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Xenotransplantation of pig hearts may help address the current human shortage of human donors once rejection is controlled. One innovative approach to combat rejection in humans is the use of regulatory cell (RC) therapy. The term RC refers to all cell populations that share immunosuppressive functions. The use of RC, including mesenchymal stem cells (MSC) and CD4+CD125lowCD25highFoxp3+ T cells (Treg), may potentially reduce or eliminate the need for chronic general immunosuppression (IS). This approach is hypothesized to act by augmenting suppressive immune mechanisms that maintain tolerance by prevailing over the immune effector mechanisms responsible for rejection. Increasing RC numbers through adoptive cell transfer (ACT) and enhancing their functions via chimeric antigen receptor (CAR) technology are two promising strategies for RC therapy applications. During the various steps of rejection, monitoring specific biomarkers can guide the use of the corresponding RC subpopulation, preferably available off-the-shelf, either alone or in combination, administered once or multiple times. In the future, exosomes or RC-derived active molecules (or their antagonists) may supplement or replace whole-cell therapy. With further research, RC therapy, which has not yet been used in clinics to induce functional tolerance to pig heart xenotransplants in humans, has the potential to become a routine, personalized treatment.
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1 Introduction

Heart transplantation may be required in patients with advanced heart failure. Currently, more than 6,000 qualified patients for cardiac allotransplantation die each year in the USA due to the shortage of available donors. One possible solution is the use of pigs as potentially life-saving organ donors (1), based on existing anatomical and physiological similarities (2) and general ethical acceptance (3). However, due to antigenic differences between species, a pig heart xenotransplanted into a nonhuman primate (NHP) host without immunosuppressive treatment is likely to be acutely rejected within minutes to hours (4). The use of genetically modified (GM) pigs as donors, together with improved immunosuppressive (IS) treatments of the host, prevented rejection of a pig heart for 9 months in baboons (5) and for 40–60 days in the first two human patients treated at the University of Maryland (1, 6, 7). The development of GM pigs—an important scientific achievement under continuous improvement (8) that contributed to the delay of heart xenotransplant rejection (9)—will not be detailed further, but interested readers are directed to existing reviews (5, 6, 10). IS treatments, by directly reducing the number of available T and/or B effector cells or by blocking costimulatory signals, are a valuable tool to combat acute rejection. However, toxicity, nonspecificity, and side effects (including increased risk for infections, malignancy, or metabolic complications) impede its extended use for chronic rejection treatments (11).

Tolerance without treatment occurs only during normal fetal development as an allograft during gestation (12), in kidney transplants between identical twins (13), or when it appears spontaneously in a minority of liver transplant recipients (14). Novel approaches for induction and maintenance of functional transplant tolerance are being researched and developed.

Currently, continuous antigenic stimulation induced by allo- or xenografts cannot be completely prevented (15). Consequently, the corresponding reactive immune effector responses are continuously amplified. Rejection occurs when the effector mechanisms prevail over inhibitory immune mechanisms at the graft level. Tolerance, in contrast, entails graft persistence despite a progressive increase in effector immune rejection mechanisms. Therefore, a strategy to maintain tolerance should consider the targeted amplification of immunosuppressive mechanisms, specifically, regulatory cell (RC), to act on the immune effector cells during the effector steps of rejection. The specific augmentation of immunosuppressive mechanisms represented by RC, through ACT with one or more populations, to a level prevalent on immune effector mechanisms, could maintain graft tolerance as a possible solution to combat graft rejection without the need for chronic IS.

In this review, the collective term “RC” is used to cover the heterogeneous group of various immune cell populations, each identified by specific morphologic and functional markers, which share immunosuppressive properties. Each RC population, owing to its specific immunoinhibitory effects, has the potential to become instrumental in maintaining tolerance when applied at the corresponding step of rejection. Over the last three decades, an increasing number of RC populations have been discovered, including immune cell precursor populations such as mesenchymal stem cells (MSC) (16) or myeloid-derived suppressor cells (MDSC) (17), as well as immunosuppressors that affect nearly every innate or acquired immune effector mechanism (18–21), which are briefly discussed below.

RC therapy has proven instrumental in clinical use due to its immunosuppressive effects. It is used to treat a wide variety of immune-related diseases, such as GVHD and allergies, or for combating graft rejection in transplantation models (19). Recent successes regarding clinical trials using RC therapy were reported in combating solid organ allograft rejection, especially for the kidney (22, 23). However, for cardiac transplants, only one clinical trial was initiated last year (2024) that uses thymus-derived T regulatory cells (Treg) population to combat allograft rejection in children (NCT04924491). At this point, the use of RC to achieve tolerance to pig heart xenotransplanted in humans has not been studied in NHP models or in the clinical setting. However, based on their mechanisms of action and strong experimental results obtained in different models, RC therapy has the potential to become a routine, effective, and personalized therapeutic tool to combat xenograft rejection. The present review offers arguments in favor of future use of RC as therapy (once or repeatedly, alone or in combination), with emphasis on better studied MSC and Treg, to induce functional tolerance to pig heart xenografts in humans.




2 The context of tolerance induction to transplanted grafts

Xenotransplantation activates the existing immune system’s cellular and humoral mechanisms (24, 25) in the background of existing variations due to graft characteristics and host individuality. Host variability (characterized by differences in genetics, age, sex, previous diseases, and antigenic exposure), in addition to early induced postsurgical inflammation and continuous antigenic stimulation generated by the graft, highlights the complexity of immune responses. At the local graft microenvironment, the permanent interactions between inducing factors and reactive effector immune mechanisms can be tentatively grouped into a dynamic succession of general immune steps progressing toward rejection (Table 1).


Table 1 | Tentative enumeration of general immune response steps oriented toward xenograft rejection.
	Step
	Induced by
	Mechanism
	Effects
	Treatments



	1
	Sudden inflammation
	Surgery
	Cellular + humoral
	Inflammatory background
	Early anti-inflammatory therapy


	2
	Hyperacute/acute graft rejection
	Earlier encounter with antigens similar to the graft ones
	Cellular + humoral
	Rapid graft damage
	Use of IS and genetically engineered pigs successfully delayed acute rejection


	3
	Activation of innate immune cells (DC, N, M, KC)
	Xenoantigens and injury recognition signals
	Cellular
	Decreased threshold for activation of acquired immune effector cells
	Use of DC, N, M, KC regulatory cells


	4
	Induction of acquired immune effector cell activation
	Earlier step
	Cellular
	Immune effector cell activation. Secretion of cytokines
	Costimulation blockade treatments


	5
	Amplification of acquired immune response
	Permanent antigenic stimulation on a dynamic background. Cytokine secretion. Metabolic changes.
	Cellular + humoral
	Disequilibrium between RC and effector cells in favor of effector cells
	Augmentation of RC compartment. Use of cytokines, active molecules


	6
	Effective phase of acquired immune response
	Prevalence of effectors versus RC actions. Cytokine secretion. Metabolic changes
	Cellular + humoral
	Tissue destruction by direct cellular contact and ADDC
	After early detection of rejection by new biomarkers, use specific adoptive RC compartment transfer treatments





Dendritic cells (DC). Neutrophils (N), monocytes (M), killer cells (KC), antibody-dependent directed cytotoxicity (ADDC).



Each step (26) may be characterized by the resulting effects of a cascade of immune-reactive mechanisms, each driven by a specific set of cellular subpopulations. Surgery initiates an inflammatory environment (27) (Table 1, step 1), which may change the threshold for subsequent innate immune cell activation. Meanwhile, preexisting activated immune cells and antibodies generated by previous encounters with antigens like those of the graft (trained immunity (28)) act immediately, potentially inducing hyperacute or acute graft rejection (Table 1, step 2). Activation of innate immune cells (neutrophils, monocytes, dendritic cells, and killer cells) responses (18, 29) is stronger when induced by xenoantigens (30) than when induced by alloantigens (Table 1, step 3). Antigen-presenting cells (APC), by direct (31), indirect (32), or semidirect (33, 34) antigen recognition pathway mechanisms, present graft antigens to receptor T lymphocytes. This activation leads to the initiation of cellular and humoral acquired immune mechanisms (Table 1, step 4), which, besides antigenic stimulation (signal 1), include costimulation (signal 2) and cytokine secretion (signal 3) (35). Continuous antigenic stimulation induced by the graft (15) leads to continuous amplification of effector mechanisms (Table 1, step 5) that, when it prevails over the suppressive action of RC, may induce graft rejection (Table 1, step 6) (Figure 1). The cellular aspects of the effector immune system are mostly represented by T and B cells. Activated CD4 helper T cells stimulate CD8 cytotoxic effector T cells, which induce cellular-mediated graft rejection through various mechanisms such as specific programmed cell death (36), cell lysis by direct contact (granzymes), and necrosis of graft cells. Rejection also involves the secretion of antibodies by B cells that induce antibody-dependent directed cytotoxicity (ADDC) as the main antibody-mediated rejection mechanism. In NHP, the incidence of antibody-mediated rejection compared to that of acute cellular rejection is much higher after xenotransplantation (46% vs. 7%) than after allotransplantation (3% vs. 63%) (37). Humoral responses, in addition to specific antibody production, also include changes in the cytokine network, which, after interactions with the existing neuroendocrine humoral networks, lead to changes in cellular activation and metabolic modifications (24).
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Figure 1 | Possible roles of RC in tolerance induction to a transplanted xenograft. Continuous antigenic stimulation due to the presence of the xenograft induces a continuous increase in size or efficiency of the immune effector mechanisms (represented by T and B effector cells and cytokines). When the effects of this increase became stronger than existing local immune suppressive mechanisms (represented by RC—including MSC and Treg), it induced the effective step of graft rejection. ACT of RC therapy increases the size of local immunosuppressive mechanisms. When the cumulative effects of existing and supplemented immunosuppressive mechanisms prevail over the immune effector ones, it may induce tolerance.

The simultaneous presence of steps 3–5 (Table 1) complicates the identification of a specific time or mechanism for targeted prevention of rejection and maintenance of tolerance. Modern molecular techniques can provide data to identify new complex biomarkers that may diagnose and predict graft rejection before visible changes occur. Values above the threshold for one or more specific markers may be tracked during the continuous monitoring of the cumulative effects of complex graft rejection mechanisms and be used as an additional tool to determine when and what treatments or interventions are needed to maintain tolerance. A detected disequilibrium, in addition to ACT therapy with one or more specific RC subpopulation(s) (38–40), may require the use of additional corresponding tools, such as cytokines (41), metabolites, active molecules (specific microRNAs (42, 43) or glycoproteins (44)), or even short-term IS, in order to delay rejection. Therefore, more than one specific intervention may be necessary to achieve tolerance, possibly with one or more RC products ideally available off the shelf.

At any given time point, the net balance between applied therapy and the existing immune cell subpopulations, along with modifications of antibody production, cytokine secretion, or metabolic changes, determines the next step of the immune reactive response. Each effector phase of a reactive immune response may be modulated by immunosuppressive mechanisms of a specific RC subpopulation. When differentiation of effector immune cells and RC is not coordinated (45–47), and the suppressive activity of existing RC (48) is overwhelmed by an increasing number of effector immune cells, rejection may occur. Conversely, stronger immunosuppressive mechanisms of RC over effector immune responses oriented toward rejection may preserve and maintain graft functionality.

In this paper, it is hypothesized that the augmentation of the immunosuppressive mechanisms can induce operational tolerance (Figure 1). Prolonged tolerance was obtained by increasing the number, as well as the quality, of RC used as treatment (49) in different allotransplantation clinical settings. ACT with RC, by augmentation of immunosuppressive mechanisms, is proposed to maintain functional tolerance also in human patients who have received pig xenografts (Figure 1), especially during the effective rejection step 6 (Table 1). Protective mechanisms of RC against heart xenograft rejection are better understood in the context of the complex local cardiac microenvironment and existing inflammation.



2.1 Complexity of the heart microenvironment

Immune effector mechanisms of transplanted heart rejection can be better studied and understood at the level of the local cardiac microenvironment (50), besides the secondary lymphoid organs (SLO) (51, 52). The healthy mammalian heart has an estimated two to three billion cardiac myocytes, representing approximately 75% of the normal myocardial tissue volume (50, 53, 54). Other cell types include fibroblasts, resident macrophages, endothelial cells, and perivascular cells (50, 53, 54). Resident immune cells originate from progenitor cells during development and comprise 5% of the cellular population in the human ventricular tissue (50, 55, 56). In healthy mouse cardiac tissue, the number of mononuclear phagocytes, neutrophils, B cells, and T cells is 12-fold higher than that in skeletal muscle, demonstrating the importance of immune cells in maintaining heart homeostasis (50, 57, 58). Immune cells, particularly Treg, also play an important role in various heart pathologies. For example, compared to healthy myocardium, the number of Treg that peaks on day 7 after an infarct, presumably in an antigen-dependent manner, has been shown to be protective (59). In monkeys, the Treg percentage from CD3 cells is elevated in the heart allograft at rejection compared with peripheral blood (PB) (60).

The microenvironment of the heart xenograft reflects various immune-mediated intercellular interactions and epigenetic modifications (46), as well as changes in immune humoral mechanisms of action that influence RC and all constitutive cells. The immune cell secretion of specific antibodies, cytokines, and other soluble mediators (TGF-β, retinoic acid), and their concentrations influence the graft microenvironment and depend on metabolite availability. Immune rejection mechanisms can be further complicated by the simultaneous presence of injury or repair processes, such as dysregulation of fibrosis, which contribute to dynamic changes of local graft microenvironment throughout the lifespan of a transplant (26). The concept of an organized immunological microenvironment, or niche, may help to better characterize the complexity of various rejection steps (61, 62). Focusing on specific compartments, such as adventitial vascular niches, may be useful in understanding and treating rejection.

Further characterization of the differences in cellular composition of the heart between healthy and diseased states (50) by single-cell analysis may identify new biomarkers for rejection and possible new therapeutic targets. Detection of new specific RC subpopulations at the level of the grafted heart during rejection is currently an active field of research (63, 64).

Maintenance of xenograft tolerance may be hypothetically achieved when the immunosuppressive effects of existing local cells are supplemented by ACT of a specific RC population and become more potent than the immune effector mechanisms of rejection (Figure 1).

The balanced interactions of various immune mechanisms create a dynamic microenvironment that can be characterized from a functional point of view as proinflammatory or immunosuppressive.




2.2 Inflammation and transplant tolerance

The importance of the inflammatory effects on local graft rejection is well established (65). Activated innate immune cells, a major source of proinflammatory cytokines, are considered a barrier to successful pig-to-primate xenotransplantation (66). While the initial inflammatory response and influx of immune cells are essential for limiting and clearing tissue damage, excessive or prolonged inflammation can be detrimental. It may lead to increased cardiac rupture, disproportionate collagen degradation, infarct expansion through phagocytosis of healthy cardiomyocytes, increased left ventricular dilatation (50, 58, 67), and adverse cardiac remodeling (68). Excessive inflammation acts by directly influencing the regulation of effector immune cells, as well as by inducing the production of active cytokines (66).

On the other hand, RC are attracted to the graft and influences rejection mechanisms by suppressing the negative effects of excessive immune cell responses. Prolonged inflammation during an active immune response increases the ability of APC to stimulate effector cell mechanisms, which in turn overcome immunosuppressive controls. RC continuously and proactively (69) suppresses excessive immune responses. A timed increase in the number and functions of specific immunosuppressive RC subpopulations during the different steps of the immune response has the potential to reduce inflammation, which may help maintain xenograft tolerance.

In addition, the interaction between inflammation and coagulation can initiate a cascade of reactions (70), resulting in the uncontrolled production of inflammatory mediators and coagulation factors (30). Theoretically, the systemic inflammatory response precedes, and most likely promotes, activation of coagulation in xenograft recipients (30). The coagulation dysregulation induced by xenografts, leading to thrombotic microangiopathy, may be a cause of graft failure (71). The use of transgenic pigs expressing human coagulation-regulatory proteins (such as tissue factor pathway inhibitor, thrombomodulin, endothelial protein C receptor, or CD39) reduces the dysregulation of coagulation and decreases the amplification of inflammation after xenotransplantation (30), which increases graft survival but does not induce functional tolerance. Other genetic modifications in pigs are currently underway (72). The regulation of inflammation and coagulation in xenograft recipients may be mutually beneficial (30), with possible therapeutic actions on different RC subpopulations oriented toward tolerance induction.

However, continuous antigenic stimulation, accompanied by corresponding cellular and humoral changes, may lead to graft destruction through progressive amplification of effector mechanisms and other consequences of chronic inflammation, such as immune cell exhaustion.





3 Use of RC to prevent graft rejection

The idea that the immune system normally includes cell populations with specific inhibitory activity is over 50 years old. Results from day-3 thymectomy experiments in mice published in 1969 (73) led to the discovery of the first population of immune suppressor cells, later identified as CD4+CD127lowCD25highFoxp3+ and named regulatory T cells (Treg) (74). To date, they are the best-studied RC subpopulation. Over the past three decades, other distinct cell populations with immunosuppressive functions have been identified that could potentially be used in transplantation (Table 2). In addition to immune cells, precursor populations that have immunosuppressive effects, such as MDSC (17, 75) and mesenchymal stem cells (MSC) (76), may also be used to combat graft rejection. RC related to innate immune responses mechanisms include: a regulatory neutrophil population (RN) (77), regulatory macrophages (RM) (18, 78), tolerogenic dendritic cells (TDC) (18, 79), and regulatory-like NK cells (RLNK) (80). Acquired immune response mechanisms, generated mostly by T and B cells, include actions of corresponding RC populations. Among T regulatory cell (TRC) lymphocytes, besides Treg, other populations identified as RC include CD8+ regulatory T cells (CD8+Treg) (20, 81, 82), CD4+CD8+regulatory T cells (DPTreg) (83), CD4-CD8-regulatory T cells (DNTreg) (84–86), and natural killer T regulatory cells (NKTreg) (87). Other T-cell subpopulations, such as interleukin (IL)-10-secreting T regulatory 1 (Tr1) cells (88), transforming growth factor-beta-secreting T helper 3 cells (Th3) (89), and CD8+CD28− regulatory T cells (90), are adaptively regulatory. Specifically, they acquire regulatory functions following specific antigenic stimulation in a particular cytokine milieu. In addition to TRC lymphocytes, were described B regulatory cells (BRC) lymphocytes (91, 92), represented by different B-specific regulatory cell populations (Breg) that exhibit immunosuppressive regulatory activities (93).


Table 2 | Abbreviated list of RC populations with their roles in transplantation.
	Category
	RC population
	Evidence level



	Immune cell precursors
	MDSC
	Demonstrated role in transplantation tolerance induction (17)


	MSC
	In 2018, 12 clinical trials were registered to study their potential in solid organ allotransplantation settings (114).


	Innate immunity
	Nreg
	Described an intestinal regulatory neutrophil population that reduced acute graft versus host disease for allogeneic hematopoietic cell transplantation in mice (77).


	Mreg
	They were administered as immune-conditioning therapy for renal transplant recipients (205).


	DCreg
	Their use is proposed for the induction of human kidney or liver graft tolerance (206)


	NKreg
	Expanded in vitro and proposed as therapy to combat chronic graft versus host disease (80).


	Acquired cellular immunity and TRC
	CD4+ Treg (Treg)
	Successful clinical trials for kidney and liver allotransplantation (173), and one for heart in children (NCT04924491). CAR Treg first clinical trial approved for kidney transplants in 2022 (NCT04817774).


	CD8+Treg
	In 2021, they were used in the first human phase I therapy trial in kidney transplant patients (82).


