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Regulatory T cells (Tregs) are critical for maintaining immune tolerance by suppressing effector T cell responses. However, in chronic inflammatory diseases such as spondyloarthritis (SpA) and psoriasis (PsO), Tregs can lose their stability and acquire pro-inflammatory characteristics, a phenomenon known as Treg plasticity. Under inflammatory conditions, Tregs may downregulate FoxP3, upregulate RORγt, and produce cytokines such as IL-17 and IFN-γ, thus losing their suppressive function and contributing to disease progression. In SpA, altered numbers and impaired Treg function have been identified in peripheral blood and synovial fluid. Specific subsets, such as CD161+ Tregs with Th17-like features, suggest that inflammatory cytokines and signals like STAT3 activation and ICOS engagement promote pathogenic reprogramming. Genetic factors, including HLA-B27, may further predispose Tregs to instability. Single-cell transcriptomic analyses have provided evidence of shared TCR repertoires between Tregs and effector T cells, reinforcing the concept of lineage plasticity. Similarly, in PsO, skin-resident Tregs exposed to IL-23, IL-6, and IL-21 can acquire a Th17-like phenotype, producing IL-17A and exacerbating local inflammation. Environmental factors such as hypoxia also contribute to destabilizing Treg identity. The persistence of pathogenic Tregs, even following therapy blockade of IL-17 or IL-23, highlights the challenge of achieving long-term disease remission.
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1 Introduction

Regulatory T lymphocytes, known as Treg, were first phenotyped in 1995 as a specific subpopulation of immune cells that could suppress effector T cells (1). These cells are characterized by high expression of the CD25 molecule, which corresponds to the alpha chain of the interleukin-2 receptor (IL-2R) (2). Their main function is to maintain immune self-tolerance, preventing the immune system from mistakenly attacking the body’s own tissues. To achieve this, Treg lymphocytes modulate effector immune mechanisms. Under normal conditions, they comprise approximately 5-10% of total CD4+ T lymphocytes (3).

One of the most important characteristics in the development and function of Treg lymphocytes is the high expression of the FoxP3 transcription factor (4), which acts as a “master regulator” that guides the differentiation of these cells toward the regulatory lineage and establishes their immunosuppressive identity (5). Additionally, FoxP3 stability is essential for maintaining Treg suppressive function; therefore, it plays a key role in sustaining immune tolerance (6).

Tregs expressing FoxP3 can be subdivided into two major subsets according to their origin. Thymic-derived Tregs (tTregs) develop in the thymus, primarily during the process of negative selection of autoreactive T lymphocytes (7). In contrast, peripheral Tregs (pTregs) arise from naive CD4+ T cells in peripheral tissues, where their differentiation is induced by cytokines such as transforming growth factor-beta (TGF-β) and interleukin-2 (IL-2) (8, 9).

Regardless of their origin, it has been proven that Treg cells play an immunoregulatory role through several common mechanisms (10). These include direct cell-to-cell interaction, local depletion of IL-2 due to high CD25 expression, and the expression of co-inhibitory molecules such as CTLA-4 and PD-1 (11, 12). Additionally, Tregs can deplete tryptophan, an essential substance for the function of other immune cells, and release suppressive cytokines such as IL-10, TGF-β, and IL-35, thereby limiting CD4+ T cell activation (13).

In addition to their immunoregulatory function, Treg cells can induce direct cytotoxic destruction of other cells (11). This process is mediated by cell-to-cell contact, involving inhibitory receptor-ligand pairs such as PD-1/PD-L1 and CTLA-4/CD80/CD86, and the direct production of granzymes, triggering apoptosis in target cells (14).

Treg lymphocytes require several activation stimuli to exert their regulatory function. One of the main ones is the recognition of their specific antigen, which can be presented by dendritic cells or other antigen-presenting cells (APCs) (15). Additionally, Tregs respond to cytokine signals such as interleukin-2 (IL-2) or TGF-β (16). Although Treg activation is typically antigen-specific, several antigen-independent pathways have also been identified (17).

The maintenance of immune tolerance theoretically depends on the functional stability of regulatory T (Treg) cells. However, Treg cells can exhibit a remarkable phenotypic plasticity, which is the ability to adopt the functional and phenotypic characteristics of other CD4+ T cell subtypes (18). This plasticity is primarily manifested through the co-expression of FoxP3 and other lineage-defining transcription factors like RORγt (19). Although Treg plasticity has been previously recognized, recent advances in single-cell transcriptomics and high-dimensional profiling have significantly expanded our understanding of this phenomenon, especially in chronic inflammation.

