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ABSTRACT

Regulatory T cells (Tregs), orchestrated by the master transcription factor FOXP3, are pivotal for
maintainingimmunetolerance intheskin, acomplexbarriertissue constantly exposed to environmental
antigens and commensal microbiota. Dysfunction of the FOXP3-Trog axis underlies a spectrum of
primary immunodeficiencies (PIDs) characterized by prominent cttaneous autoimmunity, including
eczematous dermatitis, erythroderma, psoriasiform lesions, and a. »ecia. This review synthesizes
the specialized cutaneous immune microenvironment integrating . ~ratinocytes, dendritic cells,
and tissue-resident Tregs and delineates the transcriptional, epigc =tic, .nd signaling mechanisms
governing FOXP3 stability and Treg function. Particular emphas’s is plc ced on Treg plasticity, whereby
inflammatory cues drive conversion to pro-inflammatory ev-Tr. ~s. exacerbating Th17/Th2 skewing
and cytokine imbalance. We examine prototypic FOXP3 nrutatic 1s in IPEX syndrome alongside related
Tregopathies (CTLA4, LRBA, DOCKS8, STAT3 GOF, WA 7), highlizhting shared and distinct cutaneous
phenotypes driven by microbiota dysbiosis, b2=#ier _*sruptiui, and failed tissue repair. Mechanistic
integration reveals self-amplifying inflamme’ory 1 ops .~ the skin. Finally, we discuss the evolution
of therapies from conventional immunosupy ‘2ssion and hematopoietic stem cell transplantation
to precision strategies, including Treg adoptive -ansfer, CAR-Tregs, FOXP3 gene editing, cytokine
biologics, and microbiome modulatio: - A mechar, .m-based, tissue-specific approach is essential to
restore durable immune tolerance in FC, 3-related cutaneous immunopathology.
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Introduction

Autoimmune manifestations in ooy
immunodeficiencies (PIDs) constitute a well-=stablished
paradox in immunology, in which impaire ' host uefense
coexists with pathological self-reactivit:r due o defective
immune tolerance mechanisms (1..2). ;*mong affected
organs, the skin serves as both a physical oarrier and an
immunologically active in‘erface, 1. ~king it particularly
susceptible to dysregul ted immune responses in
immunodeficient states (. 4). Clinical observations
and cohort studies consistently show that cutaneous
autoimmunity,  including  eczematous  dermatitis,
psoriasiform inflammation, vitiligo, and alopecia, often
presents as an early and prominent manifestation of
immune dysregulation syndromes (2, 5).

The maintenance of peripheral immune tolerance
is critically dependent on regulatory T cells (Tregs), a
specialized subset of CD4" T lymphocytes defined by
stable expression of the transcription factor FOXP3 (6, 7).
Tregs suppress autoreactive immune responses through
multiple coordinated mechanisms, including secretion of
inhibitory cytokines such as IL-10 and TGF-p, engagement
of immune checkpoint pathways such as CTLA-4, and
metabolic disruption of effector T-cell function (8, 9).
Beyond systemic immune regulation, Tregs exhibit tissue-

adapted phenotypes that are essential for maintaining local
immune homeostasis in barrier tissues, particularly in the
skin (10, 11). Within the cutaneous microenvironment,
Tregs regulate keratinocyte proliferation, modulate immune
responses to commensal microbiota, and contribute to
wound healing and tissue repair processes (11, 12).

Disruption of the FOXP3-Treg axis is a central
mechanistic link between immunodeficiency and
autoimmunity, particularly in tissues with continuous
antigen exposure, such as the skin (7, 13). Loss-of-function
mutations in FOXP3, as seen in immune dysregulation,
polyendocrinopathy,  enteropathy, X-linked (IPEX)
syndrome, cause a profound deficiency of functional Tregs
and lead to severe, early-onset autoimmune disease with
prominent cutaneousinvolvement (14, 15). Beyond complete
FOXP3 deficiency, partial impairment of Treg function due
to defects in pathways such as IL-2/STATS5 signaling, CTLA-
4-mediated co-inhibition, or epigenetic regulation also
predisposes to inflammatory and autoimmune skin diseases
across multiple inborn errors of immunity (16, 17). Notably,
experimental evidence indicates that Treg dysfunction
involves not only quantitative deficiency but also functional
instability and phenotypic plasticity, allowing conversion
into pro-inflammatory effector-like cells under specific
inflammatory conditions (18, 19).
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The skin microenvironment further amplifies the
consequences of Treg dysfunction because it is continuously
exposed to environmental antigens, commensal microbiota,
and mechanical stress, all of which require tightly regulated
immune responses to preserve tissue integrity (10, 20).
In this context, failure of FOXP3-dependent regulatory
mechanisms leads to exaggerated Th1l- and Th17-mediated
responses, dysregulated cytokine production, and sustained
epithelial inflammation characteristic of autoimmune skin
disease (21, 22). These processes are reinforced by local
factors, including barrier dysfunction, microbial dysbiosis,
and altered interactions between immune and non-
immune skin cells such as keratinocytes and fibroblasts (23,
24). Consequently, cutaneous autoimmunity in primary
immunodeficiency should be interpreted not merely as a
secondary complication, but as a direct manifestation of
tissue-specific failure of immune regulation (13, 25).

Despite significant advances in Treg biology and
immunodermatology,  current literature = remains
fragmented, frequently emphasizing either systemic
immunological mechanisms or descriptive classifications
of dermatological conditions without integrating these
perspectives into a unified mechanistic framework (26, 27).
Moreover, many existing reviews rely heavily on secondary
sources and descriptive summaries of cytokines and disease
associations, with limited critical evaluation of primary
mechanistic studies, thereby reducing conceptual clarity
and translational relevance (27, 28).

In this review, we adopt a focused and mechanism-
driven perspective centered on the FOXP3-Treg axis as the
principal determinant of cutaneous immune tolerance in
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Cutaneous autoimmunity in immunodeficiency

primary immunodeficiency. Rather than broadly cataloging
autoimmune skin diseases, we synthesize molecular,
cellular, and clinical evidence to delineate how defects in
Treg development, stability, and function translate into
skin-specific immune pathology. We further examine how
tissue-resident immune networks, cytokine environments,
and microbial interactions modulate disease expression, and
we discuss emerging diagnostic and therapeutic strategies
targeting these pathways. By narrowing the conceptual
scope and emphasizing mechanistic integration, this review
aims to provide a coherent framework for understanding
and managing autoimmune skin manifestations associated
with immunodeficiency. These processes reflect the
transition from regulatory to inflammatory states illustrated
in Figure 1.

Skin immune homeostasis and tl e role of regulatory T cells
Skin immune regulatory environme, t

The skin is a highly -cpeciaized immunological
niche where continuous >xposire to environmental
antigens requires tightlv-cont. "'ed immune responses to
maintain tissue integri v wkile preventing inappropriate
inflammation (4, 27). 1..>"palance is achieved through
coordinated intc actiins between structural cells and
immune pop 'atons ‘that collectively establish a state
of tisgue-specific immune tolerance (12). Disruption of
this equ 'ibrium 1s a central driver of inflammatory and
autoin mur > skin disease (21).

Ilra’nocytes, the predominant epithelial cell type
ir. the 2pidermis, are not merely structural components;
they wiso actively regulate cutaneous immunity by sensing
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Figure 1. FOXP3-dependent regulation of cutaneous immune homeostasis and its disruption in disease

FOXP3* regulatory T cells (Tregs) retain immunological tolerance in the skin under physiological conditions by producing anti-inflammatory cytokines such as IL-10 and
TGEF-B, which suppress effector T-cell activation and preserve tissue homeostasis. Coordinated interactions among Tregs, dendritic cells, and keratinocytes provide a controlled
immunological system that prevents excessive inflammation, preserves epidermal barrier integrity, and supports a stable commensal microbiota. Conversely, under pathological
situations, mutations or instability in FOXP3 limit Treg functionality and disrupt immune control. This can cause Tregs to become dysfunctional or transform into effector-like
cells (ex-Tregs) and promote the proliferation of pro-inflammatory T helper subsets, including Th17 and Th2 cells, which produce cytokines such as IL-17 and IL-4. This induces
inflammation, undermines epithelial barrier integrity, leads to microbial dysbiosis, and ultimately establishes a self-perpetuating inflammatory cycle that exacerbates tissue damage

and sustains chronic cutaneous immune activation

Treg, regulatory T cell; ex-Treg, former FOXP3* regulatory T cell that has lost stable FOXP3 expression and acquired effector-like characteristics
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environmental stimuli and producing immunomodulatory
signals (30, 31). Upon stimulation, keratinocytes secrete a
broad spectrum of cytokines and chemokines, including
IL-1, IL-6, TNF-a, and thymic stromal lymphopoietin
(TSLP), which orchestrate the recruitment and activation of
immune cells (32, 33). In homeostatic conditions, however,
keratinocytes contribute to immune tolerance by producing
anti-inflammatory mediators and maintaining barrier
integrity, thereby limiting excessive immune activation (34).
Importantly, keratinocyte-derived signals have been shown
to influence Treg recruitment and function within the skin,
highlighting their role in shaping local regulatory networks
(35).

