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ABSTRACT: Cytokines, as key signaling molecules, are involved in the regulation of physiological and pathological
processes such as inflammation, immunity, and cell growth. Epigenetic mechanisms, including DNA methylation,
histone modifications, chromatin remodeling, and non-coding RNAs, enable precise control of gene expression
without changing the DNA sequence. Recent studies have revealed that cytokines interact with epigenetic regulation
to form a dynamic and complex “cytokine-epigenetic axis”. Through metabolic reprogramming and regulation of
epigenetic enzyme activity, this axis affects gene expression patterns at both transcriptional and post-transcriptional
levels, thereby contributing to the initiation and progression of various diseases, including autoimmune diseases,
neurodegenerative diseases, neuropsychiatric disorders, metabolic diseases, and cancer. Targeting this regulatory
axis by combining interventions on upstream cytokine signaling and downstream epigenetic enzymes represents
a new precision therapeutic strategy for overcoming resistance to monotherapy and achieving disease-modifying
treatment. This review describes how cytokines regulate epigenetic modification substrates through metabolic repro-
gramming and directly regulate epigenetic enzyme activity via JAK-STAT, NF-κB, and TGF-β/Smad pathways;
how this axis drives disease chronicity and therapy resistance across autoimmune, neurodegenerative, metabolic,
and neoplastic diseases by establishing long-lasting functional reprogramming; and emerging strategies targeting
this axis through combined interventions, precision medicine, and disease memory reprogramming.

KEYWORDS: Cytokines, epigenetics, DNA methylation, histone modifications, immunometabolism, targeted
therapy

1 Introduction

Dysregulation of cytokine networks is a pivotal
characteristic in numerous major diseases,
entailing disruption of the intricate equilibrium
between pro-inflammatory and anti-inflammatory
signals. Cytokines are not merely “messengers”
of inflammation, but also “programmers” that
shape immune memory through epigenetic coding,
serving as a double-edged sword in infections,
autoimmune diseases, atherosclerosis, and cancer.
Epigenetic mechanisms provide a fundamental layer
of regulation for cytokine network homeostasis by
precisely controlling the spatiotemporal patterns of
inflammatory gene expression through reversible
chromatin modifications, including DNA methylation,
histone modifications and chromatin remodeling.

Together, these cytokine-driven and epigenetic
regulatory processes form a “cytokine-epigenetic axis”
that underlies disease pathogenesis and provides critical
targets for developing precise therapeutic strategies.

Research on the cytokine-epigenetic regulation axis
aims to understand the mechanisms of this complex
biological process in disease initiation and develop-
ment, providing new ideas for prevention, diagnosis,
and treatment. Cytokines participate in inflammatory
responses, immune regulation, cell proliferation, etc.,
by activating specific signaling pathways, which are
precisely regulated by epigenetic mechanisms. Mecha-
nistically, cytokines bind to their receptors and activate
the MAPK pathway and transcription factors NF-
κB and AP-1, which recruit histone acetyltransferases
(HATs) and deacetylases (HDACs) to modify chro-
matin and regulate gene transcription. Similarly, the
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PI3Kβ–mTOR axis integrates cytokine signals to con-
trol immune cell activation and inflammatory gene
expression through epigenetic remodeling [1,2]. These
pathways can quickly respond to stimuli but have inher-
ent limitations, such as difficulty in promoting cell
differentiation, lack of immune memory formation,
and inability to promote tissue remodeling. In contrast,
cytokines can induce long-lasting and stable epigenetic
changes, thereby “reprogramming” cellular functions
and significantly affecting disease occurrence, devel-
opment, and outcomes. In addition to being acute
mediators of immune responses, cytokines are also
major drivers of epigenetic reprogramming. By con-
tinuously activating metabolism-epigenetic coupling
pathways, they leave lasting and heritable molecular
imprints on innate immune cells and their precursors,
leading to profound functional remodeling [3,4].

This review aims to elucidate the molecular mech-
anisms by which key cytokines regulate epigenetic
modifications and summarize the central pathological
roles of this regulatory axis in disease initiation and
progression. We will analyze how cytokines, through
signaling pathways such as JAK-STAT, NF-κB, and
SMAD, specifically regulate the expression and activ-
ity of DNA methyltransferases (DNMTs), histone
modifiers, and chromatin remodeling factors. This
regulation induces alterations in the methylation pat-
terns of specific gene promoter regions, restructures
histone acetylation and methylation modifications,
and reprograms the expression of non-coding RNA
networks, ultimately leading to stable transcriptional
memory and disease phenotypes. Furthermore, we
will focus on summarizing the key roles of this
regulatory mechanism in major diseases, including
inflammatory diseases, autoimmune diseases, malig-
nant tumors, and organ fibrosis. This reveals how
the cytokine-epigenetic axis drives imbalances in
the immune microenvironment, promotes malignant
transformation from chronic inflammation, regulates
tumor immune escape, and leads to abnormal tis-
sue repair [5,6]. Finally, we will discuss challenges
associated with existing combination therapies, par-
ticularly regarding precise delivery, toxicity control,
and temporal optimization. We will also outline future
directions for developing personalized dual-target ther-
apeutic systems using advanced technologies such
as dynamic epigenetic-immunological monitoring, AI-
assisted drug combination prediction, and gene-edited
epigenetic regulation. This will provide an innovative
theoretical framework and translational pathway for
the development of disease-modifying therapies.

2 Core Mechanisms of Cytokine Regulation of Epigen-
etics

Pro-inflammatory and anti-inflammatory cytokines
can differentially regulate the same histone
modification or DNA methylation, leading to
distinct transcriptional changes in a context-
dependent manner. In systemic lupus erythematosus,
IFN-α upregulates IDH2 and increases α-
ketoglutarate levels, which enhance KDM6A/B
histone demethylase activity and reduce H3K27me3 at
interferon-stimulated genes (ISGs). TNF-α increases

citrate-derived acetyl-CoA production, thereby
promoting histone acetylation at inflammatory
gene promoters. It also disrupts HDAC5-mediated
deacetylation of NF-κB p65, which helps sustain
NF-κB transcriptional activity [7,8]. By contrast,
TGF-β can recruit DNMTs such as DNMT3A and
increase repressive histone marks such as H3K9me2
and H3K27me3 to silence target genes [9,10]. These
effects are also different across tissue environments.
In synovial fibroblasts from rheumatoid arthritis,
TNF-α amplifies inflammation via coordinated
histone acetylation and α-ketoglutarate-dependent
demethylation. In the tumor microenvironment
(TME), TGF-β can promote immunosuppressive
memory through epigenetic silencing. In the
placenta from gestational diabetes mellitus (GDM),
hypomethylation of the TNF-α promoter is associated
with activation of NF-κB and aggravated insulin
resistance [11]. Thus, the same cytokine can have
different effects on gene expression in different tissues
and cell types.

2.1 Modulation of Epigenetic Substrates via Metabolic
Reprogramming

2.1.1 Regulatory Roles of the TCA Cycle and Metabolic
Intermediates

The tricarboxylic acid (TCA) cycle serves as a central
hub for cellular energy metabolism and biosynthesis. It
produces intermediates, including α-ketoglutarate (α-
KG), succinate, and citrate, which are essential not only
for energy conversion but also function as key signaling
molecules directly involved in epigenetic modifications.
These intermediates thus establish a molecular bridge
between metabolic state and gene expression regu-
lation, precisely coordinating the interplay between
metabolism and gene expression.

α-Ketoglutarate [12], a key intermediate metabolite
of the TCA cycle, is not only an important carrier
in cellular energy metabolism, but also an essential
cofactor for Jumonji C-domain histone demethylases
(KDM2-7) and TET family DNA demethylases. The
intracellular concentration of α-KG directly affects
the activity of these enzymes, thereby regulating chro-
matin modifications and gene transcription processes.
In SLE, this metabolically driven epigenetic regula-
tory mechanism is significantly disrupted. Abnormally
activated interferon-α (IFN-α) in monocytes from
SLE patients simultaneously enhances glycolysis flux
and oxidative phosphorylation levels to meet the
energy demands of immune cell hyperactivation, while
also increasing intracellular α-KG concentrations by
upregulating isocitrate dehydrogenase 2 (IDH2) expres-
sion. As the main mitochondrial enzyme responsible
for converting isocitrate into α-KG, increased IDH2
expression leads to elevated α-KG accumulation, which
specifically enhances the enzymatic activity of histone
demethylases KDM6A/B. Under the combined action
of α-KG, KDM6A/B efficiently removes the repres-
sive histone mark H3K27me3 from promoter regions
of ISGs, relieving chromatin compaction and main-
taining sustained transcriptional activation of ISGs.
This cytokine-mediated regulatory loop reveals how
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cytokines in SLE reprogram TCA cycle metabolic
flux, utilize metabolic intermediates to regulate chro-
matin modifications, and ultimately establish a “trained
immunity” environment within immune cells to sustain
chronic inflammation.

Metabolic-epigenetic regulation mediated by
TCA cycle intermediates is not unique to SLE but
exhibits a high degree of mechanistic conservation
in various inflammatory diseases. Liu et al. [13]
demonstrated that the metabolic reprogramming of
the TCA cycle was also deeply involved in regulating
epigenetic modifications in macrophages infected with
Mycobacterium tuberculosis (Mtb). Mtb infection
induces succinate accumulation, which stabilizes
hypoxia-inducible factor-1α (HIF-1α) and promotes
pro-inflammatory factors such as IL-1β expression;
meanwhile, fluctuations in α-KG levels, which act as
cofactors for TET2 enzymes, affect DNA methylation
status, thereby regulating macrophage polarization
and antimicrobial function. Similarly, Wen et al. [7]
revealed in their study on rheumatoid arthritis
that TNF-α-mediated metabolic reprogramming
in patients’ synovial fibroblasts led to increased
citrate efflux, which enhanced the transcriptional
activity of inflammatory genes by promoting histone
acetylation and synergized with demethylated
regulation mediated by α-KG, forming a metabolic-
epigenetic network that amplified inflammation.
Furthermore, Kusnadi et al. found that Systemic
IFN-γ directly signaled through cardiomyocyte
IFNGR to suppress oxidative phosphorylation
and fatty acid oxidation while enhancing glucose
uptake and glycolysis, driving cardiac metabolic
rewiring independent of confounding inflammatory
disease [14]. Taken together, these studies demonstrate
that metabolite-epigenetic regulation mediated by TCA
cycle intermediates is a pervasive cellular regulatory
mechanism in various pathological settings. In SLE,
the IFN-α–IDH2/α-KG/KDM6A/B regulatory
axis not only reveals the crosstalk mechanisms
among cytokines, metabolic reprogramming, and
epigenetic modifications in autoimmune diseases
but also provides novel molecular targets for disease
intervention. In the future, it is anticipated that
targeting the regulation of IDH2 enzyme activity,
intracellular α-KG levels, or KDM6A/B function will
disrupt the vicious circle of “metabolic reprogramming,
epigenetic modification, and inflammatory gene
activation” and provide potential therapeutic strategies
for SLE and other chronic inflammatory disorders.

2.1.2 Acetyl-CoA and Histone Acetylation

Histone acetylation is a key epigenetic modification
that regulates the structural flexibility of chromatin
and gene transcriptional activity. The balance between
histone acetylation and deacetylation depends on sub-
strate availability and signal transduction from cellular
metabolic networks, forming a cross-domain regula-
tory axis from metabolism to epigenetic modifications
and then to gene expression. As the main substrate
for this modification, acetyl-CoA is synthesized in
conjunction with the central metabolic pathways of
cells [15]. Citrate from the TCA cycle is transported

into the cytoplasm via the mitochondrial citrate car-
rier (CIC), where ATP-citrate lyase (ACLY) cleaves
it into acetyl-CoA and oxaloacetate, providing direct
substrates for nuclear histone acetylation. Meanwhile,
pyruvate derived from glycolysis enters the mito-
chondria, where it is oxidatively decarboxylated by
the pyruvate dehydrogenase complex (PDC) to gen-
erate acetyl-CoA. Some of this acetyl-CoA can be
transported to the perinuclear region, participating in
chromatin-associated acetylation modifications. This
close relationship between metabolic pathways and epi-
genetic modifications allows cells to precisely control
chromatin accessibility and gene transcription effi-
ciency through substrate supply.

Short-chain fatty acids (SCFAs) such as butyrate
and valerate produced by gut microbiota are important
metabolite-derived epigenetic regulators that modulate
immune cell functions through multiple mechanisms,
especially the effector activation of CD8+ T cells [16].
Cytokines including IL-1β and IL-6 can influence the
production and availability of SCFAs by modulating
gut microbial composition, thereby indirectly regulat-
ing the epigenetic landscape [17]. SCFAs can directly
inhibit HDAC activity. by preventing the deacetyla-
tion of lysine residues on histones, HDAC inhibition
significantly increases local and global levels of his-
tone acetylation, leading to a relaxation of chromatin
compaction and transcriptional activation of effector
molecules including IL-2 receptor α chain (CD25),
IFN-γ, and TNF-α, thereby enhancing the cytotoxic
activity and immune memory formation of CD8+ T
cells. In addition, SCFAs activate mTOR signaling,
which upregulates key glycolytic enzymes including
hexokinase 2 (HK2), 6-phosphofructokinase/fructose-
2,6-diphosphatase 3 (PFKFB3), and pyruvate kinase
M2 (PKM2). This enhances glycolytic metabolic flux
in immune cells, providing abundant substrates for
acetyl-CoA production and subsequent histone acety-
lation. Together, these processes form a positive
feedback loop consisting of SCFAs, mTOR, glycoly-
sis, acetyl-CoA, and histone acetylation. Notably, this
regulatory mechanism is consistent across different
pathological contexts, as demonstrated in Mtb-infected
macrophages and synovial fibroblasts from patients
with rheumatoid arthritis.

More importantly, SCFAs can further enhance the
substrate supply capacity by regulating acetylation
modification of the metabolic enzyme itself; inducing
ACLY acetylation and activation to enhance its cat-
alytic activity and promote acetyl-CoA production.
This mechanism establishes a multilevel interactive
network between metabolic flux and epigenetic mod-
ifications, providing stable molecular support for
sustained activation of immune cell effector func-
tion. The above cross-domain regulatory mechanisms
mediated by microbial metabolites not only reveal an
in-depth dialogue among gut microbiota, metabolic
status, and immune functions but also provide a dual-
pronged strategy of synergistic intervention through
“metabolic regulation” and “epigenetic modification”
for targeted therapy of immune-related diseases.



100 Eur Cytokine Netw. 2026;37(2)

2.1.3 DNA Methylation

DNA methylation, a crucial epigenetic modifica-
tion that regulates gene expression, is intrinsically
connected to cellular metabolic states through cross-
regulatory mechanisms. This process depends on the
functional integrity of one-carbon metabolism path-
ways. The methionine cycle and folate metabolism
interact synergistically within this pathway to produce
S-adenosylmethionine (SAM), the primary methyl
donor for DNA methylation. Methionine is con-
verted into SAM under the catalysis of methionine
adenylyltransferase (MAT). After donating a methyl
group, SAM is converted into S-adenosylhomocysteine
(SAH). Simultaneously, 5-methyltetrahydrofolate, gen-
erated by folate metabolism, acts as a methyl donor to
regenerate methionine via the homocysteine remethy-
lation pathway, thereby ensuring a steady supply of
the SAM pool. The efficiency of methionine uptake,
the bioavailability of folate, and the activity of key
enzymes in one-carbon metabolism collectively affect
the intracellular ratio of SAM to SAH. This ratio sub-
sequently influences the catalytic efficiency of DNMTs
and impacts the establishment and maintenance of the
genome-wide DNA methylation profile.

A further study [18] has revealed that epigenetic
reprogramming mediated by methionine metabolism is
a key regulatory factor in Th cell fate determination and
one of the core mechanisms shaping adaptive immune
responses. Methionine metabolism not only provides
energy and biosynthetic precursors for Th cell differ-
entiation but also precisely regulates the expression of
key transcription factors through its metabolite SAM,
which regulates histone methylation modifications and
DNA methylation status. When methionine supply is
limited or when the one-carbon metabolic pathway is
disrupted, the level of SAM in Th cells decreases, lead-
ing to a significant reduction in the activation-related
histone mark H3K4me3, thereby inhibiting the expres-
sion of Th17-related genes and limiting the pathogenic
function of Th17 cells. Conversely, sufficient methion-
ine supply enhances H3K4me3 modifications, thereby
supporting Th17 cell effector function and promot-
ing cytokine secretion such as IL-17. These findings
suggest that methionine metabolism flexibly regulates
the balance of Th cell subsets through epigenetic
reprogramming, making it a potential target for
immunological intervention.

Furthermore, in metabolic diseases such as GDM,
abnormal DNA methylation in the mother and
placenta is closely linked to one-carbon metabolic dis-
orders [12]. In placental tissues of GDM patients, the
promoter regions of IGFBP-1 and IGFBP-2 show
increased methylation, silencing their transcription
and downregulating protein expression. Loss of these
inhibitors of IGF-1 removes suppression on the IGF-
1 pathway, promoting trophoblast proliferation and
abnormal angiogenesis, ultimately leading to fetal over-
growth and macrosomia. Meanwhile, the TNF-α gene
promoter in peripheral blood mononuclear cells and
placenta is hypomethylated, correlating with increased
TNF-α secretion. Wang et al. identified that methyla-
tion status of five CpG sites (COPS8, PIK3R5, HAAO,
CCDC124, C5orf34) in peripheral blood can serve as

GDM biomarkers [19]. Valencia-Ortega et al. found
that GDM mediates the impact of pre-pregnancy obe-
sity on LEP methylation in the placenta [20]. As a
pro-inflammatory cytokine, TNF-α activates NF-κB,
exacerbating insulin resistance and disrupting placental
metabolic homeostasis, forming a vicious cycle between
inflammation, epigenetic modification, and metabolic
dysfunction. Furthermore, the MTHFR C677T poly-
morphism, which affects SAM production, intensifies
abnormal DNA methylation in GDM, suggesting that
genetic and metabolic factors synergistically promote
GDM via epigenetic regulation.

