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INTRODUCTION: Eosinophilic esophagitis (EoE) is a chronic, antigen-driven inflammatory disease characterized by
esophageal dysfunction and tissue remodeling. Despite increasing prevalence, its pathogenesis 
remains incompletely understood. This review aims to systematically synthesize current evidence on 
the immunological, genetic, epithelial, and extracellular matrix mechanisms driving EoE. The goal is to 
identify upstream molecular targets and biomarkers to support precision medicine approaches.

METHODS: A PRISMA-based systematic literature search was conducted in PubMed, Web of Science, and Scopus 
for studies published between January 2014 and June 2025. Eligibility criteria were defined using the 
PECOS model, focusing on studies reporting quantitative biomolecular data. Risk of bias was assessed 
using validated tools for observational, in vivo, and in vitro studies. A total of 103 original research 
articles were included and categorized into 4 mechanistic domains.
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RESULTS: The review identified epithelial barrier dysfunction, type 2 inflammation, and fibroblast activation as central 
features of EoE. Key cytokines (IL-4, IL-5, IL-13, TSLP) and transcriptional regulators (e.g., GATA-binding 
protein 3, Kr¨ uppel-like factor 5, resistin-like molecule alpha) were implicated in disease progression. Genetic 
and epigenetic analyses revealed susceptibility loci and persistent molecular alterations. Novel therapeutic 
targets and biomarkers were proposed, including TSLPR 1 pathogenic memory T-helper type 2A (Th2A) cells, 
lymphotoxin-like exhibits inducible expression competes with herpes simplex virus glycoprotein D for 
herpesvirus entrymediator a receptor expressed by T lymphocytes–herpesvirus entrymediator (LIGHT–HVEM) 
axis, and cluster of differentiation 73/ecto-59-nucleotidase metabolic checkpoints.

DISCUSSION: EoE is a multifactorial disease involving complex immune–epithelial–stromal interactions. This review 
highlights emerging molecular pathways and supports a shift toward biomarker-guided, stratified 
treatment strategies. Integration of multiomics data and age-stratified analyses enhances 
understanding of disease heterogeneity. Future research should focus on longitudinal studies, pediatric 
cohorts, and validation of noninvasive biomarkers.
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INTRODUCTION
Eosinophilic esophagitis (EoE) is a chronic, antigen-driven, Th2-
inflammatory disease, presenting with symptoms of esophageal 
dysfunction and dismotility such as dysphagia and food impac-
tion (1). Over the last decades, the epidemiology of EoE has 
shown an increasing trend, with current prevalence estimated of 
up to 1 of 1,000 individuals in Western countries, with higher 
incidence peaks in male patients aged 35–39 years (2). EoE is 
considered an atopy-associated disorder, accordingly, more than 
half of patients with EoE exhibit at least one TH2-mediated al-
lergic comorbidity (1).

Esophageal eosinophilia is the hallmark of EoE; indeed, cur-
rent diagnostic criteria include an intraepithelial eosinophil peak 
count greater than or equal to 15 per high power fields in asso-
ciation with symptoms suggestive of EoE (2,3).

Management of EoE includes elimination diets, orodispersible 
budesonide, and the off-label use of proton pump inhibitors 
(PPIs), as well as dupilumab—the only biologic therapy currently 
approved for EoE—alongside endoscopic dilation when fibros-
tenotic complications are present (2).

