaux, P, Foussat, A, Allez, M, Beaugerie, L, Hébuterne, X, Bouhnik, Y, et al. Safety and efficacy of antigen-specific regulatory T-cell therapy for patients with refractory Crohn’s disease. Gastroenterology. (2012) 143:1207–17.e2. doi: 10.1053/j.gastro.2012.07.116

32. Theil, A, Tuve, S, Oelschlägel, U, Maiwald, A, Döhler, D, Oßmann, D, et al. Adoptive transfer of allogeneic regulatory T cells into patients with chronic graft-versus-host disease. Cytotherapy. (2015) 17:473–86. doi: 10.1016/j.jcyt.2014.11.005

33. Landwehr-Kenzel, S, Müller-Jensen, L, Kuehl, JS, Abou-el-Enein, M, Hoffmann, H, Muench, S, et al. Adoptive transfer of ex vivo expanded regulatory T cells improves immune cell engraftment and therapy-refractory chronic GvHD. Mol Ther. (2022) 30:2298–314. doi: 10.1016/j.ymthe.2022.02.025

34. Marek-Trzonkowska, N, Mysliwiec, M, Dobyszuk, A, Grabowska, M, Derkowska, I, Juscinska, J, et al. Therapy of type 1 diabetes with CD4(+)CD25(high)CD127-regulatory T cells prolongs survival of pancreatic islets - results of one year follow-up. Clin Immunol. (2014) 153:23–30. doi: 10.1016/j.clim.2014.03.016

35. Marek-Trzonkowska, N, Mysliwiec, M, Iwaszkiewicz-Grzes, D, Gliwinski, M, Derkowska, I, Zalinska, M, et al. Factors affecting long-term efficacy of T regulatory cell-based therapy in type 1 diabetes. J Transl Med. (2016) 14:332. doi: 10.1186/s12967-016-1090-7

36. Bluestone, JA, Buckner, JH, Fitch, M, Gitelman, SE, Gupta, S, Hellerstein, MK, et al. Type 1 diabetes immunotherapy using polyclonal regulatory T cells. Sci Transl Med. (2015) 7:315ra189. doi: 10.1126/scitranslmed.aad4134

37. Bender, C, Wiedeman, AE, Hu, A, Ylescupidez, A, Sietsema, WK, Herold, KC, et al. A phase 2 randomized trial with autologous polyclonal expanded regulatory T cells in children with new-onset type 1 diabetes. Sci Transl Med. (2024) 16:eadn2404. doi: 10.1126/scitranslmed.adn2404

38. Dall’Era, M, Pauli, ML, Remedios, K, Taravati, K, Sandova, PM, Putnam, AL, et al. Adoptive Treg cell therapy in a patient with systemic lupus erythematosus. Arthritis Rheumatol. (2019) 71:431–40. doi: 10.1002/art.40737

39. Raffin, C, Vo, LT, and Bluestone, JA. Treg cell-based therapies: challenges and perspectives. Nat Rev Immunol. (2020) 20:158–72. doi: 10.1038/s41577-019-0232-6

40. Stephens, LA, Malpass, KH, and Anderton, SM. Curing CNS autoimmune disease with myelin-reactive Foxp3+ Treg. Eur J Immunol. (2009) 39:1108–17. doi: 10.1002/eji.200839073

41. Mekala, DJ, and Geiger, TL. Immunotherapy of autoimmune encephalomyelitis with redirected CD4+CD25+ T lymphocytes. Blood. (2005) 105:2090–2. doi: 10.1182/blood-2004-09-3579

42. Fujio, K, Okamoto, A, Araki, Y, Shoda, H, Tahara, H, Tsuno, NH, et al. Gene therapy of arthritis with TCR isolated from the inflamed paw. J Immunol. (2006) 177:8140–7. doi: 10.4049/jimmunol.177.11.8140

43. Tarbell, KV, Yamazaki, S, Olson, K, Toy, P, and Steinman, RM. CD25+ CD4+ T cells, expanded with dendritic cells presenting a single autoantigenic peptide, suppress autoimmune diabetes. J Exp Med. (2004) 199:1467–77. doi: 10.1084/jem.20040180