Multiple recent developments underscore the need for a comprehensive review of this topic. First, single-cell RNA sequencing studies have revealed a previously unappreciated level of heterogeneity among Treg subsets (20). While further epigenetic profiling could provide deeper insight into the mechanisms driving this diversity, the most up-to-date studies have relied primarily on single-cell transcriptomics, TCR sequencing, and functional assays. Techniques such as ATAC-seq, which could elucidate chromatin accessibility and regulatory element dynamics, remain underexplored in this context. Second, accumulating evidence indicates that Tregs (21) not only lose their suppressive function under inflammatory conditions but can also acquire pro-inflammatory features, thereby actively contributing to disease chronicity. Finally, immunotherapeutic strategies—particularly IL-17 and IL-23 blockade—have been shown to modulate Treg phenotype and function, prompting critical questions about their role in shaping therapeutic responses and long-term immune regulation (22).

An early example of regulatory T cell plasticity was observed in murine models, where a subset of adaptive regulatory T cells emerged during Th1-type immune responses. These cells, derived from CD4+CD25- T lymphocytes, co-expressed the transcription factors FoxP3 and T-bet, and were capable of producing interleukin-10 (IL-10) as well as interferon-gamma (IFN-γ). This phenotype suggests a regulatory role adapted to inflammatory environments characterized by Th1 polarization (23).

A particularly relevant study was conducted in a Toxoplasma gondii infection model, showing that T-bet expression in Tregs was essential to prevent lethal immunopathology (24). During this infection, the loss of IL-2 promoted the conversion of Tregs toward an IFN–γ–producing phenotype, illustrating their adaptation to a Th-1-driven inflammation environment. This functional shift suggests that, despite acquiring effector-like features, these adapted Tregs can maintain their suppressive function and prevent severe immune-mediated damage (24).

An additional key feature of Treg plasticity is the stability of FoxP3 expression Although it has traditionally been referred to as a reliable marker of Treg identity and function, recent research has revealed that its expression can be unstable under certain conditions (4). There are CD4+ T cell populations that, while expressing FoxP3, do so transiently or unstably, raising questions about their true commitment to a regulatory phenotype. This variability has generated some controversy in the field, as some studies argue that Tregs remain stable as long as they express FoxP3. In contrast, others suggest that they may lose this identity under specific conditions, thereby broadening the scope of their functional plasticity (25). The identity of regulatory T cells (Tregs) is often defined by their immunosuppressive function. Consequently, if both FoxP3+ and FoxP3- T cells are capable of suppressing effector T cell responses, the question of whether they should be classified as Tregs remains unresolved. Conversely, it is also debatable whether CD25+FoxP3+ T cells that have lost their suppressive capacity should continue to be considered bona fide Tregs. The confusion between the transient expression of Foxp3 in activated T cells and true Treg identity contributes to the ongoing debate surrounding their plasticity (26).

Phenotypic stability of Treg largely depends on epigenetic regulation, particularly DNA demethylation within the TSDR region of the Foxp3 gene (27). While thymus-derived Tregs exhibit complete demethylation and stable Foxp3 expression, those induced in vitro often show partial demethylation and transient expression (28). Agents such as azacitidine can induce Foxp3 expression without the need for TGF-β, provided effective demethylation is achieved (29). In vivo strategies have also been shown to promote this stability. Based on these findings, future research could explore mechanisms to enhance stable TSDR demethylation in induced Tregs, investigate epigenetic therapeutic combinations in autoimmune diseases, and assess whether these mechanisms can be specifically targeted in various inflammatory contexts or tumors (30).

Beyond epigenetic control, metabolic reprogramming plays a central role in regulating Treg cell plasticity, stability, and function. Key biochemical pathways—including molecules such as mTOR (mechanistic target of rapamycin) and HIF-1α (hypoxia-inducible factor-1 alpha)—act as metabolic sensors that determine how Treg cells adapt to environmental conditions, influencing their ability to maintain suppressive activity or differentiate toward alternative T cell phenotypes. In Treg cells, mTOR activity promotes glycolysis and inhibits fatty acid metabolism (31). Its sustained activation destabilizes the Treg phenotype by downregulating FoxP3 expression. Accordingly, rapamycin has been used in vitro to stabilize Treg function and maintain regulatory identity (32, 33). On the other hand, under hypoxic conditions, the expression of HIF-1α in Tregs promotes glycolysis and facilitates differentiation into inflammatory phenotypes such as Th17 cells. This interaction between metabolic pathways and cell differentiation illustrates the high sensitivity of Tregs to their microenvironment (34).