Recent evidence has contributed to significant advances in the 
understanding of the pathophysiology of EoE. Nevertheless, 
significant gaps still remain (4). Genetic susceptibility plays 
a pivotal role in the pathogenesis of EoE and impaired epithelial 
barrier function, which results in enhanced permeability to 
antigens that trigger the inflammatory response (5,6). The 
downstream self-maintaining inflammatory cascade is driven by 
Th2 response characterized by cytokine milieu that promote 
eosinophilic infiltration and tissue remodeling, which can ulti-
mately lead to disease progression toward fibrostenotic pheno-
type (7,8). Despite the central role of eosinophils, accumulating 
evidence suggest that other immune cells, both innate and 
adaptive, and eosinophils-independent molecular pathways also 
contribute to the pathogenesis of the disease (4). Consistently, 
multiple biologic agents targeting eosinophils—anti IL-5 and 
Sialic acid-binding immunoglobulin-like lectin 8—have proven 
efficacy in reducing tissue eosinophilia. However, they failed to 
achieve significant symptomatic improvement (9–11). This 
finding suggests that suppression of eosinophilic inflammation 
alone may be insufficient to achieve adequate disease control. 
Accordingly, dupilumab, the only biologic agent approved for the 
treatment of EoE, targets IL-4Ra, thus blocking both eosinophils-
dependent and -independent IL-4- and IL-13–related pathways 
(12). Another critical issue is the absence of validated biomarker 
for disease monitoring, along with the lack of predictive factors 
for treatment response or failure. Therefore, in-depth exploration 
of EoE immunopathogenetic mechanism is crucial because it 
offers the possibility of identifying novel therapeutic targets lo-
cated upstream in the pathogenetic mechanism and reliable 
biomarkers and predictive indicators, ultimately leading toward 
precision medicine.

METHODS
This systematic review was conducted in accordance with the 
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) 2020 guidelines (13). The protocol was de-
veloped based on standards for mechanistic reviews addressing 
disease pathogenesis.

Eligibility criteria
Given the focus on biological mechanisms, the PECOS model 
(Population, Exposure, Comparator Outcome, Study design) was 
used for eligibility criteria (see Supplementary Table S1, Supple-
mentary Digital Content, http://links.lww.com/CTG/B535). The 
article search was based on the keywords: “eosinophilic esophagitis,” 
“eosinophilic esophagitis,” “pathogenesis,” “cytokines,” “immune 
response,” “IL-5,” “IL-13,” “TSLP,” “tight junction,” “epithelial bar-
rier,” “fibroblasts,” “extracellular matrix,” “barrier dysfunction,” 
“extracellular matrix.” Articles without molecular outcome measures 
were not included in the research. The detail description of records 
search can be found in Supplementary Material (see Supplementary 
Text S1, Supplementary Digital Content, http://links.lww.com/CTG/ 
B535).

Only observational and experimental research articles were 
included in this study, while reviews (including systematic 
reviews), book chapters, meta-analyses, comments, and letters 
were excluded. Studies from conference proceedings or gray lit-
erature were also excluded.

The selected studies provide original data collected through 
direct observation or experimentation, which is essential for 
drawing independent conclusions and performing quantitative
synthesis.

The focus of this study was on observational and experimental
research with direct participation of humans (e.g., cohort studies,
case-control studies). Moreover, animal models of EoE, as well as
in vitro and in vivo studies using human and/or animal tissues
and/or cells were included in this investigation.

Articles that met the following criteria were analyzed in our 
review: (i) epidemiological studies investigating at least one of the 
following EoE indices: membrane or cytoplasm proteins, nuclei 
acids, immunoglobulins, cytokines, eosinophils, basophils, inter-
leukins, mast cells (MC); (ii) studies evaluating animal models of 
EoE; (iii) studies analyzing cell cultures deriving from humans with 
EoE and/or animal models of EoE; (iv) computational studies an-
alyzing genetic data of EoE patients and healthy controls; (v) 
studies reporting quantitative measures of EoE representative 
biomolecules; (vi) studies written in English.

All selected studies focused on immune, epithelial, genetic, or 
extracellular matrix (ECM) pathways in EoE. Among observa-
tional studies with the participation of humans, only studies 
quantifying the biomolecules difference between patients with 
EoE and subjects without EoE were considered. This study fo-
cused on the immune, epithelial, genetic, or ECM pathways 
leading to EoE development and progression. Thus, only articles 
presenting high-quality data on biomolecules variability as an 
effect of EoE were selected for this systematic review.

More elucidations on exclusion criteria are presented in the 
supplementary material (see Supplementary Text S2, Supple-
mentary Digital Content, http://links.lww.com/CTG/B535).

