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Mucosal inflammatory disorders, including inflammatory bowel disease (IBD), have increased steadily in prevalence worldwide.
These conditions follow a protracted clinical course with high complication rates and no curative therapies. The breakdown of
intestinal mucosal immune homeostasis is central to their pathogenesis. Among the key regulatory pathways, the balance between
regulatory T cells (Tregs) and T helper 17 (Th17) cells is a pivotal determinant of mucosal immune tolerance and the containment
of excessive inflammatory responses. This review synthesizes current knowledge on the biological characteristics, differentiation
regulatory networks, and functional crosstalk between Tregs and Th17 cells. We describe how the mutual antagonism between
the lineage-specific transcription factors Forkhead box P3 (Foxp3) and retinoic acid-related orphan receptor gamma t (RORyt)
acts as a core molecular switch governing this balance, while T cell receptor (TCR) signaling, the cytokine microenvironment,
and epigenetic modifications form its upstream regulatory network. We further discuss the precise mechanisms by which com-
mensal microbiota and their metabolites, intestinal epithelial barrier integrity, and regional heterogeneity of mucosal tissues
modulate the Treg/Th17 balance, and we dissect how disruption of this balance drives IBD onset and progression. We also sum-
marize Treg/Th17-related biomarkers for IBD diagnosis and disease monitoring and emerging therapeutic strategies targeting
this balance. Finally, we outline priority research directions, emphasizing the translational potential of single-cell multi-omics
and spatial transcriptomics for achieving tissue-specific precision regulation of Treg/Th17 balance in IBD.
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Introduction apies, which provide symptomatic relief for some patients

but are limited by insufficient response rates, high adverse

The intestinal mucosa serves multiple essential func-
tions, including nutrient absorption, commensal microbiota
colonization, and pathogen defense. Maintenance of mu-
cosal immune homeostasis is a cornerstone of systemic
health [1]. The intestinal mucosal immune system must pre-
cisely eliminate invading pathogens while sustaining im-
mune tolerance to food antigens and commensal micro-
biota. Disruption of this tolerogenic balance triggers per-
sistent chronic inflammation, most notably manifesting as
inflammatory bowel disease (IBD) [2].

IBD, comprising Crohn disease (CD) and ulcerative
colitis (UC), is a group of chronic, non-specific inflam-
matory disorders of the gastrointestinal tract. Its global
prevalence has risen steadily in recent decades, making it
a major public health concern [3]. Current management
relies on anti-inflammatory and immunosuppressive ther-

event rates, and frequent relapse. These limitations stem
from an incomplete understanding of the core pathological
mechanisms underlying IBD [4].

Evidence indicated that functional imbalance of CD4*
T cell subsets in the intestinal mucosa is a central patholog-
ical event driving IBD onset and progression [5]. Among
these subsets, the regulatory T cells (Treg)/T helper 17
(Th17) axis, defined by the differentiation balance and
functional crosstalk between Th17 and Treg cells, acts
as the central regulatory hub governing mucosal immune
homeostasis [6]. Thl7 cells dominate pro-inflammatory
immune responses and host defense against extracellular
pathogens [7], whereas Treg cells are responsible for main-
taining immune tolerance and suppressing excessive in-
flammation [8]. The two lineages are closely linked in
their differentiation programs: they share upstream reg-
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ulatory signals including transforming growth factor-beta
(TGF-beta), while exerting direct antagonism via their mas-
ter lineage transcription factors Forkhead box P3 (Foxp3)
and retinoic acid-related orphan receptor gamma t (RORyt),
endowing them with high plasticity in differentiation and
function [9]. Within the intestinal mucosal microenviron-
ment, multiple factors including commensal microbiota,
epithelial barrier integrity, and cytokine networks coordi-
nately regulate Treg/Th17 balance [10]; disruption of this
balance triggers persistent intestinal mucosal inflammation
and drives IBD progression [11,12].

Despite extensive research on Treg/Th17 balance in
IBD, several key questions remain unresolved: the precise
regulatory mechanisms underlying microbiota-immune cell
crosstalk in the mucosal microenvironment, the tissue-
specific functional characteristics of distinct cell subsets,
and the bottlenecks limiting clinical translation of targeted
interventions [13]. In this review, we systematically sum-
marize the reciprocal regulatory mechanisms of Tregs and
Th17 cells, the regulatory networks within the mucosal mi-
croenvironment, the pathological processes by which im-
balance drives IBD, and the research advances in related
diagnostic biomarkers and therapeutic strategies. We also
analyze current challenges and future directions, with the
aim of providing novel insights for mechanistic research
and precision clinical management of IBD.

Biological Characteristics and Interactive
Regulatory Mechanisms of Tregs and Th17
Cells

Tregs and Thl7 cells are both derived from naive
CD4" T cells. They exhibit close lineage relationships dur-
ing differentiation, while forming functional antagonism
via core transcriptional regulation, and their dynamic bal-
ance constitutes the molecular basis for maintaining mu-
cosal immune homeostasis.

Cell Phenotypic Characteristics and Mucosal Tissue
Specificity

The differentiation and function of Thl7 cells are
dominated by the transcription factor RORyt (encoded
by the RORC gene). These cells mainly secrete pro-
inflammatory cytokines including interleukin (IL)-17A, IL-
17F, IL-6, and tumor necrosis factor-o (TNF-a), and have a
critical role in host defense against extracellular pathogens
and the pathogenesis of autoimmune diseases [14]. Treg
cells are specifically regulated by the transcription factor
Foxp3 (encoded by the FOXP3 gene in humans and Foxp3
in mice). They exert immunosuppressive functions mainly
via secretion of anti-inflammatory cytokines such as IL-10
and TGF-B and direct cell-cell contact, to maintain systemic
immune tolerance [15].

