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Abstract. The present review explored the mechanism of
the TGF-f1/p38MAPK /fibronectin (FN) signaling axis and
immune cells during radiation esophagitis (RE) ulcer repair.
A comprehensive analysis of the literature revealed that the
TGF-p1/p38MAPK/FN signaling axis has a dual role in RE.
Specifically, it initially promotes esophageal epithelial mucosal
repair, but hyperactivation would then trigger tissue fibrosis.
The intricate interplay between immune cells (macrophages,
T cells and dendritic cells) and this signaling axis during the
repair process of RE has been elucidated. Macrophages, in
particular, serve a pivotal role in repair through polarization
state switching. The influence of T-cell subpopulation differ-
entiation and functional regulation on the immune response
and tissue repair has also been demonstrated. By contrast,
dendritic cells have been found to activate the immune
response, though their function is repressed by TGF-f31. The
complexity of RE's pathological process limits understanding
into how the TGF-f1/p38MAPK/FN signaling axis precisely
regulates immune cells at different repair stages, along with
immune cells' properties and interactions. In the future, it is
recommended that in-depth studies be conducted with the
application of multi-omics and single-cell sequencing tech-
nologies, which are expected to contribute to the development
of novel therapeutic strategies for RE and the advancement of
RE clinical treatments.
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1. Introduction

Radiation esophagitis (RE) is a prevalent complication of
radiotherapy for patients with thoracic tumors, leading to
a variety of symptoms, such as dysphagia and pain, which
significantly impact their quality of life (1). Additionally, RE
can impede the efficacy of radiotherapy, reducing local control
of the tumor and patient survival rates (1). The prevalence of
RE has increased in recent years, driven by both the rising
number of patients with thoracic tumors and advancements
in radiotherapy techniques (2-4). Although these advanced
techniques reduce severe RE (= Grade 3), they increase overall
RE prevalence via dose escalation (=40 Gy), combined regi-
mens, such as immunotherapy-radiotherapy and unavoidable
esophageal irradiation due to anatomical overlap between
the esophagus and tumor targets (5). In thoracic tumor radio-
therapy, the incidence of RE ranges 30-80%, with the highest
incidence observed following radiotherapy for esophageal
cancer (50-80%) (6,7). By contrast, the incidence after lung
cancer radiotherapy is 20-50% (5,8). This phenomenon is asso-
ciated with various factors, including the radiation dose (where
the incidence increases significantly at =40 Gy), radiation field
(where the risk increases when the length of the esophagus
included in the radiation field is >5 cm) and the patient's under-
lying conditions (such as diabetes and gastroesophageal reflux
disease) (8,9).

The employment of precise radiotherapy techniques has
led to a decline in the incidence of severe RE (= grade 3), from
20 to 10% over the 2004-2013 study period; recent advances
in proton beam therapy and intensity-modulated radio-
therapy have further reduced this rate to 6-8% (2015-2023)
in contemporary practice (8,10). However, symptoms caused
by RE remain a significant reason for the interruption of
radiotherapy in clinical practice (3). The primary objective
of research on RE is to achieve a balance between repair and
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fibrosis. As demonstrated by previous studies, the TGF-31/p38
p38MAPK pathway has been identified as a pivotal regulatory
node for this disease (11,12). Nevertheless, the precise roles of
immune cells at varying stages of RE remain to be elucidated,
a subject that forms the core of the present review (12,13).
Although pharmacological treatments, nutritional support
and endoscopic intervention are among the currently avail-
able therapeutic strategies, their effectiveness in alleviating
symptoms and promoting tissue repair remains limited, where
they are associated with adverse effects and complications (3).
Consequently, there is a necessity to explore the pathophysi-
ological mechanisms of RE in-depth to identify novel effective
therapeutic targets and strategies.

Immune cells serve a dual role in tissue repair. They can
promote an inflammatory response through cytokine and
chemokine secretion to remove pathogens and necrotic cells
from damaged tissues. By contrast, excessive inflammation
may exacerbate tissue damage and impede repair (9,10).
The TGF-B1/p38MAPK/fibronectin (FN) signaling axis
exerts influence on tissue repair and fibrosis by modulating
cell proliferation, differentiation, migration and extracellular
matrix (ECM) remodeling (12-15). A comprehensive review of
the literature, has been undertaken to explore the involvement
of immune cells (macrophages, T cells and dendritic cells) and
their interactions with the TGF-$1/p38MAPK/FN signaling
axis during RE ulcer repair in the present review. The aim of
the present review is to identify novel targets and strategies for
the treatment of RE.

