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Abstract

This review presents an overview of the emerging roles of epigenomic regulation in immune cell
function, with a particular focus on its relevance in inflammatory bowel diseases (IBD). Epigenetic
mechanisms, including DNA methylation, histone modification, chromatin remodeling, and
non-coding RNAs, are essential in directing immune cell development, activation, and lineage
commitment. Advances in genomics and epigenomics have highlighted the dynamic nature of

gene regulation as the cornerstone of immune homeostasis and adaptability. We summarize recent
insights into enhancer dynamics, three-dimensional chromatin architecture, transcription factor
signaling, and microRNA (miRNA)-mediated regulation that reshape our understanding of immune-
mediated diseases. These findings not only deepen our knowledge of disease pathogenesis but also
offer promising targets for therapeutic intervention. In this context, miRNAs have emerged as key
post-transcriptional regulators with significant diagnostic and therapeutic potential for IBD. The field
of immune epigenomics is advancing rapidly, offering powerful tools for dissecting complex immune
responses and guiding the development of precise therapies for chronic inflammatory conditions.
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Introduction

The immune system is a highly complex and intricately regu-
lated network essential for host defense, homeostasis, and
tissue repair (1-7). This sophisticated system comprises
two primary components: innate immunity, responsible for
rapid, non-specific responses; and adaptive immunity, which
is characterized by specific antigen recognition and im-
munological memory. Both arms of immunity involve diverse
lymphocyte populations, including T, B, natural killer (NK),
and innate lymphoid cells (ILCs). Epigenomic regulation is
critical for the development, differentiation, and function of
immune cells to orchestrate precise responses (4, 8-13).
Epigenetic regulation encompasses various mechanisms,
including DNA methylation, histone modifications, chro-
matin remodeling, and non-coding RNA-mediated post-
transcriptional control. These processes collectively govern

gene expression patterns without altering the underlying
DNA sequence, thereby playing pivotal roles in lineage
commitment, functional specialization, and rapid immune
responses upon activation. The complexity of these epi-
genetic mechanisms and their interplay underscores
their importance in maintaining immune homeostasis and
preventing disease.

The field of genetics was founded in the 19th century by
Gregor Mendel, whose experiments with pea plants estab-
lished the principles of heritable traits transmitted in predict-
able ratios, now known as Mendelian inheritance. Although
initially overlooked, his work was rediscovered around 1900
and became the cornerstone of classical genetics. Over the
following decades, the chromosomal theory of inheritance
emerged, linking Mendel’s “factors” to physical units on
chromosomes.
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The molecular era of genomics began in the mid-20th cen-
tury with a series of transformative discoveries. In 1944, Avery
and colleagues (14) demonstrated that DNA is a genetic
material, and in 1953, Watson and Crick (15) elucidated its
double-helix structure, explaining how genetic information is
replicated and transmitted. The “central dogma” of molecular
biology, proposed by Crick, further defines the flow of infor-
mation from DNA to RNA and proteins (16, 17). In the 1970s,
Susumu Tonegawa revealed that the diversity of antibodies
arises from somatic recombination of immunoglobulin gene
loci, fundamentally challenging the static view of the genome
and introducing the concept of genomic plasticity in immune
cells (18, 19). This landmark discovery laid the foundation for
understanding adaptive immune specificity. Decades later,
the development of genome editing technologies—most not-
ably CRISPR-Cas9 (20, 21)—enabled precise manipulation
of genetic sequences, revolutionizing both basic research
and the possibility for therapeutic applications.

In 2001, the Human Genome Project produced the first draft
of the human genome (22, 23), laying critical groundwork for
genomic medicine. More recently, in 2022, the telomere-to-
telomere (T2T) consortium announced the first truly complete
human genome sequence, including regions that had pre-
viously remained unmapped, particularly those near centro-
meres and telomeres (24) (Table 1). However, it soon became
evident that the static genomic sequence alone could not
account for the dynamic cell-type-specific gene regulation
observed in complex organisms. This has led to an increase
in epigenomic research.

Table 1. Key milestones in genetics.

