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Abstract: Regulatory T (Treg) cells were first identified through the observation that Foxp3 gene
mutations in mice and humans can result in their dysfunction, leading to a catastrophic multi-organ
autoimmune syndrome. Since then, it has become increasingly evident that Foxp3* Treg cells serve
functions extending well beyond dominant tolerance and the mere prevention of autoimmune
pathology. Highlighting their pivotal role in metabolic regulation, dysfunction of Treg cells has been
implicated in the pathogenesis of both type 1 and type 2 diabetes. Emerging evidence further suggests
that Treg cells contribute to tissue homeostasis and regeneration by facilitating repair processes,
modulating immune responses to curb excessive inflammation, and supporting stem cell function in
key metabolic organs such as muscle, adipose tissue, and the liver. This review aims to highlight
recent progress in elucidating the functional specialization of Treg cells in the regulation of metabolic
homeostasis. It explores the distinct roles of thymic and peripheral Treg cells in constraining
pancreatic [3-cell autoimmunity and the inflammation of metabolic organs, while also underscoring
the pathogenic potential of Treg cell instability and their dedifferentiation into pathogenic effector
cells. Investigating the roles of thymic and peripheral Treg cells in both forms of diabetes is a valuable
endeavor, offering insight into their distinct and shared contributions to disease progression, while
shedding light on immune dysregulation, metabolic inflammation, and immune-metabolic crosstalk.
These insights may provide a foundation for the development of targeted therapeutic approaches
directed at specific Treg cell subsets, offering the potential to attenuate disease progression or even
entirely prevent its onset.

Keywords: Foxp3; pTreg/tTreg; b cells; insulin; autoimmunity; adipose tissue; obesity; diabetes

Introduction

Type 1 diabetes (T1D) is characterized by insulin deficiency caused by the immune-mediated
destruction of insulin-producing (3-cells of the pancreas, primarily driven by autoreactive T cells and
a breakdown in immune tolerance. The recognition of T1D as an autoimmune disease dates back to
the mid-1970s, marking a significant paradigm shift in the understanding of its etiology at that time
[1]: Pioneering studies identified the presence of autoantibodies targeting insulin-producing p-cells
[2,3] and highlighted lymphocytic infiltration of the pancreatic islets of Langerhans (insulitis) as a
hallmark of the disease. This autoimmune nature was further corroborated by research showing the
role of cellular autoimmunity [4]. This groundwork paved the way for the broad acceptance of T1D
as an autoimmune disease, distinguishing it from type 2 diabetes (T2D) due to its autoimmune
pathogenesis and its primary onset in younger individuals, in contrast to T2D, which is characterized
by insulin resistance and is more commonly associated with older age, obesity, and metabolic
dysfunction. It wasn’t until the late 1990s that T2D was first linked to the immune system, in
particular to elevated cytokine responses and innate immune activation [5,6]. These findings paved
the way for recognizing chronic low-grade inflammation, driven by innate and adaptive immune
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cells particularly in adipose tissue, as a key driver of obesity-related metabolic complications,
including insulin resistance, T2D, cardiovascular diseases, and fatty liver disease. Thus, both T1D
and T2D share fundamental pathophysiological characteristics, such as chronic hyperglycemia and
[-cell dysfunction, albeit driven by distinct underlying mechanisms. Inflammation is a pivotal factor
in both conditions: In T1D, autoimmune-mediated (3-cell destruction is central, while in T2D, chronic
low-grade inflammation exacerbates insulin resistance and contributes to (3-cell failure. Another
unifying link is represented by CD4* regulatory T (Treg) cells expressing the lineage specification
factor Foxp3, which have emerged as central players in metabolic homeostasis and the pathogenesis
of diabetes. In fact, the non-redundant role of Foxp3* Treg cells not only in maintaining immune
tolerance to (-cells but also in regulating adipose tissue inflammation is now well established.
However, the physiological Foxp3* Treg cell pool comprises both intrathymically (tTreg) and
peripherally (pTreg) induced subsets [7,8]. Together, tTreg and pTreg cells are thought to act
synergistically to maintain immune homeostasis and prevent severe autoimmunity [9]. However,
their respective contributions to autoimmune {3-cell protection and adipose tissue homeostasis have
only begun to be elucidated. In this review, we highlight recent advances in our understanding of
Treg cell function in these contexts, with particular emphasis on the distinct roles of tTreg and pTreg
cells.