Dendritic cells (DCs) constitute a second critical
component of the skin immune regulatory environment,
acting as professional antigen-presenting cells that bridge
innate and adaptive immunity (36). Distinct subsets of
cutaneous DCs, including Langerhans cells in the epidermis
and dermal DCs, exhibit context-dependent functions that
can either promote immune activation or induce tolerance
(37, 38). Under steady-state conditions, tolerogenic DCs
facilitate the induction and maintenance of FOXP3* Tregs
through mechanisms involving antigen presentation
in the absence of co-stimulation, as well as secretion of
immunoregulatory cytokines such as IL-10 and TGF-p (39,
40). Conversely, inflammatory signals can reprogram these
cells toward immunogenic phenotypes, thereby contributing
to the breakdown of tolerance (41).

The skins tissue tolerance is further reinforced by
signals from the commensal microbiota, local metabolic
conditions, and epithelial-immune cell interactions (23,
42). Commensal microorganisms play a fundamental role
in calibrating immune responses by promoting regulatory
pathways that limit inflammation while preserving
antimicrobial defense (43). In parallel, local metabolic
cues including nutrient availability and hypoxic gradients
modulate immune cell differentiation and functien
influencing the balance between effector and regulafory
responses (44). Together, these factors help mairtair. =
controlled immune environment that prevent; ab.rrant
activation against self-antigens.

Within this regulatory framework, Tregs incaon as
central mediators of immune horieostasi. by integrating
signals from keratinocytes, DC5, and the microbiota
to suppress excessive immune  <tivation (6, 7). The
spatial and functional organization o. these interactions
ensures that immune responses remain proportionate
to external challenges while preserving tissue integrity.
Importantly, failure of these regulatory circuits—whether
due to intrinsic defects in Tregs or dysregulation of the
surrounding microenvironment—results in a shift toward
pro-inflammatory signaling, ultimately leading to chronic
cutaneous inflammation and autoimmunity (45, 46).

Regulatory T-cell biology relevant to the skin

Tregs comprise a heterogeneous population of
immunosuppressive CD4* T cells that are essential for
maintaining immune tolerance across both lymphoid and
non-lymphoid tissues (7, 47). Two principal subsets of Tregs
have been defined based on their developmental origin:
thymus-derived Tregs (tTregs), which arise during thymic
selection, and peripherally induced Tregs (pTregs), which
differentiate from conventional CD4"* T cells in peripheral
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tissues under tolerogenic conditions (48, 49). These subsets
are functionally complementary, with tTregs primarily
responsible for enforcing central tolerance to self-antigens.
At the same time, pTregs are critical for maintaining
tolerance to environmental, dietary, and commensal-
derived antigens encountered at barrier surfaces such as
the skin (20, 23). The differentiation and maintenance of
pTregs are highly dependent on local microenvironmental
signals, including transforming growth factor-p (TGF-f),
interleukin-2 (IL-2), and retinoic acid, which collectively
promote FOXP3 expression and stabilize the regulatory
phenotype (50, 51). In contrast, tTregs exhibit a more
stable lineage commitment due to epigenetic imprinting at
the FOXP3 locus, although their functional specialization
remains influenced by peripheral cues (7, 52). Importantly,
both subsets contribute to cutaneous immune homeostasis,
but their relative roles may differ depending on the nature
and context of antigen exposure within the skin (46). Within
the skin, a distinct population of tissue-resident Tregs has
been identified, characterized by =nique phenotypic and
functional adaptations that distii svish them from their
circulating counterparts (53, 54). Skir. resident Tregs express
tissue-homing receptors such .o cutc ieous lymphocyte
antigen (CLA) and chemokin: rece>stors including CCR4
and CCRS, which facilitatc .~ Zc<calization and retention
within the cutaneous m -roervironment (55, 56). These
cells are enriched in/ »ecinic anatomical niches, including
hair follicles, whe. > tho interact closely with epithelial
stem cells and ¢ atribute to the regulation of hair cycling
and tisire regenc ~tion (46, 57). In addition to their
classical iz. munosuppressive functions, skin-resident Tregs
exhibit 1:on-c +ionical roles in promoting epithelial repair,
mozu, itn_wiibroblast activity, and maintaining barrier
intesrity (10, 58).

Tissue adaptation of Tregs is a dynamic process driven
by 1ucal environmental cues that shape their transcriptional
21d functional profiles (59, 60). In the skin, this adaptation
involves the acquisition of tissue-specific transcriptional
programs regulated by factors such as BATF, IRF4, and
GATA3, which enable Tregs to effectively control type 1,
type 2, and type 17 inflammatory responses depending
on the context (61, 62). Moreover, skin-resident Tregs
display metabolic adaptations that support their survival
and function in a nutrient-variable and often hypoxic
microenvironment, including reliance on lipid metabolism
and oxidative phosphorylation (44, 63). These adaptations
are essential for sustaining long-term immune regulation
within the tissue. Notably, the functional stability of
Tregs in peripheral tissues is not absolute and can be
influenced by inflammatory signals present in the
local microenvironment (19, 64). Under conditions of
chronic inflammation, Tregs may undergo phenotypic
reprogramming or exhibit reduced suppressive capacity,
contributing to the breakdown of immune tolerance (45, 65).
In the skin, this instability has been linked to increased pro-
inflammatory cytokine production and impaired control
of effector T-cell responses, promoting the development
of autoimmune and inflammatory dermatoses (21, 22).
Collectively, these findings highlight that Treg biology in
the skin is defined not only by lineage origin but also by
dynamic interactions with the tissue microenvironment
that govern their localization, specialization, and functional
stability. Disruption of these tightly regulated processes
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Table 1. Genotype-phenotype correlations between FOXP3 mutations and cutaneous manifestations in IPEX syndrome and related FOXP3-associated

disorders

Predominantly affected

FOXP3 region Major molecular defect

Mutation category

Consequences for Treg biology

Suggested original
reference

Remaining Common cutaneous

. L Clinical significance
suppressive activity

manifestations

Amino acid substitutions impair DNA

Primarily Forkhead (FKFD), =" 30 factor recruitment, or

Leucine zipper (LZ), or Zinc
finger domains

Missense variants = A
transcriptional activity without

letely abolishing protein
Premature stop codons gcncratc
truncated proteins or induce nonsense-
mediated mRNA decay

§ Can occur throughout the
Nonsense variants N
coding sequence

Distributed across multiple
coding regions

Reading-frame disruption produces

Frameshift variants
unstable or nonfunctional FOXP3 protein

Abnormal RNA splicing causes exon

Splice-site variants Exon-intron junctions skipping or altered FOXP3 isoform
expression
Loss of substantial coding regions

Large deletions or .
8 abolishes essential structural and

. Multiple functional domains
genomic rearrangements

functional elements
Defective FOXP3 dimerization and

Reduced suppressive capacity,
impaired lineage stability, and
altered transcriptional programs

Profound impairment of Treg
differentiation and regulatory
function
Severe loss of FOXP3-dependent
transcriptional regulation and
Treg identity
Variable defects in Treg
maintenance depending on the
affected transcript
Major impairment of Treg
development, maintenance, and  Minimal or none
suppressive function
Failure to sustain the regulatory

Clinical phenotype is heterogeneous
and depends on mutation location (71)
and residual FOXP3 activity

Frequently retained  Eczema, atopic dermatitis-like
to a variable extent eruptions, alopecia areata, vitiligo
Severe eczema, diffuse Commonly associated with early-
onset, multisystem autoimmunity (71)
characteristic of severe IPEX
Often correlates with aggressive

Usually absent erythroderma, generalized
dermatitis

Extensive inflammatory

Verylimited  dermatitis, erythroderma, severe ~disease course and poor immune (72)
skin inflammation regulation
Chronic eczema and Clinical manifestations are highly
Variable heterogeneous inflammatory skin variable because different (73)
disease transcripts may be preserved

