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ABSTRACT 

Regulatory T cells (Tregs) are pivotal in maintaining immune tolerance and preventing allograft rejection in 
transplantation. This review explores the mechanisms by which Tregs mediate immune modulation and their 
potential therapeutic applications in promoting transplantation tolerance. Tregs are characterized by the 
expression of CD4, CD25, and the transcription factor FOXP3, and they play a critical role in suppressing effector 
T cell responses and promoting an anti-inflammatory environment. Various strategies for harnessing Tregs for 
transplantation include the expansion of Tregs ex vivo, the induction of Tregs in vivo through various approaches, 
and the transfer of Tregs into transplant recipients. Furthermore, we discuss the impact of the transplant 
environment on Treg function, the role of dendritic cells and cytokines in Treg activation, and the significance of 
gut-derived Tregs in fostering tolerance. Additionally, we address the challenges of using Tregs in clinical 
settings, including potential risks such as opportunistic infections and malignancies. Ultimately, harnessing Tregs 
represents a promising avenue for achieving transplantation tolerance and improving long-term graft survival, 
and ongoing research is crucial for developing effective and safe strategies for clinical application. 
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INTRODUCTION 

Transplantation is a critical therapeutic option for patients with end-stage organ failure, yet the success of 
transplantation is often hindered by the immune response leading to allograft rejection [1,2]. The immune 
system's recognition of transplanted organs as foreign can trigger robust adaptive immune responses, resulting in 
acute and chronic rejection [3]. Consequently, lifelong immunosuppression is typically required to prevent graft 
rejection, which increases the risk of infections, malignancies, and other complications [4]. To address these 
challenges, there is a growing interest in achieving transplantation tolerance, a state in which the immune system 
accepts the transplanted organ without the need for continuous immunosuppression [4,5]. Regulatory T cells 
(Tregs) are a specialized subset of T cells that play a fundamental role in maintaining immune tolerance and 
homeostasis [6]. Characterized by the expression of CD4, CD25, and the transcription factor FOXP3, Tregs can 
suppress effector T cell activation, inhibit pro-inflammatory cytokine production, and promote the development of 
an immunosuppressive microenvironment [7]. Their capacity to modulate immune responses makes Tregs an 
attractive target for therapeutic strategies aimed at promoting transplantation tolerance [8]. 
The concept of harnessing Tregs for transplantation tolerance is supported by a wealth of experimental evidence 
demonstrating their critical role in preventing allograft rejection [9]. In animal models, the administration of 
Tregs has been shown to enhance graft survival and induce tolerance, leading to successful long-term 
transplantation outcomes [10]. Furthermore, the presence of Tregs has been correlated with improved graft 
survival in human transplant recipients, reinforcing the notion that Tregs can play a protective role in 
transplantation [11]. This review aims to explore the mechanisms underlying Treg-mediated immune modulation 
in transplantation and their potential therapeutic applications in promoting tolerance [12,13]. We will discuss the 
various strategies for harnessing Tregs, the impact of the transplant environment on Treg function, and the 
challenges that must be addressed to translate these findings into clinical practice. 
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 Mechanisms of Treg-Mediated Immune Modulation 

Regulatory T cells (Tregs) play a pivotal role in maintaining immune homeostasis and preventing excessive 
immune responses. Their mechanisms of action involve complex interactions with other immune cells, cytokines, 
and the overall microenvironment. Understanding these mechanisms is crucial for harnessing Tregs for 
therapeutic purposes, especially in transplantation [14].  

Treg Development and Phenotype 
Tregs primarily develop in the thymus, where they undergo a rigorous selection process that ensures self-
tolerance and the prevention of autoimmunity. The key transcription factor FOXP3 is essential for Treg 
development and function; mutations or deficiencies in the FOXP3 gene lead to severe autoimmune diseases in 
humans, illustrating the critical role of Tregs in immune regulation. Tregs can be classified into two main 
subtypes: thymus-derived Tregs (natural Tregs) and peripheral Tregs (induced Tregs) [15,16]. Natural Tregs 
(nTregs) arise during thymic development, where they recognize self-antigens and are positively selected to 
ensure they can exert regulatory functions without provoking autoimmune responses. In contrast, induced Tregs 
(iTregs) are generated from conventional CD4+ T cells in peripheral tissues, especially in response to specific 

cytokines such as TGF-β and IL-2.[17] These iTregs are crucial for modulating immune responses in various 
contexts, including transplantation and tolerance to commensal microbiota. The flexibility in their generation and 
the ability to adapt to different environmental cues underscore their significance in maintaining immune balance 
[18]. 