Thymic and Peripheral Pathways of Treg Cell Development

Before the identification of suppressive T cells through the Foxp3 transcription factor, early
studies demonstrated that T cell receptor (TCR) transgenic CD4* T cells could acquire an
immunoregulatory phenotype upon recognizing cognate antigen in peripheral tissues - whether the
antigen was expressed as a transgene [10], administered exogenously as a free antigen peptide [11],
or selectively delivered to dendritic cells (DCs) [12,13]. The subsequent demonstration that steady-
state DCs can drive the extrathymic conversion of conventional CD4* T cells with a truly Foxp3-
phenotype into Foxp3* Treg cells with potent suppressive function [14,15] raised the possibility that,
even under physiological conditions (i.e., T cells with naturally occurring TCRs, in the absence of
deliberate antigen stimulation), the generation of Foxp3* Treg cells may not be confined to the thymus
[16,17]. Since then, it has become widely accepted that the physiological Treg cell pool is
developmentally heterogeneous, consisting of tTreg and pTreg cells, which originate from distinct
CD4+CD25hghFoxp3- precursor cells residing in thymus [7] and peripheral lymphoid tissues [8],
respectively. According to the prevailing view, tTreg cells are primarily positively selected by self-
antigens during intrathymic development and are functionally specialized to control immune
homeostasis and autoimmune responses [18,19]. In the thymus, distinct CD4*CD8- single-positive
precursor cells, which express low levels of Foxp3 protein prior to up-regulation of CD25 expression,
further expand the mature tTreg cell repertoire toward TCRs with attenuated self-reactivity [20]. In
contrast, pTreg cells are thought to be primarily induced by environmental antigens and the gut
microbiota, and have been implicated in the regulation of immune responses at mucosal surfaces
[21,22] as well as in feto-maternal tolerance [23]. Recently, pTreg cells dependent on the gut
microbiota have also been proposed to mediate functions beyond dominant suppression by
facilitating muscle regeneration [24]. The developmental heterogeneity of the mature Treg cell pool
can be visualized in dual Foxp3RFP/GFP reporter mice, in which RFP is expressed in all cells of the
mature Treg cell pool, while GFP expression is restricted to intrathymic Treg cell development and
is stably maintained in their progeny within peripheral tissues [25,26]. This differential expression of
Foxp3-linked fluorochrome reporters enables the tracking and discrimination of RFP*GFP- pTreg
cells from RFP*GFP* tTreg cells (Figure 1A), further corroborating that, under physiological steady-
state conditions, both thymic and peripheral pathways contribute to the overall pool of mature Treg
cells [25]. The concept of a division of labor between pTreg and tTreg cells, which continues to hold
merit, was decisively shaped by elegant studies in 2011 by Haribhai et al., who investigated the
functional specialization of Treg cell developmental subsets through adoptive transfer
immunotherapy in newborn scurfy mice, which are completely deficient in functional Foxp3 protein
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and Treg cells [9]. In these experiments, transfer of total Foxp3* Treg cell populations, composed
primarily of tTreg cells (~80%), prevented disease lethality but failed to suppress chronic
inflammation and autoimmunity. This required the provision of Foxp3-sufficient CD4* T cells to
enable the extrathymic conversion of initially CD4*Foxp3-T cells into functional Foxp3* Treg cells [9].
More recently, studies in Foxp3RFP/GFP mice, which are selectively deficient in tTreg cell development
but spare the pTreg population (AtTreg mice [26]), further underscored the critical role of pTreg cells
in mediating bystander effects to maintain self-tolerance [27]. In adult AtTreg mice, pTreg cells
replenished the Treg cell pool and adopted a highly activated suppressor phenotype, thereby largely
preventing early mortality and the fatal autoimmunity typically observed in Foxp3-deficient models
of complete Treg cell deficiency [27]. Overall, these studies illustrate the synergistic roles of pTreg
and tTreg cells in maintaining systemic immune homeostasis in the adult organism, although their
respective contributions during the neonatal period remain incompletely understood. The following
sections focus on Treg cells and their developmental subsets in the context of pancreatic {3-cell
autoimmunity and adipose tissue inflammation.

Figure 1. Developmental Treg cell subsets in the spontaneous NOD mouse model of T1D. (A, B)
Representative flow cytometry of dual Foxp3 fluorochrome reporter expression in pancreatic CD4* T cells from
Foxp3RFP/GFP reporter mice on the (A) C57BL/6 and (B) NOD background following >14 backcross generations.
(O) Histological assessment of insulitis in Treg cell-proficient (wild-type) and pTreg-deficient (ApTreg) mice
prior to diabetes onset. Representative H&E-stained pancreatic sections from female (top) and male (bottom)
mice illustrates increased leukocytic infiltration in the islets of Langerhans of ApTreg mice. (D) Cumulative
diabetes incidence in Treg cell-proficient (wild-type9, pTreg-deficient (ApTreg), and tTreg-deficient (AtTreg)
mice (n = 12-20 per group). All mice in panels (C) and (D) were backcrossed onto the NOD background for a

minimum of four generations.

Treg Cells in b Cell Autoimmunity and T1D

The discovery of Foxp3 gene mutations as the cause of fatal autoimmune disease in mice [28,29]
and humans [30,31] not only established the molecular basis of dominant Treg cell-mediated
tolerance but also provided a first hint for a critical role of Foxp3* Treg cells in controlling 3 cell
autoimmunity. Notably, T1D is a hallmark [32] of the fatal multiorgan autoimmune syndrome IPEX
(immune dysregulation, polyendocrinopathy, enteropathy, X-linked), which affects
approximately 80% of individuals with disrupted Treg cell function due to FOXP3 gene
mutations [30,31]. This underscores that a profound Treg cell defect is sufficient to drive
destructive 3 cell autoimmunity, independent of other genetic or environmental factors.
Beyond FOXP3, additional monogenic autoimmune lymphoproliferative syndromes that
involve reduced peripheral tolerance and manifestations such as autoimmune diabetes can
result from mutations in genes that are constitutively expressed in Treg cells [33]. These
include IL2RA (encoding CD25, the high-affinity subunit of the IL-2 receptor) and CTLA4,
which limits immune activation by blocking CD28 binding to CD80/CD86 on antigen-
presenting cells (APCs), and may also directly inhibit TCR signaling. In T1D, disease
manifestation is under complex genetic control, with over 50 risk-associated genes, many of
which influence the development and function of Treg cells [34]. Notable examples in both
humans and the non-obese diabetic (NOD) mouse model of T1D include IL2RA, PTPN2, and
CTLA4, which collectively contribute to the dysregulation of immune tolerance. Foxp3* Treg
cells were first implicated in T1D in 2005, when Lindley and colleagues reported that Treg
cells from individuals with T1D were less effective at controlling autologous effector T cell
proliferation, which was accompanied by shifted cytokine expression from anti-
inflammatory cytokines, such as IL-10, to a pro-inflammatory profile, such as IFN-g [35].
While some subsequent studies have confirmed impaired Treg cell function in T1D patients
[36—40], others have reported no significant differences in Treg frequency or suppressive
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capacity compared to healthy individuals [41-43]. In prediabetic NOD mice, however, even
transient Treg cell depletion is sufficient to induce severe insulitis and persistent
hyperglycemia, despite the rapid reconstitution of the Treg compartment following
diphtheria toxin-mediated ablation [44]. These findings suggest that brief abrogation in
Treg-mediated tolerance may be sufficient to initiate irreversible autoimmune processes.
Therefore, the manifestation of T1D may not require sustained Treg cell dysfunction, but
rather a temporary lapse in their regulatory control during a critical window of disease
initiation. Overall, it is widely accepted that the breakdown of peripheral immune tolerance,
particularly the failure of Treg cells to control autoreactive responses, is central to the onset
and progression of T1D, ultimately leading to 3-cell destruction and insulin deficiency.