For instance, under type 1 inflammatory conditions rich in IL-12 and IFN-γ, Tregs can upregulate the transcription factor T-bet and express the chemokine receptor CXCR3, facilitating their migration to Th1-dominated sites and allowing them to regulate local inflammation without losing suppressive capacity (35). This phenotype, known as Th1-like Tregs, has been shown to retain FoxP3 expression and mediate control of excessive Th1 responses through the secretion of IL-10 and the expression of cytotoxic molecules such as granzyme B (36). Similarly, Th2-like Tregs arise in environments rich in IL-4 and are characterized by GATA3 expression, which supports FoxP3 stability and promotes Treg homeostasis, especially at barrier surfaces like the skin and lungs (37).

In Th17-polarizing environments—often associated with the presence of IL-6, IL-1β, and TGF-β—Tregs may acquire features of Th17 cells through STAT3 signaling and upregulation of RORγt, giving rise to Th17-like Tregs (38). These cells have been reported to co-express FoxP3 and RORγt and may either retain suppressive function or contribute to pathology depending on the inflammatory context (39). Likewise, in germinal center reactions, a subset of follicular regulatory T cells (Tfr) expressing both FoxP3 and Bcl-6 emerges, driven by IL-21 and ICOS signaling. These Tfh-like Tregs limit the expansion of follicular helper T cells and prevent autoantibody production, representing a critical regulatory axis in humoral immunity (40) (Figure 1).
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Figure 1 | Functional specialization and plasticity of regulatory T cells (Tregs). FoxP3⁺ Tregs can differentiate into specialized subsets that mirror effector T helper (Th) lineages, acquiring phenotypic and functional characteristics of Th1, Th2, Th17, and T follicular helper (Tfh) cells. This plasticity is driven by cytokine-mediated activation of specific STAT signaling pathways: STAT1/4 for Th1-like Tregs, STAT5/6 for Th2-like Tregs, and STAT3 for both Th17-like and Tfh-like Tregs. Each subset expresses lineage-specific transcription factors (e.g., T-bet, GATA3, RORγt, Bcl6) and secretes corresponding cytokines, enabling context-specific regulation of immune responses. Created in BioRender. Romero, P. (2025) https://BioRender.com/p29m2dc.

Similar to FoxP3, members of the Ikaros Zinc Finger (IkZF) transcription factor family have well-documented roles in immune cell development. Ikaros, the first transcription factor described in this family, was reported as essential for the development of lymphoid cells (41). Over the following decades, four additional proteins with high structural homology to Ikaros were identified, and these now comprise the IkZF transcription factor family: Ikaros (encoded by the Ikzf1 gene), Helios (Ikzf2), Aiolos (Ikzf3), Eos (Ikzf4), and Pegasus (Ikzf5) (41).

The members of the IkZF family contain both an N-terminal DNA-binding zinc finger domain and a C-terminal protein-protein interaction domain (42). All members of this family are expressed within the hematopoietic compartment. While Ikaros is broadly expressed across all hematopoietic cells, Aiolos is predominantly found in cells committed to the lymphoid lineage and is highly expressed in mature B cells, whereas Helios expression is largely restricted to the T cell lineage32.

This structural diversity provides these factors with functional versatility, as IkZF members can regulate gene expression both positively and negatively by recognizing target DNA sequences and forming transcriptional complexes with other proteins. Mechanistically, IkZF factors have been shown to regulate gene expression through (i) chromatin remodeling by associating with chromatin remodeling complexes such as the nucleosome remodeling and deacetylase (NuRD) complex, (ii) initiation of transcription at the RNA Pol II level, and (iii) inducing chromosomal conformational changes by mediating interactions between distal cis-regulatory regions (43).

In recent years, the expression of the transcription factor Helios in regulatory T cells (Tregs) has been a subject of extensive investigation. It was initially proposed that Helios could serve as a marker to distinguish between thymic-derived Tregs (tTregs) and peripherally induced Tregs (pTregs), given its higher expression in tTreg cells (44). However, subsequent studies have challenged this notion, demonstrating that Helios can also be expressed in a subset of pTregs. In particular, Shevach and colleagues showed that both tTregs and pTregs can express Helios, and that Helios+ and Helios- Treg subpopulations differ in their TCR repertoire, stability, and functional properties (43, 45). Complementarily, Helios is highly expressed in Treg cells, and it has been suggested that it plays a crucial role in their suppressive function (46). Furthermore, Helios enhances the transactivation of Foxp3 by binding directly to its promoter, and Treg cells lacking Helios tend to lose their immunosuppressive function, resulting in the downregulation of Foxp3 expression (46). Due to its close relationship with FoxP3, Helios plays a crucial role in maintaining the stability and functionality of Treg cells. However, it remains unclear whether the members of the Ikfz family can influence the conversion of the Treg phenotype into other lineages.