Severe eczema, generalized Frequently associated with
erythroderma, extensive

inflammatory skin lesions

profound immune dysregulation 71
and severe IPEX phenotype

Leucine zipper (LZ)- o o e oA an A Often partially ~ Recurrent eczematous dermatitis ~ Considerable variability exists
. . Leucine zipper domain  impaired interaction with transcriptional ~ phenotype despite preserved | . o . Lo (74)
associated variants . . retained and atopic dermatitis-like lesions among affected individuals
partners protein expression
Loss of lineage stability together Frequently associated with severe
Forkhead (FKH)- Forkhead DNA-binding ~ Reduced chromatin occupancy and O} lineage stabiilty tog Eczema, psoriasis-like dermatitis, 0o ) A wWith ¢
with markedly impaired Low to moderate immune dysregulation owing to (74)

associated variants domain defective target-gene regulation

suppressive function

alopecia, vitligo defective DNA binding

represents a key mechanistic pathway linking defects in
the FOXP3-Treg axis to cutaneous immune pathology in
immunodeficiency states. While initial studies primarily
categorized Tregs based on their activation status (naive,
effector, and memory Tregs) or developmental origin
(tTregs versus pTregs), recent advancements in single-
cell RNA sequencing (scRNA-seq) have greatly enhanced
our comprehension of Treg heterogeneity by revealing
various transcriptionally and functionally distinct tissue-
adapted subsets (66-68). These results indicated that tissue-
resident Tregs implement distinct transcriptional programs
influenced by local microenvironmental signals rather than
being a homogeneous extension of circulating Tregs (66,
69). Skin-resident Tregs play a crucial role in maintaining
epithelial immune homeostasis and preferentially expre s
GATA3. In contrast, BATF serves as a pivotal transcriptisnal
regulator governing tissue-specific Treg different ation
across multiple organs, including skin and viscersi ..dip -
tissue (68). Similarly, CCR8 detects highly activa:“d ti<sue-

FOXP3

@ Co-repressor Protein co-
* complex bindin= @j@ factor binding

resident Tregs and facilitates their specific accumulation
and retention in non-lymphoid tissues (70). Hair follicle-
associated Tregs represent - distinct subset of tissue-
specialized populations that d. =ctly promote hair follicle
stem cell activation and tissuc vegrneration via local cellular
interactions, while also" “acilirating immune suppression.
(Experimental evidence primarily from murine studies).
Moreover, new' li. »age-tracing and migration studies
suggest .. ‘a dynamic equilibrium including long-
lived 1c ident celLs, localized proliferative growth, and
continuou. “eplenishment from circulating precursor Tregs
nl. 7 maintaii. tissue Treg pools. This indicates that tissue
resiacce and recirculation constitute a continuum rather
th n encrely separate states (68). These results indicate that
[reg ueterogeneity encompasses a spectrum of specialized
tio,ue-adapted populations exhibiting distinct phenotypic,
transcriptomic, and functional attributes, beyond the
conventional resident-versus-circulating paradigm (Table
1)(Figure 2).

Protein Structure N-terminal»=_~ssor( ‘main Zinc finger domain
@a i-105) (28 19-220)
a:1 ! 05 19

o Nucleus
A W
Leucine zipper domain Forkhead (FKH) DNA-binding domain
H (aa 236-261) H (Fg)sas-m)
| 220 236 261 338 } an

Mulatiuq ]’ypes ® Nonsen* e/Frameshift [] missense /\ Missense/Deletion ’ Missense/Nonsense/Frameshift
& Position Truncated Proten l ‘
Loss of Repression Defective Cofactor Binding Compromised Dimerization Abolished DNA Binding/Nuclear Translocation
Molecular &= Increased & & Diminished f)\
! \ Altered Treg g Moy Profound Loss
— Proinflammatory X i & Transcriptional :
Consequences bk Gene Expression ‘ Stability/Targets X Effcacy of Function
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Milder/Later-onset Dermatoses

Figure 2. Genotype-phenotype relationship between FOXP3 mutation classes and cutaneous manifestations in IPEX syndrome

Diagrammatic representation of how different classes of FOXP3 mutations missense, nonsense, frameshift, splice-site, and large deletion variants affect particular functional
domains of the FOXP3 protein, resulting in different levels of immune tolerance loss, regulatory T-cell stability impairment, altered suppressive activity, and transcriptional
dysfunction. The correlation between these molecular deficiencies and the range and intensity of cutaneous symptoms highlights the mechanistic continuity connecting genetics,
molecular dysfunction, immunological dysregulation, and clinical skin phenotype. The image also shows how residual FOXP3 activity, modifier genes, epigenetic control, and
environmental factors may produce diverse dermatologic presentations within identical mutant classes
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Mechanisms of Treg-mediated immune regulation

Tregs maintain immune homeostasis through a
coordinated network of suppressive mechanisms that
operate at cellular, molecular, and metabolic levels,
enabling precise control of immune responses within
both lymphoid and peripheral tissues such as the skin
(6, 8). Rather than relying on a single pathway, Tregs use
multiple complementary strategies, including cytokine-
mediated suppression, checkpoint-dependent inhibition,
and metabolic regulation, to restrain effector T-cell activity
and prevent tissue damage (7, 75). The integration of these
mechanisms is particularly critical in barrier tissues, where
continuous antigen exposure necessitates dynamic yet
tightly regulated immune responses (29).

One of the primary mechanisms of Treg-mediated
suppression involves the secretion of anti-inflammatory
cytokines, most notably interleukin-10  (IL-10),
transforming growth factor-p (TGF-), and interleukin-35
(IL-35)(9, 76). IL-10 plays a central role in limiting
immune activation by inhibiting antigen-presenting cell
maturation and reducing pro-inflammatory cytokine
production, thereby dampening downstream T-cell
responses (77). TGF-p contributes to immune regulation
by suppressing effector T-cell proliferation and promoting
peripheral Treg differentiation, reinforcing a tolerogenic
environment (50). IL-35, a more recently characterized
cytokine, further enhances Treg-mediated suppression by
directly inhibiting effector T-cell expansion and inducing
regulatory phenotypes in conventional T cells (78). In
the skin, these cytokine-mediated effects are essential
for controlling inflammation induced by commensal
microbes and environmental stimuli (23). In addition to
soluble mediators, Tregs exert potent immunosuppressive
effects through checkpoint signaling pathways that directly
modulate the function of antigen-presenting cells a1
effector T cells (8, 79). Cytotoxic T-lymphocyte-asscciated
protein 4 (CTLA-4), constitutively expressed on Tregs nlays
a pivotal role by competitively binding to CD80/<D86 on
DCs, thereby limiting co-stimulatory signalicg re i ed for
T-cell activation (80). This interaction can/.ls¢ 'ead to trans-
endocytosis of co-stimulatory molecuic~ froin antigen-
presenting cells, effectively reducing . eir immunogenic
capacity (81). Additional checkpoii ¢ mo.ecules, including
PD-1 and LAG-3, contribu = to Treg function by attenuating
T-cell receptor signaling an. »romofing a state of functional
exhaustion in effector T ceun. (o2, 83). These pathways
are particularly relevant in the skin, where local antigen
presentation must be tightly regulated to prevent chronic
inflammation.

Metabolic control represents a third major axis of Treg-
mediated immune regulation, reflecting the critical role
of cellular metabolism in shaping immune responses (44,
63). Tregs modulate the metabolic environment through
several mechanisms, including high expression of the
IL-2 receptor a-chain (CD25), which enables efficient
consumption of IL-2 and deprives effector T cells of this
essential growth factor (84). Additionally, Tregs express
ectoenzymes such as CD39 and CD73, which catalyze the
conversion of extracellular ATP into adenosine, a potent
immunosuppressive metabolite that inhibits effector T-cell
activation via adenosine receptor signaling (85). Tregs
also exhibit distinct metabolic programs characterized
by preferential reliance on oxidative phosphorylation
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and lipid metabolism, which support their survival and
function in low-glucose or hypoxic environments such as
inflamed tissues (86, 87). These metabolic adaptations not
only sustain Treg activity but also help suppress competing
effector T-cell responses.

Importantly, these suppressive mechanisms do not
operate in isolation but are dynamically coordinated
in response to environmental cues within the tissue
microenvironment (88, 89). In the skin, the integration of
cytokine signaling, checkpoint interactions, and metabolic
regulation enables Tregs to maintain a delicate balance
between immune tolerance and protective immunity (10).
Disruption of any of these pathways, whether through
genetic defects, inflammatory signaling, or environmental
perturbations, can impair Treg function and lead to
uncontrolled immune activation, thereby contributing to
the development of autoimmune and inflammatory skin
diseases (21, 90). Collectively, Treg-mediated immune
regulation is a multifaceted process that integrates soluble
mediators, cell-cell interac*ons, and metabolic control
to enforce immune toleraace. Understanding how these
mechanisms operate withii.. the skin provides critical
insight into the pathoger<:'~ of « :taneous autoimmunity in
conditions characterize 1 by .FOXP3 dysfunction and Treg
instability.