Information sources
A comprehensive search was conducted in PubMed, Web of 
Science, and Scopus for articles published in English from January 
1, 2014, to June 1, 2025. All study designs were eligible, including 
human, animal, and in vitro experimental studies.

The literature search was restricted to studies published from 
January 2014 onward. This starting point was chosen because the 
years 2014–2015 marked the emergence of several landmark 
mechanistic discoveries—such as the identification of calpain 14 
(CAPN14), the characterization of IL-13–driven epithelial
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remodeling, and the first genome-wide risk loci for EoE—that 
fundamentally reshaped the conceptual and molecular frame-
work of the disease. These studies introduced modern approaches 
to understanding epithelial barrier dysfunction, Th2-mediated 
inflammation, and genetic susceptibility, and collectively estab-
lished the basis for contemporary mechanistic research in EoE. 
Earlier publications generally lacked multiomics methodologies 
and did not consistently report biomolecular endpoints relevant 
to our review. Selecting 2014 as the lower bound therefore en-
sured that the included literature reflects current experimental 
standards and mechanistic perspectives.

Search strategy
The search strategy was based on the keywords: “eosinophilic 
esophagitis,” “eosinophilic esophagitis,” “pathogenesis,” “cyto-
kines,” “immune response,” “IL-5,” “IL-13,’ “TSLP,” “tight 
junction,” “epithelial barrier,” “fibroblasts,” “extracellular ma-
trix,” “barrier dysfunction,” “extracellular matrix.” The detail 
description of records’ search is presented in Supplementary Text 
S1 (see Supplementary Digital Content, http://links.lww.com/ 
CTG/B535).

All selected studies were published in English (language filter) 
between January 1, 2014, and June 1, 2024 (date range filter).

Study selection
No automation tolls were used in the selection process. Four 
reviewers (J.L., A.D., S.F., and M.C.F) separately and in-
dependently screened the records gathered from the databases,

assessing each record’s eligibility based on titles, abstracts, and full 
texts when necessary.

Studies that satisfied the following criteria were included in 
this review: (i) epidemiological studies investigating at least one of 
the following EoE indices: membrane or cytoplasm proteins, 
nuclei acids, immunoglobulins, cytokines, eosinophils, basophils, 
interleukins, MC; (ii) studies evaluating animal models of EoE; 
(iii) studies analyzing cell cultures deriving from humans with 
EoE and/or animal models of EoE; (iv) computational studies 
analyzing genetic data of EoE patients and healthy controls; (v) 
studies reporting quantitative measures of EoE representative 
biomolecules; (vi) studies written in English.

Four reviewers independently screened titles, abstracts, and 
full texts. Conflicts were resolved via discussion of all 4 reviewers. 
The PRISMA flow diagram summarizes the selection process.

Data items and data collection process
A standardized extraction sheet was used to collect the following 
data: (i) author(s), (ii) year, (iii) country, (iv) study design, (v) 
experimental models, (vi) population size, (vii) molecular targets 
investigated, (viii) main mechanistic results.

Quality and risk-of-bias assessment

The quality of included studies was independently assessed by 4 
reviewers using 3 different tools based on study type: the New-
castle–Ottawa Scale (NOS) for human observational studies, the 
Systematic Review Centre for Laboratory Animal Experimenta-
tion (SYRCLE) Risk of Bias tool for animal experiments, and

Figure 1. Flowchart of records screening process (17).
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Table 1. Integrated synthesis of the principal therapeutic targets emerging from contemporary mechanistic research in EoE

Therapeutic target Mechanistic role in EoE pathogenesis Supporting evidence (from included studies) Development stage

IL-13Ra1 Receptor mediating IL-13–induced epithelial 

hyperplasia, fibroblast activation, collagen 

deposition, and type-2 inflammatory 

amplification

Avlas et al (18) demonstrated that EoE 

pathology is critically mediated by IL-13 

signaling through IL-13Ra1; blocking IL-13 

pathways reduced epithelial proliferation 

and fibrosis

Proven/late-stage clinical (IL-4Ra blockade 

with dupilumab indirectly blocks IL-13Ra1 

signaling)