In parallel, the field of epigenetics, originally coined by
Waddington in 1942 to describe heritable changes in gene ex-
pression without altering DNA sequences, evolved rapidly into
the modern discipline of epigenomics (27). Landmark discov-
eries in the 1970s and the 1980s identified DNA methylation
and histone modifications as the key regulators of chromatin
accessibility and transcriptional activity (28). The concept
of a “histone code,” introduced in 2000, further highlighted
the combinatorial complexity of chromatin regulation (29). By
the 2000s, the development of high-throughput sequencing
technologies enabled the genome-wide profiling of epigen-
etic marks, leading to the emergence of epigenomics as a
discipline (30). Large-scale consortia such as ENCODE and
the NIH Roadmap Epigenomics Project have provided foun-
dational maps of DNA methylation, histone modifications, and
chromatin states across diverse human tissues (31) (Table 2).

An additional layer of epigenetic regulation emerged with
the discovery of microRNAs (miRNAs) in 1993 and their wide-
spread roles in mammals by the early 2000s (32, 34-37).
These small non-coding RNAs act post-transcriptionally to
repress gene expression and are epigenetically regulated,
forming intricate feedback loops that shape cellular identity
and function. miRNAs are incorporated into Argonaute (AGO)
proteins within the RNA-induced silencing complex (RISC),
inducing sequence-specific binding to target messenger
RNAs (mRNAs), leading to translational repression and deg-
radation (42, 43). In parallel, other RNA-binding proteins
(RBPs) such as Regnase-1 (ZC3H12A) and Roquin inde-
pendently regulate mRNA stability by targeting untranslated

Year Discovery Reference

1865 Laws of Inheritance Mendel (25).

1944 DNA as genetic material Avery et al. (14)

1953 DNA double-helix structure Watson and Crick (15)

1958/1970 Central dogma of molecular biology Crick (17); Crick (16)

1976-1979 Somatic recombination of immunoglobulin genes Tonegawa et al. (18); Tonegawa (19)
2001 Draft human genome Lander et al. (23); Venter et al. (26)
2012 CRISPR-Cas9 genome editing Jinek et al. (20)

2013 CRISPR-Cas9 genome editing in mammalian cells Cong et al. (21)

2022 Complete telomere-to-telomere genome Nurk et al. (24)

Table 2. Key milestones in epigenetics/epigenomics.

Year Discovery/concept Key reference

1942 Epigenetics coined Waddington (27)

1975 DNA methylation model Holliday and Pugh (28)

1993 First miRNA (lin-4) regulates gene expression Lee et al. (32)

1997 DNA methylation in cancer Feinberg and Vogelstein (33)
2000 Histone code hypothesis Strahl and Allis (29)

2000 let-7 miRNA shown to be conserved Pasquinelli et al. (34)

2004 miRNAs control mammalian development Chen et al. (35)

2005 miRNA dysregulation in cancer Lu et al. (36)

2006 miRNAs regulate innate immunity (e.g., miR-146a, miR-155) Taganov et al. (37)

2007 First methylome map Weber et al. (30)

2009 Discovery of 5-hydroxymethylcytosine (hmC) Tahiliani et al. (38)

2012 TADs and 3D genome folding Dixon et al. (39)

2013 Super-enhancers and gene regulation Hnisz et al. (40)

2015 NIH Roadmap Epigenomics integrative atlas Roadmap Epigenomics Consortium (31)
2015 CRISPR-based epigenome editing Hilton et al. (41)




regions (UTRs), particularly stem-loop structures of immune-
related transcripts (44, 45). Notably, gain-of-function mu-
tations in Regnase-1 have been identified in patients with
ulcerative colitis (UC), underscoring its clinical relevance
in mucosal inflammation (46, 47). Regnase-1 functions as
an anti-inflammatory factor by degrading pro-inflammatory
mRNAs, including those encoding transcriptional regulators
such as NFKBIZ, which encodes IkB(, a non-canonical
member of the kB family known to promote IL-6 and IL-17
responses. These protein networks coordinate with miRNAs
to fine-tune gene expression programs that are essential
for immune cell activation, differentiation, and resolution of
inflammation.