Skin-specific i’ “>racu.ois

Bevind  eir -anonical immunosuppressive functions,
Tregs pa. “icipate directly in tissue-specific processes in the
¢-in, wherc they help regulate epithelial stem cell activity,
tis: re regeneration, and repair (10, 58). These non-classical
oles . ighlight the integration of immune regulation with
tis »2'nomeostasis and underscore the importance of Tregs
as multifunctional mediators in barrier organs (46). In
e skin, such interactions are particularly evident within
specialized microenvironments, including the hair follicle
niche, sites of tissue injury, and areas undergoing epithelial
remodeling.

The hair follicle represents a key immunological niche
in which Tregs accumulate and exert localized regulatory
functions that extend beyond immune suppression (35,
54). Skin-resident Tregs are highly enriched around hair
follicles, where they interact with epithelial stem cells and
regulate hair follicle cycling (57). Experimental studies show
that Tregs promote hair follicle stem cell activation and
differentiation through Jagged1l-mediated Notch signaling,
facilitating hair regeneration (91) (Animal evidence). This
interaction reflects a direct crosstalk between immune cells
and epithelial progenitors, indicating that Tregs contribute
to tissue maintenance by modulating stem cell behavior
rather than solely controlling inflammation (46). Disrupting
Treg function within this niche has been associated with
impaired hair regeneration and inflammatory hair disorders,
highlighting the microenvironment’s sensitivity to immune
dysregulation (92).

Tregs also play a critical role in wound healing, where
they regulate the inflammatory response and promote tissue
repair following injury (93, 94). During the early phases of
wound healing, Tregs accumulate at sites of tissue damage
and limit excessive inflammation by suppressing pro-
inflammatory cytokine production and controlling effector
T-cell infiltration (95). This regulation is essential to prevent
chronic inflammation, which can impair healing and lead
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to tissue damage (96). Beyond immunosuppression, Tregs
contribute to repair by producing growth factors such as
amphiregulin, which supports epithelial cell proliferation
and tissue regeneration (predominantly animal evidence)
(97). The absence or dysfunction of Tregs has been shown
to delay wound closure and exacerbate inflammatory
responses, underscoring their dual role in immune
regulation and tissue repair (98). Epithelial repair and
barrier restoration are further influenced by Treg-mediated
interactions with keratinocytes and other structural cells
of the skin (30, 31). Tregs can modulate keratinocyte
differentiation and proliferation, thereby helping re-
establish epidermal integrity after injury or inflammation
(10). In addition, Treg-derived cytokines such as IL-10 and
TGF-B promote anti-inflammatory signaling pathways in
epithelial cells, facilitating inflammation resolution and
restoration of tissue homeostasis (77). These interactions
are particularly important in conditions characterized by
barrier dysfunction, where impaired Treg activity can lead
to persistent inflammation and defective tissue repair (34).
Importantly, the tissue-supportive functions of Tregs are
tightly linked to their ability to adapt to local environmental
cues within the skin microenvironment (88, 89). Signals
derived from epithelial cells, commensal microbiota, and
inflammatory mediators collectively shape Treg phenotype
and function, enabling context-dependent responses that
integrate immune regulation with tissue maintenance (42).
However, under conditions of chronic inflammation or
genetic defects affecting FOXP3 function, these adaptive
processes may be disrupted, resulting in impaired tissu
repair, aberrant epithelial responses, and sustained
inflammation (21, 90). Collectively, these observat.ons
show that Tregs are integral to skin homeostasis nc* ¢ v
by suppressing immune responses but also hy directly
participating in tissue regeneration and /repau.” [he
integration of immunological and tissue-sncific ‘unctions
positions Tregs as key regulators of the ba :nce between
inflammation and regeneration in the s<in, « xd uisruption of
these processes represents a critical me “harism underlying
cutaneous pathology in immu nodefici¢ncy states.

FOXP3 as the molecular controuer of cutaneous immune
tolerance
FOXP3 structure and transcriptional regulation

FOXP3 (Forkhead box P3) is the lineage-defining
transcription factor of Tregs and functions as a master
regulator of immune tolerance by orchestrating
transcriptional programs that suppress effector immune
responses (6, 7). Structurally, FOXP3 belongs to the
forkhead/winged-helix family of transcription factors
and contains several functional domains, including an
N-terminal proline-rich repressor domain, a central zinc-
finger and leucine-zipper domain involved in protein-
protein interactions, and a C-terminal forkhead domain
responsible for DNA binding (99-101). These domains
enable FOXP3 to act both as a transcriptional activator
and repressor through the formation of multi-protein
complexes that modulate gene expression in Tregs (102).
The transcriptional activity of FOXP3 is highly dependent
on its interaction with a diverse set of cofactors that
collectively define the regulatory T-cell transcriptional
landscape (99, 103). FOXP3 associates with transcription
factors such as NFAT, Runx1, and STAT5 to regulate genes
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involved in immune suppression, including CTLA4, IL2RA
(CD25), and TIGIT, while simultaneously repressing genes
associated with effector T-cell function such as IL-2 and
IFN-y (13, 104, 105). These interactions allow FOXP3 to
integrate signals from T-cell receptor (TCR) activation
and cytokine pathways, thereby dynamically modulating
Treg function in response to environmental cues (106).
Importantly, FOXP3 does not act in isolation but operates
within a broader transcriptional network that determines
the identity and functional specialization of Tregs in
different tissue contexts (88).

FOXP3 expression is tightly regulated at the
transcriptional level by signaling pathways that are essential
for Treg development and maintenance (107, 108). Among
these, IL-2-mediated STAT5 activation plays a central
role in inducing and susta.ning FOXP3 expression,
particularly in peripheral Tre s{108, 109). TCR signaling
strength and co-stimulatory sig. als also influence FOXP3
induction, with intermediate 2 vels of stimulation favoring
Treg differentiation ove: effcctor T-cell development
(110). In addition, trans.»ruung growth factor-B (TGF-B)
signaling contribrte. to } OXP3 induction in peripheral
tissues, lin'c g/ ~vironmental cues to the establishment
of reguii‘ory progams (50). These regulatory inputs
collectively °nsure that FOXP3 expression is precisely
cou: rolled in r¢ ponse to both intrinsic and extrinsic signals.
In tiic skin, FOXP3-dependent transcriptional programs
are ‘urth.: shaped by tissue-specific factors that influence
l.eg .ccalization, function, and stability (10, 89). Local
cyte <ine environments, microbial signals, and interactions
with epithelial cells modulate FOXP3 activity, enabling
Tregs to adapt to the unique immunological demands of the
cutaneous microenvironment (42). Disruption of FOXP3
structure or transcriptional regulation—whether through
genetic mutations or altered signaling pathways—can
impair the ability of Tregs to maintain immune tolerance,
leading to uncontrolled inflammation and autoimmunity in
the skin (14, 111).

Epigenetic regulation and Treg stability

The stability and functional integrity of FOXP3" Tregs are
critically dependent on epigenetic mechanisms that control
gene expression independently of DNA sequence (52, 112).
Among these, DNA methylation patterns at the FOXP3
locus play a central role in maintaining stable FOXP3
expression and preventing lineage instability (52). A key
regulatory region, known as the Treg-specific demethylated
region (TSDR), is fully demethylated in stable, thymus-
derived Tregs, enabling sustained FOXP3 transcription
even in the absence of continuous external signaling
(113, 114). In contrast, incomplete demethylation of this
region in peripherally induced Tregs is associated with
reduced stability and increased susceptibility to phenotypic
conversion (115).

Histone modifications further contribute to the
epigenetic regulation of Treg identity by modulating
chromatin accessibility and transcriptional activity (88).
Activating histone marks, such as H3K4me3 and H3K27ac,
are enriched at FOXP3 and other Treg-associated genes,
facilitating transcription, whereas repressive marks such as
H3K27me3 are associated with silencing of effector T-cell
genes (116). These epigenetic landscapes are dynamically
regulated in response to environmental signals, allowing
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Tregs to adapt their functional programs while preserving
lineage identity (117). Importantly, disruptions in these
epigenetic mechanisms can compromise Treg stability and
lead to loss of FOXP3 expression. Epigenetic regulation also
governs the plasticity of Tregs, a phenomenon whereby Tregs
can acquire features of effector T cells under inflammatory
conditions (90, 118). Pro-inflammatory cytokines such
as IL-6 and IL-1P have been shown to destabilize FOXP3
expression and promote the conversion of Tregs into Th17-
like or Thl-like cells, thereby contributing to immune
dysregulation (65, 119). This plasticity is particularly
relevant in the skin, where persistent inflammatory
signals can alter the epigenetic landscape of Tregs and
impair their suppressive function (120). Consequently,
epigenetic instability represents a key mechanism linking
environmental inflammation to the breakdown of immune
tolerance.