2. Pathophysiological mechanisms of RE

The process of radiation-induced damage to the esophageal
mucosa is characterized by its dynamism and progressive
nature. Over time, the inflammatory response transitions from
an acute phase to a proliferative phase, which may progress to a
chronic fibrotic stage owing to a reparative imbalance (9). The
pathological characteristics, clinical symptoms and molecular
mechanisms vary significantly across these stages, which
can be categorized into three phases. During the first phase,
which is the acute phase, is characterized by the period of time
during and following radiotherapy, extending for ~2 weeks
after the conclusion of treatment. The principal manifesta-
tions include dysphagia pain (80% patients), dysphagia (60%)
and a burning sensation in the region behind the sternum
patients after alimentary intake. An endoscopic examination
will typically reveal esophageal mucosal congestion and
edema (grade 1) or patchy erosion (grade 2) (8,9). The second
stage is known as the subacute stage, which typically occurs
2-4 weeks post-treatment. During this stage, the severity of
symptoms escalates, marked by the emergence of persistent
ulcers (Grade 3), with a subset of patients potentially encoun-
tering hematemesis as a consequence of mucosal vascular
damage (with an incidence rate of 5-8%) (9). The third stage is
the chronic stage, occurring >4 weeks after radiotherapy. This
stage is characterized by esophageal fibrosis and stricture,
presenting as progressive dysphagia (incidence rate, 10-15%),
with severe cases requiring enteral nutrition support (8,9).

Molecular and cytological basis of radiation damage.lonizing
radiation has been demonstrated to induce direct DNA damage

in esophageal epithelial cells, manifesting as double-strand
breaks and base damage, thereby activating DNA damage
repair mechanisms (16,17). Concurrently, radiation-induced
damage has been shown to disrupt the normal progression
of the cell cycle and activate cell cycle checkpoints (18,19).
Furthermore, the damage induced by ionizing radiation has
been shown to trigger changes in intercellular signaling.
TGF-p1 is a pivotal factor in the initiation and termination of
cell repair that serves a regulatory role in mucosal tissue repair
in conjunction with FN. Activation of the p38MAPK signaling
pathway promotes FN production, thereby facilitating rapid
repair of the esophageal epithelial mucosa (20).

Epithelial damage and fibrotic processes. Epithelial cell
damage in the esophagus is an early pathological change of
RE, which can lead to the destruction of the epithelial barrier
function. This frequently manifests as mucosal congestion,
edema, epithelial cell degeneration and necrosis, which in turn
triggers an aseptic inflammatory reaction (21). Miao et al (22)
previously assessed the intervention effect of morin
(3,5,7,2' 4'-pentahydroxyflavone; a natural flavonol, predomi-
nantly isolated from plants, such as Morus alba and guava
leaves;) on the peroxisome proliferator-activated receptor
(PPAR)-y/glutaminolysis/DEPTOR signaling pathway under
inflammatory conditions. Using a bleomycin-induced mouse
lung fibrosis model (in vivo) and a TGF-f1/hypoxia-stimulated
NIH-3T3 fibroblast model (in vitro), it was demonstrated that
morin reversed the following three key pathological altera-
tions: i) Suppression of PPAR-y (bleomycin/TGF-1 reduced
PPAR-y protein and mRNA expression levels by ~65 and
~58%, respectively and decreased nuclear translocation from
72 to 29%); ii) hyperactivation of glutaminolysis (evidenced
by a ~2.3X increase in the activity of the rate-limiting enzyme
glutaminase-1); and iii) downregulation of DEPTOR with
concomitant mMTORC]1 activation (DEPTOR protein decreased
by ~62%, leading to a ~2.4-fold increase in mTOR phosphory-
lation). These conclusions were supported by detecting the
expression of the myofibroblast marker a-smooth muscle actin
(SMA) (22). a-SMA expression was found to be upregulated
specifically in lung fibroblasts (and their differentiated myofi-
broblasts) in bleomycin-induced mouse lungs (in vivo) and in
TGF-pB1/hypoxia-stimulated NTH-3T3 fibroblasts (a mouse
embryonic fibroblast cell line, in vitro) under an inflammatory
environment, whereas morin could inhibit the transformation
of resident lung fibroblasts (which normally reside in the lung
interstitium, the connective tissue between alveolar walls) to
myofibroblasts (22). This suggests that factors, such as inflam-
mation, may influence the relevant signaling pathways in lung
fibrosis, which details organ-nonspecific cell cycle regulatory
mechanisms [including ataxia telangiectasia and rad3-related
(ATR)/checkpoint kinase 1 (Chkl)/Weel pathways and
cyclin-CDK complexes] that control fibroblast survival
and activation (23). These mechanisms directly apply to
esophageal biology. In RE, esophageal fibroblasts use similar
inflammation-modulated cell cycle checkpoints (such as
G2-phase activation through ATR/Chk1) and activity-depen-
dent cell cycle progression to proliferate and contribute
to esophageal fibrosis, mirroring the fibroblast regulation
described in the lung models (23). These factors may activate
the fibroblast-to-myofibroblast transformation process by
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Table I. Association between radiation esophagitis pathological staging and immune signaling.

Status of TGF-$1/

Pathological p38MAPK/FN signaling
staging Time window Main pathological features Immune cell changes axis
Acute Early stage after Degeneration and necrosis Macrophages may be Mild activation of TGF-1;

inflammatory radiotherapy of esophageal epithelial

phase (1-2 weeks) cells; mucosal congestion
and edema, triggering
aseptic inflammatory
responses (12)

Repairand  Mid-stage after  Proliferation and migration

proliferation radiotherapy of epithelial cells; formation

phase (2- 4 weeks) of granulation tissue; gradual
attenuation of inflammatory
responses (12,22)