In recent years, attention has also shifted toward under-
standing how higher-order chromatin organization, enhancer
accessibility, and three-dimensional (3D) genome architec-
ture influence immune cell fate and function relevant in inflam-
matory bowel diseases (IBD), where dysregulated immune
responses involve both innate and adaptive immune compart-
ments. Aberrations in these regulatory programs have been in-
creasingly implicated in IBD pathogenesis. IBD consists of UC
and Crohn’s disease (CD), both characterized by relapsing-
remitting inflammation affecting specific regions of the gastro-
intestinal tract. Although genome-wide association studies
(GWAS) have identified numerous susceptibility loci, epi-
genetic dysregulation has emerged as a crucial layer linking
genetic risk to environmental cues. For example, histone modi-
fication patterns and enhancer landscapes have been shown
to shift in mucosal immune cells of IBD patients, contributing to
an inappropriate activation of inflammatory pathways (48-50).

In the immune system, epigenomic mechanisms play a
crucial role in orchestrating cell fate decisions, maintaining
lineage identity, and enabling functional plasticity. Dynamic
changes in enhancer landscapes, DNA methylation patterns,
histone modifications, and 3D genome architecture underlie
the activation, differentiation, and memory formation in both
innate and adaptive immune cells (Fig. 1). In this review, we
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discuss the processes relevant to the pathogenesis of auto-
immune diseases and inflammation, where dysregulated
epigenomic states contribute to aberrant immune responses.

Enhancer dynamics in immune regulation

Enhancers are critical cis-regulatory DNA elements that fa-
cilitate precise temporal and spatial gene expression by
interacting with transcription factors and chromatin re-
modelers. Enhancers function independently of their distance
from gene promoters, with chromatin-looping mechanisms
facilitating the long-range interactions necessary for gene
transcription. Enhancer activity is governed by transcription
factor binding, histone modification, and chromatin accessi-
bility, all contributing to the dynamic regulation of immune re-
sponses (51-53).

Activating enhancers in immune cells typically involves
specific histone modifications, notably histone H3 lysine
27 acetylation (H3K27ac) and lysine 4 monomethylation
(H3K4me1) (52). Studies have demonstrated that enhancers
rapidly gain H3K27ac upon immune cell activation, which
correlates with increased transcriptional activity of nearby
genes. Conversely, enhancer repression often involves the
removal of active marks or deposition of repressive histone
modifications such as H3K27me3 and H3K9me3, empha-
sizing the dynamic and reversible nature of enhancer ac-
tivity in immune cells. These maodifications are commonly
associated with active enhancer states and are mediated by
histone-modifying enzymes such as p300 and CREB-binding
protein. In immune cells, the recruitment of these enzymes to
enhancer regions is typically driven by a network of transcrip-
tion factors that includes both lineage-defining transcription
factors (LDTFs) and signal-regulated TFs (SRTFs). LDTFs
can act as pioneer factors, driving acquisition of chromatin
accessibility during differentiation, while SRTFs can rapidly
alter the status of the active enhancers upon acute activation,
leading to acquisition of an effector phenotype (54-56).
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Figure 1. Schematic epigenetic transcriptional regulation mechanisms include chromatin structure, TADs, promoters, and enhancers.
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Innate and adaptive immune cells deeply differ in the ac-
quisition of their enhancer landscapes during development
and activation. For instance, the pre-primed functions of
macrophages and innate lymphocytes rely on preexisting ac-
cessible chromatin that is acquired during development and
before pathogen entry; acute stimulation instead rapidly es-
tablishes specific sets of enhancers that are latent in resting
cells or formed de novo during activation (10, 53, 54, 57-63).
On the other hand, T helper (Th) cells acquire their epigen-
etic landscape only after activation, with LDTFs and the signal
transducer and activator of transcription (STAT) family proteins
that can both serve as pioneer factors to drive differentiation
toward effector populations during infection (52, 64). Since
STATs are major regulators of adaptive and innate responses
and promising targets in IBD, below, we will review some of
the main concepts concerning the role of STATs in the regula-
tion of enhancers during lymphocyte differentiation.