Genetic Ablation of pTreg and tTreg Subsets in the NOD Model

Before genetically engineered mice with selective Treg subset deficiencies were available,
studies using NOD.Foxp3RFP/GFP mice supported a model in which pTreg and tTreg cells act
synergistically to prevent autoimmune (3-cell destruction [25]: Co-transfer of either RFP*GFP- pTreg
or RFP*GFP* tTreg cells into lymphopenic recipient mice - alongside diabetogenic CD4* T cells to
induce diabetes - initially protected the mice from developing hyperglycemia. However, pTreg cells
provided long-term protection against (3-cell autoimmunity, whereas all mice that received tTreg cells
eventually developed disease within two weeks [25]. These findings illustrate that pTreg and tTreg
cells possess distinct functional capacities consistent with their differential Treg signature gene
expression [25], although the experimental setup may not fully reflect their behavior under
physiological conditions. In fact, in otherwise unmanipulated NOD mice, genetic tTreg cell ablation
precipitated an especially severe form of autoimmune diabetes, characterized by early onset, high
incidence, and a loss of the female bias typically observed in spontaneous disease manifestation
within the NOD model [27]. Destructive 3-cell autoimmunity and overt diabetes in such DtTreg mice
were critically dependent on Idd1 (I-Ag7 MHC class II) and a small set of additional Idd genes, some
of which unfold their diabetogenic activity directly in pTreg cells, such as PD-1 [27]. Interestingly,
Treg cell-specific genetic deletion of the gene encoding PD-1 has been shown to protect NOD mice
from developing autoimmune diabetes [45]. These findings establish tTreg cells as key regulators of
[-cell autoimmunity, in line with their central role in maintaining immune tolerance. In contrast to
the catastrophic 3-cell autoimmunity observed in DtTreg mice, several independent loss-of-function
studies consistently suggest that pTreg cells play a comparatively dispensable role in the control of
[-cell autoimmunity. Nevertheless, given the therapeutic potential of pTreg cells in T1D, it is worth
examining the similarities and sometimes contradictory results regarding their relative contribution
in more detail. To investigate the role of pTreg cells in restraining genetically preprogrammed {3-cell
autoimmunity, selective pTreg deficiency has been modeled in NOD mice using different genetic
strategies. Two independent studies [46,47] employed CRISPR-Cas-9 for targeted deletion of
conserved non-coding sequence 1 (CNS1) within the Foxp3 gene locus in the NOD background, an
approach previously used in the C57BL/6 background to selectively abrogate pTreg cell development
while preserving tTreg cell differentiation [48]. To generate pTreg cell-deficient mice, we employed
Foxp3REPIGFP mice expressing a thymus-specific GFP-Cre recombinase fusion protein, in conjunction
with a Cre-activatable Foxp3.STOP cassette [27]. This strategy enabled selective activation of Foxp3
expression in tTreg lineage-committed thymocytes, while precluding the extrathymic induction of
pTreg cells [27]. On a non-autoimmune-prone background, both Foxp3.CNS1-- mice [23,48] and
Foxp3RFPIGFP mijce with selective pTreg cell deficiency (ApTreg) [27] failed to reveal severe
autoimmune symptoms. While selective pTreg cell deficiency was consistently found to exacerbate
insulitis in Foxp3.CNS1+- NOD females [46,47], the impact on the progression to overt diabetes varied
considerably, ranging from an unchanged or even decreased incidence in male and female mice,
respectively [46], to a significantly increased incidence in both sexes [47]. In the pancreas of Treg cell-
proficient Foxp3RFP/GEP mice, both the size of the Foxp3* Treg cell compartment and the pTreg-to-tTreg
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ratio were comparable between the non-autoimmune-prone C57BL/6 (Figure 1A) and pure NOD
(Figure 1B) backgrounds, and were also not affected by glycemic status (see below). In Foxp3RFP/GF?
mice with selective pTreg cell deficiency, six (C57BL/6>NOD) backcross generations were sufficient
to promote enhanced insulitis in both female and male mice (Figure 1C), but resulted in early onset
of overt diabetes only in rare cases, and exclusively in females (Figure 1D) [27]. These differences
may, in part, be attributed to variations in the degree of pTreg cell depletion and differences in
microbiota composition across mouse models. Notably, CNS1 deletion impairs, but does not
completely abrogate pTreg generation [46,47], and even residual pTreg cells may be sufficient to
sustain immune tolerance under certain conditions. More compelling, however, is the hypothesis that
the strong dependence of pTreg cell development on microbial cues [49-51] renders autoimmune
outcomes highly sensitive to even subtle shifts in microbiota composition. In conclusion, elucidating
the mechanistic basis underlying the apparent discrepancies in the impact of pTreg cell deficiency on
the manifestation of autoimmune diabetes remains an important objective for future research.