44. Baeten, P, Van Zeebroeck, L, Kleinewietfeld, M, Hellings, N, and Broux, B. Improving the efficacy of regulatory T cell therapy. Clin Rev Allergy Immunol. (2022) 62:363–81. doi: 10.1007/s12016-021-08866-1

45. Scottà, C, Fanelli, G, Hoong, SJ, Romano, M, Lamperti, EN, Sukthankar, M, et al. Impact of immunosuppressive drugs on the therapeutic efficacy of ex vivo expanded human regulatory T cells. Haematologica. (2016) 101:91–100. doi: 10.3324/haematol.2015.128934

46. Amini, L, Wagner, DL, Rössler, U, Zarrinrad, G, Wagner, LF, Vollmer, T, et al. CRISPR-Cas9-edited tacrolimus-resistant antiviral T cells for advanced adoptive immunotherapy in transplant recipients. Mol Ther. (2021) 29:32–46. doi: 10.1016/j.ymthe.2020.09.011

47. Amini, L, Greig, J, Schmueck-Henneresse, M, Volk, HD, Bézie, S, Reinke, P, et al. Super-treg: toward a new era of adoptive treg therapy enabled by genetic modifications. Front Immunol. (2021) 11:611638. doi: 10.3389/fimmu.2020.611638

48. Chasov, V, Zmievskaya, E, Ganeeva, I, Gilyazova, E, Davletshin, D, Khaliulin, M, et al. Immunotherapy strategy for systemic autoimmune diseases: betting on CAR-T cells and antibodies. Antibodies. (2024) 13:10. doi: 10.3390/antib13010010

49. Mackensen, A, Müller, F, Mougiakakos, D, Böltz, S, Wilhelm, A, Aigner, M, et al. Anti-CD19 CAR T cell therapy for refractory systemic lupus erythematosus. Nat Med. (2022) 28:2124–32. doi: 10.1038/s41591-022-02017-5

50. Boulougoura, A, Gendelman, H, Surmachevska, N, and Kyttaris, VC. Journal club: anti-CD19 chimeric antigen receptor T cell therapy for refractory systemic lupus erythematosus. ACR Open Rheumatol. (2023) 5:624–8. doi: 10.1002/acr2.11614

51. Müller, F, Taubmann, J, Bucci, L, Wilhelm, A, Bergmann, C, Völkl, S, et al. CD19 CAR T-cell therapy in autoimmune disease - A case series with follow-up. N Engl J Med. (2024) 390:687–700. doi: 10.1056/NEJMoa2308917

52. Maldini, CR, Ellis, GI, and Riley, JL. CAR T cells for infection, autoimmunity and allotransplantation. Nat Rev Immunol. (2018) 18:605–16. doi: 10.1038/s41577-018-0042-2

53. Philippova, J, Shevchenko, J, and Sennikov, S. GD2-targeting therapy: a comparative analysis of approaches and promising directions. Front Immunol. (2024) 15:1371345. doi: 10.3389/fimmu.2024.1371345

54. Hu, Y, Zhou, Y, Zhang, M, Ge, W, Li, Y, Yang, L, et al. CRISPR/Cas9-engineered universal CD19/CD22 dual-targeted CAR-T cell therapy for relapsed/refractory B-cell acute lymphoblastic leukemia. Clin Cancer Res. (2021) 27:2764–72. doi: 10.1158/1078-0432.CCR-20-3863

55. Arjomandnejad, M, Kopec, AL, and Keeler, AM. CAR-T regulatory (CAR-treg) cells: engineering and applications. Biomedicines. (2022) 10:287. doi: 10.3390/biomedicines10020287

56. Fransson, M, Piras, E, Burman, J, Nilsson, B, Essand, M, Lu, B, et al. CAR/FoxP3-engineered T regulatory cells target the CNS and suppress EAE upon intranasal delivery. J Neuroinflamm. (2012) 9:112. doi: 10.1186/1742-2094-9-112