	DPTreg
	Identified in the human thymus with roles in the development of single positive TCR (207). The percentage of CD4+CD8+CD127lowCD25highFoxp3+ cells in cynomolgus monkeys’ heart heterotopic allotransplanted graft at rejection was increased compared with PB or LN (60).


	DNTreg
	Involved in the long-term survival of rat cardiac xenografts in mice (208). Ameliorate hepatic ischemia-reperfusion injury in mice (209).


	Acquired humoral immunity and BRC
	Breg populations
	CD19+CD5+CD1d high Breg correlated with better kidney graft function (210). CD19+CD24(high)CD38(high)Breg associated with long-term lung graft survival (211). CD19+CD5+CD1dhigh Breg have a protective role in heart transplantation (212).





MDSC, myeloid-derived suppressor cells; MSC, mesenchymal stem cells; Nreg, regulatory neutrophils; Mreg, regulatory macrophages; DCreg, regulatory dendritic cells; NKreg, NK regulatory cells; TRC, T-regulatory cells; Treg, CD4+CD127lowCD25highFoxp3+ cells; CD4+ regulatory cells; DPTreg, double positive (CD4+CD8+) regulatory cells; DNTeg, double negative (CD4−CD8−) regulatory cells; BRC, B regulatory cells; Breg, B-specific regulatory cell populations.



Each of the mentioned RC populations has the potential to contribute to transplant tolerance by specifically suppressing effector immune mechanisms at different steps of the immune responses that led to graft rejection. However, their specific roles in xenotransplantation require further investigation. The diversity of these cell populations may allow for tailored RC therapy to meet the needs of each patient (94). Ongoing efforts to discover and characterize new RC subpopulations with local characteristics (41) may reveal new possibilities for combating rejection (64). For example, based on γδ T-cell mechanisms of action (95, 96), detailed characterization of one or more cell subpopulations with immunosuppressive effects (97) is still pending.

Despite their heterogeneity, some RC populations share common immunosuppressive mechanisms. For example, cell-to-cell contact can induce lysis of target cells through granzyme B secretion, as observed in Treg (98), Tr1 (99), and Breg (100). IL-10-related mechanisms have been demonstrated in MSC (101), MDSC (17), Treg (102), Tr1 (88), and Breg (103). However, the effects of these common mechanisms are distinct (69) because they act on specific cell types present in the local graft microenvironment at particular times.

Moreover, almost every RC population has been shown to be heterogeneous, with distinct subpopulations that differ depending on their origin, mechanisms of action, or localization within specific microenvironments. For example, using the FlowSOM tool for morphologically characterizing human Treg in the blood of patients with systemic lupus erythematosus revealed specific differences among 12 analyzed clusters in terms of their phenotypes and sensitivity to treatment with low doses of IL-2 (41). Likewise, a specific enrichment was reported in two of 14 clusters of CD4+CD8+CD127lowCD25highFoxp3+ cells in cynomolgus monkeys’ heterotopic heart allotransplanted grafts at rejection compared with PB or lymph nodes (LN) (60). The identification of specific RC subpopulations and the characterization of their specific roles for the induction of xenograft tolerance requires more research. Furthermore, single-cell analysis using exhaustive “omics” methods revealed differences at the individual cell level (104). Continuing this analytic approach, it is probable that the use of only active RC-derived molecules may prove effective in maintaining tolerance.

Every immune effector mechanism appears to have, besides augmentation, a corresponding inhibitory response represented by a cellular population, generally termed as regulatory, that allows for fine-tuning of its mechanisms of action. Consequently, each RC subpopulation, through its specific mechanisms of action, has the potential to combat rejection by acting at a specific step of the immune response (Figure 2).
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Figure 2 | Interactions between MSC and Treg immunosuppressive mechanisms at the xenograft level. Each RC subpopulation has specific mechanisms of action, as well as common inhibitory ones (cell contact, secretion of immunosuppressive cytokines IL-10, IL-35, or TGF-β). It has been demonstrated that the direct effect of MSC on the number of Treg, as well as a synergistic action between the immunoinhibitory effects of these two types of cells, should be taken into consideration when designing specific RC therapies. TRL, toll-like receptor; TNF-α, tumor necrosis factor alpha; IFN-γ, interferon gamma; IL-1β, interleukin 1 beta; iNOS, inducible nitric oxide synthase; IDO, indoleamine 2,3-dioxygenase; PD-L1, programmed cell death ligand 1; PD-L2, programed cell death ligand 2; IL-10, interleukin 10; TGF-β, transforming growth factor beta; CTLA4, cytotoxic T-lymphocyte-associated protein 4.

Permanent antigenic stimulation induced by the graft causes an imbalance between the efficacy of continuously amplified immune effector responses and the potency of the inhibitory components of immune responses represented by existing RC (Figure 1). When this disequilibrium favors effector responses, graft rejection is induced (Table 1, step 6). Detection of an imbalance during continuous blood monitoring after graft transplantation, using specific biomarkers such as cytokines or microRNAs (miRNAs), may signal the need for early intervention. For instance, during step 6 of rejection (Table 1), characterized by a severe inflammatory response and tissue damage requiring prompt medical attention, local augmentation of specific RC subpopulations in number (by ACT) as well as qualities (by CAR technology) may maintain tolerance. Further research is needed to improve our understanding of specific immunosuppressive functions of different RC subpopulations (Table 2).



3.1 ACT of RC and transplantation tolerance

The numeric increase of RC by ACT, particularly for the best-studied MSC and Treg, may be an effective tool for maintaining tolerance in various transplantation settings.



3.1.1 Use of MSC to prevent graft rejection

The possible use of MSC as an approach to maintain tolerance to pig hearts xenotransplanted in humans is supported by the specific properties of these cells and by experimental results. MSC, originally identified in bone marrow (105), are multipotent cells that have the capacity to differentiate into adipocytes, chondrocytes, and osteoblasts (106). Exogenous growth factors added in vitro induce the differentiation of MSC into cardiomyocytes, endothelial cells, or smooth muscle cells (107). MSC may function as a cellular reserve, allowing for adaptation to local challenges when needed. The local microenvironment influences MSC via their pathogen-recognition or immune-activation sensing receptors, which generate adaptive changes in their functions. For example, toll-like receptor (TLR)3 activation induces an anti-inflammatory MSC2 phenotype, whereas TLR4 activation induces a proinflammatory MSC1 phenotype (108). The capacity of these cells to promote inflammation when the immune system is underactivated or restrain inflammation when the immune system is overactivated to avoid self-attack (109), is known as their role as “sensor and switcher of the immune system” (110).

MSC infused pretransplant will localize predominantly in lymphoid organs, whereas MSC administered posttransplant migrate preferentially to the graft. Locally, MSC stimulate the proliferation and differentiation of resident progenitor cells and induce immunosuppressive effects by interacting with cells of the immune system. Their suppressive roles prompt their inclusion as RC, especially given their decrease in T and B cells proliferation or activation, increase of T-cell apoptosis (111), induction of a shift in T helper cell balance, and increase in the number of Treg (112, 113) or Breg (103) (Figure 2). Inflammatory local graft microenvironments induced by xenotransplantation attract various cell populations, including RC, which begin to influence the existing cellular networks. For instance, MSC, after activating their TLRs that sense damage signals, and their receptors for TNF-α, interferon gamma (IFN-γ), or IL-1β that sense inflammatory status, initiate corresponding adaptive modifications, such as the activation of specific immunosuppressive mechanisms of other existing RC (Figure 2). The direct increase of the existing RC pool, induced by activated MSC (Figure 1), is hypothesized that in turn influence MSC, forming a putative positive feedback loop (Figure 2).

MSC induce the suppression of T lymphocyte proliferation by direct contact and via the secretion of IL-10, tumor growth factor (TGF)-β, hepatocyte growth factor (HGF), and prostaglandin E2 (PGE2) (114) (Figure 2). MSC are influenced by, and at the same time influence, different segments of the innate immune response, such as the complement system, toll-like receptor signaling, and various cellular components, including macrophages, dendritic cells, neutrophils, and natural killer cells. For example, MSC can change macrophage phenotypes from a proinflammatory (M1) to a regenerative and anti-inflammatory (M2) state (115). MSC can skew the balance between CD4 effector memory T cells and CD4+Foxp3+ Treg (116) by polarizing both naïve and memory T cells toward a Treg phenotype in vitro and by promoting the immune response toward long-term allograft acceptance in vivo (112, 117, 118). Interactions between MSC and Treg (119) may help both cell subpopulations survive after ACT (120).

MSC are not recognized by the host immune system because they do not express HLA class II (107) or costimulatory molecules CD80, CD86, or CD40, even after IFN-γ stimulation, making them suitable as an abundant source for off-the-shelf treatment approaches. MSC used for ACT are typically obtained from bone marrow, adipose tissue, gingiva (121), or the umbilical cord blood (122) and are a heterogeneous group of cell subpopulations (108). The present lack of specific markers makes the isolation of a specific subgroup difficult for deeper characterization or treatment (109). However, the use of clonal lines instead of whole-cell populations diminishes variability and enhances the scalability and reproducibility of MSC production and treatments (123). This can be exploited to achieve personalized therapy (124). The quantification of extracellular metabolites (proline, phenylalanine, and pyruvate) in culture and intracellular metabolites (sphingomyelins) can be used as markers to identify MSC lines with high immunomodulatory potency (40).

MSC preferentially migrate toward a graft’s inflammatory environment, where they suppress immune effector responses (114, 125, 126). MSC also have low immunogenicity, are relatively easy to obtain, and are susceptible to transformation by genetic engineering to improve their efficiency (127). Their specific homing mechanisms toward inflammatory environments can also be enhanced in vitro (123). The inclusion of bispecific antibodies may be used as a cell-based, specific delivery vehicle for therapeutic molecules (117, 128, 129), such as miRNAs or specific glycoproteins. MSC-derived extracellular vesicles have emerged as promising therapeutic agents for treating cardiovascular diseases (123). Additionally, only MSC-derived exosome miRNAs have demonstrated the potential to modulate immune responses (130) and improve allogeneic heart transplantation outcomes (131). MSC therapy has proven to be an effective tool for controlling graft-versus-host disease (132), treating autoimmune diseases and ischemia reperfusion injury, and mediating wound healing and cardiac repair (133). The immunosuppressive functions of MSC also promote graft survival and, in some instances, have led to functional tolerance (16, 132). Before 2009, there were no clinical reports on their use in transplantation; as of 2018, 12 registered ongoing clinical trials were studying their potential benefits in solid organ allotransplantation settings (114), of which five were for kidney transplants, four for liver, one for lungs, and none for the heart. Preliminary results from kidney allotransplantation demonstrated reduced rejection at 6 months and a partial reduction of tacrolimus doses used for IS (122). Currently, there have been no experiments reported on the use of MSC to induce tolerance to pig heart xenotransplantation in humans, though this is likely to change soon with new innovations.




3.1.2 Use of Treg to prevent graft rejection

Treg make up around 4%–7% of the circulating CD4+ T lymphocytes in healthy mice, NHP, and humans (134), and are proven to be active players in the establishment of peripheral tolerance (135). They prevent low-grade immune activation from becoming an overt immune response if not necessary, suppress ongoing immune responses when no longer needed, limit the negative effects of immune-mediated overreactions induced by chronic inflammation (19), reduce inflammation, and contribute to tissue homeostasis (19, 136). There is a significant correlation between the proportion of Treg and the prognosis and evolution of various solid tumors (137). Specific immunosuppressive effects of Treg have been utilized to prevent rejection of allotransplanted kidneys (138), lungs (139), and livers (140) in humans. In 2022, completed clinical trials investigated the use of Treg to increase tolerance for allotransplanted solid organs—including five for kidney and two for liver—presented positive outcomes and indicated the potential of ACT to induce operational tolerance, although not consistently (141).

Insufficient numbers or compromised functions of RC in the graft may appear due to defects in proliferation (142), increased susceptibility to apoptosis (143), or failure of thymic Treg differentiation or dysregulation (46). Dysfunctional Treg can lead to various immunopathological conditions, including autoimmune diseases, allergies (144), and lethal immunodysregulation polyendocrinopathy enteropathy X-linked syndrome in male subjects (145).



3.1.2.1 Treg mechanisms of action

Treg prevent the activation, expansion, and acquisition of effector functions in a wide range of immune cells, including Th1, Th2, Th17, T follicular helper cells, CD8+ T cells, natural killer cells (146, 147), B cells, and antigen-presenting cells (148), both in vitro and in vivo (19) (Figure 2).

One major action of Treg is the inhibition of autoreactive lymphocytes that escape the thymus or bone marrow checkpoints via contact-dependent and contact-independent mechanisms (149) (Figure 2). Their suppressive mechanisms include the production of immunosuppressive cytokines (IL-10, IL-35 (102), TGF-β), the secretion of ectoenzymes CD39 and CD73 that degrade extracellular ATP (a potent pro-inflammatory mediator) to adenosine, which suppresses the immune response (150), and the expression of granzymes or perforins (98) for the destruction of APC (151). In vitro assays suggest that Treg do not produce IL-2; however, IL-2 is required by Treg for costimulation and activation (152). The constitutive high expression of CD25 (the alpha chain of the IL-2 receptor) causes these cells to exhibit high-affinity binding to low amounts of IL-2 present during the initiation of an immune reaction; this is a way to suppress the expansion and acquisition of effector functions of conventional T cells (151). Increased constitutive expression of cytotoxic T lymphocyte antigen 4 on the Treg membrane, which binds to the costimulatory ligands CD80 and CD86 on the surface of APC, increases the threshold for T-cell activation. Treg may also act by depleting peptide–major histocompatibility complex (MHC) class II from dendritic cells, which in turn alters costimulation and antigen presentation (153). They also secrete amphiregulin, which supports stem cell proliferation and differentiation (154) by acting on epidermal growth factor receptors (154), and promotes tissue repair (155).

Upon activation under inflammatory conditions, Treg cells express higher levels of effector molecules and become markedly potent suppressors (69). Locally, Treg may enable the establishment of an immunosuppressive environment (102, 156, 157). As previously described, after antigen-specific activation of Treg, some of their immunosuppressive mechanisms can act in a nonspecific mode (i.e., bystander suppression) (102); that is, they may have suppressive effects on neighboring effector cells with different antigen specificities (i.e., dominant suppression) (151). Studies have also demonstrated the survival of Treg beyond the postinfusion time (33): a month for liver transplantation (158), four months in type 1 diabetes patients (159), and one year for kidney transplantation (160). Adoptively transferred Treg may have a lasting effect, even after their disappearance (19), by conferring suppressive capacity to other immune cells located in the graft (102), i.e., infectious tolerance (161), such as Treg with different antigen specificities (162) or Tr1 cells (163). Treg with direct alloantigen specificity are important for tolerance induction, while those with indirect alloantigen specificity are important for long-term tolerance maintenance (151).

Signaling through Foxp3 in mice and humans is essential for Treg suppressive activities (164), although not all cells expressing forkhead box P3 protein (Foxp3) exhibit suppressive activities. This intracellular protein, a transcription factor discovered in 2003, influences the expression of more than 200 genes, including T-cell receptor (TCR)-induced genes. By interacting with over 300 proteins (165), it controls key molecules mediating suppression, influencing differentiation, maintenance, and functional maturation of Treg (19). Studies have demonstrated a complex gene regulation program for Foxp3 that extends beyond the simple model of a transcription factor binding to a gene promoter (46). Specifically, this includes the complex transcription factors RUNX1 and CBFβ, which interact with the demethylated and highly conserved noncoding sequence 2 (166, 167), critical for Foxp3 locus activation during Treg cell maturation (168, 169). SATB1 expression, a pan-histone deacetylase inhibitor that has been shown to increase the acetylation of histones at the regulatory elements of Foxp3, precedes Foxp3 expression in Treg precursors (170) and enhances Treg cell suppressive function, both in vivo and in vitro (171).

Tolerance induction must also consider the complexity of Treg interactions with corresponding effector cells at different steps of the immune response during graft rejection, as well as the existence of multiple Treg subpopulations (134), each with its specific effects, which act in the local heart graft microenvironment (172). Naturally occurring CD4+Foxp3+ Treg are developmentally determined in the thymus as a distinct cell subpopulation specialized in suppressive functions and form the majority of Foxp3+ Treg in the periphery. In addition, under specific conditions, conventional T cells (T conv) at peripheral sites, such as the intestinal mucosa, can gain stable Foxp3 expression and differentiate into peripherally derived Treg. T conv can also differentiate in vitro to express Foxp3 under specific conditions, forming in vitro-induced Treg (19). Based on their differentiation status, Treg can be classified as naive, central memory, or effector (173, 174). Naive Treg cells have not yet encountered their cognate antigens and reside in the SLO. After activation by antigen encounters, they differentiate into effector Treg that migrate out of the SLO via circulation into target tissues or become memory Treg (19, 175). The effector Treg are highly proliferative, exhibit strong in vitro suppressive activity, and possess a highly demethylated Treg-specific DNA region (CNS2) (19).

Treg have a high capacity to adapt locally to their environment (176) and contribute to tissue homeostasis by controlling inflammation and more specialized mechanisms, such as the production of growth factors (19). For example, there are differences in phenotype, origin, and function between the four well-characterized nonlymphoid Treg populations: visceral adipose tissue Treg (177), intestinal Treg, skin Treg, and skeletal muscle Treg (178). A comparison of Treg taken from the blood, tissue, and tumors demonstrated that while tissue and tumor Treg have greater similarity owing to an activated phenotype, the three groups remain relatively distinct (179). Treg that accumulate in the mouse myocardium after an infarct have a different transcriptome than Treg located in lymphoid organs (172). Additionally, subclinical atherosclerotic plaques are associated with specific Treg subpopulations (180). There are also human Treg subsets with distinct functional and tissue-homing characteristics (41). This demonstrated tissue specificity may suggest that off-the-shelf Treg products that could possibly be designed for organ specific cell therapy (134).




3.1.2.2 Isolation of Treg for ACT

The lack of specific markers for Treg has made their availability for transfer challenging (134). Surface expression of CD25, which correlates with intracellular expression of Foxp3 (39) in mice, NHPs (181), and pigs (182), and is used as a marker for Treg identification from blood, is not highly specific. The use of Foxp3 as a marker is also problematic because it can be transiently expressed in other activated T-effector cell subpopulations. This has led to the identification of additional markers for Treg isolation, such as low CD127 expression, CD49d, CD45RA, LAP (183), GARP (184), Helios (185), Neuropilin 1, CD27 (186), and CD137 (187). The combined use of these markers may increase the purity of Treg suspensions. Single-cell analyses may also lead to future discoveries of new and unique markers for each specific RC subpopulation. Currently, rigorous protocols for isolating highly purified human Treg for clinical applications require further investigation (39).

Due to the low precursor frequency of Treg in circulation, different multiplication attempts have been initiated. Direct in vivo use of vitamin D (188), rapamycin (189), and low-dose IL-2 (190) had limited success in transplantation because of the small size of their effects, which are also not specific enough to influence the frequency of only one cell subpopulation. As an alternative, in vitro Treg multiplication protocols have been developed (191) for patient cells obtained from peripheral blood (192) and other sources (193). It has also been suggested that CD4+ Treg or CD8+ Treg used for immunotherapy in the future may be derived in vitro from embryonic or induced pluripotent stem cells (82).

ACT therapy with Treg can use either the host regulatory cells or cells from another human donor (194), live or deceased, and be utilized as is or multiplied (195), and transformed in vitro. Currently, Treg for ACT are isolated usually from peripheral blood by leukapheresis through magnetic- or fluorescence-activated cell sorting using a battery of markers, and subsequently expanded ex vivo, typically by stimulation with IL-2 and anti-CD3/anti-CD28 coated beads (122) using different GMP protocols (196, 197). The resulting cells, preferably made specific for donor antigens and transformed by CAR technology to improve their functions, can be either administered directly or cryopreserved until near-patient thawing and infusion.