In peripheral non-lymphoid tissues such as the intesti-
nal mucosa, both Tregs and Th17 cells exhibit significant

phenotypic and functional heterogeneity compared with
their counterparts in circulating lymphoid tissues. Tissue-
resident Tregs in the intestinal mucosa, in addition to their
well-defined immunosuppressive functions, participate in
the repair of mucosal barrier structure and maintenance of
homeostasis via bidirectional crosstalk with intestinal ep-
ithelial cells (IECs) and commensal microbiota, represent-
ing a key cell subset for mucosal immune tolerance. Tissue-
resident Th17 cells specific for intestinal commensal bac-
teria are not limited to exerting pro-inflammatory immune
responses under homeostatic conditions, they can also me-
diate immunoregulatory effects and suppress excessive ac-
tivation of effector T cells via upregulation of cellular mus-
culoaponeurotic fibrosarcoma oncogene homolog (c-MAF)
and IL-10 expression [16].

Recent seminal studies have revealed that Tregs and
Th17 cells possess high lineage plasticity, and can undergo
interconversion in specific microenvironments to form in-
termediate subsets with characteristics of both lineages,
mainly including IL-17-secreting (IL-17") Tregs and IL-10-
secreting (IL-10") Th17 cells. These intermediate subsets
are abundant in the intestinal mucosa, and their abundance
and functional status directly influence mucosal immune
homeostasis. Under homeostatic conditions, IL-10" Th17
cells restrict excessive inflammatory responses, whereas in
inflammatory microenvironments, the immunosuppressive
function of IL-17" Tregs is significantly impaired, which
in turn exacerbates local inflammation [17]. This finding
breaks the traditional binary antagonistic view of Th17 and
Treg cells, providing a novel perspective on the regulatory
mechanisms of mucosal immune homeostasis.

Core Regulatory Network of Cell Differentiation

The lineage commitment of naive CD4" T cells to
Tregs or Th17 cells is collectively determined by a com-
plex regulatory network consisting of TCR signaling, the
cytokine microenvironment, and epigenetic modifications,
among which the cytokine microenvironment is the key fac-
tor governing differentiation direction [18].

TGF-B is the core cytokine regulating the direction
of Treg/Th17 differentiation. In the presence of low con-
centrations of TGF-f alone, it induces Foxp3 expression
in naive CD4" T cells and drives their differentiation into
Tregs. In contrast, when TGF-p is present in combination
with pro-inflammatory cytokines such as IL-6 and IL-1§,
it inhibits Foxp3 expression, upregulates RORyt transcrip-
tion, and drives the differentiation of naive T cells into Th17
cells [19]. In addition, IL-23, an essential regulatory fac-
tor for maintaining the stability and pro-inflammatory func-
tion of Th17 cells, further upregulates the expression of
RORyt and IL-17 via activation of the signal transducer and
activator of transcription 3 (STAT3) pathway [20]. Con-
versely, IL-2 stabilizes Foxp3 expression and maintains the
immunosuppressive function of Tregs via activation of the
STATS pathway [21].
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The strength and duration of TCR signaling activa-
tion also participate in regulating the differentiation direc-
tion of naive CD4" T cells. High-intensity TCR signal-
ing preferentially drives Th17 cell differentiation, whereas
low-intensity, sustained TCR signaling is more conducive
to the induction and stabilization of Tregs [22]. In the in-
testinal mucosa, continuous stimulation by antigens derived
from commensal microbiota precisely regulates the local
Treg/Th17 differentiation ratio via modulating TCR signal
strength, thereby maintaining mucosal immune tolerance
[23].

Epigenetic modifications precisely regulate the lin-
eage stability and functional status of Treg/Th17 cells at the
transcriptional level. Among them, itaconate inhibits Th17
cell differentiation by regulating chromatin accessibility to
reduce the binding efficiency of RORyt to the I117a pro-
moter. a-synuclein drives Th17 cell differentiation and im-
pairs the function and stability of Tregs via epigenetic reg-
ulation to promote RORC transcription [24,25]. Further-
more, targeted RORyt agonists/inhibitors can bidirection-
ally regulate Treg/Th17 differentiation via directly modu-
lating the transcription of target genes, further validating
the central hub role of RORyt in differentiation regulation.

Core Molecular Switch of Balance Regulation:
Mutual Antagonism Between Foxp3 and RORyt

The core of the dynamic Treg/Th17 balance lies in the
direct mutual antagonism between the two master lineage-
specific transcription factors, Foxp3 and RORyt. The rel-
ative expression level and activity of these two factors di-
rectly determine the differentiation direction and functional
phenotype of naive CD4" T cells.

Foxp3 and RORyt can mutually inhibit each other’s
transcriptional activity via direct protein-protein interac-
tion. Foxp3 binds to RORyt and blocks the transcriptional
activation of its pro-inflammatory target genes, thereby in-
hibiting Th17 cell differentiation. Conversely, RORyt re-
presses the transcriptional activity of Foxp3, impairing the
immunosuppressive function of Tregs. The expression lev-
els of the two factors show a significant negative corre-
lation: in the inflamed intestinal mucosa of IBD patients,
high RORyt expression coexists with low Foxp3 expres-
sion, directly driving excessive Th17 activation and Treg
functional deficiency [11].

Numerous interventional studies have further con-
firmed the central role of this antagonistic mechanism. The
RORyt inhibitor GSK805 markedly inhibits excessive pro-
liferation of Th17 cells, reverses the reduction of Tregs in
inflammatory microenvironments, and restores Treg/Th17
balance. Salidroside downregulates RORyt expression and
upregulates Foxp3 levels via inhibiting the STAT3/hypoxia-
inducible factor-1a (HIF-10)/RORyt pathway, thereby cor-
recting Treg/Th17 imbalance in models of aplastic anemia
and colitis [12]. The identification of this core molecular
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switch provides key targets for interventional strategies tar-
geting Treg/Th17 balance (Fig. 1).