TSLPR 1 Th2A cells Highly pathogenic memory CD4 1 Th2 subset 

producing IL-4, IL-5, IL-13, and IL-9 

through TSLP–STAT5 signaling; strongly 

correlates with disease severity

Rochman et al (19) identified expansion of 

TSLPR 1 Th2A cells in EoE, demonstrating 

their central role in amplifying chronic type-

2 inflammation

Preclinical → early-phase translational (anti-

TSLP therapy validated in asthma; 

mechanistic data strong for EoE)

LIGHT–HVEM axis 

(TNFSF14–HVEM)

Drives fibroblast differentiation into an 

inflammatory-myofibroblast phenotype; 

enhances collagen production and 

eosinophil tethering through ICAM-1

Manresa et al (20) showed overproduction of 

LIGHT in EoE T cells; LIGHT deficiency 

limited remodeling and inflammation in 

murine models

Preclinical (no current EoE-specific clinical 

trials)

CD73 (Ecto-59-

nucleotidase)

Metabolic checkpoint regulating fibroblast 

phenotype, migration, and ECM deposition; 

decreased CD73 activity contributes to 

profibrotic reprogramming

Jumabay et al (21) demonstrated defective 

CD73 activity in EoE fibroblasts; adenosine 

supplementation restored normal fibroblast 

function

Preclinical

KLK5/PAR2 signaling KLK5 activates PAR2 on epithelial cells, 

promoting inflammation, barrier 

breakdown, Th2 cytokine release, and 

epithelial hyperplasia

Azouz et al (39) showed KLK5/PAR2 activation 

induces EoE-like inflammation; KLK5 

inhibition reduced eosinophilia and barrier 

loss

Preclinical (potential small-molecule inhibitor 

target)

MIF–CXCR4 axis MIF promotes eosinophil recruitment, mast 

cell accumulation, and subepithelial fibrosis

Souza et al (22) and others demonstrated MIF-

dependent eosinophilia and tissue 

remodeling; CXCR4 signaling required for 

eosinophil trafficking

Preclinical (CXCR4 antagonists exist but not 

tested in EoE)

IL-18/NLRP3 pathway Epithelial alarmin IL-18 activates iNKT cells → 

IL-5/IL-13 production, mast cell 

accumulation, fibrosis

Yadavalli et al (23) showed NLRP3/IL-18 

activation initiates EoE; pharmacologic 

inhibition prevented disease development 

in mice

Preclinical

SCF/c-Kit axis SCF promotes eosinophil survival, mast cell 

activation, and IL-4/IL-13 amplification

Ptaschinski et al (24) showed SCF inhibition 

reduced Th2 inflammation and cellular 

infiltration in EoE mouse models

Preclinical

Eotaxin-3/CCR3 pathway Central eosinophil chemoattractant induced 

by IL-4/IL-13; contributes to eosinophilia 

and epithelial injury

Multiple included studies confirm elevated 

CCL26 (eotaxin-3) in EoE; PPI-REE and EoE 

both show reversible CCL26 upregulation

Proven biologic relevance (but no direct 

clinical inhibitors approved)

PIR-B (Paired Ig-like 

receptor B)

Inhibitory receptor restraining IL-13–mediated 

eosinophil activation and tissue remodeling

Baruch-Morgenstern et al (25) showed PIR-B 

deficiency exacerbates remodeling; 

restoring PIR-B activity reduces fibrosis

Preclinical

ATP12A/Ca 21 -dependent 

pathways

Drives intracellular calcium increases leading 

to eotaxin-3 secretion; contributes to 

epithelial injury

Odiase et al (26) showed Th2 cytokines 

activate ATP12A-dependent proton pump 

pathways increasing Ca 21 and eotaxin-3 

release

Preclinical (PPI-sensitive)