3.1.2.3 Use of Treg in heart transplantation

Considering Treg mechanisms of action and the positive results obtained when used in solid-organ transplantation, it is surprising that ACT with Treg is not in practice to improve heart allotransplantation outcomes in clinics, with only one exception mentioned. The use of Treg in xenotransplantation has been suggested only for the induction (181) and maintenance (39) of tolerance. Reports in the literature support this hypothesis and suggest its application for heart xenotransplants (198). However, the use of Treg to attain tolerance to pig hearts xenotransplanted in humans has not been initiated. Due to ethical considerations, answers to this question must be obtained indirectly, first through NHP experiments. However, the number of tests in monkeys, including baboons, to evaluate this approach is limited. The availability of genetically engineered pigs as potential donors for humans has increased interest in the use of ACT with Treg to induce tolerance to heart xenotransplants (199, 200). The ability of in vitro expanded human Treg to inhibit T-cell-mediated rejection of porcine islet xenografts (201) in a humanized mouse model can be regarded as a proof of concept in this direction. The number of Treg in baboon peripheral blood may also be linked with long-term survival of pig heart xenograft (198).

Regarding efficiency, Treg with acquired antigen specificity have proved to be more potent inhibitors than polyclonal Treg (202, 203). Baboon Treg expanded and made specific in vitro with pig antigens were 4–10-fold more effective inhibitors of the proliferation of CD4+CD25− baboon T cells than freshly isolated Treg cells (181, 199). Consequently, the use of autologous human Treg exposed in vitro to pig antigens may lower the cell count required for effective ACT therapy to induce tolerance to xenotransplanted pig hearts in clinical settings.

Currently, the use of ACT with Treg therapy in human diseases (19) or for inducing tolerance in allotransplanted grafts (33) has been proven safe (141). This supports their application in the context of tolerance induction for xenotransplanted pig hearts.

Given the importance and urgency of addressing pig heart xenograft rejection in humans, and given recent experimental results, safety records, potential elimination of IS, and CAR technology improvements, the use of ACT with Treg is expected to expand in the future (204), potentially making pig heart xenotransplantation a routine procedure in humans.

The application of other RC subpopulations to enhance heart xenograft tolerance through ACT at specific rejection steps in humans requires further development and characterization.





3.1.3 Use of other RC populations in transplantation

Targeting ACT toward one specific immune cell effector population (starting with cells that build innate immunity and ending with effector cells of acquired immune responses) has demonstrated the potential of various RC populations to become important tools for the induction of graft tolerance. However, with few exceptions other than MSC and Treg, such treatments are generally at the initial stages of clinical development (Table 2).

MDSC are a group of heterogeneous precursor immune cells differentiated from hematopoietic stem cells in the bone marrow that mainly inhibit T-cell proliferation and activity, as well as promote angiogenesis (75). In peripheral immune organs, MDSCs become dendritic cells, granulocytes, and macrophages. Their immunosuppressive functions are mediated via multiple pathways, such as arginase-1, nitric oxide synthase, reactive oxygen species, indoleamine-2,3-dioxygenase, heme oxygenase-1, prostaglandin E2, cyclooxygenase-2, or cytokine secretion, such as IL-10 and TGF-β (17). At the local organ microenvironment, MDSCs are part of the immunosuppressive network, interact with other immune cells, and may generate positive feedback loops. For instance, their survival and proliferation have been proven to be compatible and mutually complementary with Treg (213), potentially increasing their common effects on T-cell suppression. ACT with MDSC expanded in vitro has also been proven to be useful to maintain allograft tolerance (17, 214).

As innate immune RC populations, regulatory macrophages (Mreg) are a subtype of macrophages that are involved in regulating the immune response by inhibiting activated T lymphocyte proliferation (215). After the administration of Mreg to two renal transplant recipients, the authors suggested this approach as immune-conditioning therapy for solid organ transplantation that requires further study (205). Regulatory dendritic cells (DCreg) may induce the differentiation and expansion of Treg and secrete immunomodulatory cytokines, such as IL-10 and TGF-β (216). The manipulation of DCreg was proposed for the induction of human renal and liver transplantation tolerance (206). In other studies, regulatory natural killer cells were expanded in vitro and proposed as a clinical therapy to combat chronic graft-versus-host disease (80). Neutrophils have been described as central regulators across all stages of tumor evolution (217) and the different steps of graft rejection. In recent years, a growing number of neutrophil subpopulations have been described (218), some of which may have regulatory functions. For example, an intestinal regulatory neutrophil population that reduced acute graft-versus-host disease in allogeneic hematopoietic cell transplantation has been identified in mice (77).

TRC subpopulations suppress various effector mechanisms of acquired immune responses (39). CD8+Treg are considered true Treg with cytotoxic function (20). In a xenotransplantation pig-to-rat corneal model, xenograft survival was prolonged by the adoptive transfer of T regulatory CD8+CD28− cells (219). The role of CD8+ Treg (20) has led to their use in the first human phase I therapy trial in kidney transplant patients in 2021 (82). Donor double-negative Foxp3+ Treg that promote allogeneic mixed chimerism and tolerance (220) have been proposed as a potential tool in xenotransplantation (39). Double-positive (DP) (CD4+CD8+) cells have been associated with graft rejection in a nonhuman primate model of islet transplantation (83). Their numbers also increased in the blood of liver transplanted patients (221). In the human thymus, a DP population with regulatory properties, with assumed roles in single positive regulatory cells development, has been described (207). Single-cell RNA sequencing in a cynomolgus monkey model has demonstrated the heterogeneity of DP cells, some of which exhibit a phenotype consistent with regulatory functions (222).

Tr1 cells are classified as a distinct subset of T cells that lack constitutive Foxp3 expression and exert suppressive functions primarily via the secretion of IL-10 and TGF-β. They are susceptible to CAR technologies after multiplication in vitro and maintain a stable phenotype in inflammatory environments. Findings also suggest possible heterogeneity among Tr1 cells. Their capacity to suppress immune responses against specific antigens was confirmed in mouse and rhesus monkey models of pancreatic islet transplantation (88) and was used in two clinical trials for kidney transplantation (223).

B cells are major players in antibody-mediated graft rejection mechanisms through the production of specific antibodies by plasma cells, known as B effector cells (224). B cells are also known as secondary antigen-presenting cells and as sources of immunoregulatory cytokines (91). Consequently, immunosuppressive Breg appear as an important immunomodulatory tool. By suppressing inflammation and/or antibody production, they may induce positive effects on mechanisms of tolerance induction in xenotransplants (225). Their immunosuppressive effects are induced through the secretion of soluble molecules, such as cytokines (IL-10, IL-35, or TGF-β) (226) and cytotoxic enzymes (granzyme B), or by direct cellular contact through the molecules expressed on their surface (MHC II, costimulatory CD80, CD86, CD40, or ligands for Fas or PD-1) (100). Studies on chronic inflammatory responses in patients with systemic lupus erythematosus, other autoimmune diseases, and allergies (227) documented a lack or functional deficit of circulating Breg. In various animal models, Breg have been shown to suppress autoimmune responses in experimental autoimmune encephalomyelitis (228), collagen-induced arthritis (229), and spontaneous colitis (230). In humans, Breg are also involved in multiple sclerosis (231), atopic dermatitis (232), allergic diseases (233), and kidney transplantation (234). Breg are, in fact, composed of a pool of different B-cell subpopulations with rather heterogeneous phenotypic and transcriptional properties (176). For instance, there is a difference in the dynamics of three subclasses of Breg cells during acute cellular rejection and chronic allograft dysfunction after lung transplantation (47). Assessment of Breg/Beffector balance may identify patients who require more immunosuppression (225). The role of Breg in the induction of immune tolerance to solid-organ transplantation is not completely understood (235) but was presented as a possible key regulator (93, 235–237). The use of B regulatory cells as a tool to combat heart pig xenograft rejection in humans was only proposed last year (37). So far, no therapeutic approach uses the intentional modulation of the frequency or activity of Breg in clinical heart xenotransplantation settings (227), but this is expected to change in the near future.





3.2 Use of CAR-transformed RC to improve long-term graft survival

Augmentation of RC immunosuppressive effects can be achieved by increasing their number and by enhancing their qualities. CAR technology has revolutionized the field of targeted cellular therapy (238). RCs are susceptible to molecular transformation to achieve desired characteristics by using CAR technology, an approach studied notably using Treg (134). CAR is a synthetic protein that consists of the fusion of: an extracellular domain that is specific for antigen recognition, a hinge region that provides molecular flexibility, a transmembrane domain that anchors the receptor in the plasmalemma, and an intracellular signaling domain (specifically, CD3zeta, a component of the T-cell receptor) (239). Five generations of CAR have been developed with continuous structure optimization of mainly the intracellular domain (240). The Treg transformed in vitro with CAR technology are more efficient than polyclonal Treg for ACT (241). An advantage of CAR-transformed cells is that they bind to antigen in an MHC-independent manner, increasing the number of patients that could be treated with the same batch of cells ready for an off-the-shelf approach (102). The pig heart xenotransplant model offers a major advantage: it allows for the targeted delivery of CAR-transformed RC to the graft because of its unique antigenic properties. Engineering a chimeric receptor that recognizes a swine histocompatibility antigen could potentially direct RC specifically to the heart xenograft. Alternatively, targeting a pig-specific molecule found in the vascular niche could provide even more precise localization. A second transformation may offer the possibility to create a specific carrier of useful molecules (such as a specific cytokine, miRNA, glycoprotein, or a tissue repair molecule) to be delivered at the local graft microenvironment to complement RC suppressive activity. Another important advantage of CAR technology is its potential to achieve targeted immunosuppression that may not interfere with the recipient’s general immune system response, unlike IS (242).

CAR-transformed cells were recently improved by the use of other procedures other than viral vectors for transformation, such as clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) technology (243). There are ongoing efforts to design a “super” Treg (244) by genetically engineering it (245) to increase RC qualities, such as viability, stability, efficiency, or trafficking (134, 203). The use of such specific cells as a “living drug” (246), due to their improved qualities, is expected to reduce the number of RC needed at the level of the graft to prevent rejection. Also in use are Treg designed for Foxp3 overexpression (247, 248), enhanced IL-2, IL-10, IL-35, or granzyme B secretion (249), and antigen-specific receptors overexpression (203).

Currently, multiple editing events are being studied to assess if they can better modulate RC functions. Strategies include the development of dual antigen-activating systems, induction of bioactive protein switches (such as AND or NO) (250), and the addition of a suicide cassette to prevent or block potential adverse events. CAR RC therapy may benefit from the tests of new mRNA-based CAR T therapies that induce cellular changes in vivo, avoiding the costs of in vitro modifications (251), or from the use of intracellular synthetic circuits proven to regulate protein secretion in human cells (252) by enabling control over local microenvironments. Finally, a drug-induced regulation of engineered cytokines (253) was presented as proof of concept that CAR-T-cell proliferation and activation could be turned on and off at a precise location, in a time-dependent manner via drug administration (254).

CAR-transformed T-cell therapies that have been used successfully to treat hematological malignancies (255) are on course to become potential treatments against solid tumors (256) and are being tested in a large number of clinical studies for other practical applications beyond cancer. Tailoring RC properties with CAR constructs to increase tolerance to organ transplantation is an active field of research (257–260). Applying this strategy to the different RC populations may be helpful in transplantation. For example, CAR-transformed regulatory NK cells may possess greater off-the-shelf potential (240, 261), and regulatory CAR-macrophage cells may have superior tissue infiltration capabilities, enabling them to more effectively penetrate dense tissues (240, 262). Recommended by specific biomarkers, ACT with a small number of corresponding CAR-transformed RC has the potential to balance a specific, detected disequilibrium. However, CAR-modified RC therapy to induce tolerance to heart pig xenograft in humans has yet to be initiated.




3.3 The ACT of RC may be replaced with its active molecules

Building on the positive results obtained with cell-based therapies, the use of immune cell-derived exosomes was proposed as an effective substitute for whole cells (263). This approach, compared with cell therapy, is relatively easier to apply and is inexpensive. Exosomes were shown to improve cardiac tissue repair after myocardial damage (264) and enhance the immunotolerance of cardiac allografts (131). However, the use of RC-derived exosomes for heart xenotransplantation requires further investigation (265).

The use of only one specific active molecule (266) for functional tolerance may be a viable alternative. The pig xenotransplanted heart in cynomolgus monkeys exhibited a total of 3784 differentially expressed genes compared to the non-transplanted heart transcriptome, of which 2443 were upregulated and 1305 were downregulated (24). Their analysis, together with single-cell RNA technology, may identify new tolerance-inducing molecules based on the immune mechanisms at each step of rejection, which can be applied to future clinical trials. For example, the activation of inflammasome-related components, including caspase-1 expression, is seen in allografts during the first 7-day posttransplantation. Administration of a caspase-1 inhibitor, VX765, during this interval has been shown to improve graft heart survival and function (267).

The dynamics of cytokine secretion in the local microenvironment, influenced by the immune response or IS treatments, change RC activities, which, in turn, change the cytokine balance (268). This chain of reactions can be targeted for tolerance-induction therapies. For example, IL-35 stabilizes the Treg phenotype to protect cardiac allografts in mice (269), IL-7 improves the fitness of regulatory T cells for adoptive transfer (270), and IL-10 or IL-27 exhibits anti-inflammatory activity (271).

miRNAs, as small noncoding RNA molecules, can be used as promising biomarkers (42) for the detection and prognosis of humoral as well as cellular heart graft rejection in humans (272). They may assess the efficiency of antirejection treatments and may also be used as therapy to induce or maintain tolerance (42). Analysis of their effects on immune responses may lead to the discovery of new mechanisms of rejection (273). For example, miRNAs can directly or indirectly down- or upregulate Foxp3 expression. miR-155 is a promising theranostic agent as its levels are upregulated during both acute rejection and vasculopathy development (274, 275). Specific RC-derived miRNAs or their antagonists could potentially be used in certain circumstances instead of whole-cell therapy. Different RC-derived glycoproteins (44) may have similar potentials.

Recent findings have suggested that metabolite availability is a fundamental determinant of adaptive immune responses (276). The metabolic influences, which regulate the switch between Th17 cells and Treg, include changes in several pathways, such as fatty acid and lipid synthesis (277), polyamine metabolism (278), glycolysis, and ROS control (279). Using differentially expressed gene analysis (570 million raw RNA sequence reads), 21 key biological pathways involved in the terminal stage of pig heart tissue graft rejection on day nine in cynomolgus monkeys were detected (24). Among these that represent cellular interactions in porcine rejected xenotransplanted hearts, some were downregulated, such as arrhythmogenic right ventricular cardiomyopathy, calcium signaling pathways, natural killer cell-mediated cytotoxicity, and the renin–angiotensin system, and some were upregulated, such as pyrimidine metabolism and the p53 signaling pathway (24). Extracellular matrix receptor interactions are involved in signaling events that regulate cell survival, growth, shape, differentiation, migration, or motility (280), as well as in heart remodeling (24, 281). Furthermore, the metabolites produced by commensal bacteria promote the generation of peripheral Treg (282). New therapeutic interventions at the metabolic level may improve clinical outcomes of rejection at the molecular level. In addition, harnessing the nutrient-mediated influence, described as signal 4 in T-cell immunity (35), as a possible adjuvant strategy for the treatment of different diseases (283) has the potential to be used for tolerance induction too. Small-molecule inducible gene regulatory systems in mammalian cells may be an important tool in the future for precise regulation of biological systems (284).




3.4 Potential biomarkers for the use of personalized therapy with RC

From the multitude of existing possibilities, the use of a certain RC subpopulation might be directed by specific biomarkers.

Ideal biomarkers should detect rejection before the appearance of morphological modifications of the graft, signaling the need for the use of a specific RC subpopulation to correct a defined, detected disequilibrium of the effector immune response or to track treatment. They should also be easy to operate and manufacture. Such biomarkers for heart pig xenograft in humans still need to be discovered and validated.

The proteins currently used for the evaluation of heart health have limitations. Troponins detect myocardial injury only after necrosis, creatine kinase is less specific than troponins, natriuretic brain peptide is influenced by age or kidney function, and C-reactive protein is a marker of inflammation with low specificity. Recently, glycoproteins have been considered as an additional possible biomarker (44). A gene expression panel to detect rejection, approved by the FDA, requires specialized personnel, is expensive, and may give uncertain results in unique circumstances. The detection of circulating nucleic acids offers possibilities for new biomarkers that are easy to detect in liquid biopsies (285). From these, donor-derived cell-free DNA effectively identifies acute cellular rejection and antibody-mediated rejection, yet cannot distinguish between the two (286) and is not useful for diagnosing patients who have had numerous transplants (263). miRNAs are emerging as the most promising future biomarkers that, by suppressing the expression of specific mRNAs, offer many possibilities for precision medicine. A multitude of miRNAs have been proposed as biomarkers for cardiac development and pathology. Of more than 1,817 human miRNAs associated with various diseases, 150 were identified as playing a critical role in cardiovascular system physiology. For instance, miR-1, miR-133a, miR-208, and miR-499 were identified as the most abundant miRNAs expressed in myocardial tissue, involved in the regulation of cardiomyocyte differentiation in the early stages of heart development (285). In heart allotransplant patients, miR-139-5p, miR-151a-5p, and miR-186-5p demonstrated increased expression at rejection (287). Circulating miR-182a-5p was also identified as a potential biomarker of acute cellular rejection in heart transplantation (288). In the serum of alloheart transplanted patients, 12 miRNAs that accurately discriminate acute cellular rejection, and 17 miRNAs for antibody-mediated rejection, were identified and proposed to be used together under a provisional patent (272). New miRNA biomarkers are continuously being discovered that, after validation, may be used for developing targeted personalized therapy.

The best diagnostic and prognostic data of heart graft rejection in the future may be from multianalyte biomarkers. This means a specific panel of complementary biomarkers that integrate data from multiple assays (such as genomics, transcriptomics, proteomics, specific miRNAs, epigenetic modifications, or extent of nucleosome fragmentation), all obtained simultaneously from the same liquid biopsy sample. All this may be possible to obtain due to modern technical advances, such as new-generation sequencing, digital PCR, and high-throughput data analysis tools. Integrated molecular signatures (263, 289) presumptively answer a question better than each individual component. The use of confirmed miRNAs for the diagnosis or prognosis of heart graft rejection has not been validated for large clinical use, although with further research, this might change.

When expression of specific biomarkers (for example, miRNAs) for an immune effector mechanism (such as excessive inflammation) in the recipient’s serum is matched with the therapeutic effects of a unique RC population, selected from the multitude of existing possibilities based on mechanisms of action, effective precision medicine therapy may be applied.




3.5 Challenges and future research directions

Future research experiments are necessary to advance granular knowledge regarding the steps of immune rejection mechanisms to effectively apply RC therapy. Additionally, in-depth characterization and validation of the specific effects of different RC subpopulations in clinical trials are also needed. For example, future studies may focus on identifying unique immune inhibitory effects of regulatory mesenchymal stem cell subpopulations to determine which subpopulation, and when, should be used in the prevention of rejection. In addition, validation of specific and combined biomarkers is essential for the targeted use of RC subpopulations and for monitoring their effects.