STAT proteins and enhancers in immune cell
differentiation and activation

STAT proteins represent a pivotal family of transcription fac-
tors central to the cytokine signaling pathways that influence
immune cell differentiation, activation, and function (65).
STAT proteins are rapidly activated upon cytokine binding to
their respective receptors, leading to their phosphorylation,
dimerization, nuclear translocation, and DNA binding. This
activation cascade enables STAT proteins to directly modu-
late gene expression by influencing chromatin accessibility
and interacting with enhancer regions, thereby shaping the
immune epigenomic landscape. STAT proteins comprise
a family of seven distinct members (STAT1, STAT2, STAT3,
STAT4, STAT5a, STAT5b, and STAT6), each activated by
specific cytokines and responsible for unique biological re-
sponses (65-69). STAT1 primarily mediates responses to
interferons (IFNs), notably type 1 (IFN-a/B), type 2 (IFN-y),
and type 3 (IFN-\) interferons. Promoting pro-inflammatory
immune responses and host defense mechanisms is crucial,
particularly against intracellular pathogens. STAT1 activation
leads to transcription of genes involved in antiviral responses,
inflammation, and cellular immunity (70). STAT3, which is ac-
tivated by cytokines such as IL-6, IL-21, and IL-23, is cru-
cial for the differentiation and function of multiple immune cell
types, including Th17 cells and regulatory T cells (Tregs).
STAT3 signaling pathways critically regulate pro- and anti-
inflammatory responses, underscoring their roles in immune
homeostasis and tolerance. Dysregulated STAT3 signaling
has been implicated in various autoimmune and inflammatory
disorders (71-75). STAT4 is predominantly activated by IL-12
and IL-23, and plays a central role in Th1 cell differentiation,
NK cell activation, and inflammatory responses. STAT4 facili-
tates IFN-y production and enhances cytotoxicity in NK cells,
which is essential for effective immune responses against
pathogens and tumors (76, 77).

Immune cells, particularly ILCs and T cells, undergo ex-
tensive enhancer remodeling during development (from pre-
cursor to naive cells), differentiation toward effector cells,
and activation, enabling proper transcriptional responses to
environmental stimuli. As discussed above, lineage-specific
enhancer landscapes are established during development,

priming cells for rapid gene induction upon activation. For in-
stance, lineage-determining transcription factors in NK cells,
such as T-bet, establish primed enhancer landscapes critical
for subsequent immune responses (78).

Recent studies have highlighted the dynamic nature of en-
hancer remodeling in NK cells during acute activation and
adaptive NK cell responses, revealing that enhancers can
be rapidly formed or repurposed to facilitate robust gene
expression (53, 79). Such remodeling often involves the re-
deployment of lineage-defining factors to novel enhancer
sites, independent of their canonical DNA motifs, suggesting
a high degree of flexibility in enhancer usage (79).

As discussed above, STAT proteins directly influence en-
hancer dynamics in immune cells. STATs recruit histone
acetyltransferases, such as p300, to enhancer regions,
inducing localized enhancer activity and chromatin acces-
sibility. STAT-mediated enhancer formation often involves
non-canonical mechanisms, with LDTFs redeployed to new
enhancer regions without direct sequence-specific DNA
interactions. This phenomenon exemplifies the flexibility of
enhancer regulation by STAT proteins, which facilitates rapid
adaptive responses during infection and inflammation (10).