57. Itoh, M, Takahashi, T, Sakaguchi, N, Kuniyasu, Y, Shimizu, J, Otsuka, F, et al. Thymus and autoimmunity: Production of CD25+CD4+ naturally anergic and suppressive T cells as a key function of the thymus in maintaining immunologic self-tolerance. J Immunol. (1999) 162:5317–26. doi: 10.4049/jimmunol.162.9.5317

58. Zmievskaya, E, Valiullina, A, Ganeeva, I, Petukhov, A, Rizvanov, A, and Bulatov, E. Application of CAR-T cell therapy beyond oncology: autoimmune diseases and viral infections. Biomedicines. (2021) 9:59. doi: 10.3390/biomedicines9010059

59. Boroughs, AC, Larson, RC, Choi, BD, Bouffard, AA, Riley, LS, Schiferle, E, et al. Chimeric antigen receptor costimulation domains modulate human regulatory T cell function. JCI Insight. (2019) 5:e126194. doi: 10.1172/jci.insight.126194

60. Yamaguchi, T, Wing, JB, and Sakaguchi, S. Two modes of immune suppression by Foxp3+ regulatory T cells under inflammatory or non-inflammatory conditions. Semin Immunol. (2011) 23:424–30. doi: 10.1016/j.smim.2011.10.002

61. Beheshti, SA, Shamsasenjan, K, Ahmadi, M, and Abbasi, B. CAR Treg: A new approach in the treatment of autoimmune diseases. Int Immunopharmacol. (2022) 102:108409. doi: 10.1016/j.intimp.2021.108409

62. MacDonald, KG, Hoeppli, RE, Huang, Q, Gillies, J, Luciani, DS, Orban, PC, et al. Alloantigen-specific regulatory T cells generated with a chimeric antigen receptor. J Clin Invest. (2016) 126:1413–24. doi: 10.1172/JCI82771

63. Blat, D, Zigmond, E, Alteber, Z, Waks, T, and Eshhar, Z. Suppression of murine colitis and its associated cancer by carcinoembryonic antigen-specific regulatory t cells. Mol Ther. (2014) 22:1018–28. doi: 10.1038/mt.2014.41

64. Tenspolde, M, Zimmermann, K, Weber, LC, Hapke, M, Lieber, M, Dywicki, J, et al. Regulatory T cells engineered with a novel insulin-specific chimeric antigen receptor as a candidate immunotherapy for type 1 diabetes. J Autoimmun. (2019) 103:102289. doi: 10.1016/j.jaut.2019.05.017

65. Henschel, P, Landwehr-Kenzel, S, Engels, N, Schienke, A, Kremer, J, Riet, T, et al. Supraphysiological Foxp3 expression in human CAR-Tregs results in improved stability, efficacy, and safety of CAR-Treg products for clinical application. J Autoimmun. (2023) 138:103057. doi: 10.1016/j.jaut.2023.103057

66. Proics, E, David, M, Mojibian, M, Speck, M, Lounnas-Mourey, N, Govehovitch, A, et al. Preclinical assessment of antigen-specific chimeric antigen receptor regulatory T cells for use in solid organ transplantation. Gene Ther. (2023) 30:309–22. doi: 10.1038/s41434-022-00358-x

67. Doglio, M, Ugolini, A, Bercher-Brayer, C, Camisa, B, Toma, C, Norata, R, et al. Regulatory T cells expressing CD19-targeted chimeric antigen receptor restore homeostasis in Systemic Lupus Erythematosus. Nat Commun. (2024) 15:2542. doi: 10.1038/s41467-024-46448-9

68. Abraham, AR, Maghsoudlou, P, Copland, DA, Nicholson, LB, and Dick, AD. CAR-Treg cell therapies and their future potential in treating ocular autoimmune conditions. Front Ophthalmol. (2023) 3:1184937. doi: 10.3389/fopht.2023.1184937