As with any other type of cell therapy (241), mechanistic studies regarding RC-based interventions face challenges in terms of logistics (i.e., timing, dosage, frequency) and design of good manufacturing practices for their production and standardization (290). For example, RC administration should consider the circadian rhythms of leukocyte activity, as demonstrated in the literature for CD8+ T cells (291). Furthermore, multiple infusions of ex vivo-expanded polyclonal Treg within the first few weeks after transplantation result in inferior graft function (292), most likely due to the early posttransplantation inflammatory environment. Existing clinical trials with RC test different doses (between 105 and 107 cells/kg) and different frequencies of administration to establish the best-use guidelines. The biological variability of RC subpopulations may represent another challenge; the use of clones may ensure better result consistency. More research is also needed for a better understanding of unforeseen off-target immunosuppressive activities (33).

An important question that must be fully addressed before clinical application of RC therapy is its safety profile (240). In rare cases, the ACT of CAR T cells directed against tumor antigens resulted in adverse effects such as cytokine storms and cytotoxicity (293). Further study of T-cell exhaustion induced by tonic signaling of CAR (294) may be important to ensure consistent results of the proposed cell therapy. The in vivo stability of transferred RC subpopulations, especially the CAR-transformed ones, also requires more research (295). It is important to overcome the difficulty in establishing the persistence of infused therapy cells in the patient. The use of deuterium, which proved useful in tracking Treg in patient blood or grafted kidney (NCT02088931), was also suggested to track CD8+ Treg (82). An additional challenge is establishing how the local inflammatory background (30, 66, 296) may impacts the phenotype and functions of infused Treg (297). Finally, specifically in the case of using GM pigs as heart donors for humans, the possibility of reactivation of porcine endogenous retroviruses (298) or cytomegalovirus (7) within the xenograft must be addressed (3).

Special attention should be given to the availability and production of necessary therapeutic cells. As for autologous therapy, not all patients are able to donate a sufficient volume of blood to obtain the necessary cells, or intrinsic Treg dysfunction may be present in some patients. The preparation of products ready for an off-the-shelf approach must use a GMP protocol. These protocols should provide solutions to address the timeframe (several weeks in culture) needed to obtain a sufficient number of cells, as well as ensure the purity and sterility necessary for clinical administration, and reduce the high cost of production driven by the need for specific facilities and skilled personnel (173).





4 Discussion

Specific and dynamic therapy using the appropriate RC subpopulations is hypothetically an effective approach to maintain graft tolerance. Continuous antigenic stimulation generated by the graft, in an inflammatory background, induces continuous amplification of local reactive effector immune mechanisms. Rejection is hypothesized to occur when these harmful immune effector mechanisms outweigh the immunosuppressive effects of existing RC (Figure 1). Consequently, detecting such a disequilibrium through a set of specific biomarkers should trigger a timely intervention with the corresponding RC subpopulation to prevent the chain of immune reactions from progressing toward graft destruction (Table 1). This viewpoint highlights the possibility that continuous posttreatment monitoring, in addition to assessing the effects of the initial intervention, may detect new, specific disequilibria in the patient over time. This may require a new specific intervention with the same or another RC subpopulation or other corresponding approaches. The repetition of this pattern, as necessary, may ensure tolerance maintenance based on precision therapy.

The hypothesis that enhancement of existing local immunosuppressive mechanisms, when needed to overcome the immune effector mechanisms of rejection by ACT using RC therapy, may help maintain graft tolerance (Figure 1) is supported by theoretical considerations, existing experimental results, and ongoing clinical trials.

ACT using specific RC subpopulations therapy has multiple advantages. It targets specific immune effector mechanisms, in contrast to IS, which nonspecifically dampens the entire immune response. By amplifying existing immune suppressive mechanisms, RC therapy has the potential to be safe and effective within defined parameters, as demonstrated by current evidence. The considerable number of RC subpopulations enables targeted interventions at each stage of rejection, tailored to individual needs. The low immunogenicity of several RC subpopulations makes them suitable for application to many recipients and is ready for an off-the-shelf approach.

RC therapy by ACT is continuously improving. Early attempts using polyclonal RC populations, which had the potential to induce larger-than-intended suppressive effects, have been replaced with the use of antigen-specific populations instructed in vitro. The advent of CAR technology has further increased the specificity and efficacy of RC therapy. The initial use of viral vectors to improve RC qualities had the potential of oncogenesis due to the possible random insertion of added genetic material near oncogenes, and has since been replaced with the introduction of CRISPR/Cas9 technologies. The potential apparition of unforeseen effects can be avoided by the insertion of a suicide cassette that can be activated as needed. Using more than one modification provides focused approaches to further improve RC qualities. However, these challenging refinements imply higher costs, specialized personnel, and expensive equipment, although continuous improvements are being made. The main challenge before any clinical application is to validate the safety of RC therapy.

There are other challenges related to standardization and quality control in cell production, such as cell source (which can potentially be mitigated with the use of stem cells), variability (which can potentially be mitigated with the use of cell lines), and ensuring sterility. There is a need for uniform good laboratory practice (GLP) protocols along with clarifications of ethical and regulatory issues (299).

Ideally, an effective RC treatment should maintain functional tolerance by transferring a reduced number of cells with improved qualities, predictable, specific, and long-lasting effects, as well as be cheap and easy to manufacture following GLP protocols. Existing RC therapies have proved helpful in increasing graft tolerance in different transplant settings.

RC therapy will continue to move forward for the induction of functional tolerance with an improved understanding of the different steps of graft immune effector rejection mechanisms (300), detailed characterization of the existing RC populations’ specific roles in suppression, as well as discovery of new RC subpopulations (69) and new specific biomarkers. This knowledge will allow targeted interventions for specific situations as an effective and personalized strategy. As the borders between the rejection steps (Table 1) are not well defined, the first challenge for RC cellular therapy to induce tolerance consists of accurate identification of the critical disequilibrium that needs correction. This challenge could be solved by the discovery of new biomarkers. Specific molecules such as cytokines, glycoproteins (44), one or more donor-derived cell-free DNAs (301), or miRNAs (302) are the best candidates to build a battery of multianalyte biomarkers. Further research is needed to analyze which combinations of signals need to be monitored to better characterize a specific immune effector mechanism (69). The combinatorial multibiomarker approach offers higher sensitivity than each component alone, ensuring the highest area under the curve (303) for the detection of a specific endpoint important for tolerance treatment. The next challenge is to choose the appropriate RC subpopulation or product for ACT, based on its specific mechanism of action. Continuous monitoring of serum levels (liquid biopsies) may indicate when and what interventions are required, based on individual threshold values. Consequently, maintenance of functional tolerance is a dynamic process that involves suppression of various immune effector mechanisms at different steps of rejection and may require multiple interventions. These could include using various cell subpopulations or their off-the-shelf products as indicated by specific biomarkers. The enhancement of immunosuppressive effects of a specific RC subpopulation can be achieved by increasing cell numbers via ACT, as well as by improving their qualities via CAR technology. Considering their mechanisms of action, combined therapy with two or more RC populations when needed, may represent a promising strategy to maintain tolerance. For example, synergistic effects were reported when MSC were used in conjunction with Treg (120). Although RC therapy has the potential to be successful as monotherapy, it may be combined with other existing complementary approaches (anticoagulants, anti-inflammatory, chemical immunosuppression) when appropriate.

Although ACT with RC therapy was successfully evaluated in different clinical transplant settings and offers the possibility for individual therapy with obvious advantages, it is currently not used to induce tolerance to xenotransplanted pig hearts in humans. Additionally, this approach has not yet been assessed in NHP models. This current gap is surprising and will, hopefully, be addressed soon. After overcoming the existing challenges, its large use may become routine to attain tolerance without the need for chronic IS.

Determination of which cell subpopulation should be used for therapy requires a granular understanding of the immune mechanisms (304) at the local heart graft microenvironment. For this, a systemic approach may be necessary to complete an interactive dynamic immune network. This should include interactions at the cellular (immune, stromal, endothelial), humoral (cytokines, antibody), and molecular (metabolic, gene regulatory, protein–protein interaction, signaling) levels, integrated into multiple hierarchical mechanisms. This will hypothetically improve the statistical significance of predictions about the impact of each cellular intervention on graft tolerance induction. Additionally, assessment of combined responses to multiple factors, rather than one stimulus one response approach, will determine the best cellular intervention(s) for maintaining immune graft tolerance. This complexity, in addition to the simultaneous existence of a myriad of intracellular molecular reactions that have been revealed by exhaustive “omics” techniques at the single-cell level (305), suggests the use of artificial intelligence to enhance diagnosis and prognosis of rejection (306) or the development of effective management strategies toward tolerance.

In conclusion, the importance and urgent need to use pig hearts to save human life requires innovative solutions to address chronic xenograft rejection. Specific enhancement of the immunosuppressive mechanisms at the graft level holds the promise of suppressing local immune effector rejection mechanisms without the nonspecific effects of chronic IS treatments. Based on mechanisms of action and advantages, RC therapy is proposed to be one of the best approaches to maintain pig heart xenograft tolerance in humans. More research is required to solve current challenges before their application. Recommended by multianalyte biomarkers, the use of ACT therapy with a specific RC population or off-the-shelf RC product (alone or in combination, once or repeated) has the potential to become a routine personalized treatment to achieve tolerance to xenotransplanted pig heart in the clinical settings. In the future, exosomes or only RC-derived active molecules (or their antagonists) may supplement or replace whole-cell RC therapy.





Author contributions

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





Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.




Acknowledgments

The manuscript was corrected for US English conventions by Editage (http://www.editage.com).





Conflict of interest

The author declares 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.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





References

	 Singh AK, Griffith BP, Goerlich CE, Ayares D, Mohiuddin MM. The road to the first FDA-approved genetically engineered pig heart transplantation into human. Xenotransplantation. (2022) 29:e12776. doi: 10.1111/xen.12776, PMID: 36125166


	 Vadori M, Cozzi E. Current challenges in xenotransplantation. Curr Opin Organ Transplant. (2024) 29:205–11. doi: 10.1097/MOT.0000000000001146, PMID: 38529696


	 Reichart B, Cooper DKC, Langin M, Tonjes RR, Pierson RN, Wolf E. Cardiac xenotransplantation: from concept to clinic. Cardiovasc Res. (2023) 118:3499–516. doi: 10.1093/cvr/cvac180, PMID: 36461918


	 Cooper DKC, Pierson RN 3rd. Milestones on the path to clinical pig organ xenotransplantation. Am J Transplant. (2023) 23:326–35. doi: 10.1016/j.ajt.2022.12.023, PMID: 36775767


	 Mohiuddin MM, Goerlich CE, Singh AK, Zhang T, Tatarov I, Lewis B, et al. Progressive genetic modifications of porcine cardiac xenografts extend survival to 9 months. Xenotransplantation. (2022) 29:e12744. doi: 10.1111/xen.12744, PMID: 35357044


	 Griffith BP, Goerlich CE, Singh AK, Rothblatt M, Lau CL, Shah A, et al. Genetically modified porcine-to-human cardiac xenotransplantation. N Engl J Med. (2022) 387:35–44. doi: 10.1056/NEJMoa2201422, PMID: 35731912


	 Mohiuddin MM, Singh AK, Scobie L, Goerlich CE, Grazioli A, Saharia K, et al. Graft dysfunction in compassionate use of genetically engineered pig-to-human cardiac xenotransplantation: a case report. Lancet. (2023) 402:397–410. doi: 10.1016/S0140-6736(23)00775-4, PMID: 37393920


	 Moazami N, Stern JM, Khalil K, Kim JI, Narula N, Mangiola M, et al. Pig-to-human heart xenotransplantation in two recently deceased human recipients. Nat Med. (2023) 29:1989–97. doi: 10.1038/s41591-023-02471-9, PMID: 37488288


	 Singh AK, Goerlich CE, Zhang T, Lewis B, Hershfeld A, Braileanu G, et al. Genetically engineered pig heart transplantation in non-human primates. Commun Med (Lond). (2025) 5:6. doi: 10.1038/s43856-025-00731-y, PMID: 39774817


	 Pierson RN 3rd. Progress toward pig-to-human xenotransplantation. N Engl J Med. (2022) 386:1871–3. doi: 10.1056/NEJMp2118019, PMID: 35584155


	 Tonshoff B. Immunosuppressants in organ transplantation. Handb Exp Pharmacol. (2020) 261:441–69. doi: 10.1007/164_2019_331, PMID: 31820175


	 Aluvihare VR, Kallikourdis M, Betz AG. Tolerance, suppression and the fetal allograft. J Mol Med (Berl). (2005) 83:88–96. doi: 10.1007/s00109-004-0608-2, PMID: 15605274


	 Hodges CV, Pickering DE, Murray JE, Goodwin WE. Kidney transplant between identical twins. J Urol. (1963) 89:115–21. doi: 10.1016/S0022-5347(17)64510-5, PMID: 13963776


	 Du X, Chang S, Guo W, Zhang S, Chen ZK. Progress in liver transplant tolerance and tolerance-inducing cellular therapies. Front Immunol. (2020) 11:1326. doi: 10.3389/fimmu.2020.01326, PMID: 32670292


	 Figueiredo C, Chen-Wacker C, Salman J, Carvalho-Oliveira M, Monthe TS, Hoffler K, et al. Knockdown of swine leukocyte antigen expression in porcine lung transplants enables graft survival without immunosuppression. Sci Transl Med. (2024) 16:eadi9548. doi: 10.1126/scitranslmed.adi9548, PMID: 39018368


	 English K, Wood KJ. Mesenchymal stromal cells in transplantation rejection and tolerance. Cold Spring Harb Perspect Med. (2013) 3:a015560. doi: 10.1101/cshperspect.a015560, PMID: 23637312


	 Cao P, Sun Z, Feng C, Zhang J, Zhang F, Wang W, et al. Myeloid-derived suppressor cells in transplantation tolerance induction. Int Immunopharmacol. (2020) 83:106421. doi: 10.1016/j.intimp.2020.106421, PMID: 32217462


	 Ott LC, Cuenca AG. Innate immune cellular therapeutics in transplantation. Front Transplant. (2023) 2. doi: 10.3389/frtra.2023.1067512, PMID: 37994308


	 Sakaguchi S, Mikami N, Wing JB, Tanaka A, Ichiyama K, Ohkura N. Regulatory T cells and human disease. Annu Rev Immunol. (2020) 38:541–66. doi: 10.1146/annurev-immunol-042718-041717, PMID: 32017635


	 Luo S, Larson JH, Blazar BR, Abdi R, Bromberg JS. Foxp3(+)CD8(+) regulatory T cells: bona fide Tregs with cytotoxic function. Trends Immunol. (2025) 46:324–37. doi: 10.1016/j.it.2025.02.010, PMID: 40113537


	 Sicard A, Koenig A, Morelon E, DeFrance T, Thaunat O. Cell therapy to induce allograft tolerance: time to switch to plan B? Front Immunol. (2015) 6:149. doi: 10.3389/fimmu.2015.00149, PMID: 25904913


	 Sawitzki B, Harden PN, Reinke P, Moreau A, Hutchinson JA, Game DS, et al. Regulatory cell therapy in kidney transplantation (The ONE Study): a harmonised design and analysis of seven non-randomised, single-arm, phase 1/2A trials. Lancet. (2020) 395:1627–39. doi: 10.1016/S0140-6736(20)30167-7, PMID: 32446407


	 Brook MO, Hester J, Petchey W, Rombach I, Dutton S, Bottomley MJ, et al. Transplantation Without Overimmunosuppression (TWO) study protocol: a phase 2b randomised controlled single-centre trial of regulatory T cell therapy to facilitate immunosuppression reduction in living donor kidney transplant recipients. BMJ Open. (2022) 12:e061864. doi: 10.1136/bmjopen-2022-061864, PMID: 35428650


	 Park MY, Krishna Vasamsetti BM, Kim WS, Kang HJ, Kim DY, Lim B, et al. Comprehensive analysis of cardiac xeno-graft unveils rejection mechanisms. Int J Mol Sci. (2021) 22(2):751. doi: 10.3390/ijms22020751, PMID: 33451076


	 Ko J, Lee G, Kim HW, Kang M, Kim HJ, Park CG. Current status of xenotransplantation from an immunobiological standpoint. Clin Transplant Res. (2025) 39:97–115. doi: 10.4285/ctr.24.0065, PMID: 40103389


	 Dwyer GK, Turnquist HR. Untangling local pro-inflammatory, reparative, and regulatory damage-associated molecular-patterns (DAMPs) pathways to improve transplant outcomes. Front Immunol. (2021) 12:611910. doi: 10.3389/fimmu.2021.611910, PMID: 33708206


	 Mossanen JC, Jansen TU, Pracht J, Liepelt A, Buendgens L, Stoppe C, et al. Elevated circulating CD14(++)CD16(+) intermediate monocytes are independently associated with extracardiac complications after cardiac surgery. Sci Rep. (2020) 10:947. doi: 10.1038/s41598-020-57700-9, PMID: 31969629


	 Ochando J, Fayad ZA, Madsen JC, Netea MG, Mulder WJM. Trained immunity in organ transplantation. Am J Transplant. (2020) 20:10–8. doi: 10.1111/ajt.15620, PMID: 31561273


	 He H, Stone JR, Perkins DL. Analysis of robust innate immune response after transplantation in the absence of adaptive immunity. Transplantation. (2002) 73:853–61. doi: 10.1097/00007890-200203270-00005, PMID: 11923683


	 Ezzelarab MB, Cooper DKC. Systemic inflammation in xenograft recipients (SIXR): A new paradigm in pig-to-primate xenotransplantation? Int J Surg. (2015) 23:301–5. doi: 10.1016/j.ijsu.2015.07.643, PMID: 26209584


	 Boardman DA, Jacob J, Smyth LA, Lombardi G, Lechler RI. What is direct allorecognition? Curr Transplant Rep. (2016) 3:275–83. doi: 10.1007/s40472-016-0115-8, PMID: 27909647


	 Gokmen MR, Lombardi G, Lechler RI. The importance of the indirect pathway of allorecognition in clinical transplantation. Curr Opin Immunol. (2008) 20:568–74. doi: 10.1016/j.coi.2008.06.009, PMID: 18655831


	 Alzhrani A, Bottomley M, Wood K, Hester J, Issa F. Identification, selection, and expansion of non-gene modified alloantigen-reactive Tregs for clinical therapeutic use. Cell Immunol. (2020) 357:104214. doi: 10.1016/j.cellimm.2020.104214, PMID: 32977154


	 Herrera OB, Golshayan D, Tibbott R, Salcido Ochoa F, James MJ, Marelli-Berg FM, et al. A novel pathway of alloantigen presentation by dendritic cells. J Immunol. (2004) 173:4828–37. doi: 10.4049/jimmunol.173.8.4828, PMID: 15470023


	 Raynor JL, Chi H. Nutrients: Signal 4 in T cell immunity. J Exp Med. (2024) 221(3):e20221839. doi: 10.1084/jem.20221839, PMID: 38411744


	 Cai Y, Zhou Y, Li Z, Xia P, ChenFu X, Shi A, et al. Non-coding RNAs in necroptosis, pyroptosis, and ferroptosis in cardiovascular diseases. Front Cardiovasc Med. (2022) 9:909716. doi: 10.3389/fcvm.2022.909716, PMID: 35990979


	 Habibabady Z, McGrath G, Kinoshita K, Maenaka A, Ikechukwu I, Elias GF, et al. Antibody-mediated rejection in xenotransplantation: Can it be prevented or reversed? Xenotransplantation. (2023) 30:e12816. doi: 10.1111/xen.12816, PMID: 37548030


	 Hall BM. CD4+CD25+ T regulatory cells in transplantation tolerance: 25 years on. Transplantation. (2016) 100:2533–47. doi: 10.1097/TP.0000000000001436, PMID: 27861285