Regulatory Mechanisms of Intestinal Mucosal
Microenvironment on Treg/Th17 Balance

The intestinal mucosa constitutes a complex microen-
vironment formed by commensal microbiota, intestinal ep-
ithelial cells, immune cells, and cytokine networks. Within
this microenvironment, microbiota-immune cell interac-
tions, epithelial-immune cell crosstalk, and regional hetero-
geneity of mucosal tissues collectively and precisely govern
the dynamic balance of local Treg and Th17 cells [26].

Microbiota-Immune Cell Crosstalk: Differential
Regulation by Commensal and Pathogenic Bacteria

The gut microbiota is the dominant factor regulating
mucosal Treg/Th17 balance. Commensal bacteria and their
metabolites maintain Treg/Th17 balance via multiple path-
ways, whereas microbiota dysbiosis and pathogenic bacte-
rial invasion disrupt this balance and drive the onset of mu-
cosal inflammation (Fig. 2).

Short-chain fatty acids (SCFAs, mainly including ac-
etate, propionate, and butyrate), the major metabolites of
commensal bacteria, act as key mediators in the regu-
lation of Treg/Th17 balance. SCFAs directly promote
Foxp3 transcription, drive Treg differentiation and prolif-
eration, and simultaneously inhibit RORyt expression and
the pro-inflammatory function of Th17 cells via activating
G protein-coupled receptors (GPR41, GPR43) or inhibiting
histone deacetylases (HDACs). In addition, SCFAs indi-
rectly suppress excessive Th17 activation by enhancing in-
testinal epithelial barrier function and reducing the translo-
cation of microbial products [27,28].

Specific commensal genera exert differential regula-
tory effects on Treg/Th17 balance via distinct pathways.
Enrichment of beneficial bacteria such as Lactobacillus,
Bacteroides, and Akkermansia significantly increases SC-
FAs production and restores Treg/Th17 balance under in-
flammatory conditions. Strains of clusters IV and XIVa
of the genus Clostridium enhance local immunosuppressive
effects and inhibit the onset of intestinal inflammation via
inducing the differentiation of RORyt" Tregs in the intesti-
nal mucosa [29,30]. In contrast, pathogenic bacteria such
as adherent-invasive Escherichia coli (AIEC) drive exces-
sive Th17 activation and inhibit Treg function via disrupt-
ing the gut microbiota structure and activating the Toll-like
receptor 4 (TLR4)-nuclear factor kB (NF-kB) pathway, ul-
timately exacerbating IBD progression [31].

Given the central role of microbiota dysbiosis in
disrupting Treg/Th17 balance, remodeling the microbial
ecosystem represents a logical therapeutic entry point. Fur-
thermore, microbiota dysbiosis can also trigger disorders
of bile acid metabolism, and secondary bile acids affect
Treg/Th17 differentiation via regulating the farnesoid X


https://www.discovmed.com/

2356

Treg/Th17 CELL BALANCE, PLASTICITY, AND MUCOSAL HOMEOSTASIS
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Fig. 1. Regulatory mechanisms of Treg/Th17 cell differentiation, plasticity, and mucosal homeostasis. Naive CD4" T cells dif-

ferentiate into Treg or Th17 lineages governed by specific cytokine milieus and transcriptional networks. Low-dose TGF-f3 combined

with IL-2 induces Foxp3 expression, driving Treg differentiation for immunosuppression. Right: The combination of TGF-§ with IL-6,

IL-1beit, and IL-23 promotes RORyt-mediated Th17 differentiation, a process enhanced by a-synuclein via epigenetic regulation. The

mutual repression between Foxp3 and RORy serves as the core molecular switch determining the Treg/Th17 balance. In the mucosal

microenvironment, both lineages exhibit high plasticity, interconverting into intermediate subsets such as IL-17" Tregs and regulatory IL-

10" Th17 cells. The dynamic balance between these subsets is crucial for maintaining intestinal epithelial integrity and mucosal immune
homeostasis. This figure was created using Adobe Photoshop 2022 (Adobe Inc., San Jose, CA, USA). Treg, regulatory T cell; Th17,
T helper 17; TGF-B, transforming growth factor-beta; IL, interleukin; RORyt, retinoic acid-related orphan receptor gamma t; Foxp3,

Forkhead box P3.

receptor (FXR) and Takeda G protein-coupled receptor
5 (TGRYS) signaling, further disrupting mucosal immune
homeostasis [32].

Recent technological advances in spatial transcrip-
tomics and spatial multi-omics have provided unprece-
dented resolution to characterize microbiota-immune in-
teractions in situ. A spatial host-microbiome profiling
approach applied to pediatric ileal Crohn disease tissues
demonstrated that bacterial abundance correlates with dis-
ease prognosis and endoscopic severity, with host transcrip-
tional responses to bacteria varying across different tissue
regions, providing spatial evidence for microbiota-driven
Treg/Th17 dysregulation at the host-microbe interface [33].

Complementing these findings, cross-tissue multi-
omics analyses combining spatial transcriptomics and
single-cell RNA sequencing have systematically revealed
how microbiota absence impacts organ morphology, im-
mune homeostasis, and metabolism, demonstrating marked
aberrations in B cells, myeloid cells, and T/NK cells across
multiple organs, along with altered mucosal zonation [34].