69. Wermke, M, Kraus, S, Ehninger, A, Bargou, RC, Goebeler, ME, Middeke, JM, et al. Proof of concept for a rapidly switchable universal CAR-T platform with UniCAR-T-CD123 in relapsed/refractory AML. Blood. (2021) 137:3145–8. doi: 10.1182/blood.2020009759

70. Mitwasi, N, Feldmann, A, Bergmann, R, Berndt, N, Arndt, C, Koristka, S, et al. Development of novel target modules for retargeting of UniCAR T cells to GD2 positive tumor cells. Oncotarget. (2017) 8:108584. doi: 10.18632/oncotarget.21017

71. Feldmann, A, Arndt, C, Bergmann, R, Loff, S, Cartellieri, M, Bachmann, D, et al. Retargeting of T lymphocytes to PSCA-or PSMA positive prostate cancer cells using the novel modular chimeric antigen receptor platform technology “UniCAR. Oncotarget. (2017) 8:31368. doi: 10.18632/oncotarget.15572

72. Wermke, M, Metzelder, S, Kraus, S, Sala, E, Vucinic, V, Fiedler,, et al. Updated results from a phase I dose escalation study of the rapidly-switchable universal CAR-T therapy uniCAR-T-CD123 in relapsed/refractory AML. Blood. (2023) 142:3465. doi: 10.1182/blood-2023-177867

73. Koristka, S, Kegler, A, Bergmann, R, Arndt, C, Feldmann, A, Albert, S, et al. Engrafting human regulatory T cells with a flexible modular chimeric antigen receptor technology. J Autoimmun. (2018) 90:116–31. doi: 10.1016/j.jaut.2018.02.006

74. Malviya, M, Saoudi, A, Bauer, J, Fillatreau, S, and Liblau, R. Treatment of experimental autoimmune encephalomyelitis with engineered bi-specific Foxp3+ regulatory CD4+ T cells. J Autoimmun. (2020) 108:102401. doi: 10.1016/j.jaut.2020.102401

75. Yeh, WI, Seay, HR, Newby, B, Posgai, AL, Moniz, FB, Michels, A, et al. Avidity and bystander suppressive capacity of human regulatory T cell expressing de novo autoreactive T-cell receptors in type 1 diabetes. Front Immunol. (2017) 8:1313. doi: 10.3389/fimmu.2017.01313

76. Hull, CM, Nickolay, LE, Estorninho, M, Richardson, MW, Riley, JL, Peakman, M, et al. Generation of human islet-specific regulatory T cells by TCR gene transfer. J Autoimmun. (2017) 79:63–73. doi: 10.1016/j.jaut.2017.01.001

77. Kim, YC, Zhang, AH, Su, Y, Rieder, SA, Rossi, RJ, Ettinger, RA, et al. Engineered antigen-specific human regulatory T cells: Immunosuppression of FVIII-specific T- and B-cell responses. Blood. (2015) 125:1107–15. doi: 10.1182/blood-2014-04-566786

78. Eggenhuizen, PJ, Cheong, RMY, Lo, C, Chang, J, Ng, BH, Ting, YT, et al. Smith-specific regulatory T cells halt the progression of lupus nephritis. Nat Commun. (2024) 151:899. doi: 10.1038/s41467-024-45056-x

79. Tang, QZ, Henriksen, KJ, Bi, MY, Finger, EB, Szot, G, Ye, JQ, et al. In vitro-expanded antigen-specific regulatory T cells suppress autoimmune diabetes. J Exp Med. (2004) 199:1455–65. doi: 10.1084/jem.20040139

80. Green, EA, Choi, YW, and Flavell, RA. Pancreatic lymph node-derived CD4(+)CD25(+) Treg cells: Highly potent regulators of diabetes that require TRANCE-RANK signals. Immunity. (2002) 16:183–91. doi: 10.1016/S1074-7613(02)00279-0

81. Baecher-Allan, C, Brown, JA, Freeman, GJ, and Hafler, DA. CD4+CD25high regulatory cells in human peripheral blood. J Immunol. (2001) 167:1245–53. doi: 10.4049/jimmunol.167.3.1245