Despite this controversy, the functional role of Helios in Tregs has gained relevance, particularly due to its involvement in maintaining the phenotypic and functional stability of these cells. Helios participates in the epigenetic silencing of genes such as IL-2, thereby restricting Treg cell proliferation, supporting their suppressive capacity (47). Helios deficiency has been associated with a significant loss of this function, especially in contexts where Tregs are required to control the expansion of pathogenic T cells or mediate follicular regulatory T cell functions (48). Additionally, Helios-positive Tregs have been shown to exhibit a more activated phenotype, higher suppressive capacity, and greater stability in Foxp3 expression, particularly under conditions of immunological stress or lymphopenia (49). Taken together, these findings suggest that while Helios may not be a reliable marker for determining Treg origin, it is an essential factor in preserving their identity and limiting their plasticity, thus positioning Helios as a key regulator of the functional integrity of these cells.

Within Treg plasticity, two main phenomena have been identified: the emergence of ex-Treg cells and the development of “fragile” Treg cells. Ex-Tregs are cells that have completely lost expression of the transcription factor Foxp3, which is essential for maintaining Treg identity and suppressive function. Once Foxp3 is lost, these cells cease to act as immune regulators and may even acquire pro-inflammatory properties, contributing to processes such as autoimmunity or tumor rejection. In contrast, fragile Tregs retain Foxp3 expression but display reduced suppressive capacity and begin to express inflammatory genes, representing an intermediate form of dysfunction. Although the loss of Foxp3 is considered the main criterion for defining ex-Tregs, there is currently no universal consensus regarding additional markers or functional tests for their precise identification. This field remains under active investigation, and researchers continue to refine the definitions as knowledge of Treg fate and behavior deepens (50). This plasticity, while posing a challenge to our understanding of the immune system, also offers considerable therapeutic potential: on one hand, destabilizing Tregs may enhance anti-tumor immunity; on the other, stabilizing them could be key to reducing chronic inflammation in autoimmune diseases. Thus, understanding the mechanisms that regulate this transformation is essential for developing new clinical strategies.

In human studies, ex-Tregs have been identified as a distinct subset of CD4+ T cells with cytotoxic capabilities. Research by Freuchet et al. characterized these cells as CD3+CD4+CD16+CD56+ lymphocytes that express cytotoxic molecules such as granzyme B and perforin. These ex-Tregs lack suppressive function and instead exhibit properties similar to natural killer (NK) cells, including the ability to degranulate and eliminate target cells (51). The study also found that ex-Tregs are clonally related to conventional Tregs, suggesting a lineage relationship and highlighting the dynamic nature of Treg plasticity in human immune responses. In murine models, Treg instability and their conversion into ex-Tregs have also been associated with the loss of Foxp3 expression, leading to the acquisition of pro-inflammatory functions. In experimental autoimmune encephalomyelitis (EAE), a model for multiple sclerosis, Tregs that lose Foxp3 expression can contribute to disease progression by producing inflammatory cytokines such as IFN-γ and IL-17 (52). Similarly, in models of atherosclerosis, the conversion of Tregs into ex-Tregs is accelerated, exacerbating vascular inflammation (53).

Given the dynamic regulatory capacity of Tregs and their ability to adapt phenotypically and functionally to local inflammatory environments, understanding how this plasticity manifests in specific immune-mediated diseases has become a central research focus. This Treg plasticity has been documented in a range of autoimmune and inflammatory conditions, including multiple sclerosis (MS) (54), rheumatoid arthritis (RA) (55), giant cell arteritis (56), idiopathic orbital inflammation (57), and primary Sjögren’s syndrome (58). In these diseases, Tregs can acquire the ability to produce IL-17A and/or IFN-γ—often co-expressing transcription factors such as RORγt and displaying surface markers like CD161 and ICOS—particularly in inflamed tissues. This phenotypic shift is driven by pro-inflammatory cytokines (e.g., IL-1β, IL-21, IL-23), Toll-like receptor signaling, and interactions with antigen-presenting cells. Importantly, these plastic Tregs frequently exhibit reduced suppressive function and have been associated with heightened disease activity and immune dysregulation. Emerging evidence also suggests that this conversion is regulated by epigenetic mechanisms, further underscoring its relevance across diseases.

In chronic inflammatory disorders such as spondyloarthritis (SpA) and psoriasis (PsO), where dysregulated immune responses and tissue-specific inflammation are hallmarks of disease, accumulating evidence suggests that altered Treg function and stability contribute to disease pathogenesis. Therefore, elucidating the phenotypic shifts, transcriptional profiles, and functional outcomes of Treg plasticity in these contexts is essential to understand their role as regulators and potential drivers of inflammation.