2.2 Direct Regulation of the Expression and Activity of
Epigenetic Modification Enzymes

2.2.1 TGF-β/Smad Pathway

The TGF-β/Smad pathway, a central hub of
cellular signaling, not only establishes an epigenetic
regulatory network for gene silencing through dynamic
interactions with DNMTs and histone modifiers
but also plays a crucial role in the development
of immune-mediated cellular memory. Collectively,
these mechanisms exert synergistic effects on chronic
inflammation and autoimmune disease progression.
Specifically, this pathway contains an intrinsic
epigenetic feedback mechanism wherein TGF-β
induces DNMT3A to participate in gene silencing,
whereas the histone methyltransferase SETDB2
suppresses Smad3 expression by catalyzing H3K9me3
modification within the Smad3 promoter region,
thereby negatively regulating pathway activity. It is this
imbalanced bidirectional interaction rather than simple
pathway activation that drives chronic inflammation
and autoimmune disease progression. For instance, in
diabetic nephropathy, impaired epigenetic repression
of Smad3 by SETDB2 leads to feedback loop collapse,
which synergizes with training-induced immune-
mediated inflammatory memory to accelerate kidney
damage. Furthermore, the TGF-β/Smad pathway
can establish long-term cellular memory akin to
trained immunity through DNMT3A-mediated DNA
methylation, suggesting its causal role in programming
innate immune memory.

At the level of epigenetic regulation, the TGF-
β/Smad pathway can recruit DNMTs to participate
in gene silencing. For example, DNMT3A subtype b
upon induction by TGF-β can cooperate with repres-
sive histone modifications such as H3K9me2 and
H3K27me3 to silence key genes such as E-cadherin
Through combined regulation of DNA methylation
and histone modification, thereby driving the process
of epithelial-mesenchymal transition (EMT). At the
same time, histone methyltransferase SETDB2 can
inhibit Smad3 expression and activation by catalyz-
ing H3K9me3 modification at the promoter region of
Smad3, thus negatively regulating excessive activation
of the TGF-β/Smad pathway and maintaining cellular
homeostasis [11]. This crosstalk between pathways and
epigenetic enzymes provides a multilayered regulatory
mechanism for precise silencing of gene expression.

In addition, the abnormal activation of TGF-
β/Smad pathway can also affect gene methylation status
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by regulating DNMT activity. In lung adenocarci-
noma, after YTHDF1-mediated m6A modification,
DUSP5 promotes the EMT process by activating
TGF-β/Smad pathway [21]; in hepatocellular carci-
noma, HBx-induced upregulation of MAP1S promotes
nuclear translocation of the Smad complex through
MAP1S/Smad/TGF-β1 loop and enhanced expression
of downstream oncogenes of TGF-β, and DNA methy-
lation mediated by DNMT3A may be involved in the
regulation of this loop. In chronic kidney disease, exces-
sive activation of TGF-β/Smad pathway is a key driving
factor of renal fibrosis [22], while miR-10a/b could
inhibit this pathway by targeting TGFBR1; its expres-
sion was regulated by XRN2, which further explained
the synergistic regulatory network between this path-
way and epigenetic modifications [23].

Trained immunity, a form of memory in the innate
immune system, relies on cytokines such as IL-1β and
GM-CSF to induce histone modifications, endowing
myeloid cells with long-term activation [24]. IL-1β can
activate downstream signaling pathways to increase
the enrichment level of H3K4me3 in the promoter
regions of inflammatory genes in myeloid cells, while
also increasing the modification level of H3K27ac,
promoting chromatin relaxation, and enhancing the
transcriptional activity of inflammatory genes. This
change is stable and not easily altered even after stimu-
lus withdrawal, enabling myeloid cells to rapidly initiate
a strong inflammatory response upon re-exposure,
thereby forming persistent inflammatory memory [25].

GM-CSF, on the other hand, is involved in
establishing trained immunity by regulating histone-
modifying enzyme activity [26]. Specifically, it
programs myeloid-committed progenitors by strongly
activating STAT5, ERK, and Akt-mTOR signaling
pathways, which are essential for establishing a
training program that promotes sustained expression
of training-associated genes and enhanced cytokine
responsiveness upon restimulation [27].

Notably, there is a complex cross-regulation
between the TGF-β/Smad pathway and trained
immunity. Under pathological conditions, abnormal
activation of the TGF-β/Smad pathway may affect
IL-1β- and GM-CSF-mediated histone modification
patterns by regulating DNMTs and histone modifier
activity, thereby exacerbating myeloid cell hypertrained
status [22]. Conversely, histone modifications induced
by trained immunity can also negatively regulate
the expression of key molecules in pathways such
as Smad3, thus driving the development of chronic
inflammation and autoimmune diseases [19,20].
Collectively, these mechanisms reveal profound
epigenetic interactions between the TGF-β/Smad
pathway and trained immunity, providing new insights
into understanding the underlying mechanisms
of chronic inflammation and developing targeted
intervention strategies.

2.2.2 JAK-STAT Pathway

STAT proteins, as crucial transcriptional regulators,
play a significant role in the dynamic epigenetic regu-
lation of chromatin. They accomplish this by precisely
recruiting HATs or HDACs to the promoter regions

of target genes, thereby meticulously managing gene
transcription efficiency. This process is vital for phys-
iological adaptation and pathological transformation.
The JAK-STAT pathway, a rapid signaling module
that extends from the cell surface to the nucleus,
can promote cancer progression and metastasis when
abnormally activated. The specificity of STAT protein
recruitment of HATs and HDACs forms the fun-
damental mechanism that underpins the function of
this pathway.

During β-cell adaptation to pregnancy, maternal
pancreatic β-cells undergo proliferation and functional
remodeling to meet the metabolic demands of preg-
nancy. STAT3-mediated epigenetic regulation is a key
mechanism in this process. Zhang et al. [28] found that
STAT3 specifically binds with p300 (a major member of
the HAT family) to form a complex, which is recruited
to regulatory regions of pregnancy-associated genes
to promote activating acetylation modifications such
as histone H3K27ac, thereby increasing chromatin
accessibility and relieving transcriptional inhibition,
ultimately promoting the expression of genes related
to β-cell proliferation and insulin secretion function
adaptation. The binding ability of STAT3 combined
with p300 reaches its peak during mid-pregnancy. More
than two-thirds of STAT3 binding sites overlap with
p300, directly participating in the epigenetic activation
of pregnancy-associated genes. Acetyl-CoA synthetase
2 provides substrate for p300 acetyltransferase activ-
ity by producing acetyl-CoA, further enhancing the
epigenetic regulation effect of the STAT3-p300 com-
plex on gene transcription, thus ensuring sufficient
β-cell proliferation during mid-pregnancy while main-
taining functional balance. ACSS2 is highly enriched
in the β-cell nucleus, and its expression progressively
increases during pregnancy; β-cell-specific knockout of
Acss2 reduces global H3K27ac levels, directly affect-
ing the efficiency of acetylation regulation by the
STAT3-p300 complex. However, when pregnant mice
are exposed to a high-fat diet, the synergistic effect
between STAT3 and p300 becomes abnormally acti-
vated, leading to excessive histone acetylation at open
chromatin regions specific to pregnancy. This induces
abnormal overexpression of genes related to metabolic
stress, ultimately disrupting functional homeostasis of
β-cells and increasing susceptibility to gestational dia-
betes. In contrast, β-cell-specific knockout of Acss2
effectively reversed this pathological process, restoring
insulin secretion and glucose tolerance in β-cells.

In the context of cancer stem cell regulation [29],
STAT3 constructs complex transcriptional regulatory
networks by selectively binding to different HAT or
HDAC complexes to drive tumor progression. The C-
terminal phosphorylated p27 as a key cofactor forms
a trimeric complex with STAT3 and CBP from the
HAT family. This complex is recruited to the promoter
regions of stemness self-renewal driver genes such as
MYC and JAG1, where it strongly activates target gene
transcription by specifically enhancing histone H3K27
acetylation levels to maintain the stemness character-
istics of CSCs. This complex is particularly prominent
in triple-negative breast cancer, where enrichment for
H3K27ac at its binding sites positively correlates with
the spheroid-forming ability of CSCs. At the same
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time, STAT3 can also switch its mode of regulation by
binding to SIN3A- or HDAC1-containing complexes
to target the PTPN12 gene promoter region, thereby
inhibiting its expression through histone deacetylation.
As a specific inhibitor of Pyk2, downregulation of
PTPN12 leads to sustained activation of Pyk2, which
in turn phosphorylates STAT3 to form a Pyk2–STAT3
positive feedback loop that continuously amplifies
proliferative signals in CSCs, ultimately promoting
tumorigenesis, invasion, and metastasis. Dysregulated
recruitment of HATs and HDACs mediated by STAT3
not only drives expansion of the CSC population but is
also closely associated with poor patient outcomes. in
breast cancer patients, for example, a genetic signature
of STAT3 activation combined with high expression
of phosphorylated p27 predicts shorter relapse-free
survival.

These mechanisms corroborate each other and
reveal that the recruitment of HATs and HDACs
by STAT proteins is strictly cell type- and milieu-
dependent, a feature that makes them key molecular
switches connecting physiological and pathological
states [28–30]. In addition to β-cell adaptation to preg-
nancy, members of the STAT family regulate functional
remodeling in different cell types through similar mech-
anisms under physiological conditions.

2.2.3 NF-κB Pathway

As a central signaling hub in inflammation and
tumorigenesis, the NF-κB pathway plays a crucial role
in the epigenetic regulatory network through precisely
regulating HDACs and histone methyltransferases
activities as well as their nuclear translocation, thereby
exerting profound effects on gene transcriptional
homeostasis and disease progression. Dysregulation of
these enzymes is closely associated with pathological
processes such as pancreatic cancer and inflammation-
associated diseases whose regulation mechanisms
depend on signal-dependent modifications and
complex assembly mediated by the NF-κB pathway
[31–33]. The pathological significance of this axis
lies in the causal effect of signal persistence. Under
acute TNF-α stimulation, p65 phosphorylation is
transient and HDAC5 can reassociate with p65
after the signal subsides to restore homeostasis;
however, under conditions of persistent stimulation
such as chronic inflammation or obesity, HDAC5 is
chronically excluded from p65, resulting in constitutive
hyperacetylation of p65, sustained PD-L1 expression,
and immune evasion. Therefore, the duration of
HDAC5–p65 dissociation is the causal determinant for
pathological transformation.

Regarding the regulation of HDACs, the interaction
between class IIa HDAC5 and p65 core subunit of
NF-κB pathway is a key node. Studies have shown
that HDAC5 can directly bind to p65 subunit and
specifically mediate deacetylation of lysine 310 on p65
through its DAC domain, which significantly inhibited
the transcriptional activity of p65, thereby downregu-
lating the expression of immune checkpoint molecule
PD-L1 [9]. TNF-α induces phosphorylation of p65 at
serine 311, which disrupts its binding ability, lifts the
inhibition of HDAC5 on PD-L1 transcription, and

provides a molecular basis for tumor immune escape.
The nucleocytoplasmic shuttle of class IIa HDACs
depends on the cycle of phosphorylation-mediated
cytoplasmic retention and dephosphorylation-induced
nuclear import. Although the phosphorylation state of
HDAC5 does not affect its binding ability to p65, it
directly regulates its enrichment in the nucleus, thereby
affecting the efficiency of histone deacetylase in the
promoter region of target genes. Under physiological
conditions, the NF-κB pathway maintains gene expres-
sion homeostasis by regulating the balance between
HDACs and HATs; however, under pathological con-
ditions such as high-fat diet-induced β-cell dysfunction,
abnormal activation of the NF-κB pathway destroys
the synergistic balance between HDACs and HATs,
leading to excessive histone acetylation and disruption
of cellular homeostasis. In colorectal cancer research,
miR-34a affects immune suppression by regulating the
SIRT1/NF-κB axis, which also indirectly reflects the
network characteristics of HDAC family members and
NF-κB pathway in coordinating the regulation of gene
expression [31].

The activity of HMTs is regulated by cofactor
binding, post-translational modifications and complex
assembly that are mediated by the NF-κB pathway,
while nuclear translocation processes are regulated by
NF-κB-induced signaling to recruit chromatin-binding
targets [32]. HMTs participate in gene transcription
regulation by catalyzing the methylation of specific
lysine or arginine sites on histones, thereby forming
activating or repressive chromatin marks. In inflam-
matory and TMEs, activation of NF-κB signaling
can induce recruitment of specific HMTs to pro-
moter regions of inflammation-related genes, which
activates target gene expression through enhanced
histone methylation modification, thus forming an
inflammatory amplification loop [33]. Notably, there
is extensive functional crosstalk between HMTs and
HDACs, which generate synergistic or antagonistic
effects under the regulation of the NF-κB pathway.
During immune cell polarization, HDAC-mediated his-
tone deacetylation and HMT-catalyzed methylation
jointly regulate the transcription of M1- and M2
macrophage polarization-associated genes, affecting
the intensity and duration of inflammatory responses;
in tumor cells, this interplay can reshape the epigenetic
state of tumor-associated genes, promoting tumor cell
proliferation, invasion, and immune evasion.

The regulation of HDACs and HMTs by the NF-κB
pathway is highly cell type- and microenvironment-
dependent. During β-cell adaptation to pregnancy,
the NF-κB pathway regulates the balance between
HDACs and HATs to maintain histone acetylation
levels, thereby ensuring β-cell proliferation and func-
tional adaptation. In contrast, in cancer stem cells, the
NF-κB pathway mediates the formation of a complex
comprising HDAC1 and HMTs, which are involved in
activating genes that maintain stemness and silencing
tumor suppressor genes, respectively, thereby driving
cancer stem cell expansion and tumor progression [33].
In bone diseases with inflammation, an imbalance in
the regulation of HDACs and HMTs by the NF-κB
pathway disrupts bone metabolic homeostasis, exac-
erbating bone damage and inflammatory responses.
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In autoimmune diseases such as rheumatoid arthritis,
abnormal activation of the NF-κB pathway leads to
dysregulation of HDAC and HMT functions, intensi-
fying synovial tissue inflammatory proliferation and
joint damage.

In therapeutic applications, HDACs and HMTs
targeting the NF-κB pathway have demonstrated sig-
nificant potential. The HDAC5 inhibitor LMK235
elevates p65 acetylation levels and promotes its nuclear
accumulation by inhibiting deacetylase activity, lead-
ing to upregulated CXCR4 surface expression and
enhanced hematopoietic stem cell homing and engraft-
ment [34]. By specifically regulating the activity of
HMTs such as Setdb2, which trimethylates histone H3
at NF-κB binding sites on inflammatory cytokine gene
promoters to suppress transcription, it is possible to
disrupt the transcriptional activation of inflammation-
related genes, offering a novel therapeutic approach for
inflammatory disease [35]. To address the functional
imbalance between HDACs and HMTs due to aberrant
NF-κB pathway activation, IKK inhibitors like aspirin
and sulfasalazine can indirectly modulate HDAC
and HMT functions by suppressing NF-κB pathway
activity, presenting additional treatment avenues for
inflammation-associated disorders. In essence, these
mechanisms underscore the pivotal role of the NF-
κB pathway in mediating physiological adaptation and
pathological transitions through precise modulation of
HDACs and HMTs, establishing a robust theoretical
basis for disease intervention strategies centered on this
regulatory axis.

Figure 1 integrates the signaling and metabolic
arms of the cytokine-epigenetic axis. On the signaling
side, TGF-β/Smad, JAK-STAT, and NF-κB path-
ways directly regulate epigenetic enzyme activity. For
example, TGF-β/Smad promotes E-cadherin silencing
and trained immunity through modulation of histone
methylation and acetylation; the JAK-STAT pathway
drives STAT acetylation and dimerization; and upon
TNF-α stimulation, HDAC5-mediated deacetylation
of NF-κB p65 is relieved to allow for p65/p50 nuclear
translocation and recruitment of histone methyltrans-
ferases to drive PD-L1 expression. On the metabolic
side, SCFAs derived from gut microbiota and TCA
cycle intermediates provide key substrates and cofac-
tors for DNA methylation and histone acetylation
or demethylation to remodel chromatin states via
metabolite-epigenetic coupling. Together, these two
arms coordinate epigenetic reprogramming to regulate
immune responses and immune evasion. The following
sections examine how this unified framework manifests
in specific disease contexts and can be therapeuti-
cally exploited.

3 The Role of the Cytokine-Epigenetic Axis in Major
Diseases

The “cytokine-epigenetic axis”, a regulatory network
comprising cytokines and epigenetic modifications,
facilitates sustained functional reprogramming across
various cellular levels. This encompasses immune
cells, parenchymal cells, and stem cells, achieved
through meticulous regulation of epigenetic mecha-
nisms such as DNA methylation, histone alterations,

and chromatin remodeling. Consequently, transient
inflammatory stimuli are transformed into enduring
changes in cellular function. Notably, this mech-
anism is deeply intertwined with the pathological
advancement of autoimmune diseases, neurodegener-
ative disorders, neuropsychiatric conditions, metabolic
diseases, and cancer. It stands at the core of these
diseases’ chronic progression, contributes to treatment
resistance, and influences disease heterogeneity. This
paper will methodically explore the specific mecha-
nisms and recent research developments related to
this axis within diverse pathological contexts, adopt-
ing a disease-centric viewpoint. Figure 2 illustrates the
extensive regulatory role of epigenetic modifications
as a core mechanism in autoimmune and inflamma-
tory diseases, metabolic disorders, neurodegenerative
and psychiatric disorders, and cancer. In rheumatoid
arthritis and systemic lupus erythematosus, cytokines
such as TNF and IFN drive aberrant immune cell
activation, chronic inflammation, and treatment resis-
tance by reshaping DNA methylation patterns and
glycolysis-associated epigenetic states. In Alzheimer’s
disease, Parkinson’s disease, and schizophrenia, periph-
eral LPS stimulation or metabolites influence disease
progression through regulation of microglial acti-
vation, neuroinflammation, and DNA methylation
levels. In metabolic disorders such as obesity, type
2 diabetes, and NAFLD, inflammatory factors reg-
ulate metabolic homeostasis and liver infiltration via
epigenetic–immune axes including SIRT1/ADAM17,
p53/miR-22, and CD47-SIRPα. In tumor microenvi-
ronment, the NF-κB/p53/miR-34b-5p signaling axis
and chronic antigen stimulation respectively promote
tumor proliferation and CD8+ T cell functional exhaus-
tion through epigenetic reprogramming. In summary,
this diagram reveals that epigenetic regulation serves
as an intersection hub connecting immune, metabolic,
neural, and oncologic networks, playing a critical
role in the pathological mechanisms of various major
diseases.