82. Wright, GP, Notley, CA, Xue, S-A, Bendle, GM, Holler, A, Schumacher, TN, et al. Adoptive therapy with redirected primary regulatory T cells results in antigen-specific suppression of arthritis. Proc Natl Acad Sci. (2009) 106:19078–83. doi: 10.1073/pnas.0907396106

83. Legut, M, Dolton, G, Mian, AA, Ottmann, OG, and Sewell, AK. CRISPR-mediated TCR replacement generates superior anticancer transgenic T cells. Blood. (2018) 131:311–22. doi: 10.1182/blood-2017-05-787598

84. Bulygin, AS, Khantakova, JN, Fisher, MS, Tereshchenko, VP, Kurilin, VV, ShkAruba, NS, et al. Generation of stable antigen-specific T-regulatory cells using blockers of cyclin-dependent protein kinases. Immunologiya. (2023) 44:147–56. doi: 10.33029/0206-4952-2023-44-2-147-156

85. Rath, JA, and Arber, C. Engineering strategies to enhance TCR-based adoptive T cell therapy. Cells. (2020) 9:1485. doi: 10.3390/cells9061485

86. Fisher, MS, and Sennikov, SV. Cellular technologies in immunotherapy of autoimmune diseases. Immunology. (2023) 44:813–24. doi: 10.33029/1816-2134-2023-44-6-813-824

87. Ferreira, LMR, Muller, YD, Bluestone, JA, and Tang, Q. Next-generation regulatory T cell therapy. Nat Rev Drug Discovery. (2019) 18:749–69. doi: 10.1038/s41573-019-0041-4

88. Jing, Y, Kong, Y, Allard, D, Liu, B, Kolawole, E, Sprouse, M, et al. Increased TCR signaling in regulatory T cells is disengaged from TCR affinity. bioRxiv. (2023), 2023–01. doi: 10.1101/2023.01.17.523999

89. Yang, SJ, Singh, AK, Drow, T, Tappen, T, Honaker, Y, Barahmand-Pour-Whitman, F, et al. Pancreatic islet-specific engineered Tregs exhibit robust antigen-specific and bystander immune suppression in type 1 diabetes models. Sci Transl Med. (2022) 14:1–18. doi: 10.1126/scitranslmed.abn1716

90. Sprouse, ML, Shevchenko, I, Scavuzzo, MA, Joseph, F, Lee, T, Blum, S, et al. Cutting edge: low-affinity TCRs support regulatory T cell function in autoimmunity. J Immunol. (2018) 200:909–14. doi: 10.4049/jimmunol.1700156

91. Zhao, Y, Bennett, AD, Zheng, Z, Wang, QJ, Robbins, PF, Yu, LY, et al. High-affinity TCRs generated by phage display provide CD4+ T cells with the ability to recognize and kill tumor cell lines. J Immunol. (2007) 179:5845–54. doi: 10.4049/jimmunol.179.9.5845

92. Brusko, TM, Koya, RC, Zhu, S, Lee, MR, Putnam, AL, McClymont, SA, et al. Human antigen-specific regulatory T cells generated by T cell receptor gene transfer. PloS One. (2010) 5:e11726. doi: 10.1371/journal.pone.0011726

93. Plesa, G, Zheng, L, Medvec, A, Wilson, CB, Robles-Oteiza, C, Liddy, N, et al. TCR affinity and specificity requirements for human regulatory T-cell function. Blood. (2012) 119:3420–30. doi: 10.1182/blood-2011-09-377051

94. Oliveira, VG, Caridade, M, Paiva, RS, Demengeot, J, and Graca, L. Sub-optimal CD4+ T-cell activation triggers autonomous TGF-β-dependent conversion to Foxp3+ regulatory T cells. Eur J Immunol. (2011) 41:1249–55. doi: 10.1002/eji.201040896

95. Provasi, E, Genovese, P, Lombardo, A, Magnani, Z, Liu, PQ, Reik, A, et al. Editing T cell specificity towards leukemia by zinc finger nucleases and lentiviral gene transfer. Nat Med. (2012) 18:807–15. doi: 10.1038/nm.2700