Treg Cells in Adipose Tissue Inflammation, Obesity, and T2D

While earlier studies suggested associations between Treg cells and T2D without specifically
focusing on Foxp3* Treg cells, several key publications have since played a pivotal role in shaping
our current understanding of the critical functions of Treg cells in adipose tissue and metabolic
homeostasis, as well as obesity. Seminal studies by Feuerer et al. (2009) established that lean adipose
tissue in mice and men is enriched with a unique population of Foxp3* Treg cells, suggesting a role
in maintaining insulin sensitivity [52]. These findings paved the way for the concept of harnessing
the anti-inflammatory properties of Treg cells to inhibit elements of the metabolic syndrome, as
exemplified by Eller et al. (2011) demonstrating that enhancing Treg cell function could reverse
obesity-linked insulin resistance and diabetic nephropathy in mice [53], further suggesting a potential
therapeutic value of Treg cells to improve insulin resistance and end organ damage in T2D by limiting
the proinflammatory milieu. While these studies have been pivotal, since then numerous studies have
convincingly demonstrated a central role of Treg cells in adipose tissue homeostasis and metabolic
control. The critical role of the metabolic-immune interplay for systemic metabolic homeostasis has
been recently underscored by studies showing that surgical removal of murine visceral adipose tissue
(VAT) prevents obesity-induced multiorgan insulin resistance [54]. Beyond VAT, tissue-resident Treg
cells have emerged as central mediators of immuno-metabolic crosstalk across various metabolic
organs, including other adipose depots [55], the liver [56], and skeletal muscle [57], where they
support local functional adaptation to metabolic demands. This integration is essential for
maintaining systemic metabolic homeostasis, as highlighted by a recent study demonstrating that
Treg cells in the brain modulate hypothalamic immune responses and thereby promote systemic
metabolism [58]. However, these studies have not addressed the relative contributions of pTreg and
tTreg cells to these tissue-specific functions.

Phenotypic Adaptation of VAT Treg Cells

To persist and function within their distinct microenvironment, VAT Treg cells exhibit several
features that set them apart from their lymphoid tissue counterparts, including a unique
transcriptomic profile, antigen receptor repertoire, and specific growth factor dependencies [59,60].
Along with Foxp3, VAT Treg cells constitutively co-express the nuclear transcription factor PPAR-y
[52,61]. Foxp3*PPAR-y* Treg cells in VAT exhibit upregulated expression of unique sets of genes
encoding transcription factors (e.g., RORa, GATA-3, BATF, and IRF4), chemokine/cytokine receptors
(e.g., CXCR6, CCR1, CCR2, ST-2, and IL-9R), chemokines/cytokines (e.g., CXCL2, IL-10, and IL-5),
and co-stimulatory molecules (e.g., PD-1 and CTLA4) [52,61-69]. To facilitate their survival in the
otherwise toxic lipid-rich environment, VAT Treg cells are further characterized by a set of highly
expressed molecules associated with lipid metabolism, including DGAT1, LDLR, and CD36
[61,63,67]. Conversely, VAT Treg cells show down-regulated expression of lymphoid tissue-
associated genes encoding molecules involved in lymphoid tissue trafficking, such as CD62L, CCR?,
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and S1PR1 and lymphoid tissue transcription factors, such as TCF1, LEF1, and ID3 [63,67,70]. The
recruitment and maintenance of VAT Treg cells is largely driven by PPAR-y [61,71]: Mice lacking
PPAR-y expression selectively in Foxp3+ cells exhibit a substantial reduction in the VAT Treg cell
compartment size, and the residual cells lack the expression of typical VAT Treg cell signature genes
[61]. Consistently, mice treated with a PPAR-y agonist (pioglitazone) exhibit an increased Treg cell
population size specifically in the VAT but not lymphoid tissues [61]. Within VAT, Treg cells are
positioned between adipocytes in close proximity to MHC class II* APCs [66] and display a distinct
TCR repertoire characterized by restricted diversity from the accumulation of micro-clones, in
contrast to their lymphoid tissue counterparts [52,66], suggesting the capacity of VAT Treg cells to
recognize and respond to locally presented antigenic peptides. Consistently, analysis of TCR
transgenic mice, which express a TCR derived from a Treg cell clone that expanded within the VAT,
but whose exact agonist ligand remains unidentified, has revealed that the transgenic TCR-
expressing Treg cells specifically accumulate in the VAT, without similar accumulation at other
anatomical sites [71]. VAT Treg cells are believed to undergo stepwise, multi-site differentiation:
Splenic Foxp3* tissue-Treg precursors bearing an ST-2*KLRG1* phenotype and initially lacking
PPAR-y expression migrate to VAT, where local antigen recognition induces PPAR-y upregulation
[66,71], with full acquisition of the VAT-Treg cell transcriptional signature being driven by TCR
engagement and IL-33 signaling. Although IL-2-dependent survival and proliferation are preserved
in VAT Treg cells, they exhibit additional growth factor dependencies not shared by their lymphoid
tissue counterparts. Notably, VAT Treg cell homeostasis is highly dependent on IL-33 and its receptor
ST-2, as evidenced by the constitutive ablation of either IL-33 or ST-2, which results in a marked
reduction of the VAT Treg cell compartment without impacting Treg cells in lymphoid tissues
[62,66,69].