3.1 Autoimmune and Inflammatory Diseases

Autoimmune and inflammatory diseases are distinct
pathological conditions that share a close relationship.
Autoimmune diseases arise from the immune system’s
aberrant recognition and attack on self-antigens, while
inflammatory diseases can be triggered by various
factors such as infection, tissue damage, or immune
dysregulation. These conditions often overlap in clini-
cal practice, contributing to a shared pathological basis
for chronic inflammatory damage. In both types of dis-
eases, a dysregulated cytokine milieu drives epigenetic
reprogramming of immune cells, which serves as the
central mechanism underlying disease chronicity and
persistent immune dysfunction.

Study has demonstrated that IFN-γ not only boosts
pro-inflammatory gene expression and resistance to
tolerance via the STAT1-IRF axis but also induces
the “dismantling” of enhancers associated with anti-
inflammatory and tissue repair genes by inducing the
repressive histone mark H3K27me3 or downregulating
the key transcription factor MAF, leading to sustained
cellular function remodeling [36]. This identifies a dual
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Figure 1: Core Mechanisms of Cytokine Regulation of Epigenetics. On the signaling side, the TGF-β/Smad, JAK-STAT, and NF-
κB pathways directly regulate epigenetic enzyme activity. TGF-β/Smad promotes E-cadherin silencing and trained immunity through
modulation of histone methylation and acetylation. The JAK-STAT pathway drives STAT acetylation and dimerization. Upon TNF-
α stimulation, HDAC5-mediated deacetylation of NF-κB p65 is relieved, allowing p65/p50 nuclear translocation and recruitment of
histone methyltransferases to drive PD-L1 expression. On the metabolic side, short-chain fatty acids derived from gut microbiota and
TCA cycle intermediates provide key substrates and cofactors for DNA methylation and histone acetylation or demethylation, remod-
eling chromatin states via metabolite-epigenetic coupling. Together, these two arms coordinate epigenetic reprogramming to regulate
immune responses and immune evasion. ACLY: ATP-citrate lyase; α-KG: alpha-ketoglutarate; DNMTs: DNA methyltransferases;
HAT: histone acetyltransferase; HDAC5: histone deacetylase 5; HMTs: histone methyltransferases; IDH2: isocitrate dehydrogenase 2;
ISGs: interferon-stimulated genes; JAK: Janus kinase; KDM6A/B: lysine demethylase 6A/B; MAT2A: methionine adenosyltransferase
2A; MTHFR: methylenetetrahydrofolate reductase; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells; PD-L1:
programmed death-ligand 1; SCFAs: short-chain fatty acids; STAT: signal transducer and activator of transcription; TCA: tricarboxylic
acid; TGF-β: transforming growth factor-beta; TNF-α: tumor necrosis factor-alpha.

epigenetic strategy through which a single cytokine
simultaneously activates and represses distinct gene
programs at separate genomic loci. These studies pre-
cisely delineate the key pathways by which cytokine
signaling induces epigenetic alterations that result in
cellular functional reprogramming, offering a molecu-
lar basis for understanding the persistence of abnormal
immune responses.

In the clinical course of autoimmune diseases such
as rheumatoid arthritis, the regulatory role of the
cytokine-epigenetic axis extends to multiple levels,
including disease stratification, progression, and treat-
ment response. Studies have shown that this axis not
only drives immune activation and initiates disease but
also contributes to the maintenance of pathological
states and mediates therapeutic resistance. For example,
interferon-α induces DNA demethylation reprogram-
ming at enhancer regions in B cells and T cells from
patients with early rheumatoid arthritis, creating a
persistent inflammatory epigenetic memory associ-
ated with resistance to conventional therapy [37]. This
finding is consistent with observations that an inflam-
matory microenvironment can induce alterations in
DNA methylation within specific immune-regulatory
regions of monocytes [38]. These epigenetic signa-
tures are significantly associated with disease activity
and prognosis, providing evidence at the cellular level

for the long-term capacity of cytokines to shape the
epigenome. At the therapeutic intervention level, block-
ade of tumor necrosis factor-α not only alleviated
inflammatory symptoms but also systemically reversed
the overall aberrant methylome in the peripheral blood
of patients with rheumatoid arthritis. Moreover, pre-
treatment epigenetic signatures could predict patient
responses to anti-TNF agents, revealing the reversibil-
ity and predictive value of this axis for therapeutic
modulation [39]. Collectively, these findings highlight
the central role of various cytokines in sustaining
pathogenic phenotypes in the synovium and immune
cells of rheumatoid arthritis by regulating HDACs,
DNMTs, and noncoding RNA networks [40].

In addition, several studies have focused on specific
immune cell types and revealed how the cytokine milieu
shapes their epigenetic landscape to influence func-
tional differentiation and therapeutic responsiveness. A
Cell-type resolved analysis of whole blood methylomes
showed that methotrexate treatment response was asso-
ciated with dynamic changes in methylation within an
enhancer region near KRT19 in CD4+ T cells, CD8+ T
cells, and NK cells, suggesting that cytokines may mod-
ulate cell type-specific epigenetic marks to impact drug
sensitivity [41]. Innate immune cells undergo persistent
epigenetic and metabolic reprogramming upon inflam-
matory stimulation to form a “trained immunity” state,
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Figure 2: The role of the cytokine-epigenetic axis in major diseases. In autoimmune and inflammatory diseases such as rheumatoid
arthritis and systemic lupus erythematosus, cytokines including TNF and IFN reshape DNA methylation and glycolysis-associated
epigenetic states, driving aberrant immune activation, chronic inflammation, and treatment resistance. In neurodegenerative and
psychiatric disorders such as Alzheimer’s disease, Parkinson’s disease, and schizophrenia, peripheral LPS stimulation or metabolites
influence disease progression by regulating microglial activation, neuroinflammation, and DNA methylation levels. In metabolic
disorders such as obesity, type 2 diabetes, and NAFLD, inflammatory factors regulate metabolic homeostasis and liver infiltration
through epigenetic–immune axes including SIRT1/ADAM17, p53/miR-22, and CD47–SIRPα. In tumor microenvironment, the NF-
κB/p53/miR-34b-5p axis and chronic antigen stimulation promote tumor proliferation and CD8+ T cell exhaustion via epigenetic
reprogramming. Overall, epigenetic regulation acts as an intersection hub connecting immune, metabolic, neural, and oncogenic
networks across major diseases. AP-1: activator protein-1; CD: cluster of differentiation; DHCA: dehydroepiandrosterone derivative (or
as contextually defined); H3K4me: histone H3 lysine 4 methylation; H3K27ac: histone H3 lysine 27 acetylation; HMGB1: high mobility
group box 1; IFN: interferon; IL: interleukin; LPS: lipopolysaccharide; miR: microRNA; NAFLD: non-alcoholic fatty liver disease;
NAD+: nicotinamide adenine dinucleotide; NF-κB: nuclear factor kappa B; NFAT2: nuclear factor of activated T-cells 2; SIRPα:
signal regulatory protein alpha; STAT3: signal transducer and activator of transcription 3; T2D: type 2 diabetes; TOX: thymocyte
selection-associated HMG box; TNF: tumor necrosis factor.

providing a mechanistic explanation for maintenance
of chronic inflammatory states [42]. Analysis of single-
cell chromatin accessibility maps showed that distinct
cellular states in rheumatoid arthritis synovium share
a “chromatin super-state” controlled by transcription
factors such as AP-1, suggesting that cytokines may
maintain pathogenic cellular phenotypes through regu-
lation of such conserved open chromatin patterns [43].
Together, these studies demonstrate that the cytokine–
epigenetic axis plays a central role in regulating immune
cell-specific responses, mediates therapy resistance, and
sustains chronic inflammatory feedback loops.

The impact of this mechanism even extends to the
stem cell level [44]. It has been shown that in chronic
autoimmune inflammatory conditions such as systemic
lupus erythematosus, a microenvironment consisting
of cytokines like interferon-γ can induce persistent
epigenetic reprogramming of long-lived hematopoietic
stem cells. Animal models and transplantation exper-
iments have revealed that hematopoietic stem cells
exposed to such an inflammatory environment can
serve as a long-term reservoir for “trained immu-
nity”. Although macrophages differentiated from these

cells retain enhanced capacity for secretory activity
of cytokines, their key glycolytic metabolic activ-
ity is uncoupled from this function. Mechanistically,
this functional-metabolic disassociation arises from
decreased chromatin accessibility at promoter regions
of genes involved in glycolysis and the mTOR pathway
in both hematopoietic stem cells and their myeloid
progeny, while pro-inflammatory gene programs are
independently activated via factors such as AP-1. This
study demonstrates that the cytokine-epigenetic axis
can program immune cells at their origin and drive
disease chronicity and proposes a novel perspective that
effector functions and supportive metabolic programs
of immune cells can be dissociated at the epigenetic level
under pathological conditions.

Current research is uncovering the complex regu-
latory networks of the cytokine-epigenetic axis and its
translational potential in a broader range of immune
cell types, disease spectrums, and molecular dimen-
sions [45]. Studies have shown that various immune
cells driven by an inflammatory microenvironment
commonly exhibit dysregulation of DNA methylation,
histone modification, and noncoding RNA expression
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in rheumatoid arthritis; these reprogramming events
collectively lead to functional disorders, and an inte-
grated strategy for targeted intervention was proposed
in this study. Research on systemic autoinflamma-
tion diseases highlighted that abnormalities in DNA
methylation and miRNA are key to explaining pheno-
typic heterogeneity among patients with identical gene
mutations, thereby constructing a gene-epigenome-
environment interaction model [46]. Another study
introduced the metabolic dimension into this axis,
elucidating that metabolites such as ikoic acid and
α-ketoglutarate can act as signaling molecules to
influence immune cell differentiation by directly regu-
lating the activity of epigenetic enzymes such as TET
and HDAC, thus directly coupling cytokine-mediated
metabolic reprogramming with epigenetic modifica-
tions [47]. A specific example was provided in studies
of fibroblast-like synovial cells in rheumatoid arthri-
tis [48], where the proinflammatory factor TGF-β was
shown to upregulate CDH6 expression by increasing
chromatin accessibility and H3K27ac modification,
driving cell migration and survival. This revealed the
epigenetic regulatory mechanism of this gene in this
type of cell and its potential therapeutic value. These
advances expand the scope of the cytokine-epigenetic
axis at multiple levels, which together point to its role
as a central hub for understanding disease mechanisms
and developing new therapies.

3.2 Neurodegenerative Diseases and Neuropsychiatric
Disorders

3.2.1 Neurodegenerative Diseases

Neurodegenerative diseases are a class of pathological
conditions characterized by the progressive structural
and functional loss of specific neuronal populations in
the central nervous system. They often manifest clin-
ically as cognitive decline or motor control disorders,
with Alzheimer’s disease and Parkinson’s disease being
typical examples [49,50]. Among their complex patho-
logical networks, the cytokine milieu driven by chronic
neuroinflammation is a key mechanism underlying the
progressive deterioration of the disease through the
induction of epigenetic reprogramming of glial cells.
Studies have shown that microglia and other cells
can undergo persistent epigenetic changes in response
to central pathological stimuli, thereby maintaining
pro-inflammatory states and accelerating neurodegen-
eration. However, it remains unclear whether and how
peripheral immune signals could exert a lasting influ-
ence on brain pathology via such reprogramming [51].

To investigate this mechanism [52], the authors
established models of microglial ‘immune training’
or ‘immune tolerance’ by administering single or
repeated low-dose lipopolysaccharide (LPS) stimuli
to mice. They showed that such peripheral immune
experiences can alter the epigenetic landscape of
microglial enhancers through remodeling H3K4me1
and H3K27ac modifications, which persist for at least
six months and ultimately determine the degree of
β-amyloid deposition in Alzheimer’s disease models.
The mechanism lies in the fact that the ‘trained’ state
promotes proinflammatory and glycolytic metabolism

in microglia via activation of pathways such as HIF-
1α, thereby exacerbating plaque deposition; whereas
the ‘tolerant’ state favors phagocytosis-related gene
programs and enhances Aβ clearance. This study
addresses the critical question of how peripheral
inflammation achieves long-term directional regula-
tion of central pathology, with its core innovation
being the first in vivo demonstration that tissue-resident
macrophages have functional innate immune memory
and can directly shape neurodegenerative patholog-
ical outcomes. This establishes a complete causal
chain of ‘peripheral stimulation, microglial epige-
netic reprogramming, disease modification’, providing
a new paradigm for intervention in neurodegenera-
tive processes through immune reprogramming and
demonstrating that peripheral inflammatory experi-
ences can determine central neuropathology through
microglial enhancer reprogramming. However, the
mechanistic interpretation of the study still relies
primarily on LPS as a single pathogen-associated
molecular pattern, and the specific transcriptional
regulatory networks linking particular histone modifi-
cations to downstream pathological phenotypes have
not yet been fully elucidated, which constitutes the
main limitation to current understanding of the preci-
sion of function along this axis.

The brain’s endogenous cytokine network can also
deeply shape the progression of AD pathology through
direct or indirect epigenetic mechanisms [53]. One
study found that direct injection of recombinant IL-33
into the mouse hippocampus activated microglia and
promoted IL-1β expression, resulting in neuroinflam-
mation and spatial memory deficits; This mechanism
was blocked in IL-1α/β deficient mice, clarifying an
independent pathogenic role for a local IL-33 and IL-
1 axis in the hippocampus. Another study [54] found
that astrocyte-derived IL-3 could reprogram microglia
to enhance their ability to migrate to and clear Aβ
plaques via upregulation of TREM2-dependent recep-
tors, exerting a protective effect in disease models and
revealing a positive example of functional reprogram-
ming of microglia by cytokines. Further research [55]
directly established an “epigenetic-cytokine” axis by
finding that low DNA methylation upstream of CASP4
in AD drives its expression, which in turn promotes
IL-1β release via a non-canonical inflammasome path-
way to exacerbate Aβ deposition, constructing a clear
pathway from epigenetic modification to inflammatory
amplification. Another study identified KChIP3 as a
key node whose expression is triggered by NLRP3,
Caspase-1, and IL-1β inflammatory signaling and sub-
sequently acts as a transcription factor to suppress
synaptic genes and promote pro-inflammatory genes,
amplifying both neuroinflammation and synaptic dys-
function in disease models [56]. These studies confirm
from different perspectives that endogenous cytokine
signaling can become a central driver of AD pathology
by regulating the expression of key effector molecules
such as IL-1β, CASP4, and KChIP3 or by directly
reprogramming glial cell function. Their novelty lies
in the direct link between cytokine action and specific
epigenetic changes or transcriptional reprogramming,
providing a new mechanism accounting for the persis-
tence and specificity of neuroinflammation.
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Neuroinflammation is also deeply embedded in a
cytokine-epigenetic regulatory axis during the patho-
logical progression of Parkinson’s disease. Studies have
shown that inflammatory activation of microglia is
closely coupled with glycolytic reprogramming, and
the activation of NAD+ and SIRT1 pathways medi-
ates deacetylation of key transcription factor p65
to inhibit expression of pro-inflammatory factors,
which directly reveals the pathway by which metabolic
changes influence inflammatory outcomes through
epigenetic regulator SIRT1 [57]. Further studies found
that pattern recognition receptor NLRC5 and tran-
scription factor NF-κB1 can profoundly affect glial cell
cytokines such as IL-1β and TNF-α at the transcription
level by regulating signaling pathways including NF-
κB. Among them, NF-κB1 has been shown to directly
bind to and activate the promoter of inhibitory recep-
tor CD200R1, providing an epigenetic explanation
at the level of transcription factor-promoter interac-
tion for how the cytokine environment is regulated
via specific transcription programs [58,59]. Another
study [60] more systematically proposed the “epi-
genetics and DAT endocytosis” axis, clarifying that
pro-inflammatory cytokines such as IL-1β and TNF-
α may regulate the expression of genes related to
dopamine transporter function by influencing epi-
genetic mechanisms such as DNA methylation and
histone modification, thereby converting inflammatory
signals into persistent neuronal dysfunction. The above
studies enriched our understanding of the “cytokine-
epigenetic” axis in Parkinson’s disease from multiple
dimensions ranging from metabolic enzymes and tran-
scription factors to chromatin modifications.

3.2.2 Neuropsychiatric Disorders

In contrast to neurodegenerative diseases, the core
pathology of neuropsychiatric disorders is not char-
acterized by a substantial structural loss of neurons.
Instead, it is characterized by the functional dysregu-
lation of circuits that govern affective, cognitive, and
behavioral homeostasis. Clinical disorders within this
category encompass depression, anxiety disorders, and
schizophrenia. Although these two types of disorders
vary in their pathological morphology, an increasing
amount of evidence indicates that neuroinflammation
and the cytokine-epigenetic regulatory axis it drives are
also profoundly involved in the onset and maintenance
of psychiatric symptoms.