CD4 1 tissue-resident IFN-

g axis

Non-Th2 inflammatory pathway causing 

epithelial apoptosis, tight-junction 

disruption, and tissue damage

Lal et al (27) demonstrated IFN-g disrupts 

barrier integrity and induces epithelial cell 

death in EoE biopsies

Preclinical

IgG4-related TFH pathway TFH IL-10 1 cells promote IgG4 deposition 

and immune activation distinct from IgE-

mediated allergy

Lozano-Ojalvo et al (28) identified esophageal 

IgG4 signatures linked to TFH activation in 

pediatric EoE

Preclinical

The table summarizes molecular, immunologic, epithelial, and stromal pathways that have been repeatedly implicated in disease initiation, amplification, or fibrostenotic 
progression. For each target, the table outlines its specific mechanistic role within EoE pathophysiology, highlights key supporting evidence from the included studies, and 
indicates the current stage of therapeutic development, ranging from early preclinical investigation to late-phase clinical evaluation.
ATP12A, ATPase H1/K1 transporting non-gastric alpha-2 subunit; CCL26, C-C motif chemokine ligand 26; CD73, cluster of differentiation 73/ecto-59-nucleotidase; 
CXCR4, C-X-C motif chemokine receptor 4; ECM, extracellular matrix; EoE, eosinophilic esophagitis; HVEM, herpesvirus entry mediator; ICAM-1, intercellular adhesion 
molecule 1; IFN-g, interferon g; IgE, immunoglobulin E; IgG4, immunoglobulin G4; IL, interleukin; IL-13Ra1, interleukin-13 receptor alpha 1; iNKT, invariant natural killer T 
cell; KLK5, kallikrein-related peptidase 5; MIF, macrophage migration inhibitory factor; NLRP3, NLR family pyrin domain-containing protein 3; PAR2, protease-activated 
receptor 2; PPI, proton pump inhibitor; SCF, stem cell factor; TFH, T follicular helper; TSLP, thymic stromal lymphopoietin.
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a custom checklist for in vitro studies. Discrepancies in scoring 
were resolved through discussion or by involving a fifth reviewer.

For clinical observational studies, we used the NOS, a vali-
dated tool widely used to assess the quality of non-randomized 
studies in meta-analyses (14). This scale evaluates 3 main 
domains: Selection of study groups, Comparability of groups, and 
Outcome assessment. The maximum score is 9 stars for cohort 
and case-control designs and 7 stars for cross-sectional studies. 
According to established thresholds (15), studies were considered 
of good quality if they received 3–4 stars in Selection, 1–2 in 
Comparability, and 2–3 in Outcome; fair quality if they scored 2 
in Selection, 1–2 in Comparability, and 2–3 in Outcome; poor 
quality if they received 0–1 in Selection, 0 in Comparability, or 
0–1 in Outcome.

Animal studies were assessed using the SYRCLE’s Risk of Bias 
tool (16), an adaptation of the Cochrane tool for animal research. 
This tool comprises 10 domains evaluating bias across 6 catego-
ries: selection bias (e.g., random sequence generation, allocation 
concealment), performance bias (e.g., random housing, blinding 
of personnel), detection bias (e.g., blinding of outcome assessors), 
attrition bias, reporting bias, and other potential biases. Each 
domain was judged as “low,” “high,” or “unclear” risk of bias.

For in vitro studies, a structured quality assessment was con-
ducted using a custom checklist developed for this review. The 
checklist was based on widely accepted standards for robust cell-
based experiments and included 6 criteria: Cell line origin and 
characterization (e.g., source, authentication), experimental de-
sign clarity (e.g., defined interventions and timepoints), inclusion 
of replicates (biological and/or technical), use of appropriate 
controls (positive/negative), methodological transparency (de-
tailed protocol), statistical rigor (use of appropriate tests and 
sample size justification). Each study was assessed across all 6 
domains, with those fulfilling all criteria considered at low risk 
of bias.