	 Muller YD, Golshayan D, Ehirchiou D, Wekerle T, Seebach JD, Buhler LH. T regulatory cells in xenotransplantation. Xenotransplantation. (2009) 16:121–8. doi: 10.1111/j.1399-3089.2009.00531.x, PMID: 19566651


	 Ghoneim MA, Gabr MM, El-Halawani SM, Refaie AF. Current status of stem cell therapy for type 1 diabetes: a critique and a prospective consideration. Stem Cell Res Ther. (2024) 15:23. doi: 10.1186/s13287-024-03636-0, PMID: 38281991


	 Raeber ME, Caspar DP, Zurbuchen Y, Guo N, Schmid J, Michler J, et al. Interleukin-2 immunotherapy reveals human regulatory T cell subsets with distinct functional and tissue-homing characteristics. Immunity. (2024) 57:2232–50.e10. doi: 10.1016/j.immuni.2024.07.016, PMID: 39137779


	 Novak J, Machackova T, Krejci J, Bienertova-Vasku J, Slaby O. MicroRNAs as theranostic markers in cardiac allograft transplantation: from murine models to clinical practice. Theranostics. (2021) 11:6058–73. doi: 10.7150/thno.56327, PMID: 33897899


	 Ho PTB, Clark IM, Le LTT. MicroRNA-based diagnosis and therapy. Int J Mol Sci. (2022) 23(13):7167. doi: 10.3390/ijms23137167, PMID: 35806173


	 He K, Baniasad M, Kwon H, Caval T, Xu G, Lebrilla C, et al. Decoding the glycoproteome: a new frontier for biomarker discovery in cancer. J Hematol Oncol. (2024) 17:12. doi: 10.1186/s13045-024-01532-x, PMID: 38515194


	 Bernaldo-de-Quiros E, Lopez-Abente J, Camino M, Gil N, Panadero E, Lopez-Esteban R, et al. The presence of a marked imbalance between regulatory T cells and effector T cells reveals that tolerance mechanisms could be compromised in heart transplant children. Transplant Direct. (2021) 7:e693. doi: 10.1097/TXD.0000000000001152, PMID: 33928185


	 Sumida TS, Cheru NT, Hafler DA. The regulation and differentiation of regulatory T cells and their dysfunction in autoimmune diseases. Nat Rev Immunol. (2024) 24(7):503–517. doi: 10.1038/s41577-024-00994-x, PMID: 38374298


	 Bergantini L, d’Alessandro M, De Vita E, Perillo F, Fossi A, Luzzi L, et al. Regulatory and effector cell disequilibrium in patients with acute cellular rejection and chronic lung allograft dysfunction after lung transplantation: comparison of peripheral and alveolar distribution. Cells. (2021) 10(4):780. doi: 10.3390/cells10040780, PMID: 33916034


	 Burton OT, Bricard O, Tareen S, Gergelits V, Andrews S, Biggins L, et al. The tissue-resident regulatory T cell pool is shaped by transient multi-tissue migration and a conserved residency program. Immunity. (2024) 57(7):1586–1602.e10. doi: 10.1101/2023.08.14.553196, PMID: 38897202


	 Lu J, Li P, Du X, Liu Y, Zhang B, Qi F. Regulatory T cells induce transplant immune tolerance. Transpl Immunol. (2021) 67:101411. doi: 10.1016/j.trim.2021.101411, PMID: 34020045


	 Corker A, Neff LS, Broughton P, Bradshaw AD, DeLeon-Pennell KY. Organized chaos: deciphering immune cell heterogeneity’s role in inflammation in the heart. Biomolecules. (2021) 12(1):11. doi: 10.3390/biom12010011, PMID: 35053159


	 Zhang N, Schroppel B, Lal G, Jakubzick C, Mao X, Chen D, et al. Regulatory T cells sequentially migrate from inflamed tissues to draining lymph nodes to suppress the alloimmune response. Immunity. (2009) 30:458–69. doi: 10.1016/j.immuni.2008.12.022, PMID: 19303390


	 Ochando JC, Yopp AC, Yang Y, Garin A, Li Y, Boros P, et al. Lymph node occupancy is required for the peripheral development of alloantigen-specific Foxp3+ regulatory T cells. J Immunol. (2005) 174:6993–7005. doi: 10.4049/jimmunol.174.11.6993, PMID: 15905542


	 Strassheim D, Dempsey EC, Gerasimovskaya E, Stenmark K, Karoor V. Role of inflammatory cell subtypes in heart failure. J Immunol Res. (2019) 2019:2164017. doi: 10.1155/2019/2164017, PMID: 31565659


	 Tirziu D, Giordano FJ, Simons M. Cell communications in the heart. Circulation. (2010) 122:928–37. doi: 10.1161/CIRCULATIONAHA.108.847731, PMID: 20805439


	 Lim GB. Complexity and plasticity of cardiac cellular composition. Nat Rev Cardiol. (2020) 17:759. doi: 10.1038/s41569-020-00464-6, PMID: 33024278


	 Litvinukova M, Talavera-Lopez C, Maatz H, Reichart D, Worth CL, Lindberg EL, et al. Cells of the adult human heart. Nature. (2020) 588:466–72. doi: 10.1038/s41586-020-2797-4, PMID: 32971526


	 Ramos GC, van den Berg A, Nunes-Silva V, Weirather J, Peters L, Burkard M, et al. Myocardial aging as a T-cell-mediated phenomenon. Proc Natl Acad Sci U S A. (2017) 114:E2420–E9. doi: 10.1073/pnas.1621047114, PMID: 28255084


	 Swirski FK, Nahrendorf M. Cardioimmunology: the immune system in cardiac homeostasis and disease. Nat Rev Immunol. (2018) 18:733–44. doi: 10.1038/s41577-018-0065-8, PMID: 30228378


	 Zacchigna S, Martinelli V, Moimas S, Colliva A, Anzini M, Nordio A, et al. Paracrine effect of regulatory T cells promotes cardiomyocyte proliferation during pregnancy and after myocardial infarction. Nat Commun. (2018) 9:2432. doi: 10.1038/s41467-018-04908-z, PMID: 29946151


	 Braileanu G, Azimzadeh A, Zhang T, Burdorf L, Pierson RN III. Leukocyte dynamics in Cynomolgus monkeys following heterotopic heart allitransplantation under costimulation pathway blockade. Front Immunol. (2025) 16. doi: 10.3389/fimmu.2025.1664463, PMID: 41142830


	 Fletcher AL, Baker AT, Lukacs-Kornek V, Knoblich K. The fibroblastic T cell niche in lymphoid tissues. Curr Opin Immunol. (2020) 64:110–6. doi: 10.1016/j.coi.2020.04.007, PMID: 32497868


	 Mendez-, Bonnet D, Steensma DP, Hasserjian RP, Ghobrial IM, Gribben JG, et al. Bone marrow niches in haematological Malignancies. Nat Rev Cancer. (2020) 20:285–98. doi: 10.1038/s41568-020-0245-2, PMID: 32112045


	 Mason GM, Lowe K, Melchiotti R, Ellis R, de Rinaldis E, Peakman M, et al. Phenotypic complexity of the human regulatory T cell compartment revealed by mass cytometry. J Immunol. (2015) 195:2030–7. doi: 10.4049/jimmunol.1500703, PMID: 26223658


	 Atif M, Conti F, Gorochov G, Oo YH, Miyara M. Regulatory T cells in solid organ transplantation. Clin Transl Immunol. (2020) 9:e01099. doi: 10.1002/cti2.1099, PMID: 32104579


	 Goldstein DR. Inflammation and transplantation tolerance. Semin Immunopathol. (2011) 33:111–5. doi: 10.1007/s00281-011-0251-2, PMID: 21331502


	 Ezzelarab M, Ekser B, Azimzadeh A, Lin CC, Zhao Y, Rodriguez R, et al. Systemic inflammation in xenofraft recipients precedes activation of coagulation. Xenotransplantation. (2015) 22:32–47. doi: 10.1111/xen.12133, PMID: 25209710


	 Frangogiannis NG. The inflammatory response in myocardial injury, repair, and remodelling. Nat Rev Cardiol. (2014) 11:255–65. doi: 10.1038/nrcardio.2014.28, PMID: 24663091


	 Dobaczewski M, Xia Y, Bujak M, Gonzalez-Quesada C, Frangogiannis NG. CCR5 signaling suppresses inflammation and reduces adverse remodeling of the infarcted heart, mediating recruitment of regulatory T cells. Am J Pathol. (2010) 176:2177–87. doi: 10.2353/ajpath.2010.090759, PMID: 20382703


	 Dikiy S, Rudensky AY. Principles of regulatory T cell function. Immunity. (2023) 56:240–55. doi: 10.1016/j.immuni.2023.01.004, PMID: 36792571


	 Strukova S. Blood coagulation-dependent inflammation. Coagulation-dependent inflammation and inflammation-dependent thrombosis. Front Biosci. (2006) 11:59–80. doi: 10.2741/1780, PMID: 16146714


	 Wadiwala IJ, Garg P, Yazji JH, Alamouti-Fard E, Alomari M, Hussain MWA, et al. Evolution of xenotransplantation as an alternative to shortage of donors in heart transplantation. Cureus. (2022) 14:e26284. doi: 10.7759/cureus.26284, PMID: 35754438


	 Anand RP, Layer JV, Heja D, Hirose T, Lassiter G, Firl DJ, et al. Design and testing of a humanized porcine donor for xenotransplantation. Nature. (2023) 622:393–401. doi: 10.1038/s41586-023-06594-4, PMID: 37821590


	 Nishizuka Y, Sakakura T. Thymus and reproduction: sex-linked dysgenesia of the gonad after neonatal thymectomy in mice. Science. (1969) 166:753–5. doi: 10.1126/science.166.3906.753, PMID: 5823314


	 Sakaguchi S, Wing K, Miyara M. Regulatory T cells - a brief history and perspective. Eur J Immunol. (2007) 37 Suppl 1:S116–23. doi: 10.1002/eji.200737593, PMID: 17972355


	 Hou A, Hou K, Huang Q, Lei Y, Chen W. Targeting myeloid-derived suppressor cell, a promising strategy to overcome resistance to immune checkpoint inhibitors. Front Immunol. (2020) 11:783. doi: 10.3389/fimmu.2020.00783, PMID: 32508809


	 Casiraghi F, Perico N, Remuzzi G. Mesenchymal stromal cells for tolerance induction in organ transplantation. Hum Immunol. (2018) 79:304–13. doi: 10.1016/j.humimm.2017.12.008, PMID: 29288697


	 Czech M, Schneider S, Peltokangas N, El Khawanky N, Ghimire S, Andrieux G, et al. Lipocalin-2 expression identifies an intestinal regulatory neutrophil population during acute graft-versus-host disease. Sci Transl Med. (2024) 16:eadi1501. doi: 10.1126/scitranslmed.adi1501, PMID: 38381845


	 Winkel BMF, Pelgrom LR, van Schuijlenburg R, Baalbergen E, Ganesh MS, Gerritsma H, et al. Plasmodium sporozoites induce regulatory macrophages. PLoS Pathog. (2020) 16:e1008799. doi: 10.1371/journal.ppat.1008799, PMID: 32898164


	 Ochando J, Ordikhani F, Jordan S, Boros P, Thomson AW. Tolerogenic dendritic cells in organ transplantation. Transpl Int. (2020) 33:113–27. doi: 10.1111/tri.13504, PMID: 31472079


	 Lauener MP, Tanaka E, Mei A, Abdossamadi S, Ostroumov E, Geltink RIK, et al. Expansion and characterization of immune suppressive CD56(bright)Perforin(-) regulatory-like natural killer cells in chronic graft-versus-host disease. Cytotherapy. (2024) 26:1472–83. doi: 10.1016/j.jcyt.2024.07.013, PMID: 39127925


	 Wang YM, Alexander SI. CD8 regulatory T cells: what’s old is now new. Immunol Cell Biol. (2009) 87:192–3. doi: 10.1038/icb.2009.8, PMID: 19238166


	 Flippe L, Bezie S, Anegon I, Guillonneau C. Future prospects for CD8(+) regulatory T cells in immune tolerance. Immunol Rev. (2019) 292:209–24. doi: 10.1111/imr.12812, PMID: 31593314


	 Choi YJ, Park HJ, Park HJ, Jung KC, Lee JI. CD4(hi)CD8(low) double-positive T cells are associated with graft rejection in a nonhuman primate model of islet transplantation. J Immunol Res. (2018) 2018:3861079. doi: 10.1155/2018/3861079, PMID: 30116750


	 Young KJ, DuTemple B, Zhang Z, Levy G, Zhang L. CD4(-)CD8(-) regulatory T cells implicated in preventing graft-versus-host and promoting graft-versus-leukemia responses. Transplant Proc. (2001) 33:1762–3. doi: 10.1016/S0041-1345(00)02670-1, PMID: 11267502


	 Bafor EE, Valencia JC, Young HA. Double negative T regulatory cells: an emerging paradigm shift in reproductive immune tolerance? Front Immunol. (2022) 13:886645. doi: 10.3389/fimmu.2022.886645, PMID: 35844500


	 Ligocki AJ, Niederkorn JY. Advances on non-CD4 + Foxp3+ T regulatory cells: CD8+, type 1, and double negative T regulatory cells in organ transplantation. Transplantation. (2015) 99:1553–9. doi: 10.1097/TP.0000000000000813, PMID: 26193065


	 Zhang C, Zhang J, Tian Z. The regulatory effect of natural killer cells: do “NK-reg cells” exist? Cell Mol Immunol. (2006) 3:241–54., PMID: 16978532


	 Song Y, Wang N, Chen L, Fang L. Tr1 cells as a key regulator for maintaining immune homeostasis in transplantation. Front Immunol. (2021) 12:671579. doi: 10.3389/fimmu.2021.671579, PMID: 33981317


	 Weiner HL. Oral tolerance: immune mechanisms and the generation of Th3-type TGF-beta-secreting regulatory cells. Microbes Infect. (2001) 3:947–54. doi: 10.1016/S1286-4579(01)01456-3, PMID: 11564443


	 Chen X, Liu Q, Xiang AP. CD8+CD28- T cells: not only age-related cells but a subset of regulatory T cells. Cell Mol Immunol. (2018) 15:734–6. doi: 10.1038/cmi.2017.153, PMID: 29375130


	 Wang L, Fu Y, Chu Y. Regulatory B cells. Adv Exp Med Biol. (2020) 1254:87–103. doi: 10.1007/978-981-15-3532-1


	 Cherukuri A, Mohib K, Rothstein DM. Regulatory B cells: TIM-1, transplant tolerance, and rejection. Immunol Rev. (2021) 299:31–44. doi: 10.1111/imr.12933, PMID: 33484008


	 Liao J, Yang Y, Li J, Liu Z, Song S, Zeng Y, et al. Regulatory B cells, the key regulator to induce immune tolerance in organ transplantation. Front Immunol. (2025) 16:1561171. doi: 10.3389/fimmu.2025.1561171, PMID: 40264774


	 Giganti G, Atif M, Mohseni Y, Mastronicola D, Grageda N, Povoleri GA, et al. Treg cell therapy: How cell heterogeneity can make the difference. Eur J Immunol. (2021) 51:39–55. doi: 10.1002/eji.201948131, PMID: 33275279


	 Paul S, Lal G. Regulatory and effector functions of gamma-delta (gammadelta) T cells and their therapeutic potential in adoptive cellular therapy for cancer. Int J Cancer. (2016) 139:976–85. doi: 10.1002/ijc.30109, PMID: 27012367


	 Cieslak SG, Shahbazi R. Gamma delta T cells and their immunotherapeutic potential in cancer. biomark Res. (2025) 13:51. doi: 10.1186/s40364-025-00762-6, PMID: 40148988


	 Peters C, Kabelitz D, Wesch D. Regulatory functions of gammadelta T cells. Cell Mol Life Sci. (2018) 75:2125–35. doi: 10.1007/s00018-018-2788-x, PMID: 29520421


	 Grossman WJ, Verbsky JW, Barchet W, Colonna M, Atkinson JP, Ley TJ. Human T regulatory cells can use the perforin pathway to cause autologous target cell death. Immunity. (2004) 21:589–601. doi: 10.1016/j.immuni.2004.09.002, PMID: 15485635


	 Li GG, Cao YH, Run Y, Xu RX, Zheng ZD. Inhibition of CD8(+) T cells and elimination of myeloid cells by CD4(+) Foxp3(-) T regulatory type 1 cells in acute respiratory distress syndrome. Clin Exp Pharmacol Physiol. (2016) 43:1191–8. doi: 10.1111/1440-1681.12656, PMID: 27558304


	 Catalan D, Mansilla MA, Ferrier A, Soto L, Oleinika K, Aguillon JC, et al. Immunosuppressive mechanisms of regulatory B cells. Front Immunol. (2021) 12:611795. doi: 10.3389/fimmu.2021.611795, PMID: 33995344


	 Wu Q, Xie S, Zhu Y, Chen J, Tian J, Xiong S, et al. Wogonin strengthens the therapeutic effects of mesenchymal stem cells in DSS-induced colitis via promoting IL-10 production. Oxid Med Cell Longev. (2021) 2021:5527935. doi: 10.1155/2021/5527935, PMID: 34239686


	 Raffin C, Vo LT, Bluestone JA. T(reg) cell-based therapies: challenges and perspectives. Nat Rev Immunol. (2020) 20:158–72. doi: 10.1038/s41577-019-0232-6, PMID: 31811270


	 Peng Y, Chen X, Liu Q, Zhang X, Huang K, Liu L, et al. Mesenchymal stromal cells infusions improve refractory chronic graft versus host disease through an increase of CD5+ regulatory B cells producing interleukin 10. Leukemia. (2015) 29:636–46. doi: 10.1038/leu.2014.225, PMID: 25034146


	 Azizi E, Carr AJ, Plitas G, Cornish AE, Konopacki C, Prabhakaran S, et al. Single-cell map of diverse immune phenotypes in the breast tumor microenvironment. Cell. (2018) 174:1293–308.e36. doi: 10.1016/j.cell.2018.05.060, PMID: 29961579


	 Friedenstein AJ, Gorskaja JF, Kulagina NN. Fibroblast precursors in normal and irradiated mouse hematopoietic organs. Exp Hematol. (1976) 4:267–74., PMID: 976387


	 Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et al. Multilineage potential of adult human mesenchymal stem cells. Science. (1999) 284:143–7. doi: 10.1126/science.284.5411.143, PMID: 10102814


	 Hematti P. Role of mesenchymal stromal cells in solid organ transplantation. Transplant Rev (Orlando). (2008) 22:262–73. doi: 10.1016/j.trre.2008.05.002, PMID: 18656340


	 Waterman RS, Tomchuck SL, Henkle SL, Betancourt AM. A new mesenchymal stem cell (MSC) paradigm: polarization into a pro-inflammatory MSC1 or an Immunosuppressive MSC2 phenotype. PLoS One. (2010) 5:e10088. doi: 10.1371/journal.pone.0010088, PMID: 20436665


	 Jiang W, Xu J. Immune modulation by mesenchymal stem cells. Cell Prolif. (2020) 53:e12712. doi: 10.1111/cpr.12712, PMID: 31730279


	 Aggarwal S, Pittenger MF. Human mesenchymal stem cells modulate allogeneic immune cell responses. Blood. (2005) 105:1815–22. doi: 10.1182/blood-2004-04-1559, PMID: 15494428


	 Chen Z, Xia X, Yao M, Yang Y, Ao X, Zhang Z, et al. The dual role of mesenchymal stem cells in apoptosis regulation. Cell Death Dis. (2024) 15:250. doi: 10.1038/s41419-024-06620-x, PMID: 38582754