Research [61] has shown that IL-1β knockdown
in the hippocampus attenuates LPS-induced mem-
ory deficits and anxiety- and depressive-like behaviors
in mice. The mechanism involved suppressed oxida-
tive stress and neuroinflammation, as well as restored
expression of neurotrophic factors such as brain-
derived neurotrophic factor, suggesting a central role
for IL-1β in these processes. In addition, developmental
model studies have found that maternal immune acti-
vation leads to genome-wide remodeling of 5hmC and
5mC in offspring prefrontal cortex, thereby persistently
upregulating genes associated with neuronal activity
and inducing anxiety-like behaviours [62].

Further studies have elucidated microglial-specific
signaling pathways, showing that high mobility group

box 1 drives the release of proinflammatory factors
such as IL-1β and IL-6 via activation of the STAT3 and
p65 signaling axis to promote depressive-like behav-
iors [63]. In addition, maternal immune activation is
closely associated with anxiety-like behavior in female
offspring, which was strongly linked to upregulation
of a long noncoding RNA, AU020206. This lncRNA
increases cytokine production, such as IL-6 and IL-1β,
in the brain through interferon regulatory factor and
STAT1 signaling axis [64].

At the level of clinical translation, chronic
inflammation markers based on DNA methylation
were significantly associated with widespread brain
structural abnormalities, suggesting that epigenetic
mechanisms may mediate long-term effects of
inflammation on brain structure [65]. Meanwhile,
cross-diagnostic studies have shown that severity in
mental disorders is correlated with specific peripheral
inflammatory protein profiles, supporting the view
that immune dysregulation serves as a transdiagnostic
dimension for mental disorders [66]. A meta-analysis
further identified key genes expressed in peripheral
blood leukocytes whose altered expression was
associated with major depressive disorder and thus
linked genetic risk to neuroimmune conversational
mechanisms [67]. Numerous studies suggest that
cytokines can persistently alter the expression of
neuroimmunological- and synaptic plasticity-related
genes by influencing epigenetic mechanisms such
as DNA methylation, histone modification, and
noncoding RNAs, thereby playing an important role
in the pathological processes of psychiatric disorders.

3.3 Metabolic Diseases

Metabolic diseases, characterized by an imbalance in
energy metabolism, include chronic pathological condi-
tions such as obesity, type 2 diabetes and non-alcoholic
fatty liver disease. The incidence of these diseases
is increasing with changes in lifestyle. Although
metabolic disorders are the main manifestations of
these diseases, more and more studies have shown that
chronic low-grade inflammation and epigenetic regu-
lation play a central role in their pathogenesis [68,69].
Recent studies have found that inflammatory cytokines
interact closely with epigenetic mechanisms to form the
“cytokine-epigenetic axis”, which promotes the imbal-
ance of metabolic homeostasis.

The liver is a key organ in which this regulatory
axis exerts its effects. Studies have shown that
under long-term high-fat diet conditions, CD47
deficiency inactivates the CD47–SIRPα signaling
pathway, leading to increased macrophage infiltration,
enhanced NF-κB activation and upregulation
of proinflammatory factors such as IL-1β and
TNF-α, while downregulating PPARα and SIRT1
expression, thereby synergistically exacerbating
steatohepatitis [70]. Another important pathway
involves NAD+ metabolism; inhibition of NAMPT,
the rate-limiting enzyme for its synthesis, reduces
intracellular NAD+ levels, thereby inhibiting the
deacetylase activity of SIRT1 and causing activation of
SREBP1, a master regulator of lipid synthesis [71]. In
relation to this, miR-122, which is highly expressed in
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nonalcoholic fatty liver disease, can directly target and
inhibit Sirt1 mRNA, thereby suppressing downstream
LKB1 and AMPK signaling pathways and promoting
lipogenesis-related gene expression [72]. However,
studies using hepatocyte-specific TNFR1 knockout
models found that although loss of TNFR1 in
hepatocytes improved insulin resistance, it did not
alleviate hepatic steatosis, inflammation and fibrosis
induced by a high-fat and high-fructose diet [73],
suggesting that regulation of liver inflammation
involves complex cell type specificity.

Environmental factors can have long-term effects
on metabolism through epigenetic mechanisms. Studies
have shown that activation of peripheral cannabi-
noid receptor 1 enhances the transcriptional activity
of p53, which in turn upregulates miR-22; the latter
directly targets and inhibits SIRT1 and PPARα, lead-
ing to dysregulation of hepatic lipid metabolism [74].
A feedback regulatory loop exists among AMPK,
inflammation, and epigenetics. The pro-aging miR-
146a reduces NAD+ levels and SIRT1 activity by
specifically inhibiting NAMPT, while AMPK activa-
tion suppresses NF-κB to downregulate miR-146a [75].
Relevant studies have elucidated the mechanism under-
lying the formation of epigenetic memory: a high-salt
diet persistently increases histone H3K27 acetylation
levels at the promoter region of the Sirt3 gene in the
liver [76]. This study showed that a dietary factor could
induce sustained epigenetic changes that maintain hep-
atitis independent of the original dietary exposure.
High levels of H3K27ac inhibited the binding of tran-
scription factor NRF2 to the promoter, resulting in
persistent low expression of SIRT3, which in turn trig-
gered hepatosteatosis, inflammation, and ultimately
cardiovascular damage.

This axis also plays an important role in dia-
betes and its complications. Study has shown that
Berberis brandisiana can upregulate SIRT1, downreg-
ulate ADAM17, reduce TNF-α and IL-6 levels, and
comprehensively improve the metabolic and inflamma-
tory state of diabetic rats [77]. Clinical studies have
found that long-term mortality risk in patients with
type 2 diabetes is significantly associated with accel-
erated aging derived from DNA methylation age and
inflammatory protein methylation predictors such as
CXCL10 and CRP [78]. High glucose or renal ischemia
stimuli can induce persistent histone modifications at
TNF and TGF-β1 gene loci (including H3K4me3 and
H3K9ac), forming a “metabolic memory” or “hypoxic
memory”, which maintains pro-inflammatory and
pro-fibrotic programs even after the initial stimulus
disappears [79,80].

3.4 Cancer

Cancer is a complex disease characterized by abnormal
cell proliferation, genomic instability and the ability to
undergo malignant transformation. Its initiation and
progression are not only determined by genetic alter-
ations of oncogenes and tumor suppressor genes but
also significantly influenced by inflammatory signals
and epigenetic regulatory networks within the TME.
During cancer progression, persistent cytokine stimula-
tion from the chronic inflammatory milieu can induce

epigenetic reprogramming in both tumor cells and infil-
trating immune cells, thereby translating inflammatory
cues into stable changes in gene expression that pro-
mote immune evasion, metastasis, colonization and
therapeutic resistance. The cytokine-epigenetic axis
represents an important route through which extracel-
lular signaling is translated into sustained intracellular
changes in gene expression in the TME, playing a key
role in driving tumor progression, immune evasion and
therapy resistance.

The cytokine-epigenetic axis plays a key role in the
development of T cell exhaustion, which is a central
barrier to antitumor immunity [81]. It has been shown
that under chronic antigen stimulation, calcineurin and
NFAT2 signaling induce expression of the transcription
factor TOX [82]. In turn, TOX programs CD8+ T
cell exhaustion by regulating chromatin accessibility at
genes associated with exhaustion and effector genes
through recruitment of chromatin remodeling com-
plexes. This finding identified TOX as a transcription
factor that actively programs the epigenetic landscape
of exhausted T cells.

At the level of tumor cells themselves, inflamma-
tory cytokines can drive malignant progression through
multiple epigenetic pathways. In colitis-associated can-
cers [83], for example, the inflammatory cytokines IL-6
and TNF-α suppress p53 function via NF-κB signaling
and cooperate with DNA methylation to downregulate
miR-34b-5p expression, thereby relieving its inhibition
on c-MYC and activating downstream oncogenic path-
ways. Further studies have shown that inflammatory
mediators prostaglandin E2 and IL-6 in the metastatic
niche induce expression of the DNMT3B by activat-
ing NF-κB and STAT3 signaling [84]. DNMT3B in
turn activates multiple metastasis-promoting pathways
through genome-wide reprogramming of methylation
patterns, facilitating the establishment of tumor cells
at distant organ sites. Notably, in breast cancer,
DNMT3B expression is heterogeneous within pri-
mary tumors; highly expressing subpopulations exhibit
greater metastatic potential, and this expression is
upregulated by the prostaglandin E2-STAT3-NF-κB
inflammatory signaling axis [85].

Tumor-associated fibroblasts, a key component of
the TME, are significantly regulated by the cytokine-
epigenetic axis. A study has shown that these fibroblasts
can activate the JAK-STAT pathway through the secre-
tion of LIF, leading to the acetylation of STAT3
and subsequent epigenetic silencing of the SHP-1
gene [86]. Further research has demonstrated that
TGF-β1 induces the deposition of repressive modifica-
tions H3K9me3 and H3K27me3 in tumor-associated
fibroblasts by activating histone methyltransferases
G9a and EZH2 [87]. This process results in the silenc-
ing of the transcription of chemokines CXCL9 and
CXCL10, thereby inhibiting the recruitment of T cells
to tumor tissues. The cytokine-epigenetic axis also
plays an important role in shaping the function of
different immune cell populations. Studies have shown
that TGF-β and IL-2 regulate Foxp3 transcription
and histone acetylation status of its enhancer regions
through the SMAD and STAT5 pathways, thereby
affecting the differentiation and function of regula-
tory T cells [88]. In glioma research, it was found
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that TGF-β and IL-10 secreted by myeloid suppressor
cells can affect DNA methylation and histone mod-
ification to silence the expression of immune-related
genes [89]. It is worth noting that endogenous PD-
L1 in lung cancer cells can enter the nucleus, bind to
phosphorylated Stat3, and co-localize with promoters
of genes such as IL-6 to enhance their transcription and
promote immunosuppression mediated by myeloid-
derived suppressor cells [90,91]. Conversely, blocking
the interaction between GARP and TGF-β1 can lift
the transcriptional inhibition of the E-selectin gene
by TGF-β1, thus promoting T cell infiltration [92].
In hematologic malignancies, oncogenes activated by
STAT5 induce OSM expression; OSM acts on OSM
receptors on stroma cells to activate STAT3, reprogram
their metabolic state and cytokine secretion profile, and
shape an immunosuppressive microenvironment [93].

The cytokine-epigenetic axis is also a key driver
of resistance to various therapies. It has been shown
that circadian dysregulation, which leads to increased
IL-6 levels and is associated with Per2 gene promoter
downregulation by methylation, promotes chemoresis-
tance in ovarian cancer through activation of the PI3K
and Akt pathways [94]. Bioinformatic studies suggest
that high PRC1 expression correlates with a TH2 type
cytokine milieu and the methylation status of specific
CpG sites and may be involved in this regulatory net-
work in an indirect manner [95]. A relevant review
highlights that immunosuppressive cytokines such as
TGF-β can induce epigenetic silencing of antigen
presentation-related genes while epigenetic regulators
such as EZH2 can reciprocally shape a suppressive
cytokine milieu [96]. In A recent study on melanoma,
it was demonstrated that the transcriptional coactiva-
tor IκBζ recruits HDAC3 and EZH2 to the promoter
regions of chemokines such as CXCL9 and CXCL10
where they mediate histone deacetylation and methyla-
tion to suppress their expression, resulting in immune
cell exclusion and anti-PD-1 resistance [97].

As shown in table 1, the cytokine-epigenetic axis
exhibits highly consistent patterns of action across
autoimmune diseases, neurodegenerative diseases, neu-
ropsychiatric disorders, metabolic disease and cancer.
Although pathological features and affected cell types
differ widely between these disease classes, core mech-
anisms of this axis are shared. A pathological cytokine
milieu establishes persistent functional reprogramming
at multiple levels including immune cells, parenchymal
cells and stem cells by regulating epigenetic mecha-
nisms such as DNA methylation, histone modifications
and chromatin accessibility. This process translates
transient inflammatory stimuli into long-term changes
in cellular function. This reprogramming can manifest
either as sustained amplification and maintenance of
pro-inflammatory states or as profound suppression
of anti-inflammatory repair functions. Together, these
processes drive chronic disease progression, mediate
treatment resistance and shape clinical heterogeneity of
the disease.

It is important to note that this axis possesses the
crucial attribute of bidirectional reversibility. Targeted
interventions against pathological cytokines or their
downstream epigenetic regulatory factors can, to a cer-
tain degree, reverse the established abnormal epigenetic

imprinting and restore normal cellular function. This
characteristic offers a robust theoretical foundation
for the development of new therapeutic strategies. In
the future, through a comprehensive elucidation of the
finely-tuned regulatory network of the cytokine and
epigenetic axis in various diseases, it is anticipated
that effective intervention in disease progression can be
achieved, thus paving the way for novel precision treat-
ment methods centered on epigenetic reprogramming.

4 Targeted Treatment Strategies and Their Signifi-
cance

4.1 Combined or Synergistic Treatment Strategies

Emerging therapeutic strategies targeting the cytokine-
epigenetic axis offer a novel approach to overcome
treatment barriers in cancer and inflammatory dis-
eases. The progression and development of drug
resistance in these conditions are often linked with
abnormal activation of cytokine networks and sig-
nificant disruptions in epigenetic regulation. This
dual-targeted strategy, which simultaneously addresses
gene transcription and signal transduction, aims to
surpass the limitations of monotherapy, thereby pro-
viding new potential for improving clinical outcomes in
refractory diseases.

In the development of therapeutic strategies for
hematologic malignancies, this approach has shown
considerable promise in various contexts. For exam-
ple, in multiple myeloma, the combination of HDAC
inhibitor palbociclib with bortezomib and dexametha-
sone effectively induces tumor cell apoptosis through
synergistic effects involving epigenetic reprogramming
and NF-κB signaling inhibition [98]. Subsequent stud-
ies have confirmed that combining HDAC inhibitors
or DNA methyltransferase inhibitors (DNMTis) with
chemotherapy or tumor vaccines can reverse the epi-
genetic silencing of antigen-presentation-related genes
in tumor cells, thereby enhancing immune recogni-
tion and clearance efficiency [99,100]. In myelofibrosis
treatment, the combination of BET inhibitor pelabresib
and JAK inhibitor ruxolitinib significantly improves
splenomegaly and reduces pro-inflammatory cytokine
levels by simultaneously inhibiting both inflammatory
gene transcription and JAK-STAT signaling pathway
activation [101].

The Treatment strategy for solid tumors also
reflects the core value of this axis. In hepatocellu-
lar carcinoma and gastric cancer, HDAC inhibitors
elevate histone acetylation levels across the genome
and at specific loci, leading to the up-regulation of
chemokine expression, such as CXCL9 and CXCL10.
These chemokines promote the infiltration of CD8+ T
cells into the TME and significantly enhance the anti-
tumor efficacy of PD-1 and PD-L1 blockade [102,103].
This mechanism reveals a synergistic relationship
between epigenetic regulation and immune checkpoint
blockade.

The application of this combined strategy has
been extended from cancer treatment to the field of
infectious diseases. Studies have demonstrated that
Panobinostat in combination with interferon α-2a can
selectively eliminate latent HIV infection by estab-
lishing a synergistic “epigenetic activation-immune
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Table 1
The role of the cytokine-epigenetic axis in various diseases

Disease type Key molecules Mechanism References

Autoimmune and
Inflammatory

Diseases

IFN-α
Induces DNA methylation reprogramming in B-cell or T-cell enhancer

regions, leading to the formation of inflammatory memory associated with
treatment resistance

[37]

IFN-γ
Enhances pro-inflammatory genes via the STAT1/IRF axis; causes the

“disassembly” of anti-inflammatory gene enhancers by inducing
H3K27me3 or downregulating MAF

[36]

TNF-α Blocking the TNF-α systemically reverses abnormal methylation patterns
in the peripheral blood of RA patients

[39]

TGF-β In RA fibroblast-like synoviocytes, TGF-β upregulates CDH6 expression
by increasing H3K27ac

[48]

AP-1 Maintain the pathogenic cell phenotype [43]

Neurodegenerative
Diseases and

Neuropsychiatric
Disorders

LPS Peripheral LPS stimulation determines the extent of Aβ deposition by
reshaping the microglial landscape

[52]

IL-33 Local IL-33 in the hippocampus induces neuroinflammation and memory
impairment by activating microglia and promoting IL-1β [53]

IL-3 IL-3 derived from astrocytes enhances the migration and clearance of Aβ
plaques by microglia through upregulation of TREM2

[54]

CASP4
Low methylation of the DNA upstream of the CASP4 gene in AD drives its
expression, promotes IL-1β release via a non-canonical inflammasome, and

exacerbates Aβ deposition
[55]

NFKB1 NFKB1 binds to and activates the promoter of the inhibitory receptor
CD200R1, thereby regulating the inflammatory state of glial cells

[59]

IL-1β IL-1β knockdown in the hippocampus alleviates LPS-induced anxiety- and
depression-like behaviors and restores BDNF expression

[61]

HMGB1 Activation of the STAT3/p65 axis drives the release of IL-1β and IL-6,
promoting depression-like behavior

[63]

Metabolic Diseases

NAMPT Inhibition of NAMPT reduces NAD+, which in turn inhibits SIRT1,
leading to the activation of the lipid synthesis factor SREBP1

[71]

miR-122 Targeted inhibition of Sirt1 mRNA promotes adipogenesis [72]

Sirt3
A high-salt diet continuously increases H3K27ac levels in the Sirt3
promoter region of the liver, inhibits NRF2 binding, and results in

sustained low Sirt3 expression
[76]

H3K4me3/H3K9ac High sugar or renal ischemia stimulates persistent histone modifications at
pro-inflammatory or pro-fibrotic gene loci, creating a metabolic memory

[79,80]

IL-6/TNF-α NF-κB inhibits p53, which, in synergy with DNA methylation,
downregulates miR-34b-5p, thereby lifting the repression of c-MYC