Fibrosis Late stage after ~ Fibroblasts are activated and

phase radiotherapy transdifferentiated into

(>4 weeks) myofibroblasts, secreting

large amounts of
extracellular

matrix components (such as
collagen and FN), leading to
tissue fibrosis and scar
formation (9,22)

predominantly polarized to

the M1 phenotype, potentially
secreting proinflammatory
factors, such as TNF-o and IL-
1B; Th1 cells may be dominant
among T cell subsets
(11,26,32)

Macrophages polarize toward
the M2 phenotype, secreting
anti-inflammatory factors such
as IL-10 and TGF-p1;
differentiation and expansion
of regulatory T cells occur (a
conventional mechanism based
on immune homeostasis
regulation, where this process
is associated with the immune
regulation mediated by
TGF-B1 secreted by
macrophages) (26,33)
Macrophages continuously
secrete TGF-f1, participating
in pathological processes by
promoting fibrosis; the massive
deposition of FN and collagen
by dendritic cells is inhibited,
due to the general inhibitory

p38MAPK pathway
initiated, promoting early-
stage FN synthesis to
accelerate mucosal repair
(13,24)

Sustained activation of
TGF- p1; p38MAPK
pathway mediates massive
FN synthesis, promoting
epithelial regeneration
and matrix

remodeling (24,34)

Excessive activation of
TGF-B1; p3SMAPK
pathway remains
hyperactivated; massive
deposition of FN and
collagen occurs, further
exacerbating tissue fibrosis

effect of TGF-B1 on dendritic ~ (10,13)
cells, resulting in weakened

immune activation (25)

FN, fibronectin.

regulating relevant signaling pathways. This transformation is
a conserved driver of organ fibrosis, including in the esophagus
and aligns with established cell cycle regulatory mechanisms.
In esophageal pathologies, such as RE (a precursor to fibrosis),
local fibroblasts are stimulated by pro-fibrotic cues (including
TGF-p1) to activate the ATR/Chk1l/Weel signaling axis.
This pathway induces G2 checkpoint arrest, which promotes
fibroblast survival by facilitating DNA damage repair and
subsequently enables their differentiation into myofibroblasts.
This regulatory pattern, which mirrors cell cycle-dependent
activation processes characterized in general fibrotic disease
pathogenesis, directly associates the observed esophageal
fibroblast behavior with the well-documented mechanisms of
fibroblast-to-myofibroblast transformation (23). Furthermore,
as the inflammatory response to RE continues, the activation
and transformation of fibroblasts into myofibroblasts may be

triggered, resulting in the secretion of substantial amounts of
ECM (such as collagen and FN), leading to tissue fibrosis and
scar formation (12). The resulting fibrosis imposes limitations
on the dilatation function of the esophagus and can also give rise
to fibrosis-related symptoms, including esophageal stricture,
dysphagia and chronic ulceration, which can have a severely
deleterious effect on patients' swallowing function (24).
Furthermore, overactivation of the p38MAPK signaling
pathway can aggravate the fibrosis (22). Table I systematically
associates pathological stages of RE with immune signaling
across three phases. During the acute inflammatory phase
(1-2 weeks post-radiotherapy), esophageal epithelial necrosis
and mucosal edema trigger aseptic inflammation, concomitant
with M1 macrophage polarization (characterized by TNF-a
and IL-1p secretion) and mild TGF-B1/p38MAPK/FN axis
activation, to initiate repair. In the proliferative repair phase
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(2-4 weeks), epithelial regeneration and granulation tissue
formation occur alongside M2 macrophage polarization
(marked by IL-10 and TGF-p1 secretion) and regulatory T
cell (Treg) expansion. These processes are driven by sustained
TGF-p1/p38MAPK activation, which promotes FN synthesis.
By the fibrosis phase (>4 weeks), fibroblast transdifferentia-
tion into myofibroblasts results in excessive ECM deposition.
Concurrently, macrophages secrete TGF-f1 whilst dendritic
cell function is suppressed. Both of the aforementioned
phenomena are associated with hyperactivation of the
TGF-f1/p38MAPK/FN axis, ultimately exacerbating tissue
fibrosis (8,9,12,22,25,26).

To counteract excessive inflammation from M1 macro-
phage polarization in the acute inflammatory phase,
administration of low-dose PPARY agonist rosiglitazone has
been reported to promote early transition to the M2 pheno-
type, accelerating inflammation resolution (27). In the repair
and proliferation phase, modulating T-cell subset balance
can enhance tissue repair. Low-dose IL-2 can expand the
Tregs population by 15-20%, whilst carefully controlled
TGF-P1 activity can avoid pro-fibrotic transformation (28,29).
This control is achieved by RE-stage-specific strategies:
1) p38MAPK inhibition (using the specific inhibitor SB203580)
to reduce excessive FN synthesis; ii) timed administration of
the TGF-p1 neutralizing antibody fresolimumab following the
initial repair phase; and iii) low-dose TGF-p1 supplementation
tailored to RE progression. In addition, targeting hyperacti-
vated TGF-B1/p38MAPK signaling using the monoclonal
antibody fresolimumab can block TGF-f1-receptor binding
to inhibit fibroblast-to-myofibroblast transdifferentiation and
reduce collagen deposition (30).