2 Spondyloarthritis and Treg cell plasticity

Spondyloarthritis (SpA) is a group of chronic inflammatory disorders that primarily affect the axial skeleton, peripheral joints, and entheses. It includes clinically heterogeneous entities such as axial radiographic or non-radiographic SpA (ax-rSpA, ax-nrSpA), peripheral SpA (pSpA), psoriatic arthritis (PsA), reactive arthritis (ReA), and undifferentiated SpA (uSpA) (59). Among these, ax-rSpA (previously termed ankylosing spondylitis (AS)) is the best characterized and most studied. The disease predominantly affects young males and is strongly associated with the HLA-B27 allele. However, its presence alone is insufficient to cause disease, indicating that environmental triggers and other genetic factors are also involved in pathogenesis (60).

Clinically, SpA is classified into axial and peripheral forms, depending on whether the predominant manifestations involve the axial skeleton or peripheral joints and entheses (61). Its immunopathology is driven by complex interactions between the innate and adaptive immune systems, involving dysregulation of T cells and innate lymphocytes and overproduction of cytokines such as TNF-α, IL-17, and IL-22, which promote chronic inflammation and tissue remodeling (62).

Advancements in imaging and molecular characterization have led to the development of targeted therapies that improve disease control. TNF inhibitors remain a cornerstone in SpA treatment (63). Still, biologics directed against IL-17A, such as secukinumab and ixekizumab, have shown comparable or superior efficacy in certain clinical subsets, particularly in patients with axial involvement or psoriatic features (64, 65). Furthermore, small-molecule inhibitors targeting the JAK-STAT pathway, including tofacitinib and upadacitinib, are being incorporated into treatment algorithms due to their ability to interfere with multiple inflammatory cascades simultaneously (66).

Despite these therapeutic advances, disease remission remains elusive in many patients. Considering that Treg cell-directed immunotherapies are novel and functional strategies in other immune-mediated diseases, they are an emerging area of interest in this field. In SpA, alterations in the number, phenotype, and function of Tregs have been reported. A recent meta-analysis identified reduced circulating CD4+CD25+FoxP3+ Tregs in patients with active ankylosing spondylitis, suggesting a disrupted balance between regulatory and effector mechanisms (67). Similarly, McTaggart et al. found that Tregs from the synovial fluid of patients with psoriatic arthritis displayed diminished suppressive activity on autologous T cells (68).

Recent transcriptomic analyses have further characterized this dysfunction. Pouw et al. performed single-cell RNA sequencing of immune cells from inflamed joints of patients with ankylosing spondylitis and psoriatic arthritis, revealing that synovial Tregs exhibited a distinct transcriptional signature associated with reduced expression of co-inhibitory molecules and impaired regulation of myeloid cell activation (21). These findings indicate that Tregs in SpA are reduced in number and may also become functionally reprogrammed by the inflammatory environment.

Adding to this complexity, Simone et al. identified a subset of Tregs expressing CD161 (encoded by KLRB1) in blood and synovial fluid from patients with SpA. These CD161+ Tregs exhibit features overlapping with Th17 cells, including the capacity to produce IL-17 (69). Interestingly, these cells showed low expression of Helios, suggesting either peripheral induction or destabilization in the inflammatory milieu. The diverse Treg cell subsets discovered in this study include a cytotoxic CD8+ regulatory subset and a Th17-like subset characterized by IL-10 and LAG-3 expression.

These Th17-like Tregs may play a role in modulating IL-17-driven inflammation, although their exact function in disease pathogenesis requires further investigation. In support of this, Duurland et al. demonstrated that CD161+ Tregs and CD161+ conventional T cells (Tconv) share a transcriptional and functional profile despite a limited overlap in their TCRβ repertoires (70).The presence of these cells in inflamed tissues and their effector-like characteristics underscores their potential contribution to chronic inflammation when regulatory mechanisms fail.

Various factors influence the stability of Tregs in SpA. Studies have shown that Tregs from axSpA patients exhibit decreased expression of EZH2 and phosphorylated STAT5 (pSTAT5), both critical for maintaining Treg stability and suppressive function. Interestingly, treatment with TNF inhibitors has been associated with the restoration of pSTAT5+ Treg frequencies, suggesting that therapeutic modulation can partially reverse Treg instability (71).

Using scRNA-seq combined with TCR-seq, a study demonstrated that patients with ankylosing spondylitis exhibit a high proportion of dual TCR-expressing T cells among both pathogenic Th17 (pTh17) and Treg populations (72). These dual TCR T cells displayed features of clonal proliferation and reduced TCR repertoire diversity, particularly in synovial fluid samples, suggesting their involvement in ongoing autoimmune responses. Importantly, the authors found overlapping TCRβ CDR3 sequences between Th1, Th17, pTh17, and Treg subsets, indicating potential lineage interconversion or shared antigenic specificity. Dual TCR Tregs exhibited elevated expression of transcription factors such as Foxp3 and STAT5, yet paradoxically produced less IL-10 and more pro-inflammatory cytokines than their single TCR counterparts. These observations reinforce the notion that under inflammatory conditions, Tregs may acquire pathogenic features, thus contributing to chronic inflammation in AS.