96. Mastaglio, S, Genovese, P, Magnani, Z, Ruggiero, E, Landoni, E, Camisa, B, et al. NY-ESO-1 TCR single edited stem and central memory T cells to treat multiple myeloma without graft-versus-host disease. Blood. (2017) 130:606–18. doi: 10.1182/blood-2016-08-732636

97. Ochi, T, Fujiwara, H, Okamoto, S, An, J, Nagai, K, Shirakata, T, et al. Novel adoptive T-cell immunotherapy using a WT1-specific TCR vector encoding silencers for endogenous TCRs shows marked antileukemia reactivity and safety. Blood. (2011) 118:1495–503. doi: 10.1182/blood-2011-02-337089

98. Cohen, CJ, Li, YF, El-Gamil, M, Robbins, PF, Rosenberg, SA, and Morgan, RA. Enhanced antitumor activity of T cells engineered to express T-cell receptors with a second disulfide bond. Cancer Res. (2007) 67:3898–903. doi: 10.1158/0008-5472.CAN-06-3986

99. Bittner, S, Hehlgans, T, and Feuerer, M. Engineered Treg cells as putative therapeutics against inflammatory diseases and beyond. Trends Immunol. (2023) 44:468–83. doi: 10.1016/j.it.2023.04.005

100. Bittner, S, Ruhland, B, Hofmann, V, Schmidleithner, L, Schambeck, K, Pant, A, et al. Biosensors for inflammation as a strategy to engineer regulatory T cells for cell therapy. Proc Natl Acad Sci. (2022) 119:e2208436119. doi: 10.1073/pnas.2208436119

101. Harris, DT, and Kranz, DM. Adoptive T cell therapies: A comparison of T cell receptors and chimeric antigen receptors. Trends Pharmacol Sci. (2016) 37:220–30. doi: 10.1016/j.tips.2015.11.004

102. Zhang, Q, Lu, W, Liang, CL, Chen, Y, Liu, H, Qiu, F, et al. Chimeric antigen receptor (CAR) treg: A promising approach to inducing immunological tolerance. Front Immunol. (2018) 9:2359. doi: 10.3389/fimmu.2018.02359

103. Chen, Q, Lu, L, and Ma, W. Efficacy, safety, and challenges of CAR T-cells in the treatment of solid tumors. Cancers (Basel). (2022) 14:5983. doi: 10.3390/cancers14235983

104. Alsalloum, A, Alrhmoun, S, Shevchenko, J, Fisher, M, Philippova, J, Perik-Zavodskii, R, et al. TCR-engineered lymphocytes targeting NY-ESO-1: in vitro assessment of cytotoxicity against tumors. Biomedicines. (2023) 11:2805. doi: 10.3390/biomedicines11102805

105. Bluhm, J, Kieback, E, Marino, SF, Oden, F, Westermann, J, Chmielewski, M, et al. CAR T cells with enhanced sensitivity to B cell maturation antigen for the targeting of B cell non-hodgkin’s lymphoma and multiple myeloma. Mol Ther. (2018) 26:1906–20. doi: 10.1016/j.ymthe.2018.06.012

106. Huang, J, Brameshuber, M, Zeng, X, Xie, J, Li, QJ, Chien, YH, et al. A single peptide-major histocompatibility complex ligand triggers digital cytokine secretion in CD4(+) T cells. Immunity. (2013) 39:846–57. doi: 10.1016/j.immuni.2013.08.036

107. Irvine, DJ, Purbhoo, MA, Krogsgaard, M, and Davis, MM. Direct observation of ligand recognition by T cells. Nature. (2002) 419:845–9. doi: 10.1038/nature01076

108. Purbhoo, MA, Irvine, DJ, Huppa, JB, and Davis, MM. T cell killing does not require the formation of a stable mature immunological synapse. Nat Immunol. (2004) 5:524–30. doi: 10.1038/ni1058