3. Molecular mechanisms of the TGF-$1/p38SMAPK/FN
signaling axis

Multiple functions of TGF-$1. TGF-B1 is a multifunctional
cytokine with several biological functions, including the
regulation of cell proliferation, differentiation, apoptosis,
migration and immune response (31). Excessive ECM
deposition is the main feature of fibrosis (12). In previous
studies of experimental liver fibrosis, inhibition of FN
deposition has been shown to reduce collagen accumulation
and attenuate fibrosis (13,32). Similarly, in RE, TGF-$1 has
been found to promote the synthesis and deposition of FN
and collagen by activating the p38MAPK signaling pathway
(12,26). This observation is supported by studies using the
Sprague-Dawley rat RE model, which is established through
targeted thoracic radiotherapy (40 Gy single dose) to mimic
clinical radiation-induced esophageal injury. Notably, this may
induce the transformation of fibroblasts into myofibroblasts
and in turn fibrosis of the tissue. In addition, TGF-f1 may
inhibit the inflammatory response and promote tissue repair
by regulating immune cell function. Specifically, it drives the
M1-to-M2 phenotypic transition of macrophages. This process
is mediated by activating the p38MAPK pathway, which
induces secretion of the anti-inflammatory cytokines IL-10
and TGF-p1. It also induces the differentiation of naive CD4+
T cells into regulatory T cells (Tregs). This differentiation
relies on Smad/forkhead box (Fox)p3 signaling to suppress
T helper 1 cell (Thl cell)-mediated excessive inflammation.

These regulatory effects of TGF-f1 are consistent with
observations in Sprague-Dawley rat RE models and clinical
studies (11,12,29).

p38MAPK signaling pathway. The p38MAPK signaling
pathway has been found to be present in a wide range of
eukaryotes (33) and has been identified as pivotal in various
biological processes, including cellular stress response,
inflammation regulation, cell proliferation, differentiation
and apoptosis (25,27,34). Zhang et al (12) previously demon-
strated that the TGF-f1/p38MAPK/FN signaling pathway
may be implicated in esophageal mucosal repair. To confirm
this, a Sprague-Dawley rat RE model was established by
40 Gy single-dose upper esophageal irradiation. H&E
staining was used to track temporal changes in esophageal
mucosal pathology, whereas reverse transcription-quantitative
PCR/Western blotting were used to detect expression dynamics
of key pathway molecules (TGF-$1, p38MAPK and FN).
TGF-p1 and p38MAPK were observed to be upregulated early
(week 1 post-irradiation) during acute mucosal damage, whilst
FN expression recovered later (weeks 3-4) alongside epithe-
lial regeneration. These findings suggest that the p38MAPK
signaling pathway is closely associated with the development
of RE and mucosal repair.

FN.FN is a macromolecular glycoprotein that is a constituent
of the ECM and has been reported to be involved in various
biological processes, including cell adhesion, migration and
differentiation (29). Its role in ulcer healing has been exten-
sively reported, with previous studies demonstrating its ability
to promote mucosal repair, contribute to ECM remodeling
and regulate cell signaling in the specific context of RE ulcer
repair (28). Furthermore, FN can regulate cell physiology
through interactions with the TGF-p1 and p38MAPK signaling
pathways, thereby contributing to RE ulcer repair (26).

FN is a key downstream molecule of the TGF-f1/
p38MAPK/FN signaling axis. Its expression and function are
regulated upstream by TGF-p1 activation and the p3SMAPK
pathway (12). Upon activation, TGF-p1 promotes FN
synthesis through the p38MAPK pathway. In turn, FN exerts
feedback regulation on the signaling axis primarily through
ECM remodeling-mediated mechanotransduction and latent
TGF-p1 sequestration (12). Separately, the sequential process
of TGF-P1 activation (initiation), pP38MAPK phosphorylation
(transduction) and FN deposition (execution) constitutes the
core pathway driving RE progression (12). The synergistic
action of this signaling axis constitutes the core molecular
basis for mucosal regeneration, inflammation resolution and
fibrosis progression during RE ulcer repair (12). It also lays
the groundwork for the subsequent exploration of how immune
cells regulate RE repair, which is achieved through their inter-
actions with TGF-B1, p38MAPK and FN (35).

FN functions as a pivotal downstream effector in the
TGF-f1/p38MAPK/FN signaling axis. Critically, FN estab-
lishes a self-reinforcing feedback loop through the following
two mechanistically distinct yet interconnected pathways:
i) Mechanotransduction-mediated amplification, where
FN deposition increases ECM stiffness, activating integrin
p1-dependent focal adhesion kinase/Src signaling (this cascade
upregulates TGF-p receptor II expression and enhances
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Figure 1. Visualization of immune regulation and tissue repair mechanisms of radiation esophagitis through the TGF-f1/p38MAPK/FN signaling axis.
Schematic diagram illustrating the mechanism of immune cell involvement and the TGF-B1/p38MAPK/FN axis in radioactive esophagitis ulcer repair. M1
macrophages secrete pro-inflammatory cytokines (IL-1f and TNF-a) at the ulcer sites. M2 macrophages, activated to secrete IL-10 and TGF-f1, can activate
the p38MAPK pathway through TGF-f1. Notably, these M2-derived cytokines (IL-10 and TGF-1) inhibit Thl cells rather than activating them. Tregs also
secrete IL-10 and TGF-f1 to inhibit Thl cells. The TGF-p1/p38MAPK pathway promotes FN synthesis. Dendritic cells (with a spiky, green appearance) and
other components (TNF-a, IL-1f and the damaged tissue area) in the esophageal tissue microenvironment participate in this repair-related immune regulation
and tissue remodeling process. FN, fibronectin; Tregs, Regulatory T cells; Th1, T helper 1 cells.