	 Gore AV, Bible LE, Song K, Livingston DH, Mohr AM, Sifri ZC. Mesenchymal stem cells increase T-regulatory cells and improve healing following trauma and hemorrhagic shock. J Trauma Acute Care Surg. (2015) 79:48–52. doi: 10.1097/TA.0000000000000681, PMID: 26091313


	 Kavanagh H, Mahon BP. Allogeneic mesenchymal stem cells prevent allergic airway inflammation by inducing murine regulatory T cells. Allergy. (2011) 66:523–31. doi: 10.1111/j.1398-9995.2010.02509.x, PMID: 21091718


	 Kaundal U, Bagai U, Rakha A. Immunomodulatory plasticity of mesenchymal stem cells: a potential key to successful solid organ transplantation. J Transl Med. (2018) 16:31. doi: 10.1186/s12967-018-1403-0, PMID: 29448956


	 Ma J, Chen L, Zhu X, Li Q, Hu L, Li H. Mesenchymal stem cell-derived exosomal miR-21a-5p promotes M2 macrophage polarization and reduces macrophage infiltration to attenuate atherosclerosis. Acta Biochim Biophys Sin (Shanghai). (2021) 53:1227–36. doi: 10.1093/abbs/gmab102, PMID: 34350954


	 Casiraghi F, Azzollini N, Cassis P, Imberti B, Morigi M, Cugini D, et al. Pretransplant infusion of mesenchymal stem cells prolongs the survival of a semiallogeneic heart transplant through the generation of regulatory T cells. J Immunol. (2008) 181:3933–46. doi: 10.4049/jimmunol.181.6.3933, PMID: 18768848


	 Almeida-Porada G, Atala AJ, Porada CD. Therapeutic mesenchymal stromal cells for immunotherapy and for gene and drug delivery. Mol Ther Methods Clin Dev. (2020) 16:204–24. doi: 10.1016/j.omtm.2020.01.005, PMID: 32071924


	 Luz-Crawford P, Kurte M, Bravo-Alegria J, Contreras R, Nova-Lamperti E, Tejedor G, et al. Mesenchymal stem cells generate a CD4+CD25+Foxp3+ regulatory T cell population during the differentiation process of Th1 and Th17 cells. Stem Cell Res Ther. (2013) 4:65. doi: 10.1186/scrt216, PMID: 23734780


	 Gazdic M, Markovic BS, Arsenijevic A, Jovicic N, Acovic A, Harrell CR, et al. Crosstalk between mesenchymal stem cells and T regulatory cells is crucially important for the attenuation of acute liver injury. Liver Transpl. (2018) 24:687–702. doi: 10.1002/lt.25049, PMID: 29500914


	 Zhou Y, Singh AK, Hoyt RF Jr., Wang S, Yu Z, Hunt T, et al. Regulatory T cells enhance mesenchymal stem cell survival and proliferation following autologous cotransplantation in ischemic myocardium. J Thorac Cardiovasc Surg. (2014) 148:1131–7. doi: 10.1016/j.jtcvs.2014.06.029, PMID: 25052825


	 Zhao J, Wang J, Dang J, Zhu W, Chen Y, Zhang X, et al. A preclinical study-systemic evaluation of safety on mesenchymal stem cells derived from human gingiva tissue. Stem Cell Res Ther. (2019) 10:165. doi: 10.1186/s13287-019-1262-5, PMID: 31196163


	 Ho QY, Hester J, Issa F. Regulatory cell therapy for kidney transplantation and autoimmune kidney diseases. Pediatr Nephrol. (2025) 40:39–52. doi: 10.1007/s00467-024-06514-2, PMID: 39278988


	 Kumar R, Mishra N, Tran T, Kumar M, Vijayaraghavalu S, Gurusamy N. Emerging strategies in mesenchymal stem cell-based cardiovascular therapeutics. Cells. (2024) 13(10):855. doi: 10.3390/cells13100855, PMID: 38786076


	 Martinez-Peinado P, Pascual-Garcia S, Roche E, Sempere-Ortells JM. Differences of clonogenic mesenchymal stem cells on immunomodulation of lymphocyte subsets. J Immunol Res. (2018) 2018:7232717. doi: 10.1155/2018/7232717, PMID: 30271793


	 Wei X, Yang X, Han ZP, Qu FF, Shao L, Shi YF. Mesenchymal stem cells: a new trend for cell therapy. Acta Pharmacol Sin. (2013) 34:747–54. doi: 10.1038/aps.2013.50, PMID: 23736003


	 Zhou J, Shi Y. Mesenchymal stem/stromal cells (MSCs): origin, immune regulation, and clinical applications. Cell Mol Immunol. (2023) 20:555–7. doi: 10.1038/s41423-023-01034-9, PMID: 37225837


	 Wang W, Zhao N, Li B, Gao H, Yan Y, Guo H. Inhibition of cardiac allograft rejection in mice using interleukin-35-modified mesenchymal stem cells. Scand J Immunol. (2019) 89:e12750. doi: 10.1111/sji.12750, PMID: 30664805


	 Zhang X, Yang Y, Zhang L, Lu Y, Zhang Q, Fan D, et al. Mesenchymal stromal cells as vehicles of tetravalent bispecific Tandab (CD3/CD19) for the treatment of B cell lymphoma combined with IDO pathway inhibitor D-1-methyl-tryptophan. J Hematol Oncol. (2017) 10:56. doi: 10.1186/s13045-017-0397-z, PMID: 28228105


	 Goebeler ME, Stuhler G, Bargou R. Bispecific and multispecific antibodies in oncology: opportunities and challenges. Nat Rev Clin Oncol. (2024) 21(7):539–560. doi: 10.1038/s41571-024-00905-y, PMID: 38822215


	 Akbar N, Razzaq SS, Salim A, Haneef K. Mesenchymal stem cell-derived exosomes and their microRNAs in heart repair and regeneration. J Cardiovasc Transl Res. (2024) 17:505–22. doi: 10.1007/s12265-023-10449-8, PMID: 37875715


	 Zheng R, Wu X, Li S, Chen X, Yan D, He J. Mechanism exploration on the immunoregulation of allogeneic heart transplantation rejection in rats with exosome miRNA and proteins from overexpressed IDO1 BMSCs. Cell Transplant. (2024) 33:9636897241245796. doi: 10.1177/09636897241245796, PMID: 38629748


	 Guo K, Ikehara S, Meng X. Mesenchymal stem cells for inducing tolerance in organ transplantation. Front Cell Dev Biol. (2014) 2:8. doi: 10.3389/fcell.2014.00008, PMID: 25364716


	 Dhingra S, Huang XP, Li RK. Challenges in allogeneic mesenchymal stem cell-mediated cardiac repair. Trends Cardiovasc Med. (2010) 20:263–8. doi: 10.1016/j.tcm.2011.12.002, PMID: 22433652


	 Santosh Nirmala S, Kayani K, Gliwinski M, Hu Y, Iwaszkiewicz-Grzes D, Piotrowska-Mieczkowska M, et al. Beyond FOXP3: a 20-year journey unravelling human regulatory T-cell heterogeneity. Front Immunol. (2023) 14:1321228. doi: 10.3389/fimmu.2023.1321228, PMID: 38283365


	 Sakaguchi S. Naturally arising Foxp3-expressing CD25+CD4+ regulatory T cells in immunological tolerance to self and non-self. Nat Immunol. (2005) 6:345–52. doi: 10.1038/ni1178, PMID: 15785760


	 Burzyn D, Kuswanto W, Kolodin D, Shadrach JL, Cerletti M, Jang Y, et al. A special population of regulatory T cells potentiates muscle repair. Cell. (2013) 155:1282–95. doi: 10.1016/j.cell.2013.10.054, PMID: 24315098


	 Sato E, Olson SH, Ahn J, Bundy B, Nishikawa H, Qian F, et al. Intraepithelial CD8+ tumor-infiltrating lymphocytes and a high CD8+/regulatory T cell ratio are associated with favorable prognosis in ovarian cancer. Proc Natl Acad Sci U S A. (2005) 102:18538–43. doi: 10.1073/pnas.0509182102, PMID: 16344461


	 Hu M, Wang YM, Wang Y, Zhang GY, Zheng G, Yi S, et al. Regulatory T cells in kidney disease and transplantation. Kidney Int. (2016) 90:502–14. doi: 10.1016/j.kint.2016.03.022, PMID: 27263492


	 Gauthier JM, Harrison MS, Krupnick AS, Gelman AE, Kreisel D. The emerging role of regulatory T cells following lung transplantation. Immunol Rev. (2019) 292:194–208. doi: 10.1111/imr.12801, PMID: 31536165


	 Eguchi S, Uchida K, Takatsuki M, Okada S, Hidaka M, Soyama A, et al. Anti-donor regulatory T-cell therapy in adult-to-adult living donor liver transplantation: A case report. Transplant Proc. (2021) 53:2570–5. doi: 10.1016/j.transproceed.2021.08.026, PMID: 34511248


	 Juneja T, Kazmi M, Mellace M, Saidi RF. Utilization of treg cells in solid organ transplantation. Front Immunol. (2022) 13:746889. doi: 10.3389/fimmu.2022.746889, PMID: 35185868


	 Carbone F, De Rosa V, Carrieri PB, Montella S, Bruzzese D, Porcellini A, et al. Regulatory T cell proliferative potential is impaired in human autoimmune disease. Nat Med. (2014) 20:69–74. doi: 10.1038/nm.3411, PMID: 24317118


	 John K, Hardtke-Wolenski M, Jaeckel E, Manns MP, Schulze-Osthoff K, Bantel H. Increased apoptosis of regulatory T cells in patients with active autoimmune hepatitis. Cell Death Dis. (2017) 8:3219. doi: 10.1038/s41419-017-0010-y, PMID: 29242564


	 Benamar M, Chen Q, Martinez-Blanco M, Chatila TA. Regulatory T cells in allergic inflammation. Semin Immunol. (2023) 70:101847. doi: 10.1016/j.smim.2023.101847, PMID: 37837939


	 Bennett CL, Christie J, Ramsdell F, Brunkow ME, Ferguson PJ, Whitesell L, et al. The immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) is caused by mutations of FOXP3. Nat Genet. (2001) 27:20–1. doi: 10.1038/83713, PMID: 11137993


	 Ralainirina N, Poli A, Michel T, Poos L, Andres E, Hentges F, et al. Control of NK cell functions by CD4+CD25+ regulatory T cells. J Leukoc Biol. (2007) 81:144–53. doi: 10.1189/jlb.0606409, PMID: 16959895


	 Azuma T, Takahashi T, Kunisato A, Kitamura T, Hirai H. Human CD4+ CD25+ regulatory T cells suppress NKT cell functions. Cancer Res. (2003) 63:4516–20., PMID: 12907625


	 Vlad G, Cortesini R, Suciu-Foca N. License to heal: bidirectional interaction of antigen-specific regulatory T cells and tolerogenic APC. J Immunol. (2005) 174:5907–14. doi: 10.4049/jimmunol.174.10.5907, PMID: 15879080


	 Schmidt A, Oberle N, Krammer PH. Molecular mechanisms of treg-mediated T cell suppression. Front Immunol. (2012) 3:51. doi: 10.3389/fimmu.2012.00051, PMID: 22566933


	 Borsellino G, Kleinewietfeld M, Di Mitri D, Sternjak A, Diamantini A, Giometto R, et al. Expression of ectonucleotidase CD39 by Foxp3+ Treg cells: hydrolysis of extracellular ATP and immune suppression. Blood. (2007) 110:1225–32. doi: 10.1182/blood-2006-12-064527, PMID: 17449799


	 Tang Q, Vincenti F. Transplant trials with Tregs: perils and promises. J Clin Invest. (2017) 127:2505–12. doi: 10.1172/JCI90598, PMID: 28665300


	 Barron L, Dooms H, Hoyer KK, Kuswanto W, Hofmann J, O’Gorman WE, et al. Cutting edge: mechanisms of IL-2-dependent maintenance of functional regulatory T cells. J Immunol. (2010) 185:6426–30. doi: 10.4049/jimmunol.0903940, PMID: 21037099


	 Akkaya B, Oya Y, Akkaya M, Al Souz J, Holstein AH, Kamenyeva O, et al. Regulatory T cells mediate specific suppression by depleting peptide-MHC class II from dendritic cells. Nat Immunol. (2019) 20:218–31. doi: 10.1038/s41590-018-0280-2, PMID: 30643268


	 Zaiss DMW, Gause WC, Osborne LC, Artis D. Emerging functions of amphiregulin in orchestrating immunity, inflammation, and tissue repair. Immunity. (2015) 42:216–26. doi: 10.1016/j.immuni.2015.01.020, PMID: 25692699


	 Zhang C, Li L, Feng K, Fan D, Xue W, Lu J. ‘Repair’ Treg cells in tissue injury. Cell Physiol Biochem. (2017) 43:2155–69. doi: 10.1159/000484295, PMID: 29069643


	 Parmar S, Liu X, Najjar A, Shah N, Yang H, Yvon E, et al. Ex vivo fucosylation of third-party human regulatory T cells enhances anti-graft-versus-host disease potency in vivo. Blood. (2015) 125:1502–6. doi: 10.1182/blood-2014-10-603449, PMID: 25428215


	 Parmar S, Liu X, Tung SS, Robinson SN, Rodriguez G, Cooper LJ, et al. Third-party umbilical cord blood-derived regulatory T cells prevent xenogenic graft-versus-host disease. Cytotherapy. (2014) 16:90–100. doi: 10.1016/j.jcyt.2013.07.009, PMID: 24480547


	 Sanchez-Fueyo A, Whitehouse G, Grageda N, Cramp ME, Lim TY, Romano M, et al. Applicability, safety, and biological activity of regulatory T cell therapy in liver transplantation. Am J Transplant. (2020) 20:1125–36. doi: 10.1111/ajt.15700, PMID: 31715056


	 Marek-Trzonkowska N, Mysliwiec M, Dobyszuk A, Grabowska M, Techmanska I, Juscinska J, et al. Administration of CD4+CD25highCD127- regulatory T cells preserves beta-cell function in type 1 diabetes in children. Diabetes Care. (2012) 35:1817–20. doi: 10.2337/dc12-0038, PMID: 22723342


	 Mathew JM, HV J, LeFever A, Konieczna I, Stratton C, He J, et al. A phase I clinical trial with ex vivo expanded recipient regulatory T cells in living donor kidney transplants. Sci Rep. (2018) 8:7428. doi: 10.1038/s41598-018-25574-7, PMID: 29743501


	 Andersson J, Tran DQ, Pesu M, Davidson TS, Ramsey H, O’Shea JJ, et al. CD4+ FoxP3+ regulatory T cells confer infectious tolerance in a TGF-beta-dependent manner. J Exp Med. (2008) 205:1975–81. doi: 10.1084/jem.20080308, PMID: 18710931


	 Jonuleit H, Schmitt E, Kakirman H, Stassen M, Knop J, Enk AH. Infectious tolerance: human CD25(+) regulatory T cells convey suppressor activity to conventional CD4(+) T helper cells. J Exp Med. (2002) 196:255–60. doi: 10.1084/jem.20020394, PMID: 12119350


	 Dieckmann D, Bruett CH, Ploettner H, Lutz MB, Schuler G. Human CD4(+)CD25(+) regulatory, contact-dependent T cells induce interleukin 10-producing, contact-independent type 1-like regulatory T cells [corrected. J Exp Med. (2002) 196:247–53. doi: 10.1084/jem.20020642, PMID: 12119349


	 O’Connell PJ, Yi S, Carrington EM, Lew AM. Role of regulatory T cells in xenotransplantation. Curr Opin Organ Transplant. (2010) 15:224–9. doi: 10.1097/MOT.0b013e3283373c27, PMID: 20110812


	 Ono M. Control of regulatory T-cell differentiation and function by T-cell receptor signalling and Foxp3 transcription factor complexes. Immunology. (2020) 160:24–37. doi: 10.1111/imm.13178, PMID: 32022254


	 Rudra D, Egawa T, Chong MM, Treuting P, Littman DR, Rudensky AY. Runx-CBFbeta complexes control expression of the transcription factor Foxp3 in regulatory T cells. Nat Immunol. (2009) 10:1170–7. doi: 10.1038/ni.1795, PMID: 19767756


	 Kitoh A, Ono M, Naoe Y, Ohkura N, Yamaguchi T, Yaguchi H, et al. Indispensable role of the Runx1-Cbfbeta transcription complex for in vivo-suppressive function of FoxP3+ regulatory T cells. Immunity. (2009) 31:609–20. doi: 10.1016/j.immuni.2009.09.003, PMID: 19800266


	 Zheng Y, Josefowicz S, Chaudhry A, Peng XP, Forbush K, Rudensky AY. Role of conserved non-coding DNA elements in the Foxp3 gene in regulatory T-cell fate. Nature. (2010) 463:808–12. doi: 10.1038/nature08750, PMID: 20072126


	 Feng Y, Arvey A, Chinen T, van der Veeken J, Gasteiger G, Rudensky AY. Control of the inheritance of regulatory T cell identity by a cis element in the Foxp3 locus. Cell. (2014) 158:749–63. doi: 10.1016/j.cell.2014.07.031, PMID: 25126783


	 Kitagawa Y, Ohkura N, Kidani Y, Vandenbon A, Hirota K, Kawakami R, et al. Guidance of regulatory T cell development by Satb1-dependent super-enhancer establishment. Nat Immunol. (2017) 18:173–83. doi: 10.1038/ni.3646, PMID: 27992401


	 Tao R, de Zoeten EF, Ozkaynak E, Chen C, Wang L, Porrett PM, et al. Deacetylase inhibition promotes the generation and function of regulatory T cells. Nat Med. (2007) 13:1299–307. doi: 10.1038/nm1652, PMID: 17922010


	 Xia N, Lu Y, Gu M, Li N, Liu M, Jiao J, et al. A unique population of regulatory T cells in heart potentiates cardiac protection from myocardial infarction. Circulation. (2020) 142:1956–73. doi: 10.1161/CIRCULATIONAHA.120.046789, PMID: 32985264


	 McCallion O, Bilici M, Hester J, Issa F. Regulatory T-cell therapy approaches. Clin Exp Immunol. (2023) 211:96–107. doi: 10.1093/cei/uxac078, PMID: 35960852


	 Miyara M, Yoshioka Y, Kitoh A, Shima T, Wing K, Niwa A, et al. Functional delineation and differentiation dynamics of human CD4+ T cells expressing the FoxP3 transcription factor. Immunity. (2009) 30:899–911. doi: 10.1016/j.immuni.2009.03.019, PMID: 19464196


	 Gratz IK, Rosenblum MD, Maurano MM, Paw JS, Truong HA, Marshak-Rothstein A, et al. Cutting edge: Self-antigen controls the balance between effector and regulatory T cells in peripheral tissues. J Immunol. (2014) 192:1351–5. doi: 10.4049/jimmunol.1301777, PMID: 24442443


	 Yang SY, Long J, Huang MX, Luo PY, Bian ZH, Xu YF, et al. Characterization of organ-specific regulatory B cells using single-cell RNA sequencing. Front Immunol. (2021) 12:711980. doi: 10.3389/fimmu.2021.711980, PMID: 34594327


	 Grusdat M, Brenner D. Adipose T(reg) cells in charge of metabolism. Nat Immunol. (2024) 25:392–3. doi: 10.1038/s41590-024-01762-8, PMID: 38356057


	 Lui PP, Cho I, Ali N. Tissue regulatory T cells. Immunology. (2020) 161:4–17. doi: 10.1111/imm.13208, PMID: 32463116