Innate lymphocytes, including NK cells and various ILC
subsets, rely extensively on STAT signaling for their devel-
opment and functional specialization. In NK cells, STAT4 me-
diates rapid enhancer formation upon activation, driving the
transcriptional induction of effector genes. Moreover, STAT4,
together with STAT1 and STAT5, can provide epigenetic con-
trol at specific genes early during viral infection and adaptive
NK cell responses (53,80). Enhanced remodeling is essen-
tial for high-magnitude gene expression responses during
acute immune activation. Studies have demonstrated that
STAT4 orchestrates rapid enhancer remodeling in NK cells
during acute immune responses, forming de novo enhan-
cers. These newly formed enhancers drive high-magnitude
gene induction, which is critical for an effective immune re-
sponse. Notably, STAT-mediated enhancer formation involves
the redeployment of LDTFs such as T-bet to non-canonical
genomic sites, highlighting the flexibility and adaptability
of STAT-driven epigenetic regulation (77, 79, 81). Recently,
STAT4 has been implicated in the differentiation and effector
functions of NK cells and ILC1 subsets during intestinal in-
flammation. Specifically, STAT4 deficiency impairs NK cell
maturation, while paradoxically enhancing cytotoxic ILC1 dif-
ferentiation by altering the signaling dynamics of cytokines
activating STAT5 (81). These findings revealed the complex
and divergent roles of STAT proteins in modulating innate
lymphocyte differentiation and function.

STAT proteins significantly influence the fate of immune
cells by regulating the expression of lineage-specific tran-
scription factors and cytokine profiles. STAT1 and STAT3 ex-
hibit differential regulatory roles downstream of cytokines,
such as IL-6 and IL-27. STAT3 broadly enhances transcrip-
tional activity across various cell types, whereas STAT1 con-
fers specificity, particularly to cytokine-mediated signaling
pathways. This asymmetric regulation helps determine
the balance between inflammation and immune toler-
ance (82-84). STAT3 activation drives Th17 differentiation,
inducing RORyt expression and IL-17 production, which
are critical for mucosal immunity and inflammation (85-90).



Similarly, STAT4 activation downstream of IL-12 signaling in
T cells promotes Th1 differentiation, characterized by T-bet
expression and IFN-y production. STAT4-deficient models ex-
hibit impaired Th1 responses, underscoring the essential role
in cellular immunity (91). STAT4 and STAT6 distinctly shape
the chromatin landscape in Th1 and Th2 cells, respectively—
STAT4 primarily promotes active histone modifications to
induce Th1-specific genes, whereas STAT6 counteracts re-
pressive marks to activate Th2 gene programs, including key
Th2 cytokines, and orchestrates broader transcriptional net-
works (92, 93). STATS is a key transcription factor activated
downstream of common y-chain (IL-2Ry) cytokines such as
IL-2, IL-7, and IL-15, through receptors like IL-2R and IL-7R.
In Th cells, STAT5—particularly via IL-2 signaling—drives
metabolic reprogramming, proliferation, and cytokine ex-
pression, promoting Treg and Th2 differentiation while limiting
Th17 responses (87, 94). In ILCs, STAT5 is essential for de-
velopment and survival, with IL-7 supporting ILC1, ILC2, and
ILC3, and IL-15 is critical for NK cells. STAT5 activity is finely
tuned in a tissue- and subset-specific manner, dictating ILC
abundance and function. In NK cells, STAT5 collaborates with
factors, such as T-bet, to remodel enhancers and drive ef-
fector gene expression, enabling rapid responses to infection
(79, 95). Overall, STATS integrates cytokine signals to coord-
inate transcriptional programs across adaptive and innate
lymphocytes.

Together, these findings underscore the central role of
STATs as signal-regulated transcription factors of immune cell
fate and function. By dynamically shaping enhancer land-
scapes in coordination with LDTFs, STATs ensure precise and
timely gene expression programs essential for host defense,
immune homeostasis, and adaptation to inflammatory cues.

3D chromatin architecture

The 3D chromatin architecture of the cytokine gene loci repre-
sents another critical layer of epigenetic regulation within im-
mune cells. Specific loci, such as 1/4-1113-115, undergo distinct
chromatin remodeling events during immune cell activation
(96, 97). This chromatin restructuring is differentially regulated
across innate lymphoid subsets (such as ILC2) and adaptive
lymphocytes (such as Th2 cells), which dictate selective cyto-
kine expression and contribute to functional specificity within
immune subsets. Distinct chromatin architectural changes at
cytokine gene loci (such as //4-1/13-115) occur rapidly upon
activation and differ significantly between innate (ILC2) and
adaptive (Th2) lymphocytes. This selective remodeling leads
to lineage-specific cytokine expression, which is crucial for ap-
propriate immune responses and highlights the intricate regu-
latory mechanisms underlying cytokine gene expression (98).