Evidence for a direct lineage alteration remains
ambiguous; however, IL-6 is widely recognized as a
crucial factor promoting the transformation of Tregs into
a Th17-like phenotype (121, 122). Evidence suggests that
IL-6 does not induce a global reprogramming of fully
committed Treg populations; instead, it primarily facilitates
the proliferation and differentiation of a specific subset of
peripherally produced, unstable Foxp3* cells (121, 123).
In inflammatory environments, including IL-6, thymus-
derived, lineage-stable Treg cells mostly maintain consistent
Foxp3 expression, indicating that the IL-6 response is
primarily confined to a varied population of cells with
incomplete lineage commitment (121). Moreover, not all
exFoxp3 cells exhibit a Th17-like phenotype, and some
Foxp3* cells may simultaneously retain Foxp3 expression
while releasing IL-17, despite the potential emergence of
IL-17-producing Foxp3~ cells after IL-6 exposure (1215
These data undermine the reductionist hypothesis that I -6
always converts Tregs into detrimental Th17-like ceits. Thc
data support a more complex model in which auth-ni'< Tr g
cells mostly preserve their lineage identity via- 1 chanisms
of epigenetic stability, such as TSDR demethy. tion, | hereas
IL-6 preferentially enhances pre-existing = nst.Yle Foxp3*
populations (121, 124).

Metabolic pathways are /closely ..icrtwined with
epigenetic regulation and pay a significant role in
maintaining Treg stability (44, ) Zellular metabolites
such as acetyl-CoA and S-adenosylmethionine serve as
substrates for histone acetylation and methylation, thereby
linking cellular metabolism to chromatin remodeling and
gene expression (125). In Tregs, metabolic programs that
favor oxidative phosphorylation and lipid metabolism
support epigenetic states associated with stable FOXP3
expression, whereas shifts toward glycolytic metabolism are
associated with reduced suppressive capacity and increased
instability (126). These findings highlight how metabolic
and epigenetic pathways integrate to control Treg function.
In the context of cutaneous immunity, stable FOXP3
expression is essential for maintaining long-term immune
tolerance in a tissue exposed to constant environmental
challenges (20, 127). Disruption of epigenetic regulation,
whether from genetic mutations, inflammatory signals,
or environmental stressors, can lead to Treg instability
and loss of immune control, contributing to chronic
skin inflammation and autoimmune disease (90, 128).
Understanding these mechanisms provides critical insight
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into how FOXP3 dysfunction translates into tissue-specific
pathology and identifies potential therapeutic targets to
restore Treg stability. Not every fate-mapping dataset has
equivalent interpretative significance; nevertheless, lineage-
tracing methodologies are widely used to examine Treg
plasticity (129). Various fate-mapping systems used in
different studies include diverse promoter-driven models,
Cre recombinase-based techniques, and reporter alleles,
which exhibit considerable variation in recombination
efficiency, temporal resolution, and labeling fidelity (129,
130). Reporter designs have evolved from single fluorescent
reporters to multicolor and genetic barcoding systems, each
offering distinct lineage resolution levels. Inducible systems,
such as CreERT2 and MerCreMer, exhibit varied sensitivities
to tamoxifen induction (129). Moreover, the precision of
lineage labeling may be compromised by inadequate or
varied reporter expression, and promoter activity may be
more widespread or transient than first seen (129, 131). Asa
result, methodological variation rather than true biological
differences in Treg adaptabilit, may explain disparities
across lineage-tracing studies. The. »fore, results on lineage
instability and ex-Treg generaticn snould be evaluated in
light of the specific fate-map, ing cechnique used.

Signaling pathways Lon. ~lling FOXP3 function

FOXP3 =t 'y 1o not static but is dynamically regulated
by multiple ‘ntracellu.ar signaling pathways that integrate
environmenta. ‘ueswith transcriptional control of regulatory
T-cell “Treg) function (7, 8). These signaling networks
modlatc FOXP3 expression, stability, and transcriptional
activi 7._thereby determining Treg suppressive capacity
arider both homeostatic and inflammatory conditions
(¢ Among these pathways, IL-2/STATS5 signaling, T-cell
-eceptor (TCR) signaling, PI3K-AKT-mTOR signaling,
and NF-kB pathways represent key regulators of FOXP3
function (107, 108).

The IL-2/STAT5 axis plays a central role in both
the induction and maintenance of FOXP3 expression,
particularly in peripheral Tregs (100, 108). Binding of IL-2
to its high-affinity receptor activates STATS5, which directly
binds to regulatory elements within the FOXP3 locus and
promotes its transcription (132). Sustained IL-2 signaling
is essential for maintaining Treg survival and functional
stability, and disruption of this pathway leads to impaired
FOXP3 expression and loss of suppressive capacity (107).
In addition to transcriptional regulation, IL-2 signaling
enhances the expression of key Treg-associated molecules
such as CD25 and CTLA-4, reinforcing the regulatory
phenotype (6). TCR signaling provides another critical input
thatinfluences FOXP3 function by modulating the activation
and differentiation of T cells (106, 133). The strength and
duration of TCR signaling determine the balance between
effector T-cell differentiation and Treg induction, with
intermediate signaling favoring FOXP3 expression (134).
Downstream of TCR engagement, transcription factors
such as NFAT and AP-1 cooperate with FOXP3 to regulate
gene expression, linking antigen recognition to regulatory
function (99). Importantly, dysregulated TCR signaling can
impair FOXP3 activity and contribute to Treg instability.
The PI3K-AKT-mTOR pathway exerts a critical regulatory
effect on FOXP3 function by integrating metabolic and
growth signals (44, 63). Activation of AKT negatively
regulates FOXP3 by inhibiting the nuclear localization of
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transcription factors such as Foxol and Foxo3, which are
required for FOXP3 expression (135, 136). Conversely,
inhibition of mTOR signaling promotes Treg differentiation
and stabilizes FOXP3 expression, highlighting the
importance of metabolic signaling in controlling Treg fate
(137). These findings demonstrate that FOXP3 activity
is closely linked to cellular metabolic states, providing a
mechanism by which environmental conditions influence
immune regulation.

NF-xB signaling also contributes to the regulation of
FOXP3 function through its role in T-cell activation and
survival (138, 139). Components of the NF-kB pathway,
including c-Rel, have been shown to bind to regulatory
regions of the FOXP3 gene and facilitate its transcription
during Treg development (140). Additionally, NF-«xB
signaling influences the expression of genes involved in
Treg function, thereby contributing to the establishment
of a stable regulatory phenotype (141). However, excessive
or dysregulated NF-kB activation under inflammatory
conditions can disrupt Treg function and promote immune
pathology. Collectively, these signaling pathways form an
interconnected network that governs FOXP3 expression
and activity, enabling Tregs to respond dynamically to
environmental cues. Disruption of these pathways, whethc~
through genetic mutations or inflammatory sig. als,
can impair FOXP3 function and lead to loss of inimui.:
tolerance, particularly in tissues such as the ski» wkere
immune regulation is tightly balanced (90, 128), rigure
3 summarizes the multi-layered regulation ~f FOXP3,
including structural organization, trarcr. tional control,
epigenetic stabilization, and inflamra.ory westabilization
pathways.