These integrated approaches have further elucidated that
the gut microbiota shapes intestinal epithelial functional
zonation and modulates lipid dynamics, while influenc-
ing the development and differentiation of immune cells
including intraepithelial gamma-delta T cells. Similarly,
single-cell technologies have been instrumental in deci-
phering IBD pathogenesis by uncovering immune cell het-
erogeneity that bulk sequencing cannot resolve, with recent
studies leveraging scRNA-seq to identify distinct immune
cell plasticity in IBD and characterize the complex inter-
play between microbial signals and host immune responses
[35]. Furthermore, investigations into colorectal cancer
have demonstrated that spatial depletion of specific bacteria
in tumor niches disrupts butyrate-HDAC signaling, leading
to CD8" T-cell exhaustion via epigenetic reprogramming,
underscoring how spatially defined microbiome-metabolic
niches can drive T-cell dysfunction [36]. These spatially
resolved multi-omics approaches are now being extended
to integrate microbial metatranscriptomics with host tran-
scriptomics, enabling simultaneous reconstruction of host
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Fig. 2. The crosstalk among gut microbiota, intestinal epithelial cells and immune cells. The intestinal epithelial layer (middle)
serves as a physical barrier and signal transducer: it receives microbial metabolites (SCFAs via GPR41/43) from the luminal microbiota
(top) and transmits these signals to the lamina propria immune cells (bottom). In the lamina propria, the Treg/Th17 balance is governed
by Foxp3—RORyt mutual antagonism. Disruption of this crosstalk creates a self-perpetuating inflammatory loop. This figure was created

using Adobe Photoshop 2022 (Adobe Inc., San Jose, CA, USA).

transcriptional and microbiome compositional landscapes
to deconvolute host-microbiome circuits and predict func-
tional niches in IBD and CRC [37].

Therefore, based on the above findings indicating the
relationship between gut microbiota and the development
and progression of diseases, strategies to reshape the gut
microbiota through probiotic supplementation and fecal mi-
crobiota transplantation (FMT) may effectively correct the
Treg/Th17 imbalance in IBD. The underlying mechanism
lies in restoring the microbial community structure and
its metabolite profiles, with microbial metabolites such as
short-chain fatty acids, tryptophan derivatives, and sec-

ondary bile acids acting as key signaling molecules that
regulate Treg and Th17 differentiation through G protein-
coupled receptors, nuclear receptors, and epigenetic mod-
ifications [38]. Notably, recent experimental evidence
demonstrates that FMT treatment inhibits intestinal CD4"
RORy-t" T cells and modulates immune responses via
the JAK-STAT?3 signaling pathway, with specific bacterial
strains such as Faecalibacterium prausnitzii and Bifidobac-
terium longum playing pivotal roles in restoring immune
homeostasis [39,40].
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Epithelial-Immune Cell Crosstalk: Positive
Feedback Regulation of Barrier Function and
Immune Balance

The intestinal epithelial barrier serves as a structural
physical barrier separating luminal contents from immune
cells in the lamina propria, and its integrity is a prerequisite
for maintaining Treg/Th17 balance. Bidirectional signaling
between IECs and immune cells forms a positive feedback
loop that mutually stabilizes barrier function and immune
balance.

When the intestinal epithelial barrier is damaged,
microbe-associated molecular patterns (MAMPs, such as
lipopolysaccharide (LPS) and peptidoglycan) from the in-
testinal lumen translocate massively into the lamina pro-
pria. These MAMPs promote the secretion of pro-
inflammatory cytokines such as IL-6 and IL-1p via acti-
vating the TLR4-NF-xB pathway and the NOD-like re-
ceptor pyrin domain-containing 3 (NLRP3) inflammasome,
driving Th17 differentiation while inhibiting the immuno-
suppressive function of Tregs [41]. In turn, persistent in-
flammation caused by Treg/Th17 imbalance further aggra-
vates intestinal epithelial barrier damage, forming a ma-
lignant positive feedback loop of “barrier damage-immune
imbalance-inflammation exacerbation-further barrier dis-
ruption”.

A direct bidirectional regulatory relationship exists
between IECs and Treg/Th17 cells. Tregs promote the pro-
liferation of IECs and the expression of tight junction pro-
teins via secreting anti-inflammatory cytokines such as IL-
10 and TGF-B, thereby strengthening barrier function. In
contrast, alarmins such as IL-25 and IL-33 released by dam-
aged IECs recruit and activate Th17 cells, exacerbating lo-
cal inflammation and immune polarization bias [42].

In addition, mucosal-resident 3 T cells act as a bridge
between the epithelial barrier and adaptive immunity. Upon
microbial stimulation, they secrete IL-17 and simultane-
ously upregulate the expression of the inhibitory recep-
tor programmed cell death protein 1 (PD-1). The PD-1-
mediated negative feedback regulatory pathway inhibits ex-
cessive IL-17 release, thereby maintaining the balance be-
tween activation and inhibition of mucosal immunity under
continuous microbial stimulation and preventing intestinal
barrier damage and uncontrolled inflammation [43,44].

IECs serve a dual function as both a physical bar-
rier and a signal transducer. Under homeostatic conditions,
IECs receive IL-10 signals from Tregs and maintain tight
junctions, forming a positive feedback loop that sustains
epithelial integrity and immune tolerance. When the ep-
ithelial barrier is damaged, alarmins released by IECs and
translocated MAMPs shift the local immune response to-
ward a Th17-dominant state while suppressing Tregs. This
transition from tolerance to inflammation represents a crit-
ical juncture at which mucosal inflammation may become
self-perpetuating.

Regional Heterogeneity of Mucosal Tissues

Significant differences exist in the microenvironment
of different mucosal sites (intestine, oral cavity, respiratory
tract, etc.), and the regulatory mechanisms of Treg/Th17
balance also exhibit marked regional heterogeneity, among
which the regulatory pattern in the intestinal mucosa is
highly tissue-specific.