In addition to the loci of signature Th2 cytokines, recent
studies have highlighted how 3D chromatin architecture en-
sures lineage-specific cytokine expression during Th1 cell
differentiation. A specific 17-bp CTCF-binding site at the
Mdm1-1122-1fng locus anchors a topologically associating do-
main (TAD) that spatially separates the /fng and //22 enhancer
landscapes. Deletion of this CTCF site disrupts the TAD, re-
sulting in impaired Th1 polarization with aberrant expression
of IL-22, and increased susceptibility to Toxoplasma gondii
infection (99). Interestingly, this architectural element is dis-
pensable in innate immune cells, such as NK and memory
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CD8+ T cells, which rely on pre-established enhancer acces-
sibility rather than inducible chromatin loops (10, 79). Despite
minimal changes in enhancer-associated histone marks, the
spatial miswiring of regulatory contacts leads to lineage-
inappropriate cytokine expression, emphasizing the import-
ance of chromatin topology in adaptive immunity (100, 101).
These findings support a context-dependent model in which
CTCF-mediated TADs are essential for Th1 lineage commit-
ment but are dispensable for innate lymphocyte function.
These studies broadened our understanding of how genome
organization interacts with enhancer dynamics to enforce
precise immune responses (102, 103).

MiRNA regulation in immunity and miRNA involvement
in IBD

MiRNAs constitute crucial components of post-transcriptional
gene regulation within immune cells, modulating key signaling
pathways and cellular differentiation processes. MiRNAs are
small (~22 nucleotides) non-coding RNAs that are initially
transcribed as primary miRNAs (pri-miRNAs), subsequently
processed into precursor miRNAs (pre-miRNAs), and further
cleaved into mature miRNAs (42, 104). Mature miRNAs are
incorporated into RISCs and regulate gene expression by
targeting mRNAs for degradation or translational inhibition
by binding complementary sequences within the 3 UTRs of
mRNAs. This precise regulatory mechanism enables miRNAs
to fine-tune the immune response, prevent excessive inflam-
mation, and maintain immune homeostasis (43).

miRNAs in immune cell differentiation

The role of mMiRNAs in immune cell differentiation, particularly
in T cells, is well established. MiRNAs influence the balance
between T-cell subsets, such as Th1, Th2, and Th17 cells,
andTregs, by regulating LDTFs and cytokines (105). For in-
stance, miR-155 promotes Th1 differentiation and IFN-y
production, whereas miR-146a negatively regulates Th1 re-
sponses by targeting key signaling molecules downstream of
T-cell receptor activation (106).

The miR-17-92 cluster is another significant example con-
taining multiple miRNAs that differentially regulate T-cell dif-
ferentiation. MiR-17 and miR-19a within this cluster enhance
Th1 differentiation and suppress rTreg formation (107, 108).
Conversely, miRNAs such as miR-21 have promoted Th2
differentiation, with potential roles in allergic diseases and
asthma (109).

miRNAs also critically regulate Th17 cell differentiation, a
particularly relevant subset to inflammatory and autoimmune
disorders. MiRNAs such as miR-155, miR-326, miR-301a,
miR-183c, and miR-132/212 have been shown to promote
Th17 differentiation by targeting negative regulators of the
Th17 signaling pathway (110-112). In contrast, miR-15b,
miR-17-92, and miR-18a negatively regulate Th17 differenti-
ation by targeting molecules such as O-GIcNAc transferase,
Rora, and Smad4 (113, 114).

MiRNAs in IBD

IBD, which encompasses CD and UC, involves dysregulated
immune responses that are significantly influenced by
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miRNAs. Several miRNAs have been identified as key IBD
pathogenesis modulators and serve as biomarkers and po-
tential therapeutic targets (115).