The universality of Trcg plasi’city as a property of all
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Tregs remains ambiguous, despite accumulating evidence
indicating considerable variability within the Foxp3™*
Treg subset (142-144). Available research indicates
that Tregs consist of many functionally specialized
subpopulations characterized by distinct transcription
factors, chemokine receptors, suppressive mechanisms,
and tissue-adapted phenotypes. This indicates that
heterogeneity is not a consistent suppressing condition
but an inherent characteristic of the lineage (142, 145).
This variation remains .~ substantial unresolved issue,
since the adaptability ‘een in experimental conditions
may reflect only certaini Treg subsets rather than the
whole population. Frostion. -involved in tissue repair,
migration, inflammetory ‘esponses, or follicular control
(Tfr) likely expesicace istinct microenvironmental cues,
which may leac to difering capacities for lineage stability
or phenoty; *c fle..lUility (142). Consequently, studies that
brosly 1 fere. ce “Treg plasticity” without acknowledging
this v. -ability risk overgeneralizing findings from certain
cellular « tbsets (142, 146). Further research integrating
- ‘eh-resclution single-cell transcriptome and epigenomic
pro.-ling with lineage-tracing approaches will be essential
~ wscertain if plasticity is a trait common to all Tregs or
exclusive to certain functional subpopulations (142).
Context-dependent FOXP3 activity in skin immune
homeostasis

The functional activity of FOXP3 in Tregs is highly
context-dependent and is shaped by the unique
microenvironment of the tissue in which Tregs reside (42,
89). In the skin, local cytokines, microbial signals, and
cellular interactions modulate FOXP3-dependent regulatory
programs, collectively shaping the balance between immune
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Figure 3. Multi-layered regulation of FOXP3 expression and stability in regulatory T cells

Integrated structural, transcriptional, epigenetic, and signaling processes govern FOXP3 expression and regulatory T-cell stability. FOXP3’s functional domains control
transcriptional regulation, dimerization, and DNA binding. While TCR-associated transcription factors further strengthen regulatory programs, cytokine-dependent pathways,
namely IL-2/STAT5 and TGF-B/SMAD signaling, support FOXP3 transcription and lineage commitment. While remethylation and chromatin remodeling promote lineage
instability, epigenetic maintenance via TSDR demethylation maintains steady FOXP3 expression. In contrast, inflammatory pathways mediated by IL-6/STAT3, PI3K-AKT-
mTOR signaling, and metabolic stress inhibit FOXP3 activity, promote RORyt-dependent transcriptional programs, and facilitate Treg instability and functional plasticity
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tolerance and protective immunity (127). This tissue-
specific regulation allows Tregs to adapt their function to
the dynamic conditions of the cutaneous environment.
One of the key determinants of FOXP3 activity in the skin
is the local cytokine milieu, which influences both Treg
stability and functional specialization (50, 107). Cytokines
such as IL-2 and TGF-p support FOXP3 expression and
reinforce regulatory function, whereas pro-inflammatory
cytokines including IL-6, IL-1f, and TNF-a can destabilize
FOXP3 and promote Treg plasticity (65, 118). This balance
is particularly important in the skin, where environmental
insults and microbial exposure frequently induce
inflammatory responses that must be tightly controlled to
prevent tissue damage (20).

Interactions with commensal microbiota further
modulate FOXP3 activity by shaping the development
and function of skin-resident Tregs (35, 43). Commensal-
derived signals promote the expansion of Tregs and enhance
their suppressive capacity, thereby contributing to immune
tolerance at barrier surfaces (42, 147). Disruption of the skin
microbiome, or dysbiosis, can alter these regulatory pathways
and impair FOXP3 function, increasing susceptibility to
inflammatory skin diseases (24). These findings highlight
the importance of host-microbe interactions in regulating
FOXP3-dependent immune tolerance. Cellular interactions
within the skin microenvironment also play a critical
role in modulating FOXP3 activity (30, 31). Crosstalk
between Tregs and keratinocytes, DCs, and fibroblasts
provides signals that influence Treg localization, activation,
and function (10). For example, antigen presentation
by tolerogenic DCs supports FOXP3 stability, while
keratinocyte-derived factors can either enhance or inhibit
Treg function depending on the inflammatory context
(36). These interactions ensure Treg activity is precisely
tailored to tissue needs. Metabolic programming prima.ly
governs Treg stability by regulating FOXP3 expres<ion ana
its post-translational modifications (148). Tregs »oily
use oxidative phosphorylation (OXPHOS) 1 x energy
production, in contrast to conventional ‘e.’2ctor T cells
(148). FOXP3 actively inhibits glycolysis v, blc -king Myc-
dependent transcriptional programs while promoting
mitochondrial oxidative pathways (148,. This metabolic
reprogramming enhances mi. »chondrial respiration and
NAD regeneration, hence foster...; conditions conducive
to the acetylation-dependent stability of FOXP3 (149).
Enhanced FOXP3 acetylation correlates with heightened
oxidative metabolism, and inhibition of histone deacetylases
(HDACs) further amplifies FOXP3 lysine acetylation,
protecting it from proteasomal degradation and augmenting
its transcriptional efficacy. Collectively, these metabolic
alterations stabilize the FOXP3 protein, thereby directly
facilitating the maintenance of suppressive Treg function
(148, 150). Furthermore, metabolic intermediates serve
as substrates for epigenetic modifications that regulate the
stability of Treg lineages (148). Foxp3 establishes a metabolic
condition that prioritizes acetylation-dependent chromatin
remodeling over glycolytic reprogramming by enhancing
mitochondrial oxidative metabolism and concurrently
inhibiting glycolysis via Myc suppression (148). Enhanced
OXPHOS correlates with elevated NAD production
and up-regulated expression of mitochondrial electron
transport chain components, both of which facilitate
suppressive function and sustain FOXP3 activity (151). In
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contrast, compromised mitochondrial respiration or altered
metabolic flexibility reduces Treg suppressive capacity,
highlighting the strong correlation between metabolic state
and epigenetic regulation in maintaining Treg identity
(148, 151). Importantly, the context-dependent nature of
FOXP3 activity also underlies the vulnerability of Tregs
to dysfunction under pathological conditions (90, 152).
Inflammatory environments characterized by persistent
cytokine signaling, metabolic stress, and tissue damage
can disrupt FOXP3 expression and impair Treg suppressive
function (153). In the skin, such disruptions contribute
to the development of chronic inflammatory diseases,
including psoriasis and atopic dermatitis, where defective
Treg function fails to control pathogenic immune responses
(128, 154). Furthermore, genetic defects affecting FOXP3
or its regulatory pathways exacerbate these effects, leading
to severe cutaneous autoimmunity in immunodeficiency
syndromes (14). Despite compe''ing evidence from murine
models, definitive evidence for Treg plasticity in human skin
is still lacking, warranting cautio. < interpretation of current
findings. Overall, FOXP3 acti iy i1 *he skin is governed by
a complex interplay of sighaling pathways, environmental
factors, and cellular jzci:ac»us that together determine
immune response ou‘comes. Understanding this context-
dependent regul ‘ion .7 essential for elucidating the
mechanisas ui dery, ing cutaneous immune tolerance and
for develop ~g targeted therapeutic strategies to restore
Tre¢ function .~ disease states. These processes reflect the
transi: »n from'regulatory to inflammatory states illustrated
in F gure *

TOX?3 mutations and Tregopathies with cutaneous
Precntotypes
TOXP3 mutations and molecular consequences

Mutations in the FOXP3 gene represent a direct genetic
disruption of regulatory T-cell (Treg) lineage specification
and function, leading to profound defects in immune
tolerance (7, 100). FOXP3 mutations include missense,
nonsense, frameshift, and splice-site variants that affect
distinct functional domains of the protein, thereby
impairing DNA binding, protein-protein interactions, or
transcriptional regulatory activity (155, 156). Mutations
within the forkhead domain frequently disrupt nuclear
localization and DNA-binding capacity, whereas alterations
in the leucine-zipper domain impair dimerization and
interaction with transcriptional cofactors (99). These
structural defects compromise FOXP3’s ability to establish
and maintain the transcriptional program required for Treg
suppressive function.

At the cellular level, FOXP3 mutations result in either
quantitative deficiency of Tregs or qualitative defects in
their suppressive capacity, depending on the nature of the
mutation (157, 158). In severe loss-of-function mutations,
Tregs are absent or non-functional, whereas hypomorphic
mutations may permit partial FOXP3 expression but lead
to unstable or dysfunctional Tregs (159, 160). Importantly,
even when Treg numbers appear normal, impaired
transcriptional activity of FOXP3 can result in defective
suppression of effector T-cell responses and increased
production of pro-inflammatory cytokines (161). This
highlights that Treg dysfunction in FOXP3-related disease
is not solely a matter of cell number but involves profound
alterations in functional programming. At the molecular
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level, FOXP3 mutations disrupt the expression of key terget
genes involved in immune regulation, including <7TL." 4
IL2RA (CD25), and genes controlling metabhlic ¢nd
checkpoint pathways (103, 162). This leads /' en.. l.ced
effector T cell activation, increased cytokiue p.n~duction,
and breakdown of peripheral tolerance (6, Additionally,
FOXP3 dysfunction has been linked to increased Treg
plasticity, allowing regulatory <Cells to ¢ »nve:t into effector-
like phenotypes that further amplify inflammation (118).
These molecular consequence. ~re particularly detrimental
in barrier tissues such as the skin, wnere immune responses
require tight regulation. The structural and functional
heterogeneity of FOXP3 mutations and their downstream
effects are summarized in Table 2.