[83]

Cancer

TGF-β1 Activation of G9a/EZH2 leads to the deposition of H3K9me3/H3K27me3,
silencing CXCL9/CXCL10 and inhibiting T-cell recruitment

[87]

TGF-β, IL-10 Silences immune-related genes by influencing DNA methylation and
histone modifications

[89]

PD-L1
PD-L1 binds to p-Stat3 within the nuclei of tumor cells, enhancing the

transcription of IL-6 and other molecules, thereby promoting
MDSC-mediated immune suppression

[91]

TGF-β1 Lift the transcriptional repression of the E-selectin gene by TGF-β1,
thereby promoting T-cell infiltration

[92]

Note: IFN-α: interferon-alpha; IL-10: interleukin-10; STAT1: signal transducer and activator of transcription 1; IRF: interferon regulatory factor; H3K27me3:
trimethylation of histone H3 at lysine 27; MAF: musculoaponeurotic fibrosarcoma oncogene homolog; TNF-α: tumor necrosis factor-alpha; RA: rheumatoid
arthritis; TGF-β: transforming growth factor-beta; H3K27ac: acetylation of histone H3 at lysine 27; CDH6: cadherin-6; AP-1: activator protein-1; LPS:
lipopolysaccharide; Aβ: amyloid beta; IL-33: interleukin-33; IL-1β: interleukin-1β; IL-3: interleukin-3; TREM2: triggering receptor expressed on myeloid
cells 2; CASP4: caspase 4; AD: Alzheimer’s disease; NFKB1: nuclear factor kappa B subunit 1; CD200R1: CD200 receptor 1; BDNF: brain-derived
neurotrophic factor; HMGB1: high mobility group box 1; STAT3: signal transducer and activator of transcription 3; p65: nuclear factor kappa B p65 subunit;
NAMPT: nicotinamide phosphoribosyltransferase; NAD+: nicotinamide adenine dinucleotide; SREBP1: sterol regulatory element-binding protein 1; miR-
122: microRNA-122; Sirt1: sirtuin 1 (gene); Sirt3: sirtuin 3; NRF2: nuclear factor erythroid 2-related factor 2; H3K4me3: trimethylation of histone H3 at lysine
4; H3K9ac: acetylation of histone H3 at lysine 9; IL-6: interleukin-6; p53: tumor protein p53; c-MYC: MYC proto-oncogene; TGF-β1: transforming growth
factor-beta 1; G9a: euchromatic histone lysine methyltransferase 2; EZH2: enhancer of zeste homolog 2; H3K9me3: trimethylation of histone H3 at lysine 9;
CXCL9: C-X-C motif chemokine ligand 9; CXCL10: C-X-C motif chemokine ligand 10; PD-L1: programmed death-ligand 1; p-Stat3: phosphorylated signal
transducer and activator of transcription 3; MDSC: myeloid-derived suppressor cell.

clearance” axis, providing new insights into functional
cure strategies [104].

In the adoptive cell immunotherapy field, this strat-
egy has shown unique value in vitro. By combining

mTOR inhibitors with interferon-α to genetically
reprogram T cells ex vivo, it is possible to specifically
induce their differentiation into functionally enhanced
Th1 cytokine profile cells (RAPA-201 cells). This
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Table 2
Synergistic treatment strategies targeting the Cytokine-Epigenetic axis

Disease area Treatment strategies Mechanisms or pathways References

Multiple myeloma
Panobinostat + Bortezomib +

Dexamethasone
Regulates chromatin structure and synergistically induces

apoptosis
[98]

RAPA-201 ± low-intensity
chemotherapy Enhance the antitumor activity of T cells [105]

Advanced colorectal cancer Guadecitabine + GVAX vaccine
+ cyclophosphamide

Enhance tumor antigen expression and synergistically
enhance T-cell recognition

[100]

Myelofibrosis

Pelabresib + Ruxolitinib

Pelabresib and ruxolitinib inhibit BRD4-mediated
downregulation of pro-inflammatory cytokine

transcription and synergistically inhibit JAK-STAT
signaling

[101]

Panobinostat + Ruxolitinib
Inhibiting JAK-STAT signaling reduces pro-inflammatory

cytokines and regulates the expression of fibrosis- and
inflammation-related genes

[106]

Hepatocellular carcinoma CXD101+ PD-1/PD-L1
Inhibitor

Enhanced IFN-γ/STAT1 signaling and chromatin
accessibility

[102]

Stomach cancer HDACi + PD-L1 inhibitor Restore histone acetylation levels and re-engage CD8+ T
cells

[103]

Latent HIV-1 infection Panobinostat + pegylated
IFN-α2a Increased integration sites and immune clearance [104]

NK/T-cell lymphoma
HDACi + PD-1 inhibitor

Upregulates CXCL9/CXCL10 expression, promotes
CD8+ T cell infiltration, and synergistically enhances

IFN-γ signaling
[107]

Chidamide + JAK inhibitor Restore drug sensitivity [108]

Solid tumor HDACi + PD-1/PD-L1
inhibitors ± cytokine modulators

Upregulates the expression of immune molecules and
modulates PD-L1, synergistically enhancing immune cell

function
[109]

Note: HDACi: histone deacetylase inhibitor; JAKi: Janus kinase inhibitor; PD-1: programmed cell death protein 1; PD-L1: programmed death-ligand 1; IFN-γ:
interferon-γ; CXCL9: C-X-C motif chemokine ligand 9; CXCL10: C-X-C motif chemokine ligand 10; STAT1: signal transducer and activator of transcription 1;
BRD4: bromodomain-containing protein 4; GVAX: granulocyte-macrophage colony-stimulating factor-secreting tumour vaccine.

cellular product induced significant clinical remissions
in relapsed and refractory multiple myeloma, demon-
strating that synergy between cytokines and epigenetic
regulation can be achieved at the level of cell manufac-
turing [105].

As shown in table 2, several combinatorial thera-
peutic strategies targeting the cytokine-epigenetic axis
have already entered clinical investigations covering
a wide range of fields including hematologic malig-
nancies, solid tumors, infectious diseases and cellular
therapy, thus providing systematic clinical evidence to
understand the translational value of this axis.

4.2 Precision and Personalized Medicine

In the immunotherapy of solid tumors, stratifying
patients based on specific cytokine profiles and epi-
genetic characteristics in the TME has become a
key approach to precision medicine. In particular,
an exhausted CD8-positive T cell signature compris-
ing chemokine genes CCL5, CXCL9, and CXCL13
can effectively predict the response of hepatocellular
carcinoma patients to anti-PD-1 or anti-PD-L1 ther-
apy. This signature score was negatively correlated
with WNT or β-catenin pathway activity, revealing
the underlying mechanism by which abnormalities
in tumor cell epigenetics affect treatment efficacy

through shaping an inhibitory cytokine milieu [110].
Furthermore, researchers constructed a three-gene
immune activation signature comprising CXCL10,
IDO1, and IFI44L [111]. This signature reflects the
interferon signaling axis downstream of DNA damage
response deficiency and can effectively predict patient
responses to immune checkpoint blockade therapy.
Subsequent multicohort analysis further revealed that
a predictive model comprising M1 macrophage-derived
chemokine CXCL9 and RNA epigenetic modifica-
tion enzyme APOBEC3G was significantly associated
with better immunotherapeutic response when highly
expressed [112]. In cholangiocarcinoma, high CXCL9
expression is associated with favorable responses to
chemotherapy combined with immunotherapy, while
loss-of-function mutations in the epigenetic regulator
ARID1A are associated with poorer prognosis and an
immunosuppressive microenvironment, suggesting that
integrating cytokine expression with epigenetic features
enables more precise patient stratification [113].

At the therapeutic strategy level, targeted
intervention in cytokine signaling pathways combined
with epigenetic regulation provides a new approach
to improve the efficacy of immunotherapy. In
metastatic uveal melanoma, clinical studies on HDAC
inhibitor entinostat plus pembrolizumab have shown
that epigenetic drugs can remodel the immune
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microenvironment by upregulating tumor antigen
presentation and regulating secretion of suppressive
immune cells and their associated cytokines IL-10 and
TGF-β, thereby enhancing the antitumor effects of
PD-1 inhibitors [114]. Similarly, in the treatment of
myelofibrosis, the BET inhibitor palprecelib plus JAK
inhibitor ruxolitinib simultaneously inhibited both
the cytokine JAK-STAT pathway and the epigenetic
BET or NF-κB axis, significantly reducing levels of
proinflammatory cytokines such as IL-6 and IL-8 and
improving the clinical course of myelofibrosis [101].

The development of non-invasive or minimally
invasive biomarkers that integrate multidimensional
information is a key approach to achieving person-
alized therapy. Analysis of the liquid immune profile
based on peripheral blood immune cell subsets revealed
that protective plasmacytoid dendritic cells and NKT
cells were associated with type I interferon produc-
tion and Th1 cytokines, respectively, whereas PD-1+

CD8+ T cells, which are risk factors, corresponded
to an environment rich in inhibitory cytokines. This
profile was able to predict patient survival indepen-
dently [115]. In hepatocellular carcinoma, CD38 has
been identified as a co-exhaustion marker for CD8+

tissue-resident memory T cells [115]; its high expression
depletes NAD+, thereby inhibiting sirtuin deacetylase
activity and inducing metabolic and epigenetic levels
of T cell dysfunction. This suggests that combining a
CD38 inhibitor with an anti-PD-1 agent could be useful
for personalized therapy [116].

4.3 Reprogramming Disease Memories

Targeting the cytokine-epigenetic axis provides a new
dimension to reverse pathological processes by directly
erasing or rewriting disease-associated cellular mem-
ory states through intervention in key epigenetic
nodes and downstream cytokine signaling. Studies
have shown that BRD4 maintains the differentiated
state of CD8-positive T cells by regulating terminal
effector T cell-specific superenhancers; its inhibition
can shift these cells toward memory precursor cells,
thus presenting an epigenetic target for reversing func-
tional memory of T cells [117]. Further studies have
found that EGFR signaling promotes secretion of
chemokines such as CCL2 and CCL5 by upregulat-
ing ILT4, thereby contributing to immunosuppressive
microenvironmental memory. Targeting ILT4 effec-
tively disrupted this axis and enhanced the antitumor
efficacy of PD-L1 inhibitors [118]. In addition, using
the TME evaluation tool TMEscore, it was suggested
that epigenetic mechanisms including TGF-β signal-
ing, IDO1-mediated kynurenine metabolism, and DNA
methylation are closely related to the formation of
immunosuppressive memory states [119].

In both hematologic and solid tumors, the cytokine-
epigenetic axis is particularly important in regulating
disease memory. In acute myeloid leukemia, leukemic
stem cells integrate the ATF4 stress axis, NKG2D
immune escape axis, and HOXA9 and MEIS1 tran-
scriptional memory axis to synergistically maintain
their stemness and drug resistance memory [120].
In triple negative breast cancer, MYC epigeneti-
cally silences STING, thereby inhibiting downstream

chemokine expression and impairing T cell recruit-
ment; MYC inhibition can reverse this state and
enhance immune cell infiltration, but this strategy
remains at the pre-clinical exploration stage [121].
Phase Ib clinical trial of colorectal cancer showed that a
DNA methylation inhibitor combined with an HDAC
inhibitor and PD-1 antibody could reduce intratumoral
regulatory T cells and regulate the immunosuppressive
microenvironment, but the clinical response was lim-
ited, suggesting that the combination strategy needs
further optimization [122].

Recent preclinical investigations further explored
strategies to reprogram immune cell memory through
the cytokine-epigenetic axis. It has been shown that
the combined use of DNA demethylating agents and
HDAC inhibitors can reverse M2 tumor-associated
macrophages into an M1-like phenotype by upregu-
lating miR-7083-5p expression, thereby altering their
cytokine secretion profile and disrupting a tumor-
promoting memory state [123]. In CAR T cell models,
Class I HDAC inhibitors were found to promote dif-
ferentiation towards a central memory phenotype and
reduce exhaustion marker expression via enhanced
H3K27 acetylation and activation of Wnt/β-catenin
pathways, resulting in improved capacity for cytokine
secretion and persistence [124]. Other studies have sug-
gested that mature migratory dendritic cells identified
in human melanoma specimens may support T cell
memory features through secretion of cytokines such
as IL-15 and whose abundance is significantly asso-
ciated with patient response to immune checkpoint
inhibitors and improved survival [125]. Taken together,
these findings illustrate the potential of cytokine-based
epigenetic reprogramming but the strategies outlined
remain largely experimental or preclinical; the ability
to durably erase disease-associated memory in patients
has not been established. Figure 3 integrates the three
therapeutic concepts discussed above. Combination
therapy illustrates how combining epigenetic modi-
fiers (HDACi/DNMTi) with ICI or JAKi enhances
tumor immunogenicity and effector cell recruitment.
Personalized treatment shows how biomarker-directed
stratification (APOBEC3G, CXCL9, ARID1A) and
exhaustion-based selection can direct alternative thera-
pies. Reprogramming memory depicts a transition from
a PD-1+/IL-10/TGF-β-enriched pathological state to
a reprogrammed memory pool where BETi/HDACi
restore T cell function, promote M1 polarization, and
induce IFN-γ/IL-15 providing a mechanism for durable
immune memory.

4.4 Feasibility of Treatment Strategies

Relevant research in recent years has provided evidence
supporting the therapeutic feasibility of targeting the
“cytokine-epigenetic axis” from delivery systems to
mechanistic foundation.

In terms of drug delivery, Schelker et al. demon-
strated the feasibility of co-delivery of HDACIs and
TKIs via liposome to maintain a synergistic ratio in
vivo [126]. Others have elucidated mechanisms by which
DNMT inhibitors and HDAC inhibitors can remodel
the immune microenvironment through induction of
immunogenic cell death in tumor cells, activation of
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Figure 3: Therapeutic Strategies Targeting the Cytokine-Epigenetic Axis. Combination therapy involves combining epigenetic modifiers
(HDACi/DNMTi) with ICI or JAKi to enhance tumor immunogenicity and effector cell recruitment. Personalized treatment uses
biomarker-directed stratification (APOBEC3G, CXCL9, ARID1A) and exhaustion-based selection to direct alternative therapies.
Reprogramming memory illustrates a transition from a PD-1+/IL-10/TGF-β-enriched pathological state to a reprogrammed memory
pool, where BETi/HDACi restore T cell function, promote M1 polarization, and induce IFN-γ/IL-15, providing a mechanism for durable
immune memory. HDACi: histone deacetylase inhibitor; DNMTi: DNA methyltransferase inhibitor; ICI: immune checkpoint inhibitor;
JAKi: Janus kinase inhibitor; APOBEC3G: apolipoprotein B mRNA editing enzyme catalytic polypeptide-like 3G; CXCL9: C-X-C
motif chemokine ligand 9; ARID1A: AT-rich interaction domain 1A; PD-1: programmed cell death protein 1; TGF-β: transforming
growth factor-β; BETi: bromodomain and extra-terminal motif inhibitor; CD62L: L-selectin; IFN-γ: interferon-γ; M1/M2: type 1/type
2 macrophage.

dendritic cells, inhibition of the function of MDSCs
and Tregs, and lifting HDAC3-mediated suppression of
cytotoxic programs in CD8+ T cells, as well as reviewed
epigenetic regulatory mechanisms for key cytokines
such as IFN-γ, IL-2, and IL-12 [127]. Recent advances
in targeted drug delivery have begun to address this
challenge. For instance, a rationally designed nanocar-
rier platform was developed for the targeted co-delivery
of the epigenetic drug CM-272 to tumor cells and
the small molecule inhibitor Ibrutinib to myeloid-
derived suppressor cells (MDSCs) within the tumor
microenvironment [128]. This study demonstrates that
precise, cell-type-specific delivery of epigenetic agents
is clinically feasible. Together, these findings support
the viability of therapeutic strategies targeting the
cytokine-epigenetic axis.

4.5 Current Challenges and Limitations

Combined strategies targeting the cytokine-epigenetic
axis have shown promise in theoretical studies and early
clinical trials, but their clinical translation is still chal-
lenging. This difficulty stems not only from the inherent
complexity of both cytokine networks and epigenetic
regulatory systems, but also from the unpredictability
introduced by their interactions, which greatly impact
treatment efficacy, safety, and precision.

The complexity and functional redundancy of
cytokine networks are the main obstacles to precise

intervention. As a highly interconnected and function-
ally overlapping dynamic network, the cytokine system
often involves a single cytokine in multiple signal-
ing pathways, with complex synergistic or antagonistic
relationships between different cytokines. This charac-
teristic means that blocking a specific cytokine may
activate compensatory bypasses, leading to subopti-
mal treatment outcomes. For example, although the
combination of HDAC inhibitors and JAK inhibitors
can reduce pro-inflammatory cytokine levels such as
IL-8 and MCP-1 in myelofibrosis treatment, the cor-
relation between these changes and clinical symptom
improvement remains unclear, suggesting the existence
of untargeted compensation pathways or more intricate
network regulatory mechanisms [108]. In addition, the
cytokine profile within the TME exhibits significant
spatiotemporal heterogeneity. In hepatocellular carci-
noma, lung metastases have higher CD8-positive T cell
exhaustion scores than primary liver cancer, indicating
that different organ microenvironments have unique
cytokine profiles [110]. Most patients with metastatic
uveal melanoma present with liver metastases, which
may affect the representativeness of efficacy evalua-
tions [114]. In gastric cancer, combined blockade of
TGF-β and IL-1β can reprogram myeloid cell immune
training in the TME, yet chronic H. pylori infection
means that complete inhibition of IL-1β-driven train-
ing could weaken mucosal immunity against secondary
infection [129]. The dynamic evolution of cytokine pro-
files during treatment further complicates the selection
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of intervention targets. Intervention strategies based on
static biopsy samples struggle to address the dynamic
changes in cytokine networks, representing a core bot-
tleneck for precision intervention.