MiRNAs such as miR-21, miR-146a, miR-155, and miR-
223 are often upregulated in patients with IBD, correlating
with disease severity and inflammatory activity (116, 117).
These miRNAs modulate critical pathways including cyto-
kine signaling, autophagy, and epithelial barrier function. For
example, miR-223 directly influences NLRP3 inflammasome
activity, while miR-146a regulates TLR and NF-kB signaling
pathways, contributing to chronic intestinal inflammation
(37, 118).

MiR-221 and miR-222 have emerged as important
miRNAs regulating Th17 responses in IBD. These miRNAs
act as negative feedback regulators downstream of IL-23,
targeting the IL-23 receptor (//23r) and transcription factor
c-Maf (Maf), constraining excessive Th17-mediated inflam-
mation. MiR-221/222-deficient mice exhibit exacerbated col-
itis symptoms, indicating a protective role against intestinal
inflammation (119).

Clinical implications and therapeutic potential

Enhancer dynamics constitute a fundamental mechanism
regulating immune cell differentiation, function, and plas-
ticity. Given the central role of enhancers in regulating im-
mune responses, aberrant enhancer activity has been
linked to numerous inflammatory and autoimmune diseases,
including IBD, rheumatoid arthritis, and psoriasis. Enhancer-
associated genetic variants identified through GWAS have
provided insight into disease susceptibility and pathogen-
esis (120, 121). Therapeutically, modulating enhancer ac-
tivity is an attractive strategy for treating immune-mediated
diseases. Targeting enzymes involved in enhancer activation,
such as histone acetyltransferases and Brunauer-Emmett-
Teller (BET) bromodomain proteins, has demonstrated poten-
tial in preclinical models (122). BET inhibitors, for instance,
disrupt enhancer—promoter interactions, reduce the tran-
scription of inflammatory genes, and ameliorate disease
symptoms in animal models. The intricate interplay among
transcription factors, chromatin remodelers, and signaling
pathways underscores the complexity and importance of en-
hancer regulation in immunity. Further understanding of en-
hancer biology will advance therapeutic strategies targeting
immune-mediated diseases (40, 123). Among transcription
factors, dysregulated STAT signaling pathways contribute
significantly to autoimmune and inflammatory diseases. For
instance, aberrant STAT3 signaling is involved in disorders
such as rheumatoid arthritis, psoriasis, and IBD, which are
characterized by excessive Th17 responses. Therapeutic
strategies targeting STAT pathways have shown promise,
with JAK inhibitors such as tofacitinib effectively modulating
STAT activity and demonstrating clinical efficacy in treating
inflammatory conditions (65). Beyond cytokine signaling, JAK
inhibitors also influence the epigenetic landscape by modu-
lating enhancer architecture, thereby altering the expression
of enhancer-associated genes implicated in autoimmunity.
This dual mechanism—targeting both signal transduction
and gene regulatory elements—underscores the thera-
peutic versatility of JAK-STAT pathway inhibition in chronic

inflammatory diseases (123, 124). In summary, STAT proteins
serve as central mediators of cytokine signaling, profoundly
affecting immune cell differentiation, function, and epigenetic
regulation. Their roles in shaping the chromatin landscape
and modulating enhancer dynamics underscore their critical
involvement in immune responses and pathology. Continued
research on STAT-mediated mechanisms promises further
insights into immune regulation and novel therapeutic ap-
proaches for immmune-mediated diseases (Fig. 2).

Another important layer of epigenetic regulation is provided
by the function of miRNAs. The stability and detectability of
miRNAs in biological fluids, such as blood, make them prom-
ising candidates as diagnostic biomarkers for IBD. Circulating
miRNAs have shown potential in distinguishing active from
inactive disease states, correlating better than traditional in-
flammatory markers such as C-reactive protein (125, 126).

MIiRNA modulation is a novel therapeutic strategy for
treating inflammatory and autoimmune conditions. Preclinical
studies using MiIBRNA mimics and inhibitors have demon-
strated significant therapeutic efficacy in animal models of
IBD. For instance, systemic administration of miR-133a re-
duced inflammation and improved clinical scores in murine
models of colitis (127), while miR-141 targeted CXCL12( to
regulate leukocyte trafficking into inflamed tissues (128).