109. Sykulev, Y, Joo, M, Vturina, I, Tsomides, TJ, and Eisen, HN. Evidence that a single peptide-MHC complex on a target cell can elicit a cytolytic T cell response. Immunity. (1996) 4:565–71. doi: 10.1016/s1074-7613(00)80483-5

110. Cochrane, RW, Robino, RA, Granger, B, Allen, E, Vaena, S, Romeo, MJ, et al. High affinity chimeric antigen receptor signaling induces an inflammatory program in human regulatory T cells. bioRxiv [Preprint]. (2024) 1. doi: 10.1101/2024.03.31.587467

111. Riet, T, and Chmielewski, M. Regulatory CAR-T cells in autoimmune diseases: Progress and current challenges. Front Immunol. (2022) 13:934343. doi: 10.3389/fimmu.2022.934343

112. Bao, L, Bo, XC, Cao, HW, Qian, C, Wang, Z, and Li, B. Engineered T cells and their therapeutic applications in autoimmune diseases. Zool Res. (2022) 43:150–65. doi: 10.24272/j.issn.2095-8137.2021.363

113. Song, S, Zhu, L, Wang, C, and Yang, Y. In vitro diagnostic technologies for the detection of extracellular vesicles: current status and future directions. View. (2023) 4:20220011. doi: 10.1002/VIW.20220011

114. Sheridan, C. Exosome cancer diagnostic reaches market. Nat Biotechnol. (2016) 34:359–60. doi: 10.1038/nbt0416-359

115. Zhou, B, Xu, K, Zheng, X, Chen, T, Wang, J, Song, Y, et al. Application of exosomes as liquid biopsy in clinical diagnosis. Signal Transduct Target Ther. (2020) 5:144. doi: 10.1038/s41392-020-00258-9

116. Raposo, G, and Stoorvogel, W. Extracellular vesicles: exosomes, microvesicles, and friends. J Cell Biol. (2013) 200:373–83. doi: 10.1083/jcb.201211138

117. Asemani, Y, Najafi, S, Ezzatifar, F, Zolbanin, NM, and Jafari, R. Recent highlights in the immunomodulatory aspects of Treg cell-derived extracellular vesicles: special emphasis on autoimmune diseases and transplantation. Cell Biosci. (2022) 12:67. doi: 10.1186/s13578-022-00808-4

118. Tan, F, Li, X, Wang, Z, Li, J, Shahzad, K, and Zheng, J. Clinical applications of stem cell-derived exosomes. Signal Transduct Target Ther. (2024) 9:17. doi: 10.1038/s41392-023-01704-0

119. Wang, CK, Tsai, TH, and Lee, CH. Regulation of exosomes as biologic medicines: Regulatory challenges faced in exosome development and manufacturing processes. Clin Transl Sci. (2024) 17:e13904. doi: 10.1111/cts.13904

120. Smyth, LA, Ratnasothy, K, Tsang, JY, Boardman, D, Warley, A, Lechler, R, et al. CD73 expression on extracellular vesicles derived from CD4+ CD25+ Foxp3+ T cells contributes to their regulatory function. Eur J Immunol. (2013) 43:2430–40. doi: 10.1002/eji.201242909

121. Okoye, IS, Coomes, SM, Pelly, VS, Czieso, S, Papayannopoulos, V, Tolmachova, T, et al. MicroRNA-containing T-regulatory-cell-derived exosomes suppress pathogenic T helper 1 cells. Immunity. (2014) 41:89–103. doi: 10.1016/j.immuni.2014.05.019

122. Yu, X, Huang, C, Song, B, Xiao, Y, Fang, M, Feng, J, et al. CD4+CD25+ regulatory T cells-derived exosomes prolonged kidney allograft survival in a rat model. Cell Immunol. (2013) 285:62–8. doi: 10.1016/j.cellimm.2013.06.010

123. Xiong, W, Li, C, Kong, G, Zeng, Q, Wang, S, Yin, G, et al. Treg cell-derived exosomes miR-709 attenuates microglia pyroptosis and promotes motor function recovery after spinal cord injury. J Nanobiotechnology. (2022) 20:529. doi: 10.1186/s12951-022-01724-y