‘Within the intestinal mucosa, microbiota-derived SC-
FAs participate in the regulation of Treg/Th17 balance. Dis-
tinct intestinal segments exhibit marked differences in mi-
crobiota structure, SCFAs concentration, and antigen pre-
sentation mode, leading to site-specific differences in the
distribution characteristics and regulatory mechanisms of
Treg/Th17 cells. Among them, the colon has the highest
abundance of microbiota and significantly higher SCFAs
concentrations than the small intestine. Accordingly, the
proportion of Tregs in the colon is much higher than that in
the small intestine, and RORyt" Tregs are the dominant sub-
set, mainly mediating immune tolerance to commensal mi-
crobiota. Tregs in the small intestinal epithelium exhibit a
unique phenotype, with significantly downregulated CD25
expression, and their IL-2 dependence and response pattern
are distinct from Tregs in other sites, constituting a unique
immune regulatory pattern in the small intestine [45].

Gut microbiota dysbiosis can indirectly exacerbate
periodontal inflammation via reducing the abundance
of butyrate-producing bacteria and disrupting systemic
Treg/Th17 balance. The upper respiratory tract mucosa
mainly relies on the microbiota to regulate the function of
vd T cells and innate immune responses, thereby affect-
ing Treg/Th17 balance to defend against pathogen invasion
[46].

Thus, the distribution and function of Tregs and Th17
cells differ markedly across intestinal segments (e.g., colon
vs. small intestine). This is not random but rather a pre-
cise adaptation to local microbial abundance and metabo-
lite concentrations. In the high-SCFA environment of the
colon, RORyt" Tregs are enriched to monitor commensal
bacteria. In contrast, Tregs in the low-SCFA environment
of the small intestine rely on distinct IL-2 signaling pat-
terns. More importantly, the two cell types establish a
functional buffer zone through intermediate states such as
IL-17* Tregs and IL-10" Th17 cells, allowing flexible ad-
justment of immune intensity under homeostatic conditions
rather than a binary switch. This region-specific plasticity
model represents the core wisdom by which the mucosal
system maintains long-term homeostasis.

Role of Treg/Th17 Imbalance in IBD
Pathogenesis and Clinical Biomarkers

The Treg/Th17 imbalance in IBD involves a progres-
sive pathological process that unfolds in three stages: initi-
ation, amplification, and consolidation. A critical feature of
this process is the transition from a state that can be restored
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by normal regulatory mechanisms to one that becomes self-
sustaining even after the initial trigger has been resolved.

Initiation of Imbalance: Microenvironmental Signals
Shift From Synergy to Conflict

In healthy mucosa, signals such as TGF-f, IL-2, and
SCFAs collectively maintain a low-level dynamic balance
between Tregs and Th17 cells. The key event in the ini-
tiation phase of IBD is that dysbiosis and epithelial dam-
age together create an signaling environment that simulta-
neously weakens Treg induction and drives Th17 differenti-
ation: on one hand, reduced SCFAs and increased MAMPs
weaken Treg induction and stability; on the other hand,
pro-inflammatory signals such as IL-6, IL-1B, and IL-23
surge, potently driving Th17 differentiation. An even more
decisive change is that factors such as IL-6 directly sup-
press Foxp3 expression, causing Tregs to lose their ability
to maintain their function in an inflammatory environment.
Thus, the starting point of imbalance is not simply the tip-
ping of a scale toward one side, but rather the breach of the
the tolerance threshold of Tregs to inflammatory signals—
even if cell numbers have not yet changed dramatically,
the foundation of systemic stability has already been under-
mined. In peripheral blood and inflamed intestinal mucosa
of IBD patients, increased Th17 cell counts, upregulated
RORyt and IL-17A expression, along with decreased Treg
cell counts and downregulated Foxp3 expression, have in-
deed been observed [47].

Amplification of Imbalance: Three Interlocking
Positive Feedback Loops Create System Locking

Once the initiation threshold is crossed, the imbalance
automatically amplifies through the following three inter-
locking loops, no longer relying on the original triggering
factors.

(1) Immune-immune loop: IL-17A secreted by Th17
cells activates epithelial and immune cells to produce more
IL-6 and IL-1P, further suppressing Tregs and expanding
Th17 cells [34].

(2) Immune-epithelial loop: Th17-derived IL-17 and
TNF-a damage epithelial tight junctions, leading to mas-
sive MAMP translocation, which further enhances Th17 re-
sponses and weakens Tregs via the TLR4/NLRP3 pathway
[48].

(3) Immune-microbiota loop:  Thl7-dominated
inflammation remodels the microbial structure (reduced
SCFA-producing bacteria, expansion of potentially
pathogenic bacteria); the decline in SCFAs further weakens
support for Tregs, while aberrant microbial antigens
continuously sustain Th17 activation.

These three loops are nested within one another, trans-
forming the imbalance from a pathological cascade into
a self-sustaining feedback network. Once this stage is
reached, even if the initial dysbiosis or epithelial damage is
corrected, the inflammation can still self-sustain. This self-
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perpetuating nature is precisely the core reason why IBD
presents as a chronic and relapsing condition. Functionally
impaired Treg cells are unable to effectively suppress over-
activated effector T cells or maintain immune tolerance to
commensal microbiota, resulting in continuous amplifica-
tion and failure of inflammation to resolve [49].