In several studies included in this review, the number of 
participants, animals, or experimental replicates was either in-
completely reported or not specified. To ensure consistency in our 
quality evaluation, missing sample size information was handled 
according to the requirements and scoring structures of the 
specific risk-of-bias tools applied. For observational human 
studies assessed with the NOS, sample size is not an explicit 
scoring domain; however, when the absence of sample size 
reporting affected the interpretability of selection or outcome 
adequacy, the corresponding items were conservatively judged as 
“unclear” rather than “low risk.” For animal studies evaluated 
using the SYRCLE tool, lack of sample size reporting contributed 
to an “unclear risk” rating in domains related to selection bias, 
performance bias, or detection bias when the missing information 
prevented full assessment of allocation, housing conditions, or 
outcome measurement reliability. In vitro studies assessed with 
our custom methodological checklist were similarly scored as 
“unclear” in the relevant criteria (e.g., replicates and methodo-
logical transparency) when sample size or replicate details were 
not provided.

Across all study types, missing sample size information 
therefore did not result in automatic exclusion but was in-
corporated into the risk-of-bias judgement by reducing confi- 
dence in the affected domains. This approach ensured that 
uncertainty arising from incomplete reporting was explicitly 
reflected in the overall assessment while maintaining inclusion of 
mechanistically informative studies central to this review.

Sensitivity analysis
We made the analyses to evaluate the eventual causes of hetero-
geneity and examined the robustness of the outcome evaluations: 
(i) We limited our analyses to biomolecules qualitative and 
quantitative analysis between models with and without EoE. (ii) 
We independently analyzed data collected in observational 
studies (adults and pediatrics separately), in vivo animal models 
and in vitro cellular studies. (iii) In all data elaborations, we chose 
the outcome estimate that had the highest significance for each 
study group and showed a significant difference between samples 
with and without EoE characteristics.

Effect measures

The effect outcomes presented as quantitative and qualitative 
analysis of biomolecules, which significantly differs between 
models with and without EoE were taken from the original 
manuscript.

Synthesis methods

The synthesis of findings was structured around 4 mechanistic 
domains relevant to EoE: (i) innate and adaptive immunity, (ii) 
genetic and epigenetic mechanisms, (iii) ECM remodeling, and 
(iv) transcription factors and other regulatory proteins. Studies 
were grouped according to their biological focus and experi-
mental model (human observational, in vivo animal, or in vitro 
cellular), allowing for stratified analysis across systems and age
groups. 

Quantitative and qualitative data on biomolecular markers 
were extracted and compared between EoE and non-EoE models. 
The synthesis emphasized molecular targets with consistent dif-
ferential expression, functional relevance, and therapeutic po-
tential. Where applicable, convergence across multiple studies 
was highlighted using visual tools (e.g., Venn diagrams) to 
identify shared gene signatures and pathway-level insights.

This approach enabled a comprehensive mechanistic map-
ping of EoE pathogenesis, integrating multiomics data and 
identifying candidate biomarkers and therapeutic targets across 
diverse experimental contexts.

RESULTS
Study selection
Our literature search in the time range January 2014—June 2025 
in 3 databases (PubMed, Scopus, and Web of Science) delivered 
1,114 records (Figure 1). After removing 310 duplicates, we an-
alyzed 800 records and selected 103 eligible articles, which were 
further used for analysis. Table 1 summarizes the main charac-
teristics of 103 records used for the review analysis.

Study characteristics
The pathomechanisms of EoE can be divided into 4 main path-
ways, for instance, innate and adaptive immunity mechanisms, 
genetic driven mechanisms, ECM-related pathways, and tran-
scription factors together with other protein-related pathways. 
Thus, 103 selected records were analyzed in these 4 categories.

Innate and adaptive immunity pathway was analyzed on the 
base of 69 records, among which 14 records presenting data on 
epithelial barrier dysfunction, 39 records presenting data on in-
nate immune cells and cytokines, and 16 records describing the 
recent findings on the role of adaptive immunity in EoE.

Genetic basis of EoE were analyzed based on 21 records rel-
ative to genetic risk loci and polymorphism (2 records), epigenetic
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alternations (2 records), and multiomics and transcriptomics 
approaches (17 records).

There were 8 records describing ECM involvement in EoE, 
and 5 articles presenting role of other proteins and transcription 
factors in EoE.

The analysis was made on records presenting data collected 
during observational studies (65 research studies on adults and 11 
studies on pediatric patients), in vivo models (22 records), and 
in vitro cellular studies using cells derived from human or animal 
biopsies (50 records).