Function of VAT Treg Cells

Treg cells have been implicated in both immunoregulatory and non-immune functions within
VAT, with multiple independent lines of evidence supporting their insulin-sensitizing role. In obese
mice, various approaches that promote the proliferative expansion of Foxp3* Treg cells - such as the
administration of IL-2/anti-IL-2 mAb immune complexes [52], anti-CD3 mAbs [72], exogenous IL-33
[62], or a PPAR-y agonist [61] - have consistently been shown to ameliorate VAT inflammation and
improve metabolic indices [52,61,62,72]. Conversely, Foxp3-dependent genetic ablation of PPAR-v,
resulting in the selective loss of VAT Treg cells, exacerbated insulin resistance and glucose intolerance
[61,73], while also abolishing the metabolic improvements typically induced by PPAR-y agonist
treatment in obese mice [61]. Mechanistically, VAT Treg cells can modulate both immune cells and
adipocytes to maintain metabolic homeostasis [52]. VAT Treg cells have been shown to use a unique
mechanism of suppression via the enzyme hydroxyprostaglandin dehydrogenase (HPGD), which
converts prostaglandin Ez2 (PGE:) into 15-keto PGE: suppressing activation and proliferation of
conventional T cells [74]. VAT Treg cells are also potent producers of IL-10, which fosters anti-
inflammatory immune responses while suppressing pro-inflammatory ones. In adipocytes, IL-10
inhibits the expression of inflammatory genes, preserves insulin signaling by preventing the
downregulation of tyrosine phosphorylation of insulin receptor substrate 1 (IRS-1), and counteracts
the reduction of the glucose transporter GLUT4 [52]. More recently, VAT Treg cells have been
implicated in non-immune functions by restraining the differentiation of stromal adipocyte
precursors into adipocytes through the oncostatin-M (OSM) signaling pathway, thereby directly
influencing adipose tissue remodeling to support insulin sensitivity and systemic metabolic
homeostasis [75].

pTreg Cells - Central Regulators of Adipose Tissue Function and Systemic Metabolism

The VAT Treg cell compartment is seeded from the thymus during the early postnatal period,
followed by local proliferative expansion of specific tTreg cell clonotypes [66,71]. While tTreg cell-
deficient mouse models have only recently become available [26,27], the use of Foxp3.CNS1-- mice -
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characterized by selective pTreg cell deficiency - for loss-of-function studies in metabolic homeostasis
is confounded by the presence of an N-terminal Foxp3-GFP fusion protein, which functions as a
hypomorph [76] and impairs Treg cell accumulation in VAT [77]. Consequently, earlier studies have
relied on rather indirect evidence, suggesting that pTreg cell development may contribute only
marginally to the VAT Treg cell pool, thereby indirectly supporting the notion of a predominantly
thymic origin of these cells. Evidence that pTreg cells may play only a minor role in the generation of
the VAT Treg cell pool included the observation of distinct TCR repertoires of VAT-residing
CD4*Foxp3+* Treg cells and conventional CD4*Foxp3- Teff cells [52], high expression levels of the
putative tTreg cell markers Helios and Nrp-1 by VAT Treg cells [66], and a transcriptional signature
of VAT Treg cells distinct from that of CD4* T cells with an artificially induced Foxp3* phenotype in
vitro [66]. Additionally, Foxp3* cells originating from the conversion of adoptively transferred,
initially naive CD4*Foxp3-T cells failed to accumulate in the VAT of recipient mice [66,71]. However,
under physiological conditions, studies employing the dual Foxp3RFF/GFP reporter model indicated
that VAT of adult mice is seeded by both pTreg and tTreg cells [78]. Overall, the composition of the
VAT Treg cell pool mirrors that observed in other anatomical locations, with pTreg cells comprising
approximately 20-30% and tTreg cells accounting for 70-80% of the compartment in lean mice (Figure
2B). The first evidence linking pTreg cells to adipose tissue homeostasis came from previous
transcriptomic analyses, which revealed striking similarities between the core transcriptional
signature of splenic pTreg cells (but not tTreg cells) [25] and that of VAT Treg cells [63,67,79],
including elevated expression of ST-2 and KLRGI [25]. More recently, we found that tissue-type Treg
precursors - characterized by co-expression of CD25, KLRG1, ST-2, OX40, and PD-1 [63] - are readily
detectable within both the pTreg and tTreg cell subsets in the spleen, but are significantly enriched
within the splenic pTreg cell compartment [78]. Observations in Foxp3RFF/GFP mice with selective
pTreg cell deficiency further substantiated a critical functional role for pTreg cells in preserving
adipose tissue immune equilibrium and systemic metabolic homeostasis: despite being maintained
on a standard normocaloric vegetarian diet, the adipose tissues of both male and female ApTreg mice
exhibited clear signs of immune dysregulation, including a macrophage profile skewed toward a pro-
inflammatory M1 phenotype at the expense of anti-inflammatory M2 macrophages. Strikingly,
normocaloric diet-fed ApTreg mice spontaneously developed pronounced obesity, characterized by
increased overall body and adipose tissue weight, alongside elevated ERK phosphorylation, a
molecular hallmark in VAT previously linked to insulin resistance and obesity [78].