ABX464 (obefazimod), an oral drug that boosts anti-
inflammatory miR-124 expression, was tested in a phase 2b
trial in patients with moderate-to-severe UC who did not re-
spond to prior treatments—in this 8-week placebo-controlled
study involving 254 patients, all doses of ABX464 (25, 50, and
100 mg) significantly improved disease severity, as measured
by the Modified Mayo Score, compared to the placebo. The
most common adverse effect was headache, which occurred
more frequently at higher doses. ABX464 showed promising ef-
ficacy and manageable safety, supporting its continued devel-
opment in phase 3 trials (129). ABX464 (50 mg) also showed
significantly improved clinical responses (ACR20/50 and DAS28
scores) compared with placebo at 12 weeks (130). These find-
ings highlight that miRNAs are central anti-inflammatory regu-
lators with therapeutic relevance in chronic immune-mediated
diseases, positioning ABX464 as one of the most advanced
miRNA-based therapies in clinical development.

Although several challenges hinder the clinical transla-
tion of miRNA-based therapies, including specificity, effi-
cient tissue-specific delivery, off-target effects, and potential
long-term adverse outcomes, ongoing research aims to over-
come these barriers by improving the miRNA delivery sys-
tems and targeted modulation strategies.

Conclusions

Understanding the epigenetic regulation of immune cells,
including the roles of enhancer dynamics, STAT proteins, and
miRNAs, is fundamental to understanding immune system
functionality and dysregulation in diseases such as IBD.
These epigenetic mechanisms serve as integrative hubs that
translate genetic and environmental cues into context-specific
immune responses. Notably, JAK inhibitors are thought to
exert part of their sustained anti-inflammatory effects by
normalizing inflammation-associated enhancer landscapes
(128, 124, 131). As our understanding deepens, a new frontier



IFN-y

Risankizumab

wian Mirikizumab
IL-2,7,15 G
IL-6, IL-27 uselkumab
IL-4, IL<13
etc

Cytokine

receptor

¥
N_ /=

Upadacitinib Tofacmmb STAT4
Filgotinib

STA

g O8I0,

Epigenetic mechanisms in intestinal immunity and IBD 739

Infliximab
Adalimumab
Golimumab
TNF-a
)
TNFR

STAT4 / j \ \
€aspasd) @F«B) (maPk) @AP
| 4
Apoptosis
STAb ‘ * ‘
TAT @F-«B) (MAPK -1
g RHNARA, RARFFIIIIPIG gy TSR

Figure 2. Signal transduction pathways mediated by TNF-a, IL-12, IL-23, and other pro-inflammatory cytokines. These cytokines activate down-
stream signaling cascades including the NF-«kB, MAPK, and JAK-STAT pathways. In particular, IL-12 and IL-23 signal mainly through JAK2- and
TYK2-dependent mechanisms, leading to STAT4 and STAT3 activation, respectively, while TNF-a predominantly activates NF-kB and MAPK.
Targeting TNF-a, IL-12/IL-23, and JAK-STAT signaling has proven effective in the clinical management of IBD.

is emerging in the development of IBD therapies that directly
target epigenetic regulators. Small-molecule inhibitors of
histone-modifying enzymes, chromatin readers, and RBPs, as
well as strategies to modulate enhancer—promoter interactions
or miRNA networks, offer promising avenues for precision
intervention. Encouragingly, recent advances in nucleic acid-
based therapies—such as the clinical success of antisense
oligonucleotides in neurological diseases and ongoing trials
of miRNA modulators and histone deacetylase inhibitors in
IBD—suggest that targeting small and non-coding RNAs may
represent a promising therapeutic strategy for IBD and other
immune-mediated disorders (132-134). Further research into
these epigenetic mechanisms will improve our understanding
of immune-mediated diseases and open new avenues for in-
novative and mechanism-driven therapeutic approaches.
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