Heterogeneity and sensitivity analyses
Given the methodological diversity of the included 
studies—spanning human observational cohorts, in vivo models, 
and in vitro mechanistic experiments—addressing heterogeneity 
was essential to ensure interpretability and robustness of the 
findings. To systematically manage variability across study types, 
we performed a series of planned sensitivity and subgroup anal-
yses that stratified the evidence according to key biological and 
methodological dimensions.

First, observational clinical studies were analyzed separately 
for adult and pediatric populations. This distinction reduced 
age-related heterogeneity in epithelial, immunologic, and tran-
scriptomic profiles and enabled clearer identification of conver-
gent mechanistic pathways shared across life stages. Second, in 
vivo animal models were synthesized independently from clinical 
studies to avoid cross-species variability influencing overall 
mechanistic interpretations. Third, in vitro cellular studies were 
evaluated as a distinct evidence layer, recognizing the controlled 
but highly reductionist nature of cell-based systems and allowing 
their molecular insights (e.g., cytokine signaling, epithelial 
remodeling, and fibroblast activation) to be interpreted without 
conflation with whole-organism findings. Fourth, within pre-
clinical work, we further distinguished between human-derived 
and animal-derived primary tissues, allowing us to assess the 
consistency of epithelial and stromal responses across species and 
experimental platforms.

These structured subgroup analyses helped reduce methodo-
logical heterogeneity by ensuring that mechanistic signals were 
evaluated within biologically coherent categories. This approach 
also revealed strong convergence across systems: epithelial barrier 
disruption, IL-13–driven inflammation, fibroblast reprogram-
ming, and ECM alterations emerged consistently across adult and 
pediatric cohorts, across in vivo and in vitro models, and across 
human-derived and animal-derived tissues. Such cross-model 
alignment strengthened confidence in the robustness and gen-
eralizability of the mechanistic pathways identified.

Despite these efforts, formal meta-analytic subgroup analysis 
was not feasible. The mechanistic nature of the included 
evidence—characterized by diverse biomolecular endpoints, 
variable assay platforms, distinct experimental designs, and het-
erogeneous reporting formats—precluded the identification of 
shared quantitative effect measures necessary for meta-analytic 
pooling. Because studies frequently reported fold-changes, 
qualitative molecular patterns, or pathway-level results rather 
than standardized numerical outcomes, statistical aggregation 
would have been inappropriate and potentially misleading.

Nonetheless, our stratified narrative synthesis allowed us to 
address heterogeneity as systematically as possible. By isolating 
sources of biological and methodological variation and synthesiz-
ing evidence within comparable subgroups, we were able to identify

coherent mechanistic themes while preserving the integrity of the 
diverse data types included in this review. Future mechanistic re-
search would benefit from standardized reporting of quantitative 
molecular outcomes, which could enable more formal comparative 
analyses and quantitative integration across studies.

Risk of bias assessment analysis
The risk of bias across the included studies was assessed using 
domain-specific tools: the NOS for observational clinical studies, the 
SYRCLE Risk of Bias tool for animal models, and a customized 
checklist tailored to in vitro experiments. Overall, the methodological 
quality was acceptable, although certain limitations—particularly in 
preclinical studies—warrant attention.

Clinical studies. The observational clinical studies showed con-
sistently high methodological quality according to the NOS, with 
total scores ranging from 7 to 9 out of a maximum of 9 stars. All 
studies were judged to be at low risk of bias. The strongest domains 
included the representativeness of the exposed cohort, the ade-
quacy of the control group, and the ascertainment of exposure. The 
most common source of uncertainty was related to follow-up du-
ration and adequacy, which was not always clearly described.

Animal studies. The quality of the animal studies, assessed using 
the SYRCLE Risk of Bias tool, was generally moderate, with all 
studies categorized as having a moderate risk of bias. A particu-
larly consistent and concerning issue was the lack of information 
on random sequence generation, allocation concealment, and 
blinding procedures—all of which were systematically either 
unreported or explicitly absent. These limitations introduce 
substantial risks of selection, performance, and detection bias. 
This issue is not isolated: According to a large-scale analysis of 
preclinical studies, up to 87% failed to implement random allo-
cation and 86% did not use blinding, despite SYRCLE’s explicit 
inclusion of these domains as critical quality criteria (29). While 
outcome data were generally complete and selective reporting was 
low, the lack of methodological safeguards significantly limits the 
internal validity and translational potential of the findings.