Consolidation of Imbalance: Tregs Undergo
Pathological Reprogramming, not Merely Reduction

Previous studies have often emphasized the decline in
Treg numbers, but a more critical change occurs within the
residual Tregs themselves. In an inflammatory microenvi-
ronment rich in IL-6 and IL-23, Tregs undergo pathological
reprogramming: some Tregs downregulate Foxp3, upregu-
late RORyt, and transform into ex-Tregs or IL-17" Tregs.
These transformed cells not only lose their immunosuppres-
sive function but may even secrete IL-17, shifting from reg-
ulatory mechanisms that suppress inflammation to factors
that promote inflammation [25]. Simultaneously, the abil-
ity of Tregs to secrete IL-10 and TGF-f is significantly re-
duced, and their capacity to promote epithelial proliferation
and repair is consequently lost [47]. This means that the
qualitative change in Tregs is far more pathologically sig-
nificant than the quantitative change: simply supplement-
ing Treg numbers without restoring their functional stabil-
ity in the inflammatory environment will inevitably yield
limited therapeutic effects [50]. The three-stage mecha-
nism described above collectively explains why the com-
mon anti-inflammatory effect against disease relapse cycle
observed clinically is difficult to break. It also suggests that
any effective intervention strategy must simultaneously in-
terrupt the positive feedback loops and restore Treg func-
tional resilience, rather than merely aiming for normaliza-
tion of cell ratios.

Treg/Th17 Axis-Related Biomarkers for IBD

Detection of Treg/Thl7 axis-related indicators can
provide clinically valuable biomarkers for the early diag-
nosis, disease assessment, therapeutic response monitoring,
and prognosis prediction of IBD. Current related research
mainly focuses on three directions: cell ratio, cytokine pro-
files, and combined microbiome-immune indicator analy-
sis.

Clinical Value of Treg/Th17 Cell Ratio

The Treg/Th17 ratio in peripheral blood and intestinal
mucosal tissues is the most intuitive indicator for evaluat-
ing the state of immune imbalance in IBD patients. Clinical
studies have shown that the peripheral blood Th17/Treg ra-
tio is significantly higher in IBD patients than in healthy
controls, and the ratio is positively correlated with disease
activity and inflammatory severity: the ratio is markedly
higher in patients with active IBD than in those in remis-
sion, and significantly higher in patients with severe inflam-
mation than in those with mild-to-moderate disease [51,52].
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In intestinal mucosal tissues, the number of infiltrating
Th17 cells is significantly increased and the proportion of
Tregs is correspondingly reduced in inflamed sites, and the
change in their ratio is closely correlated with the degree
of mucosal inflammation and histological damage grade.
After effective treatment, the Th17/Treg ratio of patients
gradually returns to normal levels with disease remission,
indicating that this indicator can be used for dynamic moni-
toring of clinical therapeutic response and prognosis assess-
ment.

Diagnostic Significance of Characteristic Cytokine
Profiles

The characteristic cytokine profiles of Th17 and Treg
cells can more accurately reflect their functional status, pro-
viding a supplementary basis for disease assessment in IBD.
Among them, Thl7-related pro-inflammatory cytokines
(IL-17A, IL-6, TNF-a)) and Treg-related anti-inflammatory
cytokines (IL-10, TGF-B) are the most representative detec-
tion indicators at present.

In the serum and lesioned intestinal mucosal tissues
of IBD patients, the levels of pro-inflammatory cytokines
such as IL-17A and IL-6 are significantly elevated, while
the levels of anti-inflammatory cytokines such as IL-10 and
TGF-B are markedly reduced, and their expression levels
are closely correlated with disease activity. In experimental
colitis mouse models, inflamed colonic tissues also exhibit
a characteristic profile of high TNF-a and IL-17 expression
accompanied by low TGF-f and IL-10 expression, after ef-
fective intervention, the above cytokine profile is signif-
icantly reversed, and intestinal inflammation is alleviated
accordingly [15].

In addition, combined detection of cytokine profiles
can also be used to predict patients’ response to therapeu-
tic regimens such as biological agents, providing a refer-
ence for the development of individualized clinical treat-
ment strategies.

Combined Analysis Strategy of Microbiome and
Immune Indicators

Single immune indicator or microbiome testing has
limitations of insufficient diagnostic specificity, whereas
combined analysis of gut microbiome biomarkers and
Treg/Th17-related immune indicators can significantly im-
prove the diagnostic accuracy of IBD, while providing
guidance for individualized intervention.

Studies have shown that the abundance of SCFA-
producing bacteria in the gut of IBD patients is posi-
tively correlated with the intestinal mucosal Treg/Th17 ra-
tio, while the abundance of pathogenic bacteria is posi-
tively correlated with Th17 cell proportion and IL-17 lev-
els. Combined analysis of microbiome indicators (such as
gut microbiota structure and SCFAs concentration) with pe-
ripheral blood Treg/Th17 ratio and cytokine profiles can
significantly improve the sensitivity and specificity of early

IBD diagnosis, and can also be used to predict patients’ re-
sponse to microbiota-remodeling therapies [32,53].

This multi-dimensional combined analysis strategy
can comprehensively dissect the pathophysiological state of
IBD, and realize the whole-process guidance from precise
diagnosis to targeted intervention, representing an impor-
tant development direction for IBD precision medicine.

Therapeutic Strategies Targeting Treg/Th17
Balance in IBD

Targeted intervention of Treg/Th17 balance is an im-
portant research direction for IBD treatment. At present, a
multi-dimensional therapeutic system has been formed, in-
cluding biological agents, immune cell therapy, microbial
interventions, and traditional Chinese medicine regulation,
with some strategies having entered clinical application or
clinical trial stages.

Biological Agent Therapy

Monoclonal antibodies targeting key cytokines of the
Treg/Th17 axis are the most well-studied and widely used
targeted therapeutic agents in current clinical IBD manage-
ment. Their core mechanism of action is to block pro-
inflammatory signal transduction, inhibit excessive Th17
activation, and subsequently restore the immunoregulatory
function of Tregs.