Accordingly, Treg dysfunction in SpA seems multifactorial; in homeostatic conditions, it involves a decrease in anti-inflammatory cytokines such as IL-10 and TGF-β (73). Nevertheless, the cues in SpA have not been studied in detail. The potential breakdown in regulatory capacity likely facilitates the chronic activation of autoreactive T cells and sustains the inflammatory loop in affected joints (Figure 2).

[image: Diagram showing the interaction between axial and peripheral spondyloarthritis (ax-SpA and p-SpA) with Treg and Th17-like Treg cells. HLA-B27 and cytokines IL-17, IL-23, IL-6, and TNFα influence Treg cells. CD161 and KLRB1 affect Th17-like Treg, with uncertain suppressive capacity. Helios, IL-10, TGFβ, IL-17, and TNFα are indicated. Red shaded areas highlight inflammation.]
Figure 2 | Pro-inflammatory cytokine milieu in spondyloarthritis may drive Treg plasticity toward a Th17-like phenotype. In both axial (ax-SpA) and peripheral (p-SpA) forms of spondyloarthritis, elevated levels of IL-17, IL-23, IL-6, and TNF-α — partly influenced by HLA-B27 — exposed regulatory T cells (Tregs) to inflammatory pressure. This environment may induce the expression of CD161 (encoded by KLRB1), a marker associated with Th17-like features. CD161+ Tregs have been reported to exhibit reduced suppressive capacity and gain pro-inflammatory functions, characterized by increased secretion of IL-17 and TNF-α, along with decreased expression of Helios, IL-10, and TGF-β. This transition suggests a pathogenic plasticity contributing to chronic inflammation in SpA. Created in BioRender. Romero, P (2025). https://BioRender.com/p29m2dc.

In the context of SpA, tissue-resident Tregs in the synovial fluid exhibit remarkable phenotypic and functional specialization. Recent studies have identified various subtypes among these Tregs, including those with a genetic profile associated with the Th17 lineage, characterized by RORC expression, IL-10 production, and LAG-3 presence, as well as CD161+ Tregs with low Helios expression and CD8+ Tregs with cytotoxic properties. These cells also show overexpression of genes related to interferon and IL-17 signatures, as well as members of the TNF receptor superfamily, reflecting adaptation to the inflamed joint environment. Additionally, significant clonal expansion has been observed, suggesting antigen-driven local responses. Functionally, these Tregs can suppress the secretion of pro-inflammatory cytokines such as IL-12/23 and TNF by monocytes via LAG-3, indicating a specialized regulatory mechanism in the joint environment. However, some Th17-like, Helios-negative, and IL-17A-producing Tregs are also abundant in synovial fluid and may play a dual role in local regulation and inflammation (20, 21). Although these cells were found in the synovial fluid, tissue-resident Tregs (resident to the bone, cartilage, or enthesis) have not been characterized yet.

While multiple studies have described phenotypic and transcriptomic alterations in Tregs, few have directly assessed their suppressive capacity or regulatory behavior in vivo or ex vivo. Detailed functional analyses are urgently needed to determine whether these altered cells actively contribute to disease progression or merely reflect bystander activation within the inflamed tissue. Moreover, the potential relationship between Treg instability and hallmark features of SpA—such as HLA-B27 positivity or aberrant osteoproliferation—remains poorly understood. Whether Treg dysregulation facilitates pathological bone remodeling, fails to control entheseal inflammation, or interacts with antigen presentation mechanisms influenced by HLA-B27 are open questions that warrant further investigation.




3 Treg plasticity in psoriasis

Psoriasis is a chronic, inflammatory, and immune-mediated skin disease characterized by hyperkeratosis that results in the formation of pruriginous plaques and systemic inflammation that significantly affects the patient’s quality of life (74). The underlying pathogenic mechanisms involve a complex interaction between the innate and adaptive immune systems (75). In this process, T cells interact with dendritic cells, macrophages, and keratinocytes; this immune cell network, along with a myriad of cytokines, initiates a chronic inflammatory response attributed to cytokines from Th1 and, particularly, Th17 phenotypes, the latter now considered the main effector in pathogenesis (76).