The lack of tissue specificity and off-target effects
of epigenetic drugs is another key limiting factor. Most
epigenetic drugs in widespread clinical use today, such
as HDAC inhibitors and DNMTis, lack cell or tissue
selectivity; their effects are not restricted to tumor
cells or target immune cells but also broadly impact
the epigenome of normal cells throughout the body.
While HDAC inhibitors increase the immunogenicity
of tumor cells, they may exert bidirectional regulatory
effects on the function of immune effector cells such as
T cells and dendritic cells. In CAR-T cell therapy, Class
I HDAC inhibitors can promote a central memory phe-
notype and reduce exhaustion [124], but their effects
on immune cells are dose dependent. Although BET
inhibitors disrupt inflammatory gene expression in
tumor cells or macrophages, they also affect transcrip-
tional programs in normal cells such as cardiomyocytes
and hematopoietic stem cells. BRD4 plays an impor-
tant role in CD8+ T cell differentiation; its inhibition
can bias toward precursors of memory cells [117], but
its effects on other cell types may cause adverse events
such as thrombocytopenia and cardiotoxicity. The wide
range of this effect results in an extremely narrow ther-
apeutic window, making it difficult to balance efficacy
and toxicity. It also obscures the precise cellular targets
of treatment, hindering mechanistic elucidation and
drug optimization.

While dual-targeting strategies are designed to
achieve synergy, they also risk additive toxic side
effects and novel safety concerns. The combination
of interventions targeting both the cytokine path-
way and epigenetic regulation is intended to increase
efficacy through a synergistic effect; however, the
toxicities of both drugs may accumulate. Clinical stud-
ies indicate that while HDAC inhibitors combined
with JAK inhibitors have reduced splenomegaly and
improved symptoms in some patients, overall efficacy
has not reached statistical significance and long-term
safety and tolerability of this treatment remain to be
evaluated [108]. More critically, excessive suppression
of inflammatory signaling and epigenetic regulation
could impair fundamental immune and gene expression
programs essential for host defense against infec-
tion or tissue repair. In a study of HIV-1 latency,
although HDAC inhibitors combined with interferon
α-2a activated latent virus, proviruses integrated into
regions of epigenetic repression persisted and treat-
ment may selectively enrich reservoirs of drug resistant
virus [104]. In clinical trials combining DNMTis or
HDAC inhibitors with PD-1 inhibitors in colorectal
cancer patients with intact mismatch repair function,
regimens were generally safe and well tolerated and
reductions in regulatory T cells were observed; however,
objective response rates were extremely limited and
clinical responses were poor [122].

The lack of in-depth mechanistic understanding
further hinders the development of this field. Most
studies on combination therapy remain at a descriptive
level, and there is no clear answer to core questions

such as how epigenetic drugs regulate cytokine net-
works, how cytokine signaling affects epigenetic states,
and what is the molecular basis of their synergistic
effects. In uveal melanoma research, although HDAC
inhibitors combined with PD-1 antibodies have shown
clinical activity, the specific regulatory mechanism of
HDAC inhibitors on immune cells still needs to be
further elucidated [114]. In the study of CD38 in
hepatocellular carcinoma, functional experiments have
not yet fully revealed the specific molecular mecha-
nisms by which CD38 directly causes or aggravates
T cell exhaustion [116]. These mechanistic uncertain-
ties make the design of combination regimens highly
dependent on empirical exploration. At the same
time, these knowledge gaps also hinder the establish-
ment of reliable pharmacodynamic biomarkers. For
example, increased blood histone acetylation levels
following administration of HDAC inhibitors merely
reflect the drug’s action on systemic targets and cannot
demonstrate that it produces the desired epigenetic
remodeling on specific immune cells within the TME.
Furthermore, the Janus-faced function of STAT3 poses
another obstacle: systemic inhibition may impair tis-
sue regeneration while blocking tumor progression. An
ideal strategy would selectively block Y705 phospho-
rylation while preserving S727 phosphorylation, but
current chemical tools cannot achieve this distinction.
Even a highly selective STAT3 inhibitor like YY002
simultaneously inhibits both phosphorylation sites and
remains preclinical, underscoring that no drug capa-
ble of such selective modulation has entered clinical
validation [130].

These challenges collectively indicate a core prob-
lem in clinical translation: the absence of integrated
biomarkers capable of guiding precise patient strati-
fication. Single, static biomarkers struggle to predict
dynamic changes triggered by combination ther-
apy. In hepatocellular carcinoma, although CD8+ T
cell depletion can forecast the response to immune
checkpoint inhibitors, studies have neither directly
measured nor manipulated the epigenetic regulation
of these genes. Moreover, they have not integrated
gene expression profiles with epigenetic data such as
DNA methylation and chromatin accessibility [110].
In cholangiocarcinoma, loss-of-function mutations in
ARID1A are linked to a poorer prognosis. These
mutations may impede interferon responses by restrict-
ing the chromatin accessibility of interferon-responsive
genes. However, the identification and application of
such multitasking biomarkers are still in their early
stages [113]. In gastric cancer, VAMP8 methylation
is correlated with low scores for TME signatures,
while ATG7 demethylation is associated with immuno-
logic exclusion, suggesting that methylation regulates
immune-related gene expression [119]. Nevertheless,
no personalized treatment algorithms based on these
biomarkers have been developed. Current biomarker
studies mainly involve retrospective analyses with
limited sample sizes and lack validation through
prospective, multicenter clinical trials.



Targeting the cytokine-epigenetic axis: a new paradigm and prospects for disease treatment 115

5 Conclusions

Dysregulation of cytokine networks and epigenetic
regulation are central to the development and pro-
gression of many major diseases. This review explores
how cytokines modulate the availability of substrates
for epigenetic modifications through metabolic repro-
gramming and directly affect the activity of epigenetic
enzymes via signaling pathways, including JAK-STAT,
NF-κB, and TGF-β/Smad. Together, these mechanisms
constitute the molecular basis of a “cytokine-epigenetic
axis.”Building on this knowledge, we discuss the promi-
nent pathological roles of this axis in autoimmune
diseases, neurodegenerative and psychiatric disorders,
metabolic diseases, and cancer, uncovering the under-
lying mechanisms by which it contributes to disease
chronicity and treatment resistance through persis-
tent functional reprogramming. We then provide an
overview of emerging therapeutic strategies targeting
this axis, focusing on the potential of combination
interventions, precision medicine, and disease mem-
ory resetting, as well as major challenges for clinical
translation. A detailed understanding of the regu-
latory mechanisms of the cytokine-epigenetic axis
not only provides a new theoretical framework for
understanding imbalances in immune and metabolic
homeostasis but also identifies potential targets for
developing countermeasures against persistent chronic
diseases.

Acknowledgement: The authors thank the institutions and
graduate programs to which they are affiliated for their
support.

Funding Statement: This research was supported by the
Natural Science Foundation of Hubei Province, China (No.
2025AFB923) and the Central Guiding Local Science and
Technology Development Fund Project (Science and Tech-
nology Department of Xizang Autonomous Region) (No.
XZ202401YD0002C).

Author Contributions: All authors conceived and designed the
hypotheses underlying this study. Yuyue Luo, Yikan Zheng
and Jie Qin drafted the article and revised the manuscript.
Jinwei Liu and Yuhan Ma prepared and revised the figures.
Jingda Li, Jun Li, Wenlong Sun, Qian Zhang and Mengyao
Li critically revised the manuscript for important intellectual
content. All authors reviewed and approved the final version
of the manuscript.

Availability of Data and Materials: Not applicable.

Ethics Approval: Not applicable.

Conflicts of Interest: The authors declare no conflicts of
interest.

References

1. Saggini R, Pellegrino R. MAPK is implicated in sepsis, immu-
nity, and inflammation. Int J Infect 2024;8(3):100–4.

2. Avivar-Valderas A. Inhibition of PI3Kβ and mTOR influ-
ence the immune response and the defense mechanism against
pathogens. Int J Infect 2023;7(2):46–9.

3. Komal S, Gao Y, Wang ZM, et al. Epigenetic regulation in
myocardial fibroblasts and its impact on cardiovascular diseases.
Pharmaceuticals 2024;17(10):1353. doi:10.3390/ph17101353.

4. Wang Z, Liu Z, Lv M, Luan Z, Li T, Hu J. Novel histone
modifications and liver cancer: emerging frontiers in epigenetic

regulation. Clin Epigenetics 2025;17(1):30. doi:10.1186/s13148-
025-01838-8.

5. Wang F, Malnassy G, Qiu W. The epigenetic regulation of
microenvironment in hepatocellular carcinoma. Front Oncol
2021;11:653037. doi:10.3389/fonc.2021.653037.

6. Lupan I, Bintintan V, Deleanu D, Samasca G. Epigenetic reg-
ulation of DNA methylation and RNA interference in gastric
cancer: a 2024 update. Biomedicines 2024;12(9):2001. doi:10.
3390/biomedicines12092001.

7. Wen J, Liu J, Wan L, Wang F, Li Y. Metabolic reprogramming:
the central mechanism driving inflammatory polarization in
rheumatoid arthritis and the regulatory role of traditional Chi-
nese medicine. Front Immunol 2025;16:1659541. doi:10.3389/
fimmu.2025.1659541.

8. Zhou Y, Jin X, Yu H, et al. HDAC5 modulates PD-L1
expression and cancer immunity via p65 deacetylation in pancre-
atic cancer. Theranostics 2022;12(5):2080–94. doi:10.7150/thno.
69444.

9. Cui H, Hu Y, Guo D, et al. DNA methyltransferase
3A isoform b contributes to repressing E-cadherin through
cooperation of DNA methylation and H3K27/H3K9 methy-
lation in EMT-related metastasis of gastric cancer. Oncogene
2018;37(32):4358–71. doi:10.1038/s41388-018-0285-1.

10. Li L, Jiang S, Jin Q, et al. SETDB2 mitigates podocyte
dysfunction in diabetic kidney disease through epigenetic silenc-
ing of SMAD3. Adv Sci 2026;13(9):e16984. doi:10.1002/advs.
202516984.

11. Xu P, Dong S, Wu L, et al. Maternal and placental DNA
methylation changes associated with the pathogenesis of ges-
tational diabetes mellitus. Nutrients 2022;15(1):70. doi:10.3390/
nu15010070.

12. Montano EN, Bose M, Huo L, et al. α-ketoglutarate-dependent
KDM6 histone demethylases and interferon-stimulated gene
expression in lupus. Arthritis Rheumatol 2024;76(3):396–410.
doi:10.1002/art.42724.

13. Liu T, Yang Z, Tong J, Gao M, Pang Y. Glucose metabolic
reprogramming of macrophages against Mycobacterium tuber-
culosis infection. Immunotargets Ther 2025;14:1209–21. doi:10.
2147/ITT.S552746.

14. Kusnadi A, Park SH, Yuan R, et al. The cytokine TNF promotes
transcription factor SREBP activity and binding to inflam-
matory genes to activate macrophages and limit tissue repair.
Immunity 2019;51(2):241–57.e9. doi:10.1016/j.immuni.2019.06.
005.

15. Kim ME, Lim Y, Lee JS. Mitochondrial dysfunction and
metabolic reprogramming in chronic inflammatory diseases:
molecular insights and therapeutic opportunities. Curr Issues
Mol Biol 2025;47(12):1042. doi:10.3390/cimb47121042.

16. Luu M, Riester Z, Baldrich A, et al. Microbial short-chain
fatty acids modulate CD8+ T cell responses and improve adop-
tive immunotherapy for cancer. Nat Commun 2021;12(1):4077.
doi:10.1038/s41467-021-24331-1.

17. Noureldein M, Nawfal R, Bitar S, et al. Intestinal microbiota
regulates diabetes and cancer progression by IL-1β and NOX4
dependent signaling cascades. Cell Mol Life Sci 2022;79(9):502.
doi:10.1007/s00018-022-04485-x.

18. Roy DG, Chen J, Mamane V, et al. Methionine metabolism
shapes T helper cell responses through regulation of epigenetic
reprogramming. Cell Metab 2020;31(2):250–66.e9. doi:10.1016/
j.cmet.2020.01.006.

19. Wang X, Huang J, Zheng Y, et al. Study on the relationship
between DNA methylation of target CpG sites in peripheral
blood and gestational diabetes during early pregnancy. Sci Rep
2021;11(1):20455. doi:10.1038/s41598-021-99836-2.

20. Valencia-Ortega J, Saucedo R, Sánchez-Rodríguez MA, Cruz-
Durán JG, Martínez EGR. Epigenetic alterations related to
gestational diabetes mellitus. Int J Mol Sci 2021;22(17):9462.
doi:10.3390/ijms22179462.

https://doi.org/10.3390/ph17101353
https://doi.org/10.1186/s13148-025-01838-8
https://doi.org/10.1186/s13148-025-01838-8
https://doi.org/10.3389/fonc.2021.653037
https://doi.org/10.3390/biomedicines12092001
https://doi.org/10.3390/biomedicines12092001
https://doi.org/10.3389/fimmu.2025.1659541
https://doi.org/10.3389/fimmu.2025.1659541
https://doi.org/10.7150/thno.69444
https://doi.org/10.7150/thno.69444
https://doi.org/10.1038/s41388-018-0285-1
https://doi.org/10.1002/advs.202516984
https://doi.org/10.1002/advs.202516984
https://doi.org/10.3390/nu15010070
https://doi.org/10.3390/nu15010070
https://doi.org/10.1002/art.42724
https://doi.org/10.2147/ITT.S552746
https://doi.org/10.2147/ITT.S552746
https://doi.org/10.1016/j.immuni.2019.06.005
https://doi.org/10.1016/j.immuni.2019.06.005
https://doi.org/10.3390/cimb47121042
https://doi.org/10.1038/s41467-021-24331-1
https://doi.org/10.1007/s00018-022-04485-x
https://doi.org/10.1016/j.cmet.2020.01.006
https://doi.org/10.1016/j.cmet.2020.01.006
https://doi.org/10.1038/s41598-021-99836-2
https://doi.org/10.3390/ijms22179462


116 Eur Cytokine Netw. 2026;37(2)

21. Fan W, Xing Y, Yan S, et al. DUSP5 regulated by YTHDF1-
mediated M6A modification promotes epithelial-mesenchymal
transition and EGFR-TKI resistance via the TGF-β/Smad
signaling pathway in lung adenocarcinoma. Cancer Cell Int
2024;24(1):208. doi:10.1186/s12935-024-03382-6.

22. Chen L, Yang T, Lu DW, et al. Central role of dysregulation of
TGF-β/Smad in CKD progression and potential targets of its
treatment. Biomed Pharmacother 2018;101:670–81. doi:10.1016/
j.biopha.2018.02.090.

23. Li J, Yue S, Fang J, et al. microRNA-10a/b inhibit TGF-β/Smad-
induced renal fibrosis by targeting TGF-β receptor 1 in diabetic
kidney disease. Mol Ther Nucleic Acids 2022;28:488–99. doi:10.
1016/j.omtn.2022.04.002.

24. Simats A, Zhang S, Messerer D, et al. Innate immune memory
after brain injury drives inflammatory cardiac dysfunction. Cell
2024;187(17):4637–55.e26. doi:10.1016/j.cell.2024.06.028.

25. Ziogas A, Novakovic B, Ventriglia L, et al. Long-term his-
tone lactylation connects metabolic and epigenetic rewiring
in innate immune memory. Cell 2025;188(11):2992–3012.e16.
doi:10.1016/j.cell.2025.03.048.

26. Liu Y, Hamid A, Hardege H, et al. Active LXR signaling,
coupled with elevated mitochondrial and glycolytic metabolism
contributes to GM-CSF-induced trained immunity. Front
Immunol 2025;16:1685796. doi:10.3389/fimmu.2025.1685796.

27. Guerrero P, Bono C, Sobén M, et al. GM-CSF receptor
expression determines opposing innate memory phenotypes at
different stages of myelopoiesis. Blood 2024;143(26):2763–77.
doi:10.1182/blood.2024024330.

28. Zhang Y, He S, Wang X, et al. ACSS2 mediates an epige-
netic pathway to regulate β-cell adaptation during gestation in
mice. Nat Commun 2025;16(1):4697. doi:10.1038/s41467-025-
58322-3.

29. Razavipour SF, Yoon H, Jang K, et al. C-terminally phosphory-
lated p27 activates self-renewal driver genes to program cancer
stem cell expansion, mammary hyperplasia and cancer. Nat
Commun 2024;15(1):5152. doi:10.1038/s41467-024-48742-y.

30. Yu YL, Chen M, Zhu H, et al. STAT1 epigenetically regulates
LCP2 and TNFAIP2 by recruiting EP300 to contribute to the
pathogenesis of inflammatory bowel disease. Clin Epigenetics
2021;13(1):127. doi:10.1186/s13148-021-01101-w.

31. Meng F, Yang M, Chen Y, Chen W, Wang W. miR-34a
induces immunosuppression in colorectal carcinoma through
modulating a SIRT1/NF-κB/B7-H3/TNF-α axis. Cancer
Immunol Immunother 2021;70(8):2247–59. doi:10.1007/s00262-
021-02862-2.

32. Guo Q, Jin Y, Chen X, et al. NF-κB in biology and targeted ther-
apy: new insights and translational implications. Sig Transduct
Target Ther 2024;9(1):53. doi:10.1038/s41392-024-01757-9.

33. Mussbacher M, Derler M, Basílio J, Schmid JA. NF-κB
in monocytes and macrophages—an inflammatory master
regulator in multitalented immune cells. Front Immunol
2023;14:1134661. doi:10.3389/fimmu.2023.1134661.

34. Huang X, Guo B, Liu S, Wan J, Broxmeyer HE. Neutraliz-
ing negative epigenetic regulation by HDAC5 enhances human
haematopoietic stem cell homing and engraftment. Nat Com-
mun 2018;9(1):2741. doi:10.1038/s41467-018-05178-5.