124. Thome, AD, Thonhoff, JR, Zhao, W, Faridar, A, Wang, J, Beers, DR, et al. Extracellular vesicles derived from ex vivo expanded regulatory T cells modulate in vitro and in vivo inflammation. Front Immunol. (2022) 13:875825. doi: 10.3389/fimmu.2022.875825

125. Fisher, MS, Kurilin, VV, Bulygin, AS, Shevchenko, JA, Philippova, JG, Taranov, OS, et al. Dendritic cells transfected with DNA constructs encoding CCR9, IL-10, and type II collagen demonstrate induction of immunological tolerance in an arthritis model. Front Immunol. (2024) 15:1447897. doi: 10.3389/fimmu.2024.1447897




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.

Copyright © 2025 Fisher and Sennikov. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2025.1511671_cover.jpg
& frontiers | Frontiers in Immunology

T-regulatory cells for the treatment of
autoimmune diseases





OEBPS/Images/fimmu-16-1511671-g002.jpg
Adaptive immune system Innate immune system

Induction of
apoptosis and
immunosuppressive
neutrophils

MHCII

Impaired CD 80/86

maturation of
dendritic cells

Induction of M2
macrophages

Production of
IL-10, TGF-B1, IDO, HO-1

Inhibition of T cell
proliferation and
activity

Induction of T and B cell
apoptosis

Inhibition of B cell activity





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        T-regulatory cells for the treatment of autoimmune diseases

      

        		

          Introduction

        



        		

          The effect of Tregs on immune system cells to implement immunosuppressive function

        



        		

          Types of therapy based on the use of Tregs for AIDs

        

          		

            Polyclonal regulatory T cells

          



          		

            Antigen-specific regulatory T cells

          

            		

              CAR technology

            



            		

              TCR-Tregs

            



          



          



          		

            Targeting inflammatory mediators

          



          		

            Comparison of CAR-Tregs and TCR-Tregs

          



        



        



        		

          Treg exosomes

        



        		

          Conclusion

        



        		

          Future prospects

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-16-1511671-g001.jpg
Increase in the
number and
functional
activity of
endogenous
Tregs

Polyclonal Tregs CAR-Tregs TCR-Tregs

Nonspecific Antigen-specific





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Approaches

Stimulation of

Endogenous
Tregs

Polyclonal Tregs

CAR-Tregs

Specificity
Induction

method

Advantages

Disadvantages

Non-specific

Endogenous Tregs

Effect only on
endogenous cells,
without

adoptive transfer

General
immunosuppression;
activation of T-
effector cells;

Non-specific

Expansion of
polyclonal Tregs

Impact on the immune
system through a wide
pool of expanded Tregs,
proven safety of using

General
immunosuppression;
lack of efficacy in
clinical trials; difficulty
in obtaining sufficient
cell numbers for
therapy; need for large
numbers of cells to
achieve effect

Specific

Recognition of target antigen on the
surface of target cells via the CAR
structure; synthetic receptor signal

MHC-independent antigen
recognition that provides
broader applicability

Higher levels of inflammatory
cytokines; requirement for expression
of at least 100 target autoantigens on
the target cell surface for Treg
activation; potential for non-specific
immunosuppressive response due to
hyperactivation of Treg in non-
target tissues

Specific

Intracellular interaction of peptide-MHC with TCR;
endogenous TCR signaling

More stable, with low levels of inflammatory cytokines;
greater efficacy compared to polyclonal Tregs; the only
interaction of the peptide-MHC with TCR is required
for Treg to be activated; are specific and personalized
that eliminates the risk of developing non-specific
immunosuppressive reactions; fewer cells are needed to
implement the effect compared to polyclonal Tregs

MHC-restricted antigen recognition, leading to more
personalized therapy; selection of sources for TCR
isolation is required; determination of TCR affinity rate
for therapy efficacy; possibility of miscoupling of
endogenous and transduced TCR chains