Mechanisms of Suppression 
Tregs utilize several mechanisms to suppress effector T cell responses and foster an anti-inflammatory 
environment. Key mechanisms include: 

Cytokine Secretion: Tregs produce several immunosuppressive cytokines, such as IL-10, TGF-β, and IL-35. IL-
10 is well-known for its ability to inhibit pro-inflammatory cytokine production and downregulate antigen 

presentation [19]. TGF-β, besides promoting Treg differentiation, can also suppress the proliferation and effector 
functions of various immune cells, including CD4+ and CD8+ T cells. IL-35, a newer member of the IL-12 family, 
has been identified as crucial in enhancing Treg stability and suppressive capacity [20]. 
Metabolic Regulation: Tregs can modulate the metabolic activity of effector T cells by depleting essential 
nutrients, particularly IL-2, which is vital for T cell proliferation. Tregs can utilize IL-2 more efficiently than 
conventional T cells, leading to localized deprivation and suppression of effector T cell activity [21]. Additionally, 
Tregs can produce adenosine, a metabolite that has inhibitory effects on T cell activation and promotes an 
immunosuppressive environment by binding to adenosine receptors on effector T cells. Cell-Cell Interactions: 
Tregs exert suppressive effects through direct cell-to-cell interactions. One key interaction involves the surface 
molecule CTLA-4, which competes with CD28 for binding to CD80/CD86 on antigen-presenting cells (APCs) 
[22]. This competition reduces co-stimulatory signals essential for T cell activation, leading to diminished effector 
T cell activation. Other surface molecules, such as PD-1 and LAG-3, also contribute to Treg-mediated inhibition 
by modulating the signaling pathways in interacting T cells [19]. 
Dendritic Cell Modulation: Tregs have a profound impact on the function of dendritic cells (DCs), the primary 
antigen-presenting cells responsible for initiating T cell responses. Tregs can promote a tolerogenic phenotype in 
DCs, characterized by a reduced ability to activate effector T cells. This modulation occurs through several 
mechanisms, including direct contact and the secretion of immunosuppressive cytokines, leading to enhanced 
induction of Tregs and suppression of effector T cell responses [23]. 

The Role of the Transplant Environment 
The transplant environment significantly influences Treg function and survival. The presence of specific 

cytokines, such as IL-10 and TGF-β, can enhance Treg activity, promoting their proliferation and suppressive 

functions [24]. In contrast, pro-inflammatory cytokines, like IL-6 and TNF-α, can inhibit Treg function and 
contribute to the activation of effector T cells. The local microenvironment within the transplant site can dictate 
the balance between tolerance and rejection, emphasizing the importance of understanding these interactions [6]. 
Moreover, emerging research suggests that the gut microbiome plays a crucial role in Treg development and 
function. The composition of gut microbiota can influence the systemic immune environment and Treg-mediated 
immune modulation, indicating that the overall health and microbial diversity of an individual may impact 
transplant outcomes. Studies have shown that certain bacterial species can enhance Treg populations, suggesting 
potential therapeutic avenues involving microbiome manipulation to promote tolerance in transplantation [25]. In 
conclusion, the mechanisms of Treg-mediated immune modulation are complex and multifaceted, involving a 
combination of cytokine signaling, metabolic interactions, and direct cell-cell contact. Understanding these 
mechanisms is essential for developing effective strategies to harness Tregs in clinical applications, particularly for 
achieving transplantation tolerance and improving graft survival. 
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Strategies for Harnessing Tregs in Transplantation 