cellular sensitivity to TGF-f1, thereby amplifying p38MAPK
phosphorylation and driving further FN synthesis, forming
a positive feedback circuit) (2,13,26); and ii) biochemical
reservoir function, where the ED-A domain of FN binds latent
TGF-p-binding protein-1, anchoring latent TGF-f31 within the
ECM, which establishes a localized high-concentration reser-
voir to facilitate sustained TGF-f1 activation and perpetuate
pathway signaling (3,13,36). Collectively, this dual feedback
mechanism, operating through the ‘signal initiation (TGF-p1
release)/pathway transduction (p38MAPK phosphoryla-
tion)/effector execution (FN deposition)’ cascade, constitutes
the molecular basis for the transition from physiological repair
to pathological fibrosis in chronic RE (Fig. 1) (4).

4. Role of immune cells in RE repair and its association
with the TGF-$1/p38MAPK/FN axis

Macrophages. Macrophages are pivotal in tissue repair,
exhibiting both proinflammatory and anti-inflammatory func-
tions through polarization state transition (30). During the
early phase of tissue injury and inflammation, macrophages
secrete proinflammatory factors (such as TNF-a and IL-1p)
through M1 polarization to promote inflammation. As the
repair process advances, macrophages then convert to the
M2 subtype, which predominantly secrete anti-inflammatory
cytokines (including IL-10 and TGF-f31) to inhibit inflamma-
tion and promote tissue repair (37). This process (macrophage
M1-to-M2 polarization) has been widely observed in other
inflammatory diseases, including pulmonary fibrosis, diabetic
pulmonary injury and burn wound inflammation (22,26). In

these conditions, macrophage phenotypic switching similarly
mediates inflammation resolution and tissue repair, which is
consistent with the aforementioned mechanisms. However,
the specific mechanism in RE in this specific context require
further investigation.

In RE, M2-type polarization of macrophages may be
closely associated with the TGF-1/p38MAPK/FN signaling
axis. TGF-B1 is a key factor in macrophage polarization and
can regulate the inflammatory response of macrophages
through the activation of the p38M APK signaling pathway (13).
In addition, TGF-f1 promotes macrophage polarization
towards the M2 phenotype by upregulating the expression of
key surface receptors, including CD206 (mannose receptor),
CD163 (haptoglobin-hemoglobin scavenger receptor), TGF-f§
receptor II and IL-10 receptor. Concurrently, TGF-$1 acti-
vates critical signaling pathways, such as Smad2/3, PI3K/Akt
and STAT6, which collectively drive the M2 polarization
program (36). Upregulation of FN may synergize with TGF-f1
to promote the restoration of the esophageal mucosal tissue
architecture (12,26). During the ulcer repair process in RE,
TGF-B1 activates the p3SMAPK pathway, promoting FN
synthesis. As shown in Fig. 1, M2 macrophages (characterized
by IL-10 and TGF-f1 secretion) are activated through this
axis, whilst simultaneously inhibiting Thl cells through IL-10
and TGF-p1, thereby creating an anti-inflammatory microen-
vironment conducive to tissue repair.

T Cells. The differentiation and functional regulation of T
cell subpopulations in the immune response can result in
important effects on tissue repair. Radiation damage activates
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CD4+ helper T cells and CD8+ cytotoxic T cells through
antigen-presenting cells, which participate in the immune
response and repair processes (25). CD4+ T cells regulate the
activity of other immune cells by secreting cytokines during
immune responses, whereas CD8+T cells directly remove
radiation-damaged cells through cytotoxic effects (38,39).

In RE, IFN-v secreted by Thl cells can promote inflam-
matory responses and cellular immunity, whereas 1L-4, IL-5
and IL-13 secreted by T helper 2 cells (Th2 cells) tend to
suppress inflammatory responses and promote humoral immu-
nity (1,40). It has been shown that TGF-$1 can induce T cells
to differentiate into Tregs, thereby inhibiting Thl cell activity
and attenuating inflammatory responses (41,42). Furthermore,
ovarian cancer cells can drive the differentiation of CD8+ T
cells into Tregs with suppressive functionality, a process medi-
ated through activation of the p38MAPK signaling pathway
within CD8+ T cells (34,43). This mechanism is distinct from
TGF-f-induced CD4+ Treg generation (34). This indicates
that activation of the p38MAPK signaling pathway can affect
T cell differentiation and function, which can influence the
course of the immune response (44-46). The integration of
immune regulation and tissue repair is a fundamental aspect
of RE therapy, where by regulating the function and subpopu-
lation balance of T cells, it can promote tissue repair and
attenuate fibrosis (47).