	 Kim HR, Park HJ, Son J, Lee JG, Chung KY, Cho NH, et al. Tumor microenvironment dictates regulatory T cell phenotype: Upregulated immune checkpoints reinforce suppressive function. J Immunother Cancer. (2019) 7:339. doi: 10.1186/s40425-019-0785-8, PMID: 31801611


	 Bottrich T, Bauer P, Grobetaer V, Huber M, Raifer H, Frech T, et al. Subpopulations of regulatory T cells are associated with subclinical atherosclerotic plaques, levels of LDL, and cardiorespiratory fitness in the elderly. J Sport Health Sci. (2023) 13(3):288–296. doi: 10.1016/j.jshs.2023.11.004, PMID: 37951470


	 Porter CM, Horvath-Arcidiacono JA, Singh AK, Horvath KA, Bloom ET, Mohiuddin MM. Characterization and expansion of baboon CD4+CD25+ Treg cells for potential use in a non-human primate xenotransplantation model. Xenotransplantation. (2007) 14:298–308. doi: 10.1111/j.1399-3089.2007.00416.x, PMID: 17669171


	 Kaser T, Gerner W, Hammer SE, Patzl M, Saalmuller A. Phenotypic and functional characterisation of porcine CD4(+)CD25(high) regulatory T cells. Vet Immunol Immunopathol. (2008) 122:153–8. doi: 10.1016/j.vetimm.2007.08.002, PMID: 17868905


	 Tran DQ, Andersson J, Hardwick D, Bebris L, Illei GG, Shevach EM. Selective expression of latency-associated peptide (LAP) and IL-1 receptor type I/II (CD121a/CD121b) on activated human FOXP3+ regulatory T cells allows for their purification from expansion cultures. Blood. (2009) 113:5125–33. doi: 10.1182/blood-2009-01-199950, PMID: 19299332


	 Tran DQ, Andersson J, Wang R, Ramsey H, Unutmaz D, Shevach EM. GARP (LRRC32) is essential for the surface expression of latent TGF-beta on platelets and activated FOXP3+ regulatory T cells. Proc Natl Acad Sci U S A. (2009) 106:13445–50. doi: 10.1073/pnas.0901944106, PMID: 19651619


	 Morina L, Jones ME, Oguz C, Kaplan MJ, Gangaplara A, Fitzhugh CD, et al. Co-expression of Foxp3 and Helios facilitates the identification of human T regulatory cells in health and disease. Front Immunol. (2023) 14:1114780. doi: 10.3389/fimmu.2023.1114780, PMID: 37350974


	 Koenen HJ, Fasse E, Joosten I. CD27/CFSE-based ex vivo selection of highly suppressive alloantigen-specific human regulatory T cells. J Immunol. (2005) 174:7573–83. doi: 10.4049/jimmunol.174.12.7573, PMID: 15944257


	 Schoenbrunn A, Frentsch M, Kohler S, Keye J, Dooms H, Moewes B, et al. A converse 4-1BB and CD40 ligand expression pattern delineates activated regulatory T cells (Treg) and conventional T cells enabling direct isolation of alloantigen-reactive natural Foxp3+ Treg. J Immunol. (2012) 189:5985–94. doi: 10.4049/jimmunol.1201090, PMID: 23162126


	 Schmitt AK, Puppa MA, Wessels I, Rink L. Vitamin D3 and zinc synergistically induce regulatory T cells and suppress interferon-gamma production in mixed lymphocyte culture. J Nutr Biochem. (2022) 102:108942. doi: 10.1016/j.jnutbio.2022.108942, PMID: 35063658


	 Battaglia M, Stabilini A, Migliavacca B, Horejs-Hoeck J, Kaupper T, Roncarolo MG. Rapamycin promotes expansion of functional CD4+CD25+FOXP3+ regulatory T cells of both healthy subjects and type 1 diabetic patients. J Immunol. (2006) 177:8338–47. doi: 10.4049/jimmunol.177.12.8338, PMID: 17142730


	 Harris F, Berdugo YA, Tree T. IL-2-based approaches to Treg enhancement. Clin Exp Immunol. (2023) 211:149–63. doi: 10.1093/cei/uxac105, PMID: 36399073


	 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, PMID: 24102808


	 Jin X, Lu Y, Zhao Y, Yi S. Large-scale in vitro expansion of human regulatory T cells with potent xenoantigen-specific suppression. Cytotechnology. (2016) 68:935–45. doi: 10.1007/s10616-015-9845-1, PMID: 25605448


	 Bernaldo-de-Quiros E, Cozar B, Lopez-Esteban R, Clemente M, Gil-Jaurena JM, Pardo C, et al. A novel GMP protocol to produce high-quality treg cells from the pediatric thymic tissue to be employed as cellular therapy. Front Immunol. (2022) 13:893576. doi: 10.3389/fimmu.2022.893576, PMID: 35651624


	 Golshayan D, Jiang S, Tsang J, Garin MI, Mottet C, Lechler RI. In vitro-expanded donor alloantigen-specific CD4+CD25+ regulatory T cells promote experimental transplantation tolerance. Blood. (2007) 109:827–35. doi: 10.1182/blood-2006-05-025460, PMID: 17003369


	 Xia G, He J, Leventhal JR. Ex vivo-expanded natural CD4+CD25+ regulatory T cells synergize with host T-cell depletion to promote long-term survival of allografts. Am J Transplant. (2008) 8:298–306. doi: 10.1111/j.1600-6143.2007.02088.x, PMID: 18190656


	 Balcerek J, Shy BR, Putnam AL, Masiello LM, Lares A, Dekovic F, et al. Polyclonal regulatory T cell manufacturing under cGMP: A decade of experience. Front Immunol. (2021) 12:744763. doi: 10.3389/fimmu.2021.744763, PMID: 34867967


	 Fraser H, Safinia N, Grageda N, Thirkell S, Lowe K, Fry LJ, et al. A rapamycin-based GMP-compatible process for the isolation and expansion of regulatory T cells for clinical trials. Mol Ther Methods Clin Dev. (2018) 8:198–209. doi: 10.1016/j.omtm.2018.01.006, PMID: 29552576


	 Singh AK, Chan JL, Seavey CN, Corcoran PC, Hoyt RF Jr., Lewis BGT, et al. CD4+CD25(Hi) FoxP3+ regulatory T cells in long-term cardiac xenotransplantation. Xenotransplantation. (2018) 25:e12379. doi: 10.1111/xen.12379, PMID: 29250828


	 Singh AK, Seavey CN, Horvath KA, Mohiuddin MM. Ex-vivo expanded baboon CD4+ CD25 Hi Treg cells suppress baboon anti-pig T and B cell immune response. Xenotransplantation. (2012) 19:102–11. doi: 10.1111/j.1399-3089.2012.00697.x, PMID: 22497512


	 Mohiuddin MM, Reichart B, Byrne GW, McGregor CGA. Current status of pig heart xenotransplantation. Int J Surg. (2015) 23:234–9. doi: 10.1016/j.ijsu.2015.08.038, PMID: 26318967


	 Yi S, Ji M, Wu J, Ma X, Phillips P, Hawthorne WJ, et al. Adoptive transfer with in vitro expanded human regulatory T cells protects against porcine islet xenograft rejection via interleukin-10 in humanized mice. Diabetes. (2012) 61:1180–91. doi: 10.2337/db11-1306, PMID: 22403295


	 Sagoo P, Ali N, Garg G, Nestle FO, Lechler RI, Lombardi G. Human regulatory T cells with alloantigen specificity are more potent inhibitors of alloimmune skin graft damage than polyclonal regulatory T cells. Sci Transl Med. (2011) 3:83ra42. doi: 10.1126/scitranslmed.3002076, PMID: 21593402


	 Dawson NAJ, Vent-Schmidt J, Levings MK. Engineered tolerance: tailoring development, function, and antigen-specificity of regulatory T cells. Front Immunol. (2017) 8:1460. doi: 10.3389/fimmu.2017.01460, PMID: 29163527


	 Griesemer A, Yamada K, Sykes M. Xenotransplantation: immunological hurdles and progress toward tolerance. Immunol Rev. (2014) 258:241–58. doi: 10.1111/imr.12152, PMID: 24517437


	 Hutchinson JA, Riquelme P, Sawitzki B, Tomiuk S, Miqueu P, Zuhayra M, et al. Cutting Edge: Immunological consequences and trafficking of human regulatory macrophages administered to renal transplant recipients. J Immunol. (2011) 187:2072–8. doi: 10.4049/jimmunol.1100762, PMID: 21804023


	 Que W, Guo WZ, Li XK. Manipulation of regulatory dendritic cells for induction transplantation tolerance. Front Immunol. (2020) 11:582658. doi: 10.3389/fimmu.2020.582658, PMID: 33162996


	 Nunes-Cabaco H, Caramalho I, Sepulveda N, Sousa AE. Differentiation of human thymic regulatory T cells at the double positive stage. Eur J Immunol. (2011) 41:3604–14. doi: 10.1002/eji.201141614, PMID: 21932449


	 Chen W, Ford MS, Young KJ, Cybulsky MI, Zhang L. Role of double-negative regulatory T cells in long-term cardiac xenograft survival. J Immunol. (2003) 170:1846–53. doi: 10.4049/jimmunol.170.4.1846, PMID: 12574350


	 Jin H, Li M, Wang X, Yang L, Zhong X, Zhang Z, et al. Purinergic signaling by TCRalphabeta(+) double-negative T regulatory cells ameliorates liver ischemia-reperfusion injury. Sci Bull (Beijing). (2025) 70:241–54. doi: 10.1016/j.scib.2024.11.039, PMID: 39658411


	 Ibrahim EH, Aly MG, Opelz G, Morath C, Zeier M, Susal C, et al. Higher CD19+CD25(+) Bregs are independently associated with better graft function in renal transplant recipients. BMC Nephrol. (2021) 22:180. doi: 10.1186/s12882-021-02374-2, PMID: 33993874


	 Piloni D, Morosini M, Magni S, Balderacchi A, Inghilleri S, Cova E, et al. Peripheral CD19+CD24(high)CD38(high) B-regulatory cells in lung transplant recipients. Transpl Immunol. (2019) 57:101245. doi: 10.1016/j.trim.2019.101245, PMID: 31526864


	 Zhou B, Mei F, Wu C, Xu H, Liu Z, Cui Y, et al. Protective effect of trichostatin A on CD19(+)CD5(+)CD1d(high) regulatory B cells in heart transplantation. Mol Med Rep. (2021) 23(5):339. doi: 10.3892/mmr202111978, PMID: 33760120


	 Siret C, Collignon A, Silvy F, Robert S, Cheyrol T, Andre P, et al. Deciphering the crosstalk between myeloid-derived suppressor cells and regulatory T cells in pancreatic ductal adenocarcinoma. Front Immunol. (2019) 10:3070. doi: 10.3389/fimmu.2019.03070, PMID: 32038621


	 Boros P, Ochando JC, Chen SH, Bromberg JS. Myeloid-derived suppressor cells: natural regulators for transplant tolerance. Hum Immunol. (2010) 71:1061–6. doi: 10.1016/j.humimm.2010.08.001, PMID: 20705113


	 Zhang F, Zhang J, Cao P, Sun Z, Wang W. The characteristics of regulatory macrophages and their roles in transplantation. Int Immunopharmacol. (2021) 91:107322. doi: 10.1016/j.intimp.2020.107322, PMID: 33418238


	 Shi P, Yu Y, Xie H, Yin X, Chen X, Zhao Y, et al. Recent advances in regulatory immune cells: exploring the world beyond Tregs. Front Immunol. (2025) 16:1530301. doi: 10.3389/fimmu.2025.1530301, PMID: 40453084


	 Li P, Fan F, Zhang B, Yuan C, Liang H. Neutrophil spatiotemporal regulatory networks: dual roles in tumor growth regulation and metastasis. Biomedicines. (2025) 1648926. doi: 10.3390/biomedicines13061473, PMID: 40564191


	 Ng LG, Ballesteros I, Cassatella MA, Egeblad M, Fridlender ZG, Gabrilovich D, et al. From complexity to consensus: A roadmap for neutrophil classification. Immunity. (2025) 58:1890–903. doi: 10.1016/j.immuni.2025.07.011, PMID: 40763729


	 Wang J, Jiang S, Shi H, Lin Y, Wang J, Wang X. Prolongation of corneal xenotransplant survival by T-cell vaccination-induced T-regulatory cells. Xenotransplantation. (2008) 15:164–73. doi: 10.1111/j.1399-3089.2008.00471.x, PMID: 18611224


	 He KM, Ma Y, Wang S, Min WP, Zhong R, Jevnikar A, et al. Donor double-negative Treg promote allogeneic mixed chimerism and tolerance. Eur J Immunol. (2007) 37:3455–66. doi: 10.1002/eji.200737408, PMID: 18000953


	 Li SP, Zhang JM, Chen XJ, Zhou GP, Sun J, Cui B, et al. Characteristics of changes in double positive CD4(+)CD8(+) T cells in liver transplantation. Int Immunopharmacol. (2022) 110:109028. doi: 10.1016/j.intimp.2022.109028, PMID: 35803130


	 Choi SM, Park HJ, Choi EA, Jung KC, Lee JI. Cellular heterogeneity of circulating CD4(+)CD8(+) double-positive T cells characterized by single-cell RNA sequencing. Sci Rep. (2021) 11:23607. doi: 10.1038/s41598-021-03013-4, PMID: 34880348


	 Arteaga-Cruz S, Cortes-Hernandez A, Alvarez-Salazar EK, Rosas-Cortina K, Aguilera-Sandoval C, Morales-Buenrostro LE, et al. Highly purified and functionally stable in vitro expanded allospecific Tr1 cells expressing immunosuppressive graft-homing receptors as new candidates for cell therapy in solid organ transplantation. Front Immunol. (2023) 14:1062456. doi: 10.3389/fimmu.2023.1062456, PMID: 36911743


	 Platt JL, Cascalho M. Non-canonical B cell functions in transplantation. Hum Immunol. (2019) 80:363–77. doi: 10.1016/j.humimm.2019.04.006, PMID: 30980861


	 Elias C, Chen C, Cherukuri A. Regulatory B cells in solid organ transplantation: from immune monitoring to immunotherapy. Transplantation. (2024) 108:1080–9. doi: 10.1097/TP.0000000000004798, PMID: 37779239


	 Jansen K, Cevhertas L, Ma S, Satitsuksanoa P, Akdis M, van de Veen W. Regulatory B cells, A to Z. Allergy. (2021) 76:2699–715. doi: 10.1111/all.14763, PMID: 33544905


	 Veh J, Ludwig C, Schrezenmeier H, Jahrsdorfer B. Regulatory B cells-immunopathological and prognostic potential in humans. Cells. (2024) 13(4):357. doi: 10.3390/cells13040357, PMID: 38391970


	 Korniotis S, Gras C, Letscher H, Montandon R, Megret J, Siegert S, et al. Treatment of ongoing autoimmune encephalomyelitis with activated B-cell progenitors maturing into regulatory B cells. Nat Commun. (2016) 7:12134. doi: 10.1038/ncomms12134, PMID: 27396388


	 Yang M, Deng J, Liu Y, Ko KH, Wang X, Jiao Z, et al. IL-10-producing regulatory B10 cells ameliorate collagen-induced arthritis via suppressing Th17 cell generation. Am J Pathol. (2012) 180:2375–85. doi: 10.1016/j.ajpath.2012.03.010, PMID: 22538089


	 Maseda D, Candando KM, Smith SH, Kalampokis I, Weaver CT, Plevy SE, et al. Peritoneal cavity regulatory B cells (B10 cells) modulate IFN-gamma+CD4+ T cell numbers during colitis development in mice. J Immunol. (2013) 191:2780–95. doi: 10.4049/jimmunol.1300649, PMID: 23918988


	 Aravena O, Ferrier A, Menon M, Mauri C, Aguillon JC, Soto L, et al. TIM-1 defines a human regulatory B cell population that is altered in frequency and function in systemic sclerosis patients. Arthritis Res Ther. (2017) 19:8. doi: 10.1186/s13075-016-1213-9, PMID: 28103916


	 Yoshihara Y, Ishiuji Y, Yoshizaki A, Kurita M, Hayashi M, Ishiji T, et al. IL-10-producing regulatory B cells are decreased in patients with atopic dermatitis. J Invest Dermatol. (2019) 139:475–8. doi: 10.1016/j.jid.2018.08.016, PMID: 30236612


	 Braza F, Chesne J, Castagnet S, Magnan A, Brouard S. Regulatory functions of B cells in allergic diseases. Allergy. (2014) 69:1454–63. doi: 10.1111/all.12490, PMID: 25060230


	 Pallier A, Hillion S, Danger R, Giral M, Racape M, Degauque N, et al. Patients with drug-free long-term graft function display increased numbers of peripheral B cells with a memory and inhibitory phenotype. Kidney Int. (2010) 78:503–13. doi: 10.1038/ki.2010.162, PMID: 20531452


	 Durand J, Chiffoleau E. B cells with regulatory properties in transplantation tolerance. World J Transplant. (2015) 5:196–208. doi: 10.5500/wjt.v5.i4.196, PMID: 26722647


	 Alhabbab RY, Nova-Lamperti E, Aravena O, Burton HM, Lechler RI, Dorling A, et al. Regulatory B cells: Development, phenotypes, functions, and role in transplantation. Immunol Rev. (2019) 292:164–79. doi: 10.1111/imr.12800, PMID: 31559645


	 Chu Z, Zou W, Xu Y, Sun Q, Zhao Y. The regulatory roles of B cell subsets in transplantation. Expert Rev Clin Immunol. (2018) 14:115–25. doi: 10.1080/1744666X.2018.1426461, PMID: 29338551


	 Kauke-Navarro M, Knoedler S, Panayi AC, Knoedler L, Noel OF, Pomahac B. Regulatory T cells: liquid and living precision medicine for the future of VCA. Transplantation. (2023) 107:86–97. doi: 10.1097/TP.0000000000004342, PMID: 36210500


	 Riviere I, Sadelain M. Chimeric antigen receptors: A cell and gene therapy perspective. Mol Ther. (2017) 25:1117–24. doi: 10.1016/j.ymthe.2017.03.034, PMID: 28456379


	 Wu L, Zhu L, Chen J. Diverse potential of chimeric antigen receptor-engineered cell therapy: Beyond cancer. Clin Transl Med. (2025) 15:e70306. doi: 10.1002/ctm2.70306, PMID: 40205818


	 Ezzelarab MB. Regulatory T cells from allo- to xenotransplantation: Opportunities and challenges. Xenotransplantation. (2018) 25:e12415. doi: 10.1111/xen.12415, PMID: 29913039


	 Ho P, Cahir-McFarland E, Fontenot JD, Lodie T, Nada A, Tang Q, et al. Harnessing regulatory T cells to establish immune tolerance. Sci Transl Med. (2024) 16:eadm8859. doi: 10.1126/scitranslmed.adm8859, PMID: 38478632


	 Stucchi A, Maspes F, Montee-Rodrigues E, Fousteri G. Engineered Treg cells: The heir to the throne of immunotherapy. J Autoimmun. (2024) 144:102986. doi: 10.1016/j.jaut.2022.102986, PMID: 36639301


	 Amini L, Greig J, Schmueck-Henneresse M, Volk HD, Bezie S, Reinke P, et al. Super-treg: toward a new era of adoptive treg therapy enabled by genetic modifications. Front Immunol. (2020) 11:611638. doi: 10.3389/fimmu.2020.611638, PMID: 33717052