Monoclonal antibodies targeting the IL-23 p19 sub-
unit (such as guselkumab and risankizumab) block the IL-
23/IL-23R signaling axis, inhibit Th17 cell differentiation
and activation, reduce the release of pro-inflammatory cy-
tokines such as IL-17, and simultaneously restore the im-
munosuppressive function of Tregs [54]. These agents
have shown favorable efficacy and safety in clinical trials
for moderate-to-severe UC and CD. The monoclonal anti-
body targeting the IL-6 receptor (IL-6R, tocilizumab) in-
hibits Th17 cell proliferation and promotes Treg functional
restoration via antagonizing IL-6-mediated STAT3 signal-
ing. In IBD treatment, it effectively corrects Treg/Th17
immune imbalance and alleviates intestinal inflammatory
damage [55].

In addition, monoclonal antibodies targeting TNF-a
(such as infliximab and adalimumab) downregulate the ex-
pression of pro-inflammatory cytokines such as IL-6 and
IL-1B, indirectly modulate the Treg/Th17 ratio, and im-
prove intestinal epithelial barrier function. They have now
become first-line therapeutic agents for moderate-to-severe
IBD [56].

Immune Cell Therapy

Engineered Treg adoptive cell transfer therapy is the
core research direction of IBD cell therapy. Its core mecha-
nism is to enhance the homing ability to inflammatory sites
and immunosuppressive activity of Tregs via in vitro ex-
pansion of autologous Tregs, or construction of antigen-
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specific chimeric antigen receptor Treg (CAR-Treg) cells,
thereby restoring the local Treg/Th17 immune balance in
the intestinal mucosa [57,58].

Preclinical studies have confirmed that CAR-Treg
therapy can precisely target intestinal inflammatory foci,
significantly inhibit inflammatory responses in the local
mucosa, re-establish intestinal immune homeostasis, and
reduce pathological damage to colonic tissues [57]. In ad-
dition, Th17 cell reprogramming technology can induce
the conversion of pro-inflammatory Th17 cells into anti-
inflammatory phenotypes such as IL-10" Th17 cells via
epigenetic modification and transcription factor regulation.
This strategy effectively restores intestinal immune balance
while avoiding adverse reactions caused by systemic im-
munosuppression, representing a highly promising novel
cell therapeutic strategy.

Microbial Intervention Strategies

Microbial intervention strategies based on the gut mi-
crobiota can precisely regulate Treg/Th17 balance from the
upstream via reshaping the microbiota structure and modu-
lating the microbiota metabolite profile, serving as an im-
portant adjuvant therapeutic modality in clinical IBD man-
agement. These strategies mainly include probiotic supple-
mentation and FMT.

Probiotics (such as Lactobacillus rhamnosus, Lacto-
bacillus plantarum, and Lactobacillus reuteri) inhibit the
abnormal polarization of Th17 cells, promote the prolifera-
tion and functional activation of Tregs, repair the integrity
of the intestinal epithelial barrier, and ultimately effectively
alleviate intestinal inflammatory responses via increasing
intestinal SCFAs production and inhibiting the activation
of the TLR4-NF-«B signaling pathway and NLRP3 inflam-
masome. FMT comprehensively reshapes the gut micro-
biota structure of patients, restores the normal microbiota
metabolite profile, and corrects Treg/Th17 imbalance via
transplanting the complete fecal microbiota from healthy
donors into the patient’s intestine. It has shown certain ef-
ficacy in the clinical treatment of recurrent and refractory
IBD at present [5,59].

Emerging Targeted Immunotherapies for Treg/Th17
Balance Restoration

Beyond the established biologic and small-molecule
therapies discussed above, several emerging strategies have
shown promise in directly restoring Treg/Th17 balance
through pathway-specific mechanisms. Selective IL-23p19
inhibitors, including guselkumab and risankizumab, have
demonstrated robust efficacy in moderate-to-severe ulcer-
ative colitis and Crohn’s disease by specifically blocking
the IL-23/STAT3/RORyt axis that drives Th17 cell mainte-
nance and pathogenicity while preserving Treg cell home-
ostasis [60,01,62]. The JAK1-selective inhibitor upadaci-
tinib has shown rapid symptom improvement and mucosal
healing in phase III ulcerative colitis trials, with its prefer-
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ential suppression of STAT3 over STATS5 phosphorylation
contributing to a favorable balance between Th17 inhibi-
tion and Treg preservation [63,64]. At the cellular inter-
vention frontier, low-dose IL-2 therapy has demonstrated
selective Treg expansion and clinical efficacy across mul-
tiple autoimmune diseases [65], and novel engineered 1L-2
fusion proteins with enhanced Treg selectivity are under ac-
tive investigation [66]. Chimeric antigen receptor (CAR)-
Treg cell therapy targeting gut-specific antigens represents
another innovative precision approach, with emerging pre-
clinical and patient perspective studies supporting its feasi-
bility for antigen-specific immunosuppression in IBD with-
out compromising systemic immunity [67,68]. Further-
more, nanoparticle-based delivery systems have been de-
veloped to locally modulate the gut microenvironment and
promote Treg differentiation, offering a non-systemic alter-
native for restoring mucosal immune homeostasis [69,70].
These strategies collectively represent a paradigm shift
from broad immunosuppression toward pathway-specific,
Treg/Th17-targeted precision medicine in IBD manage-
ment.

Current Challenges and Future Directions in the
Field

Core Challenges

Although extensive research has been conducted on
the role of Treg/Th17 balance in IBD, and some interven-
tional strategies have been applied in clinical practice, cur-
rent research still faces two core bottlenecks that severely
hinder the translation of basic research into clinical treat-
ment.