Figure 2. Proposed model illustrating specialized functions of pTreg and tTreg cells in autoimmune diabetes
and obesity, including the potential for pathogenic Treg dedifferentiation. Both the pancreas and lean adipose
tissue are populated by Foxp3* Treg cells derived from peripheral (pTreg) and thymic (tTreg) origins, with a
distribution of approximately 20-30% pTreg and 70-80% tTreg cells. (A) In NOD mice, which carry a genetic
predisposition to autoimmune diabetes, tTreg cells are key regulators in controlling B cell autoimmunity by
suppressing pathogenic CD4* and CD8* T cell responses. In contrast, the functional contribution of pTreg cells
remains less well defined (see main text). Early in disease progression, M1-like macrophages within the islets of
Langerhans produce low levels of pro-inflammatory cytokines, while a concurrent decline in M2-like
macrophage activity contributes to the establishment and amplification of chronic inflammation (insulitis). This
evolving pro-inflammatory milieu undermines immune homeostasis, enhancing Th1 and cytotoxic CD8* T cell
responses that ultimately drive 3 cell dysfunction and destruction. Notably, the frequency of Treg cells among
pancreatic CD4* T cells is comparable between C57BL/6 and NOD mice and remains stable throughout the
transition from normoglycemia to insulitis and overt diabetes. Nevertheless, dedifferentiation of pTreg and/or
tTreg cells may contribute to the expanding diabetogenic Th1 effector pool, thereby exacerbating insulitis. (B) In
non-autoimmune-prone mice, the immune compartment in lean adipose tissue is predominantly composed of
anti-inflammatory M2-like macrophages, Th2-polarized CD4* T cells, and Foxp3* Treg cells co-expressing PPAR-
Y. Within this environment, the pTreg cell subset acquires a tissue-type Treg phenotype and plays a crucial role
in maintaining adipose tissue homeostasis by suppressing pro-inflammatory immune responses and restraining
the differentiation of stromal adipocyte precursors. Under conditions of metabolic stress, such as a hypercaloric

diet, this regulatory balance is disrupted. Key features of this breakdown include a shift from anti-inflammatory
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M2- to pro-inflammatory M1-like macrophages, enhanced Th1 polarization, and the selective loss of tTreg cells.
Elevated levels of inflammatory cytokines, particularly IL-6 and TNF, destabilize the tTreg cell compartment,
driving their clonal expansion into pathogenic Foxp3- IFN-y* T effector cells. This dedifferentiation further

amplifies type 1 inflammation and contributes to the loss of immune regulation within obese adipose tissue.

Roles of VAT pTreg and tTreg Cells in Obesity

In contrast to genetic obesity models such as ob/ob mice [80,81], the C57BL/6 model of high-fat
diet (HFD)-induced obesity offers the advantage of incorporating a combination of dietary, genetic,
and environmental factors, which collectively influence the manifestation of obesity symptoms,
thereby more closely recapitulating the complexities of human obesity [82,83]. Unsurprisingly, HFD
feeding of ApTreg mice enhanced the pre-established pro-inflammatory type 1 immune response in
VAT, exacerbating obesity symptoms and contributing to a severe form of hepatic steatosis [78].
Accordingly, selective pTreg cell deficiency induced distinct “transcriptional holes’ in the so-called
"VAT-Treg’ signature of HFD-fed ApTreg mice highlighting the non-redundant contribution of pTreg
cell development to the overall VAT pool of functional Treg cells [78]. Further underscoring the key
role of pTreg cells in VAT homeostasis, HFD-fed AtTreg mice exhibited an increased compartment
size of VAT pTreg cells and concomitantly increased expression of many genes of the 'VAT-Treg’
signature, including key transcription factors (e.g., Pparg, Gata3) as well as mediators of Treg cell
survival (e.g., I12ra, 111r11), metabolic fitness (e.g., Dgat1) and suppressor function (e.g., Areg, Lgals1,
Tgfbl). Consequently, selective tTreg cell deficiency not only amplified anti-inflammatory type 2
immune responses in the VAT of Foxp3RFP/GFP mice maintained on a normocaloric diet, but also, quite
strikingly, significantly mitigated HFD-induced obesity symptoms. This attenuation was
accompanied by improved metabolic parameters, including enhanced glucose tolerance and insulin
sensitivity [78]. Consistently, genetic tTreg cell ablation in AtTreg mice reversed the typical HFD-
driven immune shift from anti-inflammatory type 2 to pro-inflammatory type 1 responses usually
observed in VAT of Treg cell-proficient mice (Figure 2B).

Non-Immune Functions of VAT pTreg Cells

VAT pTreg cells exert their key function in maintaining metabolic homeostasis not only via
immune regulation, but also through direct modulation of adipogenesis. Our single-cell
transcriptomic analysis pinpointed the previously reported expression of OSM within the total VAT
Treg cell pool [75] specifically to the pTreg subset, with minimal or no expression observed in tTreg
cells [78]. Notably, the VAT of tTreg-deficient mice, which retain and even expand a functional pTreg
compartment with elevated expression levels of OSM, exhibits an accumulation of adipogenic
mesenchymal stromal cells alongside a ‘hypertrophic” adipose phenotype, characterized by fewer but
enlarged adipocytes [78]. These findings support a model in which pTreg-derived OSM signals
through the OSM receptor on mesenchymal stromal cells to constrain adipogenesis (Figure 2B). The
hypertrophic shift in adipocyte morphology may represent a compensatory mechanism and aligns
with the improved metabolic profiles observed in AtTreg mice [78], consistent with reports linking
larger adipocyte size to enhanced insulin sensitivity and glucose tolerance [84-87]. Consistently,
Foxp3.PPAR-y+- mice - which are lacking the entire VAT Treg cell compartment, including pTreg
cells - display a ‘hyperplastic’ phenotype characterized by more numerous but smaller adipocytes,
indicative of increased adipogenic differentiation [75]. Collectively, these data highlight the unique
ability of VAT pTreg cells to finely regulate adipose tissue architecture, linking their
immunoregulatory and adipogenic functions to systemic metabolic health. Given the emerging roles
of Treg cells in mediating immuno-metabolic crosstalk in other metabolic organs such as pancreas,
skeletal muscle and the brain, future investigations into the presence and function of pTreg cells in
these tissues may yield novel insights into their systemic role in metabolic regulation.
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Treg Cell Plasticity: Pathogenic Threat in b Cell Autoimmunity and Obesity?