	 Wang Z, Liu X, Cao F, Bellanti JA, Zhou J, Zheng SG. Prospects of the use of cell therapy to induce immune tolerance. Front Immunol. (2020) 11:792. doi: 10.3389/fimmu.2020.00792, PMID: 32477335


	 Irvine DJ, Maus MV, Mooney DJ, Wong WW. The future of engineered immune cell therapies. Science. (2022) 378:853–8. doi: 10.1126/science.abq6990, PMID: 36423279


	 Liu X, Xu X, Lin X, Tian Y, Ji B, Xia S, et al. PTD-hFOXP3 protein acts as an immune regulator to convert human CD4(+)CD25(-) T cells to regulatory T-like cells. J Cell Biochem. (2012) 113:3797–809. doi: 10.1002/jcb.24255, PMID: 22806628


	 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, PMID: 37224732


	 Ulbar F, Villanova I, Giancola R, Baldoni S, Guardalupi F, Fabi B, et al. Clinical-grade expanded regulatory T cells are enriched with highly suppressive cells producing IL-10, granzyme B, and IL-35. Biol Blood Marrow Transplant. (2020) 26:2204–10. doi: 10.1016/j.bbmt.2020.08.034, PMID: 32961369


	 Frankel NW, Deng H, Yucel G, Gainer M, Leemans N, Lam A, et al. Precision off-the-shelf natural killer cell therapies for oncology with logic-gated gene circuits. Cell Rep. (2024) 43:114145. doi: 10.1016/j.celrep.2024.114145, PMID: 38669141


	 Rurik JG, Epstein JA. Uniting disciplines to develop therapeutics: targeted mRNA lipid nanoparticles reprogram the immune system in vivo to treat heart disease. DNA Cell Biol. (2022) 41:539–43. doi: 10.1089/dna.2022.0171, PMID: 35446147


	 Li HS, Israni DV, Gagnon KA, Gan KA, Raymond MH, Sander JD, et al. Multidimensional control of therapeutic human cell function with synthetic gene circuits. Science. (2022) 378:1227–34. doi: 10.1126/science.ade0156, PMID: 36520914


	 Aldrete CA, Call CC, Sant’Anna LE, Vlahos AE, Pei J, Cong Q, et al. Orthogonalized human protease control of secreted signals. Nat Chem Biol. (2025) 21(9):1351–1360. doi: 10.1101/2024.01.18.576308, PMID: 39484520


	 Hoppstadter J, Kiemer AK. Control of CAR-T cell activity in space and time: the next level of anti-tumor action. Signal Transduct Target Ther. (2023) 8:150. doi: 10.1038/s41392-023-01424-5, PMID: 37037800


	 Curran KJ, Brentjens RJ. Chimeric antigen receptor T cells for cancer immunotherapy. J Clin Oncol. (2015) 33:1703–6. doi: 10.1200/JCO.2014.60.3449, PMID: 25897155


	 Knoedler L, Herfeld K, Schaefer DA, Diatta F, Clune J, Evans B, et al. CAR-T cell therapy and reconstructive oncologic surgery in peripheral solid tumors-A narrative review. Cell Rep Med. (2025) 6:102240. doi: 10.1016/j.xcrm.2025.102240, PMID: 40675157


	 Noyan F, Zimmermann K, Hardtke-Wolenski M, Knoefel A, Schulde E, Geffers R, et al. Prevention of allograft rejection by use of regulatory T cells with an MHC-specific chimeric antigen receptor. Am J Transplant. (2017) 17:917–30. doi: 10.1111/ajt.14175, PMID: 27997080


	 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. Mol Ther Methods Clin Dev. (2024) 32:101385. doi: 10.1016/j.omtm.2024.101385, PMID: 39687729


	 Zimmerman CM, Robino RA, Cochrane RW, Dominguez MD, Ferreira LMR. Redirecting human conventional and regulatory T cells using chimeric antigen receptors. Methods Mol Biol. (2024) 2748:201–41. doi: 10.1007/978-1-0716-3593-3_15, PMID: 38070117


	 Knoedler L, Dean J, Diatta F, Thompson N, Knoedler S, Rhys R, et al. Immune modulation in transplant medicine: a comprehensive review of cell therapy applications and future directions. Front Immunol. (2024) 15:1372862. doi: 10.3389/fimmu.2024.1372862, PMID: 38650942


	 Xie G, Dong H, Liang Y, Ham JD, Rizwan R, Chen J. CAR-NK cells: A promising cellular immunotherapy for cancer. EBioMedicine. (2020) 59:102975. doi: 10.1016/j.ebiom.2020.102975, PMID: 32853984


	 Gao Z, Yan L, Meng J, Lu Z, Ge K, Jiang Z, et al. Targeting cardiac fibrosis with chimeric antigen receptor macrophages. Cell Discov. (2024) 10:86. doi: 10.1038/s41421-024-00718-4, PMID: 39134538


	 Martini L, Mandoli GE, Pastore MC, Pagliaro A, Bernazzali S, Maccherini M, et al. Heart transplantation and biomarkers: a review about their usefulness in clinical practice. Front Cardiovasc Med. (2024) 11:1336011. doi: 10.3389/fcvm.2024.1336011, PMID: 38327491


	 Wen H, Peng L, Chen Y. The effect of immune cell-derived exosomes in the cardiac tissue repair after myocardial infarction: Molecular mechanisms and pre-clinical evidence. J Cell Mol Med. (2021) 25:6500–10. doi: 10.1111/jcmm.16686, PMID: 34092017


	 Bryl R, Kulus M, Bryja A, Domagala D, Mozdziak P, Antosik P, et al. Cardiac progenitor cell therapy: mechanisms of action. Cell Biosci. (2024) 14:30. doi: 10.1186/s13578-024-01211-x, PMID: 38444042


	 Zhao J, Li X, Hu J, Chen F, Qiao S, Sun X, et al. Mesenchymal stromal cell-derived exosomes attenuate myocardial ischaemia-reperfusion injury through miR-182-regulated macrophage polarization. Cardiovasc Res. (2019) 115:1205–16. doi: 10.1093/cvr/cvz040, PMID: 30753344


	 Wu Z, Liang J, Zhu S, Liu N, Zhao M, Xiao F, et al. Single-cell analysis of graft-infiltrating host cells identifies caspase-1 as a potential therapeutic target for heart transplant rejection. Front Immunol. (2023) 14:1251028. doi: 10.3389/fimmu.2023.1251028, PMID: 37781362


	 Zong Y, Deng K, Chong WP. Regulation of Treg cells by cytokine signaling and co-stimulatory molecules. Front Immunol. (2024) 15:1387975. doi: 10.3389/fimmu.2024.1387975, PMID: 38807592


	 Huang A, Liu K, Yin Z, Liu J, Wei H, Xing S, et al. IL-35 stabilizes treg phenotype to protect cardiac allografts in mice. Transplantation. (2024) 108:161–74. doi: 10.1097/TP.0000000000004707, PMID: 37464473


	 Cosorich I, Filoni J, Di Dedda C, Ferrari A, Jofra T, Cesarano S, et al. Interleukin-7 improves the fitness of regulatory T cells for adoptive transfer. Immunology. (2023) 170:540–52. doi: 10.1111/imm.13690, PMID: 37671510


	 Matheson R, Deng K, Huai G, Lee KM, Feeney N, Coe TM, et al. Interleukin-27 in liver xenotransplantation: A rational target to mitigate ischemia reperfusion injury and increase xenograft survival. Transplant Rev (Orlando). (2022) 36:100674. doi: 10.1016/j.trre.2021.100674, PMID: 34861509


	 Shah P, Agbor-Enoh S, Bagchi P, deFilippi CR, Mercado A, Diao G, et al. Circulating microRNAs in cellular and antibody-mediated heart transplant rejection. J Heart Lung Transplant. (2022) 41:1401–13. doi: 10.1016/j.healun.2022.06.019, PMID: 35872109


	 Sessa F, Salerno M, Esposito M, Cocimano G, Pomara C. miRNA dysregulation in cardiovascular diseases: current opinion and future perspectives. Int J Mol Sci. (2023) 24(6):5192. doi: 10.3390/ijms24065192, PMID: 36982265


	 Zhang A, Wang K, Zhou C, Gan Z, Ma D, Ye P, et al. Knockout of microRNA-155 ameliorates the Th1/Th17 immune response and tissue injury in chronic rejection. J Heart Lung Transplant. (2017) 36:175–84. doi: 10.1016/j.healun.2016.04.018, PMID: 27296836


	 Yi L, Chen Y, Jin Q, Deng C, Wu Y, Li H, et al. Antagomir-155 attenuates acute cardiac rejection using ultrasound targeted microbubbles destruction. Adv Healthc Mater. (2020) 9:e2000189. doi: 10.1002/adhm.202000189, PMID: 32548962


	 Wilfahrt D, Delgoffe GM. Metabolic waypoints during T cell differentiation. Nat Immunol. (2024) 25:206–17. doi: 10.1038/s41590-023-01733-5, PMID: 38238609


	 Berod L, Friedrich C, Nandan A, Freitag J, Hagemann S, Harmrolfs K, et al. De novo fatty acid synthesis controls the fate between regulatory T and T helper 17 cells. Nat Med. (2014) 20:1327–33. doi: 10.1038/nm.3704, PMID: 25282359


	 Wagner A, Wang C, Fessler J, DeTomaso D, Avila-Pacheco J, Kaminski J, et al. Metabolic modeling of single Th17 cells reveals regulators of autoimmunity. Cell. (2021) 184:4168–85 e21. doi: 10.1016/j.cell.2021.05.045, PMID: 34216539


	 Lian G, Gnanaprakasam JR, Wang T, Wu R, Chen X, Liu L, et al. Glutathione de novo synthesis but not recycling process coordinates with glutamine catabolism to control redox homeostasis and directs murine T cell differentiation. Elife. (2018) 7:e36158. doi: 10.7554/eLife.36158, PMID: 30198844


	 Giancotti FG, Ruoslahti E. Integrin signaling. Science. (1999) 285:1028–32. doi: 10.1126/science.285.5430.1028, PMID: 10446041


	 Howard CM, Baudino TA. Dynamic cell-cell and cell-ECM interactions in the heart. J Mol Cell Cardiol. (2014) 70:19–26. doi: 10.1016/j.yjmcc.2013.10.006, PMID: 24140801


	 Arpaia N, Campbell C, Fan X, Dikiy S, van der Veeken J, deRoos P, et al. Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation. Nature. (2013) 504:451–5. doi: 10.1038/nature12726, PMID: 24226773


	 Collins N, Belkaid Y. Control of immunity via nutritional interventions. Immunity. (2022) 55:210–23. doi: 10.1016/j.immuni.2022.01.004, PMID: 35139351


	 Siddiqui M, Tous C, Wong WW. Small molecule-inducible gene regulatory systems in mammalian cells: progress and design principles. Curr Opin Biotechnol. (2022) 78:102823. doi: 10.1016/j.copbio.2022.102823, PMID: 36332343


	 Cordeiro MA, de Carvalho A, Spadari RC. MicroRNAs’ Impact on heart diseases. Int J Mol Sci. (2025) 26(12):5566. doi: 10.3390/ijms26125566, PMID: 40565029


	 Borkowski P, Singh N, Borkowska N. Advancements in heart transplantation: donor-derived cell-free DNA as next-generation biomarker. Cureus. (2024) 16:e54018. doi: 10.7759/cureus.54018, PMID: 38476807


	 Kennel PJ, Yahi A, Naka Y, Mancini DM, Marboe CC, Max K, et al. Longitudinal profiling of circulating miRNA during cardiac allograft rejection: a proof-of-concept study. ESC Heart Fail. (2021) 8:1840–9. doi: 10.1002/ehf2.13238, PMID: 33713567


	 Constanso-Conde I, Hermida-Prieto M, Barge-Caballero E, Nunez L, Pombo-Otero J, Suarez-Fuentetaja N, et al. Circulating miR-181a-5p as a new biomarker for acute cellular rejection in heart transplantation. J Heart Lung Transplant. (2020) 39:1100–8. doi: 10.1016/j.healun.2020.05.018, PMID: 32654912


	 Shi R, Bao X, Weischenfeldt J, Schaefer C, Rogowski P, Schmidt-Hegemann NS, et al. A novel gene signature-based model predicts biochemical recurrence-free survival in prostate cancer patients after radical prostatectomy. Cancers (Basel). (2019) 12(1):1. doi: 10.3390/cancers12010001, PMID: 31861273


	 Pikor LA, Arivazhagan S, Mendicino M, Sathiamoorthy S. Navigating the manufacturing, testing and regulatory complexities of regulatory T cells for adoptive cell therapy. Front Immunol. (2025) 16:1626085. doi: 10.3389/fimmu.2025.1626085, PMID: 40740779


	 Wang C, Zeng Q, Gul ZM, Wang S, Pick R, Cheng P, et al. Circadian tumor infiltration and function of CD8(+) T cells dictate immunotherapy efficacy. Cell. (2024) 187:2690–702.e17. doi: 10.1016/j.cell.2024.04.015, PMID: 38723627


	 Ezzelarab MB, Zhang H, Guo H, Lu L, Zahorchak AF, Wiseman RW, et al. Regulatory T cell infusion can enhance memory T cell and alloantibody responses in lymphodepleted nonhuman primate heart allograft recipients. Am J Transplant. (2016) 16:1999–2015. doi: 10.1111/ajt.13685, PMID: 26700196


	 Maus MV, Haas AR, Beatty GL, Albelda SM, Levine BL, Liu X, et al. T cells expressing chimeric antigen receptors can cause anaphylaxis in humans. Cancer Immunol Res. (2013) 1:26–31. doi: 10.1158/2326-6066.CIR-13-0006, PMID: 24777247


	 Long AH, Haso WM, Shern JF, Wanhainen KM, Murgai M, Ingaramo M, et al. 4-1BB costimulation ameliorates T cell exhaustion induced by tonic signaling of chimeric antigen receptors. Nat Med. (2015) 21:581–90. doi: 10.1038/nm.3838, PMID: 25939063


	 Contreras-Castillo E, Garcia-Rasilla VY, Garcia-Patino MG, Licona-Limon P. Stability and plasticity of regulatory T cells in health and disease. J Leukoc Biol. (2024) 116:33–53. doi: 10.1093/jleuko/qiae049, PMID: 38428948


	 Iwase H, Ekser B, Zhou H, Liu H, Satyananda V, Humar R, et al. Further evidence for sustained systemic inflammation in xenograft recipients (SIXR). Xenotransplantation. (2015) 22:399–405. doi: 10.1111/xen.12182, PMID: 26292982


	 Ezzelarab MB, Lu L, Shufesky WF, Morelli AE, Thomson AW. Donor-derived regulatory dendritic cell infusion maintains donor-reactive CD4(+)CTLA4(hi) T cells in non-human primate renal allograft recipients treated with CD28 co-stimulation blockade. Front Immunol. (2018) 9:250. doi: 10.3389/fimmu.2018.00250, PMID: 29520267


	 Denner J. Porcine endogenous retroviruses and xenotransplantation, 2021. Viruses. (2021) 13(11):2156. doi: 10.3390/v13112156, PMID: 34834962


	 Hennessy C, Deptula M, Hester J, Issa F. Barriers to Treg therapy in Europe: From production to regulation. Front Med (Lausanne). (2023) 10:1090721. doi: 10.3389/fmed.2023.1090721, PMID: 36744143


	 Lim B, Jang MJ, Oh SM, No JG, Lee J, Kim SE, et al. Comparative transcriptome analysis between long- and short-term survival after pig-to-monkey cardiac xenotransplantation reveals differential heart failure development. Anim Cells Syst (Seoul). (2023) 27:234–48. doi: 10.1080/19768354.2023.2265150, PMID: 37808548


	 Halloran PF, Reeve J, Mackova M, Madill-Thomsen KS, Demko Z, Olymbios M, et al. Comparing plasma donor-derived cell-free DNA to gene expression in endomyocardial biopsies in the trifecta-heart study. Transplantation. (2024) 108:1931–42. doi: 10.1097/TP.0000000000004986, PMID: 38538559


	 Qian X, Shah P, Agbor-Enoh S. Noninvasive biomarkers in heart transplant: 2020–2021 year in review. Curr Opin Organ Transplant. (2022) 27:7–14. doi: 10.1097/MOT.0000000000000945, PMID: 34939959


	 Nahm FS. Receiver operating characteristic curve: overview and practical use for clinicians. Korean J Anesthesiol. (2022) 75:25–36. doi: 10.4097/kja.21209, PMID: 35124947


	 Subramanian N, Torabi-Parizi P, Gottschalk RA, Germain RN, Dutta B. Network representations of immune system complexity. Wiley Interdiscip Rev Syst Biol Med. (2015) 7:13–38. doi: 10.1002/wsbm.1288, PMID: 25625853


	 Schafer PSL, Dimitrov D, Villablanca EJ, Saez-Rodriguez J. Integrating single-cell multi-omics and prior biological knowledge for a functional characterization of the immune system. Nat Immunol. (2024) 25:405–17. doi: 10.1038/s41590-024-01768-2, PMID: 38413722


	 Naruka V, Arjomandi Rad A, Subbiah Ponniah H, Francis J, Vardanyan R, Tasoudis P, et al. Machine learning and artificial intelligence in cardiac transplantation: A systematic review. Artif Organs. (2022) 46:1741–53. doi: 10.1111/aor.14334, PMID: 35719121







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 Braileanu. 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-16-1648926-g002.jpg
= Sense danger sighals * Prevent activation and functions of:

Express TRL 2,3,4,7,9 of which effector T cells (Th1,Th2, Th17, CD8)
TLR 3 activation induces MSC 2 anti-inflammatory phenotype B cells, APC, NK cells

= Sense inflammatory signals * Induces apoptosis

Express receptors for _ Express Fas ligand _
TNFa, IFNy, IL1B Bt e e * Produce adenosine

Express ectoenzymes

= Produce the switchers between CD39 and CD73
pro- and anti-inflammatory effects MSC Treg * IL-2 depletion
iNOS and IDO Abundant expression of CD25
« Cytotoxic effects
= Expressinhibitory molecules on their surface Secrete perforins and cytotoxic granzyme B
PD-L1, PD-L2 ¢ Impair APC

Express inhibitory CTLA 4 on their membrane

Both cell types migrate preferentially to the graft, where prevent expansion, activation, functions of T and B effector cells,
by distinct as well as common mechanisms. Both act by cell contact and secretion of immunosuppressive cytokines
IL10, IL35, TGFp.

It was demonstrated a direct effect of MSC on the number of Treg ( ). A putative, direct or indirect,
influence of Treg on MSC ( -») ensure a homeostatic mechanism between the effects of these two types of cells.

It was reported the possibility of a synergistic action between the immunoinhibitory effects of these two types of cells.





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1648926-g001.jpg
Before
transplantation

(No antigenic
stimulation)

Effector phase of
graft rejection

(Continuous
antigenic
stimulation)

Immune effector mechanisms
Naturally existing
« TandBcells
¢ Cytokines

111

Immune effector mechanisms
Specific and
continuous amplification
Oriented toward rejection
*« TandBcells

* Cytokines

Immune suppressive mechanisms
Naturally existing
RC

Immune suppressive mechanisms
Activated
Oriented toward inhibition of
immune effector mechanisms
(When weaker than effectors)

Adoptive cell transfer
RC

(When became stronger than
effectors)

EQUILIBRIUM

» REJECTION

» TOLERANCE





OEBPS/Images/fimmu.2025.1648926_cover.jpg
& frontiers | Frontiers in Immunology

Use of regulatory cells for achieving
functional tolerance of pig heart
xenotransplants in humans: a literature
review