This disease primarily affects the skin, leading to excessive proliferation of keratinocytes, the cells responsible for forming the outermost layer of the epidermis. Under normal conditions, keratinocytes renew in a cycle of approximately 28 days; however, in psoriasis, this cycle accelerates drastically, shortening to just 3 or 4 days (77). This process is mainly mediated by T lymphocytes, which in psoriasis patients are inappropriately activated, triggering an inflammatory cascade. These activated CD4 T cells secrete pro-inflammatory cytokines such as TNF-α, IL-17, IL-23, and IL-22, promoting inflammation and stimulating rapid keratinocyte production (78).

Originally, Th1 cells were considered the main mediators of psoriasis due to the expression of IFN-γ in skin lesions and the peripheral blood of patients. However, more recent studies have identified a central role for Th17 cells in disease progression (79).This paradigm shift has directly influenced the development of targeted therapies: over the past decade, biological products directed at TNF-α, IL-23, and IL-17 have been developed and approved, drastically transforming the clinical management of the disease (78).

Antimicrobial peptides (AMPs), expressed in the epidermis, also play a key role in psoriasis pathogenesis, as they strongly induce IL-17 production and activate signaling cascades that stimulate the innate immune system. These peptides activate plasmacytoid dendritic cells, which release IFN-α, a cytokine that stimulates myeloid cells and promotes the maturation of dendritic cells. As a result, higher levels of cytokines such as IL-12, IL-23, and TNF-α are produced, which activate key T cell populations like Th1, Th17, and Th22, with Th17 being the most prominent in this disease (80).

Regarding immune regulation, it has been observed that the imbalance between regulatory T cells (Treg) and Th17 cells contributes to the exacerbation of skin inflammation, favoring the progression and maintenance of the disease. In inflammatory contexts such as psoriasis, Treg cells lose their suppressive capacity, enabling the overexpression of pro-inflammatory cytokines by Th17 cells. Notably, Treg cells producing IL-17 have been identified in psoriasis patients, suggesting a functional plasticity of these cells that, instead of suppressing, contribute to the inflammatory process (21, 81).

Furthermore, studies in pediatric psoriasis patients have shown a simultaneous increase in both Th17 and Treg cells in peripheral blood, with an elevated Th17/Treg ratio that positively correlates with the clinical severity of the disease. These findings indicate that Treg cell dysfunction may be present from the early stages of the disease and play a significant role in perpetuating the chronic inflammatory response (82).

Over the last five years, multiple studies have demonstrated that Treg cells in psoriasis and psoriatic arthritis exhibit high plasticity, frequently losing their regulatory phenotype and producing inflammatory cytokines. This plasticity contributes to disease progression and represents a potential target for therapeutic intervention. This plasticity is observed both in human patients and in mouse models of psoriasiform dermatitis, where IL-23 drives the accumulation of Foxp3+RORγt+IL-17A+ Tregs in the skin (21, 81) (Figure 3).
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Figure 3 | In psoriasis (PsO) and psoriatic arthritis (PsA), the skin microenvironment is enriched with pro-inflammatory cytokines such as IL-23, IL-12, IL-17, TNF-α, and IFN-α, largely produced by dendritic cells and other innate immune cells in response to antimicrobial peptides (AMPs). These signals promote the expansion of Th17 cells and may destabilize FoxP3⁺ regulatory T cells (Tregs), contributing to a shift toward a Th17-like phenotype. This process is characterized by the emergence of FoxP3+RORγt+IL-17A+ Tregs with reduced suppressive capacity. The accumulation of Th17 and Th17-like Treg cells, alongside diminished functional Tregs, leads to sustained inflammation in psoriatic lesions. The diagram illustrates the cytokine milieu and key cellular players involved in this dysregulated immune response at the epidermal level. Created in BioRender. Romero, P. (2025) https://BioRender.com/p29m2dc.

Treg cells from psoriasis patients show an increased tendency to differentiate into IL-17A-producing cells, often expressing the Th17-associated transcription factor RORγt and sometimes losing Foxp3 expression in a mechanism mediated by STAT3 (83).

Moreover, in lesional skin and inflamed joints, Tregs with intermediate levels of FoxP3 expression can be the main source of IL-17A and express markers such as CD161 and RORγt (83). As well as circulating cells, skin-resident Tregs may lose their typical suppressive function and acquire a pro-inflammatory profile, characterized by IL-17A production. This shift contributes to the immune imbalance that underlies the disease, altering the local immune regulation of the balance between Tregs and tissue-resident memory T cells (TRMs). From a therapeutic perspective, targeting the IL-17A and IL-23 pathways has proven effective in modulating the Treg/TRM ratio. Notably, IL-23 inhibition appears to offer longer-lasting benefits by restoring Treg regulatory function (84).