Dendritic cells. Dendritic cells are antigen-presenting cells
that are pivotal in initiating T-cell immune responses (48).
In RE, dendritic cells capture and process antigens from
damaged tissues and present them to T cells to activate an
immune response (49,50). TGF-f31 has been shown to inhibit
the maturation and activation of dendritic cells, reduce the
expression of co-stimulatory molecules on their surface,
such as CD80 (B7-1), CD86 (B7-2), CD40 and ICOS ligand,
thereby inhibit T cell activation (51). Therefore, the TGF-p1
signaling axis can regulate dendritic cell function, affecting
their antigen-presenting capacity and immune activation prop-
erties (45). Furthermore, TGF-f1 has been shown to activate
specific T cell subpopulations, including regulatory Tregs
and Th2 cells, through dendritic cells, with the p38MAPK
signaling pathway potentially contributing to dendritic cell
maturation, migration and antigen presentation (52). The
interaction of dendritic cells with TGF-1/p38MAPK may
contribute to the repair of esophagitis and the establishment
of immune tolerance by regulating immune homeostasis.
Nevertheless, controversy persists regarding the specific role
of dendritic cells in RE repair and their relationship with the
signaling axis (35,53).

5. Integrative mechanisms of signaling axis and immune
cell interaction regulation

The repair process in RE can be characterized by the
regeneration of tissue cells and the fine regulation of the
immune system (11). The TGF-p1/p38MAPK/FN signaling
axis significantly influences the inflammatory response
and tissue repair by regulating immune cell function.
Macrophages participate in the repair process through polar-
ization state transition. Specifically, TGF-P1 activates the
p38MAPK signaling pathway, promoting the polarization of

macrophages toward the anti-inflammatory M2 phenotype,
which inhibits excessive inflammation and facilitates tissue
repair (54-57). Balanced differentiation of T cell subsets
can contribute to repair. TGF-B1 not only induces Treg
differentiation to suppress inflammation, but can also regu-
late T cell function through the p38MAPK pathway. This
regulation specifically involves inhibiting the secretion of
pro-inflammatory cytokines (such as IFN-y) from Thl cells,
promoting the production of anti-inflammatory cytokines
(including IL-4, IL-10) by Th2 cells and modulating T cell
proliferation and differentiation, which collectively maintain
immune homeostasis and promote tissue repair (41). As key
antigen-presenting cells, dendritic cells can initiate T cell
immune responses. However, their maturation and activation
are inhibited by TGF-f1, resulting in the reduced expression
of surface co-stimulatory molecules and indirect suppression
of T cell activation (55). Additionally, the p38MAPK signaling
pathway may be involved in the maturation, migration and
antigen presentation of dendritic cells (58-60). Together, these
form a complex network of interactive regulation between
the signaling axis and immune cells, supporting the dynamic
balance of RE repair. Table II associates the RE clinical
stages (RTOG criteria) with pathological features, clinical
manifestations and immune/TGF-f1/p38MAPK/FN axis
dynamics. Grade 1 RE (acute inflammatory phase, 1-2 weeks)
manifests as mild dysphagia with mucosal congestion, domi-
nated by M1 macrophage-mediated inflammation through
TNF-a/IL-1p secretion. Concurrent early activation of the
TGF-p1/p38MAPK axis initiates FN synthesis (8,9,12,26).
Grade 2 RE (proliferative repair phase, 2-4 weeks) pres-
ents with analgesia-requiring dysphagia and scattered
ulcers. M2 macrophage polarization and Treg expansion
occur alongside sustained TGF-$1/p38MAPK activation,
driving substantial FN production (8,9,26,61). Grades 3-4
RE (fibrotic phase, 4-8/>8 weeks) exhibit confluent ulcers,
luminal stenosis or perforation. Progressive FN deposition
and axis hyperactivation, mechanistically linked to fibroblast
transdifferentiation and ECM remodeling, are supported by
experimental evidence (12,13,31,36).

The prognosis of RE associates with disease severity.
Patients with grade 1-2 RE typically achieve remission within
4 weeks post-radiotherapy without long-term sequelae. By
contrast, 30% patients with grade 3-4 RE develop permanent
esophageal strictures, accompanied by a 2X higher incidence
of 5-year malnutrition and a 15% increased tumor recurrence
risk compared with those in non-RE cohorts (8,9). Emerging
cell-based therapies, including regulatory T-cell transplanta-
tion and induced pluripotent stem cell-derived immune cells,
represent innovative treatment strategies. Future clinical trials
must evaluate the safety, efficacy and feasibility of these
approaches to establish evidence-based clinical management
protocols for RE.

6. Conclusions and future perspectives

Radiation injury initiates epithelial cell damage, triggering
TGF-B1 activation, which drives p38MAPK phosphorylation
and modulates immune cell functions. Fig. 2 outlines the
regulatory cascade, where TGF-B1 promotes M2 macro-
phage polarization and Treg differentiation during the early
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Table II. Pathological features, immune regulation and signaling mechanisms across different clinical stages of radiation

esophagitis.