The plasticity and potential instability of Foxp3+* Treg cells remain subjects of ongoing debate,
with major implications for immune tolerance, disease progression, and Treg-based therapies. In fact,
pTreg cells are particularly prone to losing Foxp3 expression, a marker of stable Treg identity, due to
their dependence on post-thymic acquisition of a distinct epigenetic program - most notably,
demethylation of the Treg-specific demethylated region (TSDR), or conserved noncoding sequence 2 (CNS2),
within the Foxp3 gene locus. A prominent example is the early finding that in vitro TGF-3-induced
iTreg cells exhibit inefficient TSDR demethylation and an inherently unstable Foxp3* phenotype [88].
Insufficient epigenetic imprinting leaves pTreg cells vulnerable to reprogramming into effector-like
cells, potentially contributing to 3 cell autoimmunity and obesity-related inflammation. The clinical
success of strategies to induce a Foxp3* phenotype in naive CD4*Foxp3~ T cells will depend on the
long-term stability and sustained suppressive function of the de novo induced Treg phenotype.
Encouragingly, prior studies have also demonstrated that the de novo generation of Foxp3* pTreg cells
in vivo can achieve efficient TSDR demethylation, persist long-term even in the absence of the
inducing antigen, and maintain a robustly stable Foxp3* phenotype with preserved suppressive
capacity, even under highly inflammatory conditions [89]. While Foxp3 loss can affect both pTreg
and tTreg cells, instability in tTreg cells is particularly concerning given their selection for self-antigen
recognition during thymic development, as their loss of Foxp3 may result in autoreactive CD4* T
effector cells. Emerging evidence suggests that tTreg plasticity is not merely a theoretical risk, but a
contributing factor in the pathogenesis of both b cell autoimmunity and obesity-dependent adipose
tissue inflammation.

Transdifferentiation of Treg Cells into Pathogenic T Effector Cells

The stability of Treg cells is shaped by a combination of extrinsic factors, including inflammatory
cytokines [90-92], metabolic stress [93-96], and tissue-specific cues [56,96]. In the absence of sustained
Foxp3 expression, robust epigenetic maintenance, and appropriate metabolic support, Treg cells may
undergo functional reprogramming and adopt effector-like, pro-inflammatory phenotypes [90-
92,97-100]. However, demonstrating the physiological significance of these processes has proven
more challenging. The loss of Treg cell identity in vivo and their transdifferentiation into pathogenic
CD4+ T effector cells has been proposed to occur in a highly inflammatory environment [92,97,98],
potentially contributing to autoimmune pathology. This phenomenon has been implicated in various
experimental autoimmune disease models, including arthritis [92], encephalitis [98], psoriasis [101],
as well as in b cell autoimmunity and T1D [97,102] (Figure 2A). However, this idea remains
controversial [103,104]. In fact, conclusions regarding Foxp3 loss in vivo were largely driven by
genetic lineage tracing [92,97,98], where Foxp3-dependent Cre recombinase irreversibly activates the
expression of a fluorochrome reporter, such as YFP, which remains stably expressed regardless of the
Foxp3 expression status of the cell [26]. Some of these studies indicated that a substantial fraction (up
to 15%) of cells within the Foxp3* Treg population exhibit a Foxp3- ‘ex-Treg’ phenotype. These
findings were contested by the demonstration that Foxp3* Treg cells are predominantly stable under
physiological steady-state and a broad range of inflammatory conditions [104]. This included IL-2
deprivation, radiation-induced lymphopenia, and Th1 inflammation following infection with Listeria
monocytogenes or Ab-mediated cross-linking of CD40 [104]. Lending further support to an
overwhelmingly stable Foxp3+* phenotype among physiological Treg cell populations, Treg plasticity
following adoptive transfer into a lymphopenic environment is confined to a small subset of the
overall Treg population, primarily enriched for naive, Nrp-1- Treg cells, including pTreg cells and
recent thymic emigrants [105]. Technical limitations inherent to fluorochrome-based lineage tracing
- such as spectral overlap between reporters like GFP and YFP [26] - may, at least in part, account for
the observed discrepancies in the reported extent of Foxp3 loss. Interpretation of these data is further
complicated by the possibility that the accumulation of CD4* T cells with an apparently Foxp3~‘ex-
Treg’ phenotype in peripheral tissues may result from transient Foxp3 expression and Cre
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recombinase activity during thymic development, rather than from true Foxp3 downregulation in
situ [103]. This scenario of intrathymic ‘abortive’ Treg cell development gives rise to Foxp3- cells that
are unable to reacquire Foxp3 expression upon in vitro restimulation, a distinguishing feature from
bona fide ‘ex-Treg’ cells, which readily re-express Foxp3 following brief in vitro stimulation [103].
Clearly, fluorochrome-based genetic lineage tracing has been instrumental in elucidating T cell
lineage fate decisions, though its interpretation warrants careful consideration.