In psoriasis, IL-23 emerged as a central cytokine in modulating Treg plasticity. Kannan et al. demonstrated in a murine model that IL-23 promotes the generation of CD4+FoxP3+RORγt+IL-17A+ cells, both in vivo and in vitro, indicating that IL-23 exposure destabilizes the regulatory program and facilitates conversion into IL-17-producing cells. Pharmacological inhibition of RORγt reversed this phenotype, suggesting that this axis could be therapeutically targetable (85).

In psoriasis (PsO) and psoriatic arthritis (PsA), the skin microenvironment is enriched with pro-inflammatory cytokines such as IL-23, IL-12, IL-17, TNF-α, and IFN-α, largely produced by dendritic cells and other innate immune cells in response to antimicrobial peptides (AMPs). These signals promote the expansion of Th17 cells and may destabilize FoxP3+ regulatory T cells (Tregs), contributing to a shift toward a Th17-like phenotype. This process is characterized by the emergence of FoxP3+RORγt+IL-17A+ Tregs with reduced suppressive capacity. The accumulation of Th17 and Th17-like Treg cells, alongside diminished functional Tregs, leads to sustained inflammation in psoriatic lesions. The diagram illustrates the cytokine milieu and key cellular players involved in this dysregulated immune response at the epidermal level. Created in BioRender. Romero, P (2025). https://BioRender.com/p29m2dc.




4 Concluding remarks

Despite growing interest in effector T cell subsets in SpA and PsO, the study of Treg plasticity has remained comparatively underexplored. Much of the literature focuses on characterizing the inflammatory milieu, with less attention given to regulatory mechanisms that might counterbalance such responses. However, recent work has identified key pathways and factors that modulate the Treg–Th17 axis. For example, in an imiquimod-induced mouse model of psoriasis, melatonin was shown to preserve Treg stability and dampen Th17-mediated inflammation, suggesting novel avenues for therapeutic intervention (86).

Further supporting this concept, a study using a murine model of spondyloarthritis demonstrated that treatment with the peptide VnP-16—either alone or in combination with the COX-2 inhibitor celecoxib—significantly reduced clinical disease scores. This improvement was accompanied by reduced levels of IL-1β, IL-6, TNF-α, and IL-17 and restoration of the Th17/Treg balance (87). Notably, VnP-16 promoted polarization toward a Treg phenotype, as evidenced by increased FoxP3 expression and suppression of STAT3 phosphorylation, a pathway critical for Th17 differentiation.

In a complementary model using HLA-B27/hβ2m transgenic rats, an excess of effector Th17 cells was observed alongside Tregs expressing elevated levels of ICOS. Although ICOS is generally associated with enhanced suppressive function and IL-10 production, these Tregs paradoxically exhibited reduced IL-10 and increased IL-17 expression. Blocking ICOS signaling during Treg differentiation in vitro restored the IL-10/IL-17 balance, stressing the role of aberrant ICOS signaling in driving Treg plasticity in SpA (88).

Additional mechanisms have also been implicated in Treg plasticity in psoriatic and SpA contexts. These include aberrant co-stimulatory signals such as ICOS (88), low Helios expression (69), epigenetic instability at the FoxP3 locus (89) and local metabolic or hypoxic conditions that regulate FoxP3 stability (34).

Understanding the molecular pathways that regulate Treg stability and plasticity is essential for developing new therapeutic strategies. Future interventions to restore Treg function or prevent their pathogenic conversion may offer novel approaches to control chronic inflammation in SpA and PsO. These can include cytokines or metabolic pathways, such as fatty acid oxidation (FAO), which contribute to Treg cells’ suppressive function and stability. Targeting these pathways may offer promising therapeutic strategies in chronic inflammatory disease management (52).

Although significant differences exist between human disease and murine models, animal studies remain crucial for elucidating the dynamics of Treg cell origin, fate, and plasticity. For instance, Foxp3 fate-mapping models allow for the identification of cells that once expressed Foxp3 but have since lost it—so-called “ex-Tregs”—offering direct insights into the loss of regulatory identity and potential acquisition of effector functions (90). Integrating such technologies will be essential for understanding the molecular mechanisms of Treg plasticity and for establishing the rational design and optimization of Treg-based immunotherapies.

Collectively, these findings highlight that Tregs are not a fixed population, but rather a plastic and dynamic cell type whose behavior is profoundly shaped by the local microenvironment. Understanding the molecular cues that regulate their identity and function is critical to unlocking their therapeutic potential in autoinflammatory diseases. Future research should focus on dissecting the context-dependent signals that drive Treg instability, the tissue-specific factors that influence their fate, and the long-term consequences of Treg plasticity on disease progression and treatment resistance.
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