35. Kimball AS, Davis FM, DenDekker A, et al. The histone
methyltransferase Setdb2 modulates macrophage phenotype
and uric acid production in diabetic wound repair. Immunity
2019;51(2):258–71.e5. doi:10.1016/j.immuni.2019.06.015.

36. Ivashkiv LB. IFNγ: signalling, epigenetics and roles in immu-
nity, metabolism, disease and cancer immunotherapy. Nat Rev
Immunol 2018;18(9):545–58. doi:10.1038/s41577-018-0029-z.

37. Cooles FAH, Tarn J, Lendrem DW, et al. Interferon-α-mediated
therapeutic resistance in early rheumatoid arthritis implicates
epigenetic reprogramming. Ann Rheum Dis 2022;81(9):1214–23.
doi:10.1136/annrheumdis-2022-222370.

38. de la Calle-Fabregat C, Rodríguez-Ubreva J, Ciudad L, et al.
The synovial and blood monocyte DNA methylomes mirror
prognosis, evolution, and treatment in early arthritis. JCI Insight
2022;7(9):e158783. doi:10.1172/jci.insight.158783.

39. Julià A, Gómez A, López-Lasanta M, et al. Longitudinal
analysis of blood DNA methylation identifies mechanisms of
response to tumor necrosis factor inhibitor therapy in rheuma-
toid arthritis. EBioMedicine 2022;80(6):104053. doi:10.1016/j.
ebiom.2022.104053.

40. Yang C, Li D, Teng D, et al. Epigenetic regulation in the patho-
genesis of rheumatoid arthritis. Front Immunol 2022;13:859400.
doi:10.3389/fimmu.2022.859400.

41. Adams C, Nair N, Plant D, et al. Identification of cell-specific
differential DNA methylation associated with methotrexate
treatment response in rheumatoid arthritis. Arthritis Rheumatol
2023;75(7):1088–97. doi:10.1002/art.42464.

42. Merlo Pich LM, Ziogas A, Netea MG. Genetic and epigenetic
dysregulation of innate immune mechanisms in autoinflamma-
tory diseases. FEBS J 2024;291(20):4414–32. doi:10.1111/febs.
17116.

43. Weinand K, Sakaue S, Nathan A, et al. The chromatin landscape
of pathogenic transcriptional cell states in rheumatoid arthri-
tis. Nat Commun 2024;15(1):4650. doi:10.1038/s41467-024-
48620-7.

44. Mills TS, Kain B, Burchill MA, et al. A distinct metabolic
and epigenetic state drives trained immunity in HSC-
derived macrophages from autoimmune mice. Cell Stem Cell
2024;31(11):1630–49.e8. doi:10.1016/j.stem.2024.09.010.

45. Cai X, Yao Y. Epigenetic modifications of immune cells in
rheumatoid arthritis. Ann Med 2025;57(1):2533432. doi:10.
1080/07853890.2025.2533432.

46. Cetin Gedik K, Casares-Marfil D, Demirkaya E, Sawalha AH.
The role of epigenetic modifications in systemic autoinflamma-
tory diseases. Curr Opin Immunol 2025;95:102599. doi:10.1016/
j.coi.2025.102599.

47. Tada M, Kono M. Metabolites as regulators of autoimmune
diseases. Front Immunol 2025;16:1637436. doi:10.3389/fimmu.
2025.1637436.

48. Machado CRL, Choi E, Perumal NB, et al. Regulation of
fibroblast-like synoviocyte function by cadherin 6 in rheumatoid
arthritis. Arthritis Res Ther 2025;27(1):172. doi:10.1186/s13075-
025-03637-1.

49. Chang B, Jiang Y, Feng C, Li B, Mei J, Niu C. Effect of purine
diet on prognosis of deep brain stimulation for Parkinson’s dis-
ease. Food Sci Hum Wellness 2025;14(3):9250066. doi:10.26599/
fshw.2024.9250066.

50. Yang Y, Wang X, Chen L, et al. Exogenous ketogenic sup-
plements can mitigate the susceptibility to Alzheimer’s disease
induced by chronic sleep deprivation: emerging role of Sirt1 in
ferroptosis. Food Sci Hum Wellness 2025;14(3):9250067. doi:10.
26599/fshw.2024.9250067.

51. Ransohoff RM. How neuroinflammation contributes to neu-
rodegeneration. Science 2016;353(6301):777–83. doi:10.1126/
science.aag2590.

52. Wendeln AC, Degenhardt K, Kaurani L, et al. Innate immune
memory in the brain shapes neurological disease hallmarks.
Nature 2018;556(7701):332–8. doi:10.1038/s41586-018-0023-4.

53. Reverchon F, de Concini V, Larrigaldie V, et al. Hippocampal
interleukin-33 mediates neuroinflammation-induced cognitive
impairments. J Neuroinflammation 2020;17(1):268. doi:10.1186/
s12974-020-01939-6.

54. McAlpine CS, Park J, Griciuc A, et al. Astrocytic interleukin-
3 programs microglia and limits Alzheimer’s disease. Nature
2021;595(7869):701–6. doi:10.1038/s41586-021-03734-6.

55. Daily KP, Badr A, Eltobgy M, et al. DNA hypomethylation
promotes the expression of CASPASE-4 which exacerbates

https://doi.org/10.1186/s12935-024-03382-6
https://doi.org/10.1016/j.biopha.2018.02.090
https://doi.org/10.1016/j.biopha.2018.02.090
https://doi.org/10.1016/j.omtn.2022.04.002
https://doi.org/10.1016/j.omtn.2022.04.002
https://doi.org/10.1016/j.cell.2024.06.028
https://doi.org/10.1016/j.cell.2025.03.048
https://doi.org/10.3389/fimmu.2025.1685796
https://doi.org/10.1182/blood.2024024330
https://doi.org/10.1038/s41467-025-58322-3
https://doi.org/10.1038/s41467-025-58322-3
https://doi.org/10.1038/s41467-024-48742-y
https://doi.org/10.1186/s13148-021-01101-w
https://doi.org/10.1007/s00262-021-02862-2
https://doi.org/10.1007/s00262-021-02862-2
https://doi.org/10.1038/s41392-024-01757-9
https://doi.org/10.3389/fimmu.2023.1134661
https://doi.org/10.1038/s41467-018-05178-5
https://doi.org/10.1016/j.immuni.2019.06.015
https://doi.org/10.1038/s41577-018-0029-z
https://doi.org/10.1136/annrheumdis-2022-222370
https://doi.org/10.1172/jci.insight.158783
https://doi.org/10.1016/j.ebiom.2022.104053
https://doi.org/10.1016/j.ebiom.2022.104053
https://doi.org/10.3389/fimmu.2022.859400
https://doi.org/10.1002/art.42464
https://doi.org/10.1111/febs.17116
https://doi.org/10.1111/febs.17116
https://doi.org/10.1038/s41467-024-48620-7
https://doi.org/10.1038/s41467-024-48620-7
https://doi.org/10.1016/j.stem.2024.09.010
https://doi.org/10.1080/07853890.2025.2533432
https://doi.org/10.1080/07853890.2025.2533432
https://doi.org/10.1016/j.coi.2025.102599
https://doi.org/10.1016/j.coi.2025.102599
https://doi.org/10.3389/fimmu.2025.1637436
https://doi.org/10.3389/fimmu.2025.1637436
https://doi.org/10.1186/s13075-025-03637-1
https://doi.org/10.1186/s13075-025-03637-1
https://doi.org/10.26599/fshw.2024.9250066
https://doi.org/10.26599/fshw.2024.9250066
https://doi.org/10.26599/fshw.2024.9250067
https://doi.org/10.26599/fshw.2024.9250067
https://doi.org/10.1126/science.aag2590
https://doi.org/10.1126/science.aag2590
https://doi.org/10.1038/s41586-018-0023-4
https://doi.org/10.1186/s12974-020-01939-6
https://doi.org/10.1186/s12974-020-01939-6
https://doi.org/10.1038/s41586-021-03734-6


Targeting the cytokine-epigenetic axis: a new paradigm and prospects for disease treatment 117

inflammation and amyloid-β deposition in Alzheimer’s dis-
ease. Alzheimers Res Ther 2024;16(1):29. doi:10.1186/s13195-
024-01390-2.

56. Arcos-Encarnación B, Cortes-Flores E, Barón-Mendoza I,
et al. KChIP3 fosters neuroinflammation and synaptic dys-
function in the 5XFAD mouse model of Alzheimer’s disease.
J Neuroinflammation 2025;22(1):160. doi:10.1186/s12974-025-
03426-2.

57. Cheng J, Zhang R, Xu Z, et al. Early glycolytic reprogramming
controls microglial inflammatory activation. J Neuroinflamma-
tion 2021;18(1):129. doi:10.1186/s12974-021-02187-y.

58. Liu Z, Shen C, Li H, et al. NOD-like receptor NLRC5 pro-
motes neuroinflammation and inhibits neuronal survival in
Parkinson’s disease models. J Neuroinflammation 2023;20(1):96.
doi:10.1186/s12974-023-02755-4.

59. Lin S, Shu Y, Shen R, et al. The regulation of NFKB1 on
CD200R1 expression and their potential roles in Parkinson’s dis-
ease. J Neuroinflammation 2024;21(1):229. doi:10.1186/s12974-
024-03231-3.

60. Liang Z, Liu W, Cao M, et al. Epigenetic regulation-mediated
disorders in dopamine transporter endocytosis: a novel mech-
anism for the pathogenesis of Parkinson’s disease. Theranostics
2025;15(6):2250–78. doi:10.7150/thno.107436.

61. Li M, Li C, Yu H, et al. Lentivirus-mediated interleukin-
1β (IL-1β) knock-down in the hippocampus alleviates
lipopolysaccharide (LPS)-induced memory deficits and anxiety-
and depression-like behaviors in mice. J Neuroinflammation
2017;14(1):190. doi:10.1186/s12974-017-0964-9.

62. Ma L, Wang F, Li Y, et al. Brain methylome remodeling selec-
tively regulates neuronal activity genes linking to emotional
behaviors in mice exposed to maternal immune activation. Nat
Commun 2023;14(1):7829. doi:10.1038/s41467-023-43497-4.

63. Xu K, Wang M, Wang H, et al. HMGB1/STAT3/p65 axis
drives microglial activation and autophagy exert a crucial role
in chronic Stress-Induced major depressive disorder. J Adv Res
2024;59:79–96. doi:10.1016/j.jare.2023.06.003.

64. Yang J, Yu W, Zhu R, et al. Maternal immune activation upreg-
ulates the AU020206-IRFs-STAT1 axis in modulating cytokine
production in the brain. Theranostics 2024;14(14):5682–97.
doi:10.7150/thno.96110.

65. Green C, Shen X, Stevenson AJ, et al. Structural brain correlates
of serum and epigenetic markers of inflammation in major
depressive disorder. Brain Behav Immun 2021;92:39–48. doi:10.
1016/j.bbi.2020.11.024.

66. Solomon P, Budde M, Kohshour MO, et al. Disease sever-
ity across psychiatric disorders is linked to pro-inflammatory
cytokines. Brain Behav Immun 2025;129(3):359–72. doi:10.1016/
j.bbi.2025.06.004.

67. Dias HD, Adri AS, Nóbile AL, et al. Integrative neuroimmunol-
ogy reveals leukocyte-expressing PAX6 as a critical predictor
of major depressive disorder. Transl Psychiatry 2025;16(1):35.
doi:10.1038/s41398-025-03776-8.

68. Guo WJ, Zhang Y, Elsayed H, Li CQ, Chen XY. Iridoid ter-
penoids: a class of promising compounds to regulate blood
glucose. Food Med Homol 2025;2(3):9420074. doi:10.26599/
fmh.2025.9420074.

69. Ling C, Rönn T. Epigenetics in human obesity and type 2 dia-
betes. Cell Metab 2019;29(5):1028–44. doi:10.1016/j.cmet.2019.
03.009.

70. Tao HC, Chen KX, Wang X, et al. CD47 deficiency in mice
exacerbates chronic fatty diet-induced steatohepatitis through
its role in regulating hepatic inflammation and lipid metabolism.
Front Immunol 2020;11:148. doi:10.3389/fimmu.2020.00148.

71. Wang LF, Wang XN, Huang CC, et al. Inhibition of NAMPT
aggravates high fat diet-induced hepatic steatosis in mice
through regulating Sirt1/AMPKα/SREBP1 signaling path-
way. Lipids Health Dis 2017;16(1):82. doi:10.1186/s12944-017-
0464-z.

72. Long JK, Dai W, Zheng YW, Zhao SP. miR-122 promotes
hepatic lipogenesis via inhibiting the LKB1/AMPK pathway
by targeting Sirt1 in non-alcoholic fatty liver disease. Mol Med
2019;25(1):26. doi:10.1186/s10020-019-0085-2.

73. Bluemel S, Wang Y, Lee S, Schnabl B. Tumor necrosis factor
alpha receptor 1 deficiency in hepatocytes does not protect from
non-alcoholic steatohepatitis, but attenuates insulin resistance in
mice. World J Gastroenterol 2020;26(33):4933–44. doi:10.3748/
wjg.v26.i33.4933.

74. Azar S, Udi S, Drori A, et al. Reversal of diet-induced
hepatic steatosis by peripheral CB1 receptor blockade in
mice is p53/miRNA-22/SIRT1/PPARα dependent. Mol Metab
2020;42:101087. doi:10.1016/j.molmet.2020.101087.

75. Gong H, Chen H, Xiao P, et al. miR-146a impedes the
anti-aging effect of AMPK via NAMPT suppression
and NAD+/SIRT inactivation. Sig Transduct Target Ther
2022;7(1):66. doi:10.1038/s41392-022-00886-3.

76. Gao P, You M, Li L, et al. Salt-induced hepatic inflammatory
memory contributes to cardiovascular damage through epi-
genetic modulation of SIRT3. Circulation 2022;145(5):375–91.
doi:10.1161/CIRCULATIONAHA.121.055600.

77. Mehdi S, Mehmood MH, Ahmed MG, Ashfaq UA.
Antidiabetic activity of Berberis brandisiana is possibly
mediated through modulation of insulin signaling pathway,
inflammatory cytokines and adipocytokines in high fat
diet and streptozotocin-administered rats. Front Pharmacol
2023;14:1085013. doi:10.3389/fphar.2023.1085013.

78. Sabbatinelli J, Giuliani A, Kwiatkowska KM, et al. DNA
Methylation-derived biological age and long-term mortality
risk in subjects with type 2 diabetes. Cardiovasc Diabetol
2024;23(1):250. doi:10.1186/s12933-024-02351-7.

79. Mimura I, Chen Z, Natarajan R. Epigenetic alterations and
memory: key players in the development/progression of chronic
kidney disease promoted by acute kidney injury and diabetes.
Kidney Int 2025;107(3):434–56. doi:10.1016/j.kint.2024.10.031.

80. Hines IN, Stafford SB, Bradford BU, Wheeler MD. Regulation
of hepatic Sirt1 expression and lipid metabolism through TNF
receptor signaling. Front Immunol 2025;16:1627433. doi:10.
3389/fimmu.2025.1627433.

81. Yoshida GJ. Regulation of heterogeneous cancer-associated
fibroblasts: the molecular pathology of activated signaling
pathways. J Exp Clin Cancer Res 2020;39(1):112. doi:10.1186/
s13046-020-01611-0.

82. Khan O, Giles JR, McDonald S, et al. TOX transcriptionally
and epigenetically programs CD8+ T cell exhaustion. Nature
2019;571(7764):211–8. doi:10.1038/s41586-019-1325-x.

83. Yang C, Lu W, He H, Liu H. Inflammation and DNA
methylation-dependent down-regulation of miR-34b-5p medi-
ates c-MYC expression and CRL4DCAF4 E3 ligase activity
in colitis-associated cancer. Am J Pathol 2020;190(3):674–88.
doi:10.1016/j.ajpath.2019.11.013.

84. So JY, Skrypek N, Yang HH, et al. Induction of DNMT3B
by PGE2 and IL6 at distant metastatic sites promotes epige-
netic modification and breast cancer colonization. Cancer Res
2020;80(12):2612–27. doi:10.1158/0008-5472.CAN-19-3339.

85. So JY, Yang HH, Park WY, et al. DNA methyltransferase 3B-
mediated intratumoral heterogeneity and therapeutic targeting
in breast cancer recurrence and metastasis. Mol Cancer Res
2022;20(11):1674–85. doi:10.1158/1541-7786.MCR-21-0887.

86. Kuzet SE, Gaggioli C. Fibroblast activation in cancer: when seed
fertilizes soil. Cell Tissue Res 2016;365(3):607–19. doi:10.1007/
s00441-016-2467-x.