Of direct relevance to 3 cell autoimmunity, early studies on pancreatic Treg cell dedifferentiation
in the NOD model [97,102] have recently been corroborated by the observation that the costimulatory
receptor CD226 contributes to Treg instability and b cell autoimmunity [106]. Whereas, studies in the
NOD.Foxp3RFPIGFP model [27] failed to reveal significant differences in pancreatic Treg cell abundance
between C57BL/6 (Figure 1A) and both non-diabetic and diabetic NOD mice (Figure 1B), suggesting
that the progression to overt diabetes may not be associated with an acute loss of Foxp3* Treg cells in
the pancreas due to in situ dedifferentiation, whether in pTreg or tTreg subsets [27]. In contrast, the
loss of Foxp3+* Treg cells represents a hallmark of VAT inflammation in the pathogenesis of obesity
[52,65,107,108]. The VAT Treg cell loss can be attributed to the selective loss of tTreg cell identity and
their dedifferentiation into 'ex-Treg’ cells with an effector/memory T cell phenotype (Figure 2B),
while preserving the pTreg cell compartment [78]. Mechanistically, dysregulated cytokine signaling
pathways — in particular, the selective loss of expression of the high-affinity component of the IL-2
receptor (CD25) and the IL-33 receptor (ST-2), combined with enhanced TNF-a and IL-6 receptor
signaling - drive the destabilization of VAT-resident tTreg cells (Figure 2B) [78]. In obese mice, VAT
Treg cells have been shown to progressively lose their tissue-specific identity, with downregulation
of key signature genes - including Pparg, Klrgl1, lI1rl1 (ST-2), and Il10 - and gain expression of gene
clusters enriched in PPARy-deficient Treg cells [65]. This transcriptional reprogramming has been
attributed, at least in part, to reduced PPAR-y activity, which is inhibited by cyclin-dependent kinase-
5-mediated phosphorylation at serine 273 of PPAR-y [65,109]. These changes can be mimicked in
adipocyte cultures treated with TNF-a [65], directly linking the pro-inflammatory milieu to impaired
PPAR-y function. Consistently, enhanced obesity symptoms in ApTreg mice are associated with
dysregulated ‘VAT-Treg’ signature expression, including the downregulated expression of PPAR-y
in VAT tTreg cells [78]. Together, these findings highlight how obesity-induced inflammation
undermines the transcriptional and functional stability of tTreg cells, contributing to their
progressive loss within adipose tissue. Similarly, IFN-y has been implicated in the reduction of Treg
cells in the adipose tissue of obese human subjects [110].

In the pancreas of NOD mice, the majority of Treg cells may preserve Foxp3 expression while
progressively losing their suppressive function, underscoring a dissociation between phenotypic and
functional stability. In line with this, Treg cells residing within pancreatic islets are thought to
undergo functional impairment primarily due to limited IL-2 availability [111-114], which
compromises STATS signaling, destabilizes Foxp3 expression, and ultimately diminishes suppressive
capacity [115-118]. These studies collectively indicate that defects in the IL-2/CD25 pathway impair
Treg cell function in NOD mice, contributing to the development of autoimmune diabetes,
positioning IL-2 as both a central mechanistic regulator and a promising therapeutic target
[113,114,119].

However, the destabilization of even a small fraction of Treg cells may be sufficient to amplify
autoimmune responses - particularly when transdifferentiating Treg cells bearing highly pathogenic
TCR specificities undergo proliferative expansion within the effector T cell compartment. Indeed,
single-cell nRNA and TCR transcriptomic analyses of CD4* T cells have been instrumental in firmly
demonstrating that immunological and metabolic stress can compromise tTreg cell stability in the
VAT of HFD-fed mice. This destabilization initiates a cascade culminating in Foxp3 downregulation
and transdifferentiation into pro-inflammatory, obesogenic CD4* T effector cells (Figure 2B), thereby
fueling adipose tissue inflammation, obesity, and systemic metabolic dysfunction [78]. In these
studies, the integration of single-cell mRNA and TCR transcriptomics data has enabled the
identification of intermediate transdifferentiation states - such as Foxp3 mRNA'"w Teff-like cells.
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Additionally, TCR clonotype trajectory analyses revealed that destabilized tTreg clonotypes
selectively accumulate within the pro-inflammatory Th1 compartment, but not Th2, providing direct
evidence for lineage conversion into pathogenic effector cells [78].

Concluding Remarks

The dual Foxp3RFP/GFP mouse model and its derivatives with selective pTreg- and tTreg-
deficiency have proven valuable for dissecting the distinct contributions of Foxp3* Treg subsets to
immune homeostasis, particularly in the context of pancreatic (3-cell autoimmunity and obesity-
associated inflammation in adipose tissue. While tTreg cells are key regulators of pancreatic [3-cell
autoimmunity, pTreg cells have emerged as crucial players in maintaining VAT homeostasis by
regulating local immune responses and adipocyte differentiation. This functional specialization
among Treg subsets may help explain why, despite the central role of Treg cells in both diseases and
evidence of shared etiological features, the overlap in genetic risk between T1D and T2D remains
limited, especially for genes whose pathogenic effects are mediated through Treg cell dysfunction
[120,121]. Recent advances in single-cell transcriptomics have provided valuable insights into the
cascade of events within the highly pro-inflammatory adipose tissue microenvironment that drive
Treg cell destabilization and their transdifferentiation into pathogenic T effector cells. While the
physiological relevance of Foxp3 loss in pancreatic Treg cells in T1D requires further scrutiny, the
integration of single-cell transcriptomics with TCR sequencing and chromatin accessibility profiling
(e.g., scATAC-seq) offers a powerful framework for exploring Treg cell plasticity within the
pancreatic and adipose tissue microenvironments. These multi-omic trajectory analyses hold great
promise for uncovering lineage relationships, as well as the transcriptional and epigenetic stability
of Treg cells and the clonal architecture of their subsets. Such insights will help illuminate the
mechanisms of pathogenic reprogramming in (3-cell autoimmunity and adipose tissue inflammation.
Furthermore, these studies may extend the concept of developmental and functional Treg cell
heterogeneity to the human setting. Ultimately, a deeper understanding of the specialized functions
and potential risks associated with Treg developmental subsets will facilitate the rational design of
subset-specific Treg cell-based therapies. These therapies may also involve strategies to stabilize Treg
cells - such as through low-dose IL-2, IL-2 muteins, or epigenetic modulators - or selectively ablate
unstable or dedifferentiating Treg cells. Alternatively, CRISPR-based engineering or the use of
engineered Treg cells expressing chimeric antigen receptors could bypass stability concerns entirely,
providing promising new avenues for therapeutic Treg cell-based intervention.
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