Clinical staging

(Radiation
Therapy Corresponding
Oncology pathological Relationship among immune cells, signaling axis and
Group criteria) staging Clinical features regulation
Grade 1 Acute inflammatory ~ Mild dysphagia-related M1 macrophages dominate the inflammatory response,
phase (1-2 weeks) pain; endoscopic findings  secreting proinflammatory factors, such as TNF-a
of mucosal congestion and IL-1f; TGF-B1 initiates early activation and
(9,10) the p38MAPK pathway is activated to induce early
synthesis of FN (12,26)
Grade 2 Repair and Dysphagia pain requiring M2 macrophages polarize, secreting anti-inflammatory
proliferation phase analgesia; endoscopic factors, such as IL-10 and TGF-$1, to promote
(2-4 weeks) findings of scattered repair; the proportion of regulatory T cells (Tregs)
ulcers (8.,9) increases to suppress excessive immune responses;
sustained activation of TGF-B1 promotes massive
FN synthesis through the pP38MAPK pathway
(12,26,60)
Grade 3 Early fibrosis phase =~ Dysphagia requiring Macrophages continuously secrete TGF-f31; the
(4-8 weeks) nutritional support; p38MAPK pathway is overactivated (with increased
endoscopic findings of phosphorylation levels), leading to enhanced FN
confluent ulcers (8.,9) deposition and driving the fibrosis process (12,13,31)
Grade 4 Fibrosis phase (>8 Esophageal The proportion of myofibroblasts increases; the TGF-
weeks) stricture/perforation; B1/p38MAPK signaling axis is hyperactivated,

endoscopic findings of
luminal stenosis (8,9)

promoting massive deposition of collagen and FN,
ultimately leading to esophageal luminal stenosis

(13,36)

FN, fibronectin.

repair phase, whereas excessive FN deposition mediated by
p38MAPK leads to tissue fibrosis during the late phase.

In the present review, the regulatory role of the
TGF-B1/p38MAPK/FN signaling axis in RE ulcer repair
and its interaction mechanisms with immune cells (macro-
phages, T cells and dendritic cells) were discussed. The
TGF-B1/p38MAPK/FN signaling axis serves a multifaceted
role in RE development. During the early phase of RE ulcer
repair, this signaling axis is activated, with TGF-f1 contrib-
uting to esophageal epithelial mucosal repair by activating the
p38MAPK pathway. This promotes FN and collagen synthesis
and their deposition in the esophageal epithelium (12).
However, persistent hyperactivation of this axis has been
shown to promote the transformation of fibroblasts to myofi-
broblasts, which in turn can trigger excessive deposition of the
ECM. This can then lead to tissue fibrosis, resulting in esopha-
geal stenosis and dysphagia (9). These effects can seriously
interfere with the normal life of the patients and decrease the
efficacy of radiotherapy. Immune cells, such as macrophages,
T cells and dendritic cells, are closely associated with this
signaling axis in RE repair. Macrophages can perform different
functions through polarization state transitions, with the early
MI-type polarization initiating an inflammatory response to
clear foreign bodies, whereas later polarization to the M2-type

under regulation of the TGF-1/p38MAPK/FN signaling axis
inhibits inflammation and promotes tissue repair (54,62,63).
The differentiation of T-cell subpopulations and their func-
tional regulation can also affect the immune response and
tissue repair. TGF-$1 has been shown to induce regulatory
T-cell differentiation, inhibit inflammation and regulate
the function of specific T-cell subsets (Tregs and Thl cells)
through the p38MAPK/FN signaling pathway (43,64,65). This
regulation includes enhancing Treg suppressive function, such
as upregulating Foxp3 and secreting IL-10, whilst suppressing
Th1 pro-inflammatory function, such as reducing IFN-y and
TNF-a production. Dendritic cells, as antigen-presenting
cells, can activate the immune response, but TGF-$1 has
been shown to inhibit their maturation and activation, thereby
affecting the immune response and its interrelationship with
the signaling axis. However, this remains a subject of ongoing
debate, where it may be potentially significant for regulating
immune homeostasis and promoting esophagitis repair. During
the early repair stage of RE (1-2 weeks after radiotherapy), the
PPARY agonist rosiglitazone can promote the polarization of
macrophages to the M2 phenotype, accelerating the resolution
of inflammation (66). During the fibrotic stage (>4 weeks), the
TGF-B1 monoclonal antibody fresolimumab (1 mg/kg, Q2W)
has been shown to reduce collagen deposition by 35% in a
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Figure 2. TGF-B1/p38MAPK signaling axis mediates immune cell regulation and tissue fibrosis progression after radiation injury. Radiation-induced esopha-
geal epithelial damage (including DNA damage and barrier disruption) activates TGF-f1. TGF-f1 coordinately regulates immune cell responses through
direct regulation (promoting M2 polarization of macrophages, inducing Treg differentiation and inhibiting dendritic cell maturation) and p38M APK-mediated

signaling modulation. Ultimately, the dynamic functions of immune cells (promoting repair in the early stage and fibrosis in the late stage) drive the patho-
logical transition of radiation esophagitis from tissue repair to fibrotic progression. Treg, regulatory T cells.

phase II trial of idiopathic pulmonary fibrosis, which may be
translatable to RE treatment (67).

As shown in Table III, specific experimental data from
targeted drugs provide insights for RE treatment. Fresolimumab
reduced collagen deposition by 35% in a phase II trial of
idiopathic pulmonary fibrosis (12,30). Emerging iPSC-derived
cell therapies represent innovative alternatives, necessitating
rigorous trials to establish evidence-based protocols.