IPEX syndrome as a prototype disease

disease caused by FOXP3 mutations and provides
critical insight into the role of Tregs in human immune
homeostasis (14, 72, 168). IPEX is characterized by early-
onset, multisystem autoimmunity, including enteropathy,
endocrinopathies, and severe cutaneous manifestations
(169). Skin involvement is a prominent and often early
feature of the disease, typically presenting as eczematous
dermatitis, erythroderma, psoriasis-like lesions, or alopecia
(170, 171).

IPEX pathogenesis is directly linked to the absence or
dysfunction of FOXP3" Tregs, resulting in uncontrolled
activation of autoreactive T cells and widespread tissue
inflammation (157). In the skin, this manifests as exaggerated
Th2- and Thl7-driven immune responses, increased
inflammatory cytokine production, and disruption of
epithelial barrier integrity (20, 120). Histopathological

Immune dysregulation, polyendocrinopathy, analyses of skin lesions in IPEX patients reveal dense
enteropathy, X-linked (IPEX) syndrome is the prototypical lymphocytic infiltration, epidermal hyperplasia, and
Table 2. Structural and functional consequences of FOXP3 mutations in human disease

Mutation Type Affected Domain Molecular Mechanism  Experimental Validation Effect on Treg Biology Clinical Correlates Refs

Impaired DNA binding . .
Missense Forkhead (FKH) and transcriptional EMSA, reporter assays,  Reduced Suppres,swe function, Variable IPEX, eczema  (163)
. ChIP unstable lineage
targeting
I ired FOXP it Autoi i ith ski

Missense Leucine zipper Defective dimerization ~ Protein interaction assays mpaired FO K 3 complex ut01r'nmun1ty with skin (164)

formatlon involvement

Frameshift/nonsense Full-length Truncated p roFem, foss- Western blor, knockout Absence of functional Tregs ~ Severe early-onset IPEX  (165)

of-function models

Splice-site Multiple domains Aberrant isoforms RNA sequencing Partial loss of stability Atypical / late-onset disease (166)

Regulatory variants Promoter/enhancer Reduced transcription

Luciferase assays

Mild or ti -restricted
Decreased FOXP3 expression Hid or tissue-restricte (167)

phenotypes

10
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features consistent with chronic inflammation (172).
These findings underscore the essential role of Tregs
in maintaining cutaneous immune tolerance. Clinical
variability in IPEX syndrome reflects the heterogeneity of
FOXP3 mutations and their impact on protein function
(173). While classic IPEX presents with severe early-onset
disease, atypical or milder phenotypes have been described
in patients with hypomorphic mutations, indicating that
partial preservation of FOXP3 function can modulate
disease severity (174). Nevertheless, even in these cases,
cutaneous manifestations remain common, highlighting the
skin’s sensitivity to immune-regulation defects.

Other immunodeficiencies affecting the Treg axis

Beyond FOXP3  mutations, several primary
immunodeficiencies disrupt Treg function through defects
in pathways that regulate Treg development, stability, or
suppressive activity, leading to clinical phenotypes that
overlap with FOXP3-related disease (17, 175). These
conditions, often referred to as “Tregopathies,” provide
further evidence that impairment of regulatory pathways is
a central mechanism underlying autoimmune skin disease
in immunodeficiency (16, 176). Deficiency of dedicator
of cytokinesis 8 (DOCKS) is associated with combined
immunodeficiency characterized by recurrent infections,
allergic disease, and prominent cutaneous manifestations,
including eczema and viral skin infections (177, 178).
DOCKS8 deficiency impairs cytoskeletal dynamics and
immune synapse formation, leading to defective Trey
survival and function, as well as impaired control of effectar
T-cell responses (Human and animal evidence) (179).  The
resulting immune dysregulation contributes to chrei» s, "=
inflammation and barrier dysfunction (180).

Haploinsufficiency ~ of  cytotoxic ~ T-. mphocyte-
associated protein 4 (CTLA-4) represents snothe. disorder
affecting Treg-mediated immune regulatio.. (131, 182).
CTLA-4 is a key inhibitory reciotor expi ssed by Tregs,
and its deficiency leads to impai. d_suppression of
antigen-presenting cells anc enhanced T-cell activation
(80). Clinically, CTLA-4 de. siencv is associated with
lymphoproliferation, —autoimmunity, and cutaneous
manifestations such as dermatitis and psoriasis-like lesions
(183). Lipopolysaccharide-responsive beige-like anchor
protein (LRBA) deficiency shares mechanistic overlap with
CTLA-4 deficiency, as LRBA is required for the intracellular
trafficking and stability of CTLA-4 (184, 185). Loss of LRBA
results in reduced CTLA-4 expression and impaired Treg
function, leading to immune dysregulation and autoimmune
manifestations, including skin involvement (184). These
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findings highlight the importance of checkpoint pathways
in maintaining Treg-mediated tolerance. Gain-of-function
(GOF) mutations in signal transducer and activator of
transcription 3 (STAT3) also disrupt immune homeostasis
by altering the balance between effector and regulatory
T-cell responses (186, 187). STAT3 GOF promotes Th17
differentiation while impairing Treg function, leading to
chronic inflammation and autoimmunity, often involving
the skin (188). Cutaneous manifestations include eczema,
psoriasis-like lesions, and recurrent infections, reflecting
combined immune dysregulation and barrier impairment.
Wiskott-Aldrich syndrome (WAS), caused by mutations
in the WAS gene, is characterized by immunodeficiency,
thrombocytopenia, and eczema (189). WAS protein
is involved in actin cytoskeieton remodeling, and its
deficiency affects T-cell acivation and Treg function
(190). Tregs from WAS patients how reduced suppressive
capacity, contributing to autc mmuanity and chronic skin
inflammation (191). Colle tively; these disorders show that
disruption of multipl¢ pav. ways converging on Treg function
can produce simi’ur -linical phenotypes characterized by
immune dj. gu. tion and cutaneous autoimmunity. This
converge. ~e taders ores the central role of the FOXP3-
Treg axis in maintaining skin immune homeostasis. It also
hig. 'ights reg. iatory pathways as therapeutic targets in
imriu. ndeficiency-associated skin disease. Tables 3 and 4
pro -ide @ comparative overview of Tregopathies and their
cutancous manifestations.

Mechanistic links between FOXP3 dysfunction and skin
disease

FOXP3 dysfunction disrupts immune homeostasis
through multiple converging mechanisms that collectively
drive cutaneous inflammation, positioning the skin as
a primary site of disease manifestation in Tregopathies
(6, 90). Rather than a single pathogenic pathway, the link
between FOXP3 deficiency and skin disease reflects the
integration of immune dysregulation, barrier disruption,
and altered tissue-immune interactions within the
cutaneous microenvironment (20). These mechanisms
amplify one another, resulting in persistent inflammation
and failure of tissue repair. A central consequence of
FOXP3 dysfunction is the loss of suppressive control over
effector T-cell responses, leading to exaggerated Thl, Th2,
and Th17 immune activation (21, 65). Without effective
Treg-mediated regulation, autoreactive T cells expand
and produce high levels of pro-inflammatory cytokines
such as IFN-y, IL-4, IL-13, and IL-17, which drive distinct
patterns of skin inflammation (202). Th2-skewed responses

Table 3. Primary immunodeficiencies affecting the Treg axis with cutaneous phenotypes

Mechanism of Treg

Dominant Immune

Disease Gene Core Pathway Defect . . Skin Manifestations Key Experimental Evidence ~ Ref
Dysfunction Skewing
IPEX FOXP3  Transcriptional control ~ Loss of lineage identity ~ Mixed Th1/Th2/Th17 Eczema, erythroderma  Scurfy mouse, human (192)
CTLA4
defici CTLA4  Checkpoint signaling ~ Reduced co-inhibition ~ T-cell hyperactivation Dermatitis, infiltration Human studies (193)
eficiency

LRBA Autoi ki

. LRBA CTLA4 trafficking CTLA4 degradation Hyperactive T cells Y Olmr,nune sk Knockout models (194)
deficiency lesions
DOCKS S , viral

. DOCKS8  Cytoskeleton/synapse Impaired immune regulation Th2 bias ever,e ecze,ma vird Mouse+clinical (195)
deficiency infections
STAT3 GOF STAT3 Cytokine signaling FOXP3 antagonism Th17 dominance Psoriasiform lesions Genetic+functional (196)
WAS WAS Actin remodeling Defective Treg function ~ Mixed dysregulation ~ Eczema, vasculitis Mouse+human (197)

Iran J Basic Med Sci, 2027, Vol. 30,

11



Yu et al.