First, a significant bench-to-bedside translation gap
persists. Most current mechanistic studies are based on
rodent models, which cannot fully replicate the complex
pathophysiological processes of human IBD. On the one
hand, there are marked differences in the gut microbiota
structure and mucosal immune microenvironment between
rodents and humans, making it difficult to simulate the spe-
cific types of Treg functional deficiency and the character-
istics of the inflammatory microenvironment in human IBD
[71,72]. On the other hand, most animal models are acute
colitis models, which cannot replicate the chronic, persis-
tent, and recurrent course of human IBD, resulting in lim-
ited response rates in clinical trials for a large number of in-
terventional strategies that show significant efficacy in an-
imal models.

Second, the challenge of tissue-specific precision reg-
ulation remains unresolved. Treg/Th17 cells in different
regions of the intestinal mucosa exhibit significant tissue
specificity, with distinct phenotypic characteristics, func-
tional status, and regulatory mechanisms from those in the
circulation [73,74]. Current systemic intervention strate-
gies used in clinical practice cannot achieve precise targeted
regulation of intestinal inflammatory sites. While correct-


https://www.discovmed.com/

2362

ing local immune imbalance, they may interfere with sys-
temic immune homeostasis, leading to an increased risk of
adverse events such as infection and tumorigenesis. Fur-
thermore, Treg/Th17 balance is a dynamic and finely reg-
ulated process. How to achieve long-term maintenance of
immune homeostasis after effective suppression of acute in-
flammation, while avoiding the induction of new immune
deviation, remains a key unresolved challenge in current re-
search.

Future Research Directions

Recent spatial transcriptomics studies in IBD have
revealed distinct immune cell niches in ulcerative col-
itis and Crohn disease tissues, identifying spatially or-
ganized granuloma-associated immune landscapes and
region-specific Treg/Th17 distribution patterns correlated
with clinical outcomes. First, using single-cell multi-omics
and spatial transcriptomics to map the heterogeneity of the
mucosal immune microenvironment, including the spatial
distribution of immune cell subsets across distinct intesti-
nal regions and their interactions with local stromal cells
and microbial communities. Single-cell multi-omics tech-
nology enables simultaneous analysis of multi-dimensional
information including gene expression profiles, chromatin
accessibility, and epigenetic modifications at single-cell
resolution, thereby precisely identifying functionally im-
paired Treg/Th17 cell subsets in the intestinal mucosa of
IBD patients and elucidating the specific signaling path-
ways driving their abnormal differentiation and activa-
tion [75,76]. Spatial transcriptomics technology combines
molecular data with tissue spatial architecture to systemat-
ically map the spatial distribution and interaction patterns
of Th17 cells, Tregs, IECs, and microbiota colonization
sites in inflamed regions, revealing the dynamic regulatory
mechanisms of the local microenvironment on immune cell
function. The integrated application of these technologies
will provide a panel of novel tissue-specific biomarkers and
potential interventional targets for IBD precision medicine.

Second, developing gut-targeted, antigen-specific pre-
cision regulatory strategies. To address the off-target effects
and systemic immune interference commonly associated
with current systemic interventions, future research should
prioritize the construction of drug delivery systems that can
precisely target intestinal inflammatory foci, and the de-
velopment of CAR-Treg cell therapies targeting commen-
sal bacterial antigens or inflammation-specific antigens.
These strategies will enable targeted regulation of the local
Treg/Th17 balance in the intestinal mucosa, re-establishing
local immune homeostasis while avoiding impacts on the
systemic immune system. In addition, the development of
individualized microbial interventions and TCM treatment
regimens based on the patient’s individual microbiota struc-
ture, immune phenotype, and disease subtype is also an im-
portant direction for achieving precision IBD treatment.

Recent studies have demonstrated the feasibility of in-
testinal organoid-immune cell co-culture systems for inves-
tigating Treg/Th17 responses in a patient-specific context.
For instance, colon organoids derived from IBD patients
have been successfully co-cultured with autologous CD4* T
cells to recapitulate disease-specific inflammatory microen-
vironments. Third, establishing clinically relevant human-
ized model systems and large-scale clinical cohort studies.
Given that existing animal models are difficult to replicate
the complex pathological characteristics of human IBD, fu-
ture research should focus on establishing in vitro and in
vivo models that are closer to the human physiological en-
vironment, such as humanized gut microbiota mouse mod-
els and intestinal organoid-immune cell co-culture models.
These models can more realistically simulate the intestinal
mucosal microenvironment and the chronic inflammatory
process of IBD, thereby improving the efficiency of trans-
lating basic research findings into clinical practice. Mean-
while, systematic dissection of the Treg/Th17 imbalance
profile in patients with different disease subtypes and dis-
ease stages via large-sample, multi-center clinical cohorts
will provide a solid clinical basis for stratified treatment and
individualized intervention of IBD [11].

Conclusion

The maintenance of intestinal mucosal Treg/Th17 cell
homeostasis is not governed by a single molecule or path-
way. Instead, it is determined by a distributed regulatory
network shaped by the signaling microenvironment, cellu-
lar plasticity, tissue regional heterogeneity, and the tripar-
tite interaction among microbiota, epithelium, and immune
cells. Research on Treg/Th17 cells in IBD is undergoing
a paradigm shift: from describing imbalance phenomena
to deciphering system-level locking mechanisms, and from
pursuing normalization of cell ratios to restoring immune
resilience. This shift requires both technological advances,
such as single-cell multi-omics, spatial transcriptomics, and
humanized animal models, and a conceptual embrace of a
more complex biological reality: mucosal immune home-
ostasis is an inherently dynamic, multi-factor coupled sys-
tem in which single-target intervention strategies can rarely
achieve long-term remission alone. The core challenge for
future research, therefore, lies in translating this complexity
into actionable clinical decision-making frameworks.
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