Given the pivotal role of the TGF-B1/p38MAPK/FN axis
in RE fibrosis, mechanistic rationale supports targeting this
pathway. SB203580 (p38MAPK-specific inhibitor) can theo-
retically suppress excessive FN synthesis during repair phase
and reduces ECM deposition in fibrosis phase, consistent
with observed attenuation of esophageal mucosal fibrosis in
Sprague-Dawley rat RE models (12).

Given the complexity, spatiotemporal dynamics and
cellular heterogeneity of the pathological process of RE,
current understanding of the mechanisms by which the
TGF-B1/p38MAPK/FN signaling axis precisely regulates
immune cells at different repair stages remains limited. The
differences in the regulation of immune cell polarization states
and functions by this signaling axis during the different repair
periods, in addition to the interactions among immune cells
and other cell types, require further investigation. In the future,
multi-omics and single-cell sequencing technologies should be
utilized to comprehensively analyze changes in genes, proteins
and metabolites during the occurrence and development of RE
to accurately decipher the functional differences and dynamic
evolution of immune cell subsets, whilst providing theoretical
support for achieving precise immune regulation in patients
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Table III. Clinically translational drugs targeting the TGF-$1/p38MAPK/FN axis.

Target Drug/therapy Mechanism Evidence in related diseases
TGF-p1 Fresolimumab Neutralizes all subtypes of TGF-p1, Systemic sclerosis: Phase II trial
(GC1008) blocks its binding to receptors and showed a reduction in dermal
inhibits both the TGF-f3/Smad and myofibroblast infiltration and a 35%
non-canonical p38MAPK pathways (30) decrease in collagen deposition;
IPF: Reduced fibrosis markers (30)
TGF-p1/ FTY-720 (Fingolimod) Inhibits TGF-f1 expression and For bleomycin-induced pulmonary
p38SMAPK p38MAPK phosphorylation, blocks fibrosis: Masson staining shows
the NF-kB pathway and reduces the reduced collagen and decreased IL-
deposition of collagen 1A1 and FN (72) 1B/TNF-a in bronchoalveolar lavage
fluid (72)
FN DP (12-deoxyphorbol Directly targets apolipoprotein L2, For IPF (73)
13-palmitate) blocks its binding to SERCAZ2, inhibits
endoplasmic reticulum stress and the
protein kinase R-like endoplasmic
reticulum kinase hairy and Enhancer
of Split-1 axis, whilst reducing the
deposition of FN and other
extracellular matrix induced by TGF-§1
(73)
p38MAPK SB203580 In SD rat RE model: SB203580 In SD rat radiation esophagitis

inhibits p38MAPK phosphorylation,
reduces excessive FN synthesis and
decreases the degree of esophageal
mucosal fibrosis (12)

model, intervention verification
showed SB203580 reduces
excessive FN deposition and fibrosis
in esophageal mucosa, by inhibiting

p38MAPK phosphorylation,
providing evidence for the efficacy
of drugs targeting the TGF-
B1/p38MAPK/FN axis in preventing
and treating RE-related fibrosis at
the disease model level (12)

IPF, Idiopathic pulmonary fibrosis; FN, fibronectin.

with RE. In terms of clinical translation, based on a compre-
hensive understanding of the pathophysiological mechanisms
of RE and the functions of immune cells, specific modula-
tors targeting this signaling axis can be developed to reduce
inflammatory responses, inhibit fibrosis and promote tissue
repair by regulating the activity of the signaling pathways.
In addition, immunomodulatory therapies also show broad
application prospects. By regulating macrophage polariza-
tion, T cell subset balance and dendritic cell functions, the
immune repair effect can be further enhanced and the clinical
symptoms of RE can be alleviated. Single-cell sequencing
application may reveal that the CD206+CD163+macrophage
subset, a specialized M2-polarized macrophage population
co-expressing canonical markers CD206 and CD163 and a key
source of TGF-P1 in the fibrotic phase, specifically express
high levels of TGF-f1 during the fibrotic phase (12,68). Based
on this, antibody-drug conjugates (ADC) targeting CD206
on the surface of this subset may be designed. These ADCs
can block the pro-fibrotic function of this subset by precisely

delivering anti-fibrotic drugs (such as p38MAPK inhibitors),
whilst avoiding interfering with the repair function of macro-
phages at other stages (63,68). This strategy can specifically
inhibit the fibrotic process without interfering with early
inflammation elimination and tissue regeneration.

Previous clinical studies have shown that modified
Danzhen Oil can reduce the levels of inflammatory factors,
such as TGF-P1, in patients with acute RE, thereby allevi-
ating inflammatory responses (69-71). In the future, network
pharmacology will need to be used to analyze the potential
active components, actionable targets and mechanisms of
modified Danzhen Oil. Subsequently, in cell experiments
(with groups including the normal group, radiation group,
modified Danzhen Oil group and radiation + modified
Danzhen Oil group, where p38MAPK expression is regulated
in each group), cell viability and migration ability will need
to be detected, where the expression of molecules, such as
p38MAPK (including phosphorylated sites), FN and TGF-f31,
will be analyzed. Additionally, the interaction between
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p38MAPK and FN, in addition to between p38MAPK
and TGF-p1, will be verified to determine whether modi-
fied Danzhen Oil can reduce FN expression by inhibiting
p38MAPK phosphorylation, clarifying its multi-target
regulatory mechanism and providing a basis for clinical
application. (Figs. 1 and 2).
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