I=MS

Cutaneous autoimmunity in immunodeficiency

Table 4. Mechanistic evidence, cutaneous phenotypes, biomarkers, and targeted therapy in Treg-related immunodeficiencies

Proven Human Evidence vs Key

Disease Immune Defect Skin Phenotype Category ~ Key Biomarkers Inferred Targeted Therapy References
IPEX (FOXP3) FOXP3 mutation —>'Treg Autoimmune + ' iFOXP.’a.* Tregﬁ, - K kK K ﬁ' A HSC’l'“, sirc?limus, (198)
absence/dysfunction eczematous+alopecia  1IgE, eosinophilia (direct human genetic disease) biologics
Checkpoint failure Autoimmune dermatitis, |CTLA-4 Kok Kok K
TLA4 defici Abat; t, HSCT 199
¢ eliciency (JCTLA-4) infiltration expression (human monogenic disease) atacept, HSC (199)
LRBA deficiency CTLA-4 trafficking defect Autoimmune dermatitis | CTLA-4 stability FEEE - Abatacept (199)
(human+mechanistic)
DOCKS deficiency Cytoskeleton+immune Eczematous+%n.fectious 11gE, Yir.él ok KoKk . HSCT (199)
synapse defect dermatitis susceptibility (human-+translational)
Th17 skewing+T IL-17, STAT3 AK inhibitors, IL-6
STAT3-GOF s ew1ng+ 8 psoriasiform +autoimmune f o e ‘f JAK inhibitors (199)
suppression activation (human-+cytokine data) blockade
KK K
WAS Actin cytoskeleton defect ~ Eczematous+vasculitic  Thrombocytopenia (human+functional data) HSCT, gene therapy (199)
Th2-dominant IEI Treg dysfunction+Th2 * %k
o'rr'nnan regars un? on Allergic/eczema 1L-4,1L-13,IgE * . Dupilumab (200)
dermatitis skewing (human+mechanistic)

Th17/psoriasiform IEI ~ Treg-Th17 imbalance Psoriasis-like

IL-17 / IL-23 inhibitors
- (caution)

* K K
IL-17,IL-23 (201)

(part human, part inferred)

contribute to eczematous dermatitis by inducing IgE
production and eosinophilic inflammation, whereas Th17
and Thl pathways promote psoriasiform inflammation
characterized by keratinocyte hyperproliferation and
neutrophil recruitment (203, 204). This dysregulated
cytokine environment represents a key mechanistic bridge
between FOXP3 defects and diverse cutaneous phenotypes.

In addition to altered adaptive immune responses,
FOXP3 dysfunction impacts innate immune regulation
within the skin (30, 31). Tregs normally modulate the
activity of DCs, macrophages, and innate lymphoid cells,
thereby limiting excessive inflammatory signaling (8).
Loss of FOXP3-dependent control heightens activation of
these innate populations, increases antigen presentation;
and amplifies inflammatory cascades (36). In particulal
dysregulated dendritic cell activation enhances 71-cell
priming and perpetuates chronic inflammation® v.‘thip
the skin (205). These innate-adaptive im. ractions
contribute to the persistence and severity /° cuta :eous
lesions. Barrier dysfunction represents .c=otl v critical
mechanism linking FOXP3 deficioncy to <kin disease
(34, 206). Tregs play an esseritial role ‘= maintaining
epithelial integrity by regulati g kerat:nocyte function
and controlling inflammatory * ~magc (10). Impaired
Treg activity disrupts tight junctions, alters keratinocyte
differentiation, and increases transepidermal water loss,
creating a permissive environment for microbial invasion
and sustained inflammation (207). This barrier breakdown
further amplifies immune activation by increasing exposure
to environmental antigens and microbial products.
Microbiome alterations (dysbiosis) further exacerbate the
effects of FOXP3 dysfunction by disrupting the balance
between commensal tolerance and inflammatory responses
(24, 42). Under physiological conditions, Tregs promote
tolerance to commensal microorganisms, preventing
unnecessary immune activation (35). However, without
effective FOXP3-mediated regulation, microbial signals can
trigger exaggerated immune responses, leading to chronic
inflammation and tissue damage (43). Dysbiosis has been
implicated in multiple inflammatory skin diseases and likely
contributes to Treg-related cutaneous pathology.

Metabolic dysregulation within ~ the skin
microenvironment also contributes to disease progression
in the context of FOXP3 dysfunction (44, 63). Tregs regulate
local metabolic conditions through cytokine signaling and

12

consumption of key metabolites~:cha. TL-2, therebylimiting
effector T-cell expansion (84) Loss Hf this regulatory control
leads to a metabolic envizeam2t.tnat favors effector T-cell
activation, increased gly -olys1 , and sustained inflammatory
responses (126). These 1. ~*t<polic shifts further reinforce
immune dysrege atic> and tissue damage. Importantly,
FOXP3 dystu. <tion also impairs tissue repair mechanisms
that are essentia. for resolving inflammation and restoring
homeos. >sis (58, ¢3). As discussed in earlier sections, Tregs
contribute ‘o, epithelial regeneration and wound healing
thramg. nroauction of growth factors such as amphiregulin
and’ through interactions with epithelial stem cells (97,
20¢)efective Treg function results in delayed wound
1.>2ling, impaired epithelial regeneration, and persistence of
inflammatory lesions (98). This failure of repair mechanisms
represents a critical factor in the chronicity of skin disease
associated with Treg dysfunction.

These mechanisms do not operate independently but form
a self-reinforcing network in which immune dysregulation,
barrier disruption, microbial imbalance, and impaired repair
collectively drive chronic cutaneous inflammation (20, 90).
As a barrier organ exposed to continuous environmental
challenges, the skin is particularly sensitive to such
disruptions, explaining the prominence of dermatological
manifestations in FOXP3-related disorders and other
Tregopathies (127). Overall, FOXP3 dysfunction leads to
skin disease through a multifactorial process involving loss
ofimmune regulation, altered tissue homeostasis, and failure
of repair mechanisms. Understanding these interconnected
pathways provides a framework for identifying therapeutic
strategies to restore immune tolerance and tissue integrity
in patients with Treg-related disorders. Table 5 summarizes
these interconnected mechanisms, highlighting their
integration across molecular, cellular, and tissue levels.

Conclusion

FOXP3-dependent Tregs serve as the cornerstone
of cutaneous immune tolerance, and their dysfunction
represents a unifying mechanism driving autoimmune
skin manifestations in primary immunodeficiencies. This
review underscores how genetic defects in FOXP3 or
converging pathways (CTLA4, LRBA, DOCKS, STAT3
GOF, WAS) disrupt Treg stability, promote plasticity toward
pro-inflammatory ex-Tregs, and skew the Treg-Th1l7
axis, resulting in cytokine imbalance, barrier breakdown,
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Table 5. Integrated mechanisms linking FOXP3 dysfunction to cutaneous inflammation
Mechanistic Axis Key Molecular Drivers Cellular Effect Tissue-Level Outcome Evidence Type Ref
Cytokine dysregulation IL-17,1L-4,1L-13,IFN-y  Effector T-cell expansion  Chronic inflammation Human + mouse (209)
Treg instability IL-6, STAT3 FOXP3 down-regulation Loss of tolerance Experimental (210)
Barrier disruption TNEF-q, IL-22 Keratinocyte dysfunction  Increased permeability In vivo (211)
Microbiota dysbiosis TLR ligands Innate activation Immune amplification ~ Microbiome studies ~ (212)

Metabolic shift Glycolysis 1

Repair failure Ampbhiregulin |

Effector dominance

Stem cell impairment

Sustained inflammation Metabolic assays (213)

Chronic lesions Functional models  (214)

microbial dysbiosis, and persistent inflammation in the
skin. Tissue-resident Tregs unique roles in hair follicle
regeneration, wound healing, and keratinocyte modulation
further explain the prominence of dermatologic phenotypes
in these disorders. Beyond quantitative Treg deficiency,
qualitative impairments, including epigenetic instability
and metabolic reprogramming, amplify pathology through
self-reinforcing loops involving keratinocytes, DCs, and
the microbiota. While conventional immunosuppression
and hematopoietic stem cell transplantation provide
symptomatic relief or cure in severe cases, they do not
fully address tissue-specific regulatory failure. Emerging
precision therapies, such as low-dose IL-2, CAR-Treg
adoptive transfer, CRISPR-based FOXP3 editing, and
microbiome-directed interventions, promise to restore
targeted immune homeostasis with reduced systemic
toxicity. Future progress requires deeper integration of
single-cell multi-omics, humanized models, and biomarker-
driven patient stratification to translate mechanistic insights
into durable, mechanism-based treatments. Ultimately,
reinforcing FOXP3-mediated tolerance in the skiu
microenvironment offers the most effective path towad
controlling autoimmune dermatoses in immunodeficie.cy.
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