                                                              Ex Vivo Expansion of Tregs 
One of the most promising strategies for harnessing regulatory T cells (Tregs) in transplantation is their ex vivo 
expansion. This process begins with isolating Tregs from the transplant recipient’s peripheral blood or tissues 
[26]. Once isolated, Tregs are expanded in vitro using specific cytokines, primarily interleukin-2 (IL-2), which 
preferentially stimulates the growth of Tregs over conventional effector T cells. Additionally, incorporating co-
stimulatory signals, such as CD28 or anti-CD3 antibodies, can further enhance Treg proliferation and 
functionality [27]. Preclinical models and early clinical trials have demonstrated the efficacy of ex vivo expanded 
Tregs in promoting graft survival and reducing rejection rates. For instance, studies have shown that reinfusing 
expanded Tregs can effectively suppress the activation of effector T cells, leading to enhanced tolerance toward 
the transplanted organ [28]. However, the clinical application of this strategy is not without challenges. 
Standardizing protocols for Treg isolation and expansion is critical to ensure consistency in the quality and 
function of the Treg product [29]. Moreover, maintaining the suppressive function of Tregs during culture is 
essential, as prolonged expansion can lead to a loss of functionality. 
                                                         In Vivo Induction of Tregs 
In vivo induction of Tregs offers another viable approach for promoting tolerance in transplantation. Low-dose 
IL-2 therapy has garnered attention for its ability to selectively enhance Treg populations while limiting the 
activation of effector T cells [30]. This method leverages the preferential utilization of IL-2 by Tregs, thereby 
promoting their survival and function in the transplant recipient. Additionally, agents like transforming growth 

factor-beta (TGF-β) and certain retinoic acid derivatives can be employed to enhance the differentiation of naive T 
cells into Tregs [22]. These strategies aim to create an environment conducive to Treg generation, facilitating 
long-term graft acceptance. 
                                                                  Treg Transfer Therapy 
Treg transfer therapy involves the direct infusion of autologous or donor-derived Tregs into transplant recipients. 
This approach aims to bolster the existing Treg population, promoting tolerance and potentially leading to long-
term graft acceptance without the need for continuous immunosuppression [31]. Experimental models have 
shown promising results, with Treg infusion resulting in reduced rejection rates and improved graft survival. 
Ongoing clinical trials continue to evaluate the safety and efficacy of Treg transfer therapy in various transplant 
settings, paving the way for personalized immunomodulatory strategies in transplantation [8]. 

Challenges and Limitations 
Harnessing regulatory T cells (Tregs) for transplantation tolerance offers promising potential, but several 
challenges must be addressed. A significant concern is the risk of infections and malignancies associated with 
prolonged immunosuppression or inadequate immune surveillance. The modulation of the immune response 
through Treg therapies can dampen the host's ability to fight off infections and may increase the risk of 
tumorigenesis [32]. Moreover, the complexity of Treg biology, including their functional heterogeneity, poses 
additional challenges in developing standardized therapeutic approaches. Different subsets of Tregs may exhibit 
varying levels of suppressive function, and their responses can be influenced by the microenvironment [33]. 
Ensuring the safety, efficacy, and long-term stability of Treg-based therapies necessitates rigorous preclinical and 
clinical investigations [34,35]. Furthermore, optimizing protocols for Treg isolation, expansion, and 
administration remains essential to achieve consistent outcomes across patients. Understanding the long-term 
effects of Treg therapies on the immune landscape will be critical for ensuring their successful application in 
clinical transplantation settings. Addressing these challenges will pave the way for the effective use of Treg-based 
strategies to promote tolerance and improve transplant outcomes. 

CONCLUSION 
Harnessing regulatory T cells for immune modulation represents a promising strategy for achieving 
transplantation tolerance. By leveraging the natural immunosuppressive capabilities of Tregs, it is possible to 
reduce the reliance on conventional immunosuppressive therapies and improve long-term graft survival. Ongoing 
research efforts are crucial for understanding the intricate mechanisms underlying Treg function, optimizing 
therapeutic strategies, and translating these findings into clinical practice. Ultimately, the successful application of 
Treg-based therapies may revolutionize the field of transplantation, providing new avenues for promoting 
tolerance and enhancing patient outcomes. 
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