87. Vienot A, Pallandre JR, Renaude E, et al. Chemokine
switch regulated by TGF-β1 in cancer-associated fibroblast
subsets determines the efficacy of chemo-immunotherapy.
Oncoimmunology 2022;11(1):2144669. doi:10.1080/2162402X.
2022.2144669.

https://doi.org/10.1186/s13195-024-01390-2
https://doi.org/10.1186/s13195-024-01390-2
https://doi.org/10.1186/s12974-025-03426-2
https://doi.org/10.1186/s12974-025-03426-2
https://doi.org/10.1186/s12974-021-02187-y
https://doi.org/10.1186/s12974-023-02755-4
https://doi.org/10.1186/s12974-024-03231-3
https://doi.org/10.1186/s12974-024-03231-3
https://doi.org/10.7150/thno.107436
https://doi.org/10.1186/s12974-017-0964-9
https://doi.org/10.1038/s41467-023-43497-4
https://doi.org/10.1016/j.jare.2023.06.003
https://doi.org/10.7150/thno.96110
https://doi.org/10.1016/j.bbi.2020.11.024
https://doi.org/10.1016/j.bbi.2020.11.024
https://doi.org/10.1016/j.bbi.2025.06.004
https://doi.org/10.1016/j.bbi.2025.06.004
https://doi.org/10.1038/s41398-025-03776-8
https://doi.org/10.26599/fmh.2025.9420074
https://doi.org/10.26599/fmh.2025.9420074
https://doi.org/10.1016/j.cmet.2019.03.009
https://doi.org/10.1016/j.cmet.2019.03.009
https://doi.org/10.3389/fimmu.2020.00148
https://doi.org/10.1186/s12944-017-0464-z
https://doi.org/10.1186/s12944-017-0464-z
https://doi.org/10.1186/s10020-019-0085-2
https://doi.org/10.3748/wjg.v26.i33.4933
https://doi.org/10.3748/wjg.v26.i33.4933
https://doi.org/10.1016/j.molmet.2020.101087
https://doi.org/10.1038/s41392-022-00886-3
https://doi.org/10.1161/CIRCULATIONAHA.121.055600
https://doi.org/10.3389/fphar.2023.1085013
https://doi.org/10.1186/s12933-024-02351-7
https://doi.org/10.1016/j.kint.2024.10.031
https://doi.org/10.3389/fimmu.2025.1627433
https://doi.org/10.3389/fimmu.2025.1627433
https://doi.org/10.1186/s13046-020-01611-0
https://doi.org/10.1186/s13046-020-01611-0
https://doi.org/10.1038/s41586-019-1325-x
https://doi.org/10.1016/j.ajpath.2019.11.013
https://doi.org/10.1158/0008-5472.CAN-19-3339
https://doi.org/10.1158/1541-7786.MCR-21-0887
https://doi.org/10.1007/s00441-016-2467-x
https://doi.org/10.1007/s00441-016-2467-x
https://doi.org/10.1080/2162402X.2022.2144669
https://doi.org/10.1080/2162402X.2022.2144669


118 Eur Cytokine Netw. 2026;37(2)

88. Zong Y, Deng K, Chong WP. Regulation of Treg cells by
cytokine signaling and co-stimulatory molecules. Front Immunol
2024;15:1387975. doi:10.3389/fimmu.2024.1387975.

89. Lin H, Liu C, Hu A, Zhang D, Yang H, Mao Y. Under-
standing the immunosuppressive microenvironment of glioma:
mechanistic insights and clinical perspectives. J Hematol Oncol
2024;17(1):31. doi:10.1186/s13045-024-01544-7.

90. Yin H, Liu M, Zhao Y, et al. Lycii Radicis Cortex suppresses
the growth of non-small cell lung cancer via enhancing the anti-
tumor immunity. Food Sci Hum Wellness 2025;14(2):9250041.
doi:10.26599/fshw.2024.9250041.

91. Jeong H, Koh J, Kim S, et al. Cell-intrinsic PD-L1 signal-
ing drives immunosuppression by myeloid-derived suppressor
cells through IL-6/Jak/Stat3 in PD-L1-high lung cancer. J
Immunother Cancer 2025;13(3):e010612. doi:10.1136/jitc-2024-
010612.

92. Bertrand C, Van Meerbeeck P, de Streel G, et al. Combined
blockade of GARP: TGF-β1 and PD-1 increases infiltration of
T cells and density of pericyte-covered GARP+ blood vessels in
mouse MC38 tumors. Front Immunol 2021;12:704050. doi:10.
3389/fimmu.2021.704050.

93. Rassner M, Müller TA, Crossley KA, et al. Oncostatin M
induced by STAT5-activating oncogenes promotes disease pro-
gression in hematologic malignancies. Sig Transduct Target Ther
2025;10(1):400. doi:10.1038/s41392-025-02491-6.

94. Wang Z, Wang H, Guo H, et al. The circadian rhythm and
core gene Period2 regulate the chemotherapy effect and mul-
tidrug resistance of ovarian cancer through the PI3K signaling
pathway. Biosci Rep 2020;40(11):BSR20202683. doi:10.1042/
BSR20202683.

95. Li S, Motiño O, Lambertucci F, Martins I, Sun L, Kroemer G.
Protein regulator of cytokinesis 1: a potential oncogenic driver.
Mol Cancer 2023;22(1):128. doi:10.1186/s12943-023-01802-1.

96. Tufail M, Jiang CH, Li N. Immune evasion in cancer: mecha-
nisms and cutting-edge therapeutic approaches. Sig Transduct
Target Ther 2025;10(1):227. doi:10.1038/s41392-025-02280-1.

97. Kolb A, Kulis-Mandic AM, Klein M, et al. Constitutive
expression of the transcriptional co-activator IκBζ promotes
melanoma growth and immunotherapy resistance. Nat Commun
2025;16(1):5387. doi:10.1038/s41467-025-60929-5.

98. Richardson PG, Hungria VT, Yoon SS, et al. Panobi-
nostat plus bortezomib and dexamethasone in previously
treated multiple myeloma: outcomes by prior treatment. Blood
2016;127(6):713–21. doi:10.1182/blood-2015-09-665018.

99. Crabb SJ, Danson S, Catto JWF, et al. Phase I trial of
DNA methyltransferase inhibitor guadecitabine combined
with cisplatin and gemcitabine for solid malignancies
including urothelial carcinoma (SPIRE). Clin Cancer Res
2021;27(7):1882–92. doi:10.1158/1078-0432.CCR-20-3946.

100. Bever KM, Thomas DL 2nd, Zhang J, et al. A feasibility study of
combined epigenetic and vaccine therapy in advanced colorec-
tal cancer with pharmacodynamic endpoint. Clin Epigenetics
2021;13(1):25. doi:10.1186/s13148-021-01014-8.

101. Rampal RK, Grosicki S, Chraniuk D, et al. Pelabresib plus
ruxolitinib for JAK inhibitor-naive myelofibrosis: a randomized
phase 3 trial. Nat Med 2025;31(5):1531–8. doi:10.1038/s41591-
025-03572-3.

102. Tu Y, Wu H, Zhong C, et al. Pharmacological activation of
STAT1-GSDME pyroptotic circuitry reinforces epigenetic
immunotherapy for hepatocellular carcinoma. Gut
2025;74(4):613–27. doi:10.1136/gutjnl-2024-332281.

103. Tang Y, Zhang R, Mao G, et al. Impaired ARID1A expression
attenuated the immune response in gastric cancer via histone
acetylation. Clin Epigenetics 2025;17(1):2. doi:10.1186/s13148-
024-01805-9.

104. Armani-Tourret M, Gao C, Hartana CA, et al. Selection
of epigenetically privileged HIV-1 proviruses during

treatment with panobinostat and interferon-α2a. Cell
2024;187(5):1238–54.e14. doi:10.1016/j.cell.2024.01.037.

105. Dhakal B, Hari P, Chhabra S, et al. Rapamycin-resistant
polyclonal Th1/Tc1 cell therapy (RAPA-201) safely induces dis-
ease remissions in relapsed, refractory multiple myeloma. J
Immunother Cancer 2025;13(1):e010649. doi:10.1136/jitc-2024-
010649.

106. Harrison C, Heidel FH, Vannucchi AM, et al. A phase
ib dose-finding study of panobinostat and ruxolitinib in
myelofibrosis. Hemasphere 2022;6(8):e757. doi:10.1097/HS9.
0000000000000757.

107. Wen T, Sun G, Jiang W, et al. Histone deacetylases inhibitor
chidamide synergizes with humanized PD1 antibody to enhance
T-cell chemokine expression and augment Ifn-γ response in
NK-T cell lymphoma. EBioMedicine 2023;87(3):104420. doi:10.
1016/j.ebiom.2022.104420.

108. Chen J, Zuo Z, Gao Y, et al. Aberrant JAK-STAT signaling-
mediated chromatin remodeling impairs the sensitivity
of NK/T-cell lymphoma to chidamide. Clin Epigenetics
2023;15(1):19. doi:10.1186/s13148-023-01436-6.

109. Yi M, Zheng X, Niu M, Zhu S, Ge H, Wu K. Combina-
tion strategies with PD-1/PD-L1 blockade: current advances
and future directions. Mol Cancer 2022;21(1):28. doi:10.1186/
s12943-021-01489-2.

110. Hsu CL, Ou DL, Bai LY, et al. Exploring markers of
exhausted CD8 T cells to predict response to immune check-
point inhibitor therapy for hepatocellular carcinoma. Liver
Cancer 2021;10(4):346–59. doi:10.1159/000515305.

111. Yan J, Wang S, Zhang J, et al. DNA damage response-related
immune activation signature predicts the response to immune
checkpoint inhibitors: from gastrointestinal cancer analysis to
pan-cancer validation. Cancer Biol Med 2023;21(3):252–66.
doi:10.20892/j.issn.2095-3941.2023.0303.

112. Yu Y, Chen H, Ouyang W, et al. Unraveling the role of M1
macrophage and CXCL9 in predicting immune checkpoint
inhibitor efficacy through multicohort analysis and single-
cell RNA sequencing. MedComm 2024;5(3):e471. doi:10.1002/
mco2.471.

113. Ni J, Li C, Xu X, et al. Multi-omics analysis uncov-
ers predictive biomarkers for the efficacy and outcomes of
chemoimmunotherapy in advanced unresectable biliary tract
cancers. BMC Med 2025;23(1):435. doi:10.1186/s12916-025-
04263-z.

114. Ny L, Jespersen H, Karlsson J, et al. The PEMDAC phase
2 study of pembrolizumab and entinostat in patients with
metastatic uveal melanoma. Nat Commun 2021;12(1):5155.
doi:10.1038/s41467-021-25332-w.

115. Zhou JG, Donaubauer AJ, Frey B, et al. Prospective develop-
ment and validation of a liquid immune profile-based signature
(LIPS) to predict response of patients with recurrent/metastatic
cancer to immune checkpoint inhibitors. J Immunother Cancer
2021;9(2):e001845. doi:10.1136/jitc-2020-001845.

116. Reolo MJY, Otsuka M, Seow JJW, et al. CD38 marks the
exhausted CD8+ tissue-resident memory T cells in hepatocel-
lular carcinoma. Front Immunol 2023;14:1182016. doi:10.3389/
fimmu.2023.1182016.

117. Chen X, Gao A, Zhang F, et al. ILT4 inhibition prevents TAM-
and dysfunctional T cell-mediated immunosuppression and
enhances the efficacy of anti-PD-L1 therapy in NSCLC with
EGFR activation. Theranostics 2021;11(7):3392–416. doi:10.
7150/thno.52435.

118. Zeng D, Wu J, Luo H, et al. Tumor microenvironment evalua-
tion promotes precise checkpoint immunotherapy of advanced
gastric cancer. J Immunother Cancer 2021;9(8):e002467. doi:10.
1136/jitc-2021-002467.

119. Milner JJ, Toma C, Quon S, et al. Bromodomain protein BRD4
directs and sustains CD8 T cell differentiation during infection.
J Exp Med 2021;218(8):e20202512. doi:10.1084/jem.20202512.

https://doi.org/10.3389/fimmu.2024.1387975
https://doi.org/10.1186/s13045-024-01544-7
https://doi.org/10.26599/fshw.2024.9250041
https://doi.org/10.1136/jitc-2024-010612
https://doi.org/10.1136/jitc-2024-010612
https://doi.org/10.3389/fimmu.2021.704050
https://doi.org/10.3389/fimmu.2021.704050
https://doi.org/10.1038/s41392-025-02491-6
https://doi.org/10.1042/BSR20202683
https://doi.org/10.1042/BSR20202683
https://doi.org/10.1186/s12943-023-01802-1
https://doi.org/10.1038/s41392-025-02280-1
https://doi.org/10.1038/s41467-025-60929-5
https://doi.org/10.1182/blood-2015-09-665018
https://doi.org/10.1158/1078-0432.CCR-20-3946
https://doi.org/10.1186/s13148-021-01014-8
https://doi.org/10.1038/s41591-025-03572-3
https://doi.org/10.1038/s41591-025-03572-3
https://doi.org/10.1136/gutjnl-2024-332281
https://doi.org/10.1186/s13148-024-01805-9
https://doi.org/10.1186/s13148-024-01805-9
https://doi.org/10.1016/j.cell.2024.01.037
https://doi.org/10.1136/jitc-2024-010649
https://doi.org/10.1136/jitc-2024-010649
https://doi.org/10.1097/HS9.0000000000000757
https://doi.org/10.1097/HS9.0000000000000757
https://doi.org/10.1016/j.ebiom.2022.104420
https://doi.org/10.1016/j.ebiom.2022.104420
https://doi.org/10.1186/s13148-023-01436-6
https://doi.org/10.1186/s12943-021-01489-2
https://doi.org/10.1186/s12943-021-01489-2
https://doi.org/10.1159/000515305
https://doi.org/10.20892/j.issn.2095-3941.2023.0303
https://doi.org/10.1002/mco2.471
https://doi.org/10.1002/mco2.471
https://doi.org/10.1186/s12916-025-04263-z
https://doi.org/10.1186/s12916-025-04263-z
https://doi.org/10.1038/s41467-021-25332-w
https://doi.org/10.1136/jitc-2020-001845
https://doi.org/10.3389/fimmu.2023.1182016
https://doi.org/10.3389/fimmu.2023.1182016
https://doi.org/10.7150/thno.52435
https://doi.org/10.7150/thno.52435
https://doi.org/10.1136/jitc-2021-002467
https://doi.org/10.1136/jitc-2021-002467
https://doi.org/10.1084/jem.20202512


Targeting the cytokine-epigenetic axis: a new paradigm and prospects for disease treatment 119

120. Boutzen H, Madani Tonekaboni SA, Chan-Seng-Yue M, et al. A
primary hierarchically organized patient-derived model enables
in depth interrogation of stemness driven by the coding and non-
coding genome. Leukemia 2022;36(11):2690–704. doi:10.1038/
s41375-022-01697-9.

121. Lee KM, Lin CC, Servetto A, et al. Epigenetic repression
of STING by MYC promotes immune evasion and resistance
to immune checkpoint inhibitors in triple-negative breast can-
cer. Cancer Immunol Res 2022;10(7):829–43. doi:10.1158/2326-
6066.CIR-21-0826.

122. Baretti M, Murphy AG, Zahurak M, et al. A study of using
epigenetic modulators to enhance response to pembrolizumab
(MK-3475) in microsatellite stable advanced colorectal can-
cer. Clin Epigenetics 2023;15(1):74. doi:10.1186/s13148-023-
01485-x.

123. Vadevoo SMP, Gunassekaran GR, Yoo JD, et al. Epigenetic
therapy reprograms M2-type tumor-associated macrophages
into an M1-like phenotype by upregulating miR-7083-5p. Front
Immunol 2022;13:976196. doi:10.3389/fimmu.2022.976196.

124. Zhu M, Han Y, Gu T, et al. Class I HDAC inhibitors enhance
antitumor efficacy and persistence of CAR-T cells by activation
of the Wnt pathway. Cell Rep 2024;43(4):114065. doi:10.1016/j.
celrep.2024.114065.

125. Yang J, Wang C, Fu D, et al. Mature and migratory dendritic
cells promote immune infiltration and response to anti-PD-
1 checkpoint blockade in metastatic melanoma. Nat Commun
2025;16(1):8151. doi:10.1038/s41467-025-62878-5.

126. Schelker C, Nowak-Sliwinska P, Borchard G. HDACIs and
TKIs combinations and their liposomal delivery for cancer
treatment. J Control Release 2023;358(1):59–77. doi:10.1016/j.
jconrel.2023.04.006.

127. Dai E, Zhu Z, Wahed S, Qu Z, Storkus WJ, Guo ZS.
Epigenetic modulation of antitumor immunity for improved
cancer immunotherapy. Mol Cancer 2021;20(1):171. doi:10.
1186/s12943-021-01464-x.

128. Long M, Zhou Y, Guo D, et al. Unzippable siamese
nanoparticles for programmed two-stage cancer
immunotherapy. Adv Mater 2024;36(31):e2402456. doi:10.1002/
adma.202402456.

129. Dore MP, Pes GM. Trained immunity and trained toler-
ance: the case of Helicobacter pylori infection. Int J Mol Sci
2024;25(11):5856. doi:10.3390/ijms25115856.

130. Chen H, Bian A, Zhou W, et al. Discovery of the highly
selective and potent STAT3 inhibitor for pancreatic cancer treat-
ment. ACS Cent Sci 2024;10(3):579–94. doi:10.1021/acscentsci.
3c01440.

https://doi.org/10.1038/s41375-022-01697-9
https://doi.org/10.1038/s41375-022-01697-9
https://doi.org/10.1158/2326-6066.CIR-21-0826
https://doi.org/10.1158/2326-6066.CIR-21-0826
https://doi.org/10.1186/s13148-023-01485-x
https://doi.org/10.1186/s13148-023-01485-x
https://doi.org/10.3389/fimmu.2022.976196
https://doi.org/10.1016/j.celrep.2024.114065
https://doi.org/10.1016/j.celrep.2024.114065
https://doi.org/10.1038/s41467-025-62878-5
https://doi.org/10.1016/j.jconrel.2023.04.006
https://doi.org/10.1016/j.jconrel.2023.04.006
https://doi.org/10.1186/s12943-021-01464-x
https://doi.org/10.1186/s12943-021-01464-x
https://doi.org/10.1002/adma.202402456
https://doi.org/10.1002/adma.202402456
https://doi.org/10.3390/ijms25115856
https://doi.org/10.1021/acscentsci.3c01440
https://doi.org/10.1021/acscentsci.3c01440

	Targeting the cytokine-epigenetic axis: a new paradigm and prospects for disease treatment
	1 Introduction
	2 Core Mechanisms of Cytokine Regulation of Epigen- etics
	3 The Role of the Cytokine-Epigenetic Axis in Major Diseases
	4 Targeted Treatment Strategies and Their Signifi- cance
	5 Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