In vitro studies. In vitro experiments were evaluated with 
a custom risk of bias checklist developed for this review. These 
studies were uniformly judged to be at low risk of bias. All 
fulfilled the 6 methodological criteria, including detailed cell line 
characterization, clear experimental design, inclusion of repli-
cates, appropriate use of controls, transparent methodology, 
and rigorous statistical analysis. The clarity and reproducibility 
of the protocols substantially increase the reliability of these
findings.

Taken together, the studies included in this review present
a methodologically robust foundation for our analysis. However,
the systematic absence of randomization and blinding in animal
studies represents a notable limitation that could affect the in-
ternal validity of preclinical findings. Improved reporting and
implementation of these methodological safeguards in future 
studies will be essential to enhance the translational value of 
animal models in gastrointestinal research.

Results of individual studies
Innate and adaptive immunity in eosinophilic esophagitis.
Epithelial barrier dysfunction Among the studies analyzed, 8
were experimental translational investigations using in vitro and/
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or in vivo models, 6 of which also included patient-derived 
samples, while 6 were purely clinical case-control studies based on 
esophageal biopsies (see Supplementary Table S2a, Supplemen-
tary Digital Content, http://links.lww.com/CTG/B535). Despite 
these differences, a consistent theme emerges: Epithelial barrier 
dysfunction plays a pivotal role in EoE pathogenesis.

Rather than being a consequence of inflammation, barrier 
disruption actively contributes to disease onset. Structural junc-
tional proteins are among the most affected. Desmoglein-1 
(DSG1) is consistently reduced in EoE, compromising epithelial 
cohesion and promoting periostin deposition (30,31). IL-
13–induced CAPN14 specifically degrades DSG1, exacerbating 
barrier loss (32). Tight junction proteins are similarly affected: 
Claudin-7 and filaggrin (FLG) are reduced by transforming 
growth factor beta 1 (TGF-b1) and IL-13, respectively, increasing 
permeability (33,34). Involucrin downregulation further suggests 
impaired epithelial maturation (35). Reduced E-cadherin and 
zonula occludens 1 expression, together with nuclear b-catenin 
and Twist1 activation, indicate epithelial–mesenchymal transi-
tion (EMT), contributing to remodeling and fibrosis (36).

Differentiation and cytoskeletal regulators further link cytokine 
signaling to epithelial remodeling. Synaptopodin (SYNPO), upre-
gulated by IL-13, impairs epithelial motility and barrier integrity 
(19). Resistin-like molecule alpha (RELM-a) promotes epithelial 
hyperplasia and basal layer thickening, driving CD4 1 T cell and 
eosinophil accumulation (37), while bone morphogenetic protein-
driven nuclear factor erythroid 2-related factor 2 signaling regulates 
epithelial differentiation; its inhibition by follistatin induces basal 
cell hyperplasia (38).

Protease and inflammatory pathways also contribute to epi-
thelial injury. Kallikrein-related peptidase 5 (KLK5) activates 
protease-activated receptor 2, promoting inflammation and 
barrier breakdown, whereas its inhibition reduces eosinophilia 
(39). Kr¨ uppel-like factor 4-driven Ras homolog family member F 
(RHOF) and nuclear factor kappa B activation in keratinocytes 
induces epithelial inflammation and remodeling (40). Moreover, 
IL-4 stimulates the H 1 ,K 1 -ATPase in epithelial cells, leading to 
calcium-dependent eotaxin-3 secretion and enhanced eosinophil 
recruitment, an effect reversed by PPIs or calcium-channel 
blockade (26).

Metabolic regulation plays an additional role. Loss of 
hypoxia-inducible factor 1-alpha signaling shifts epithelial 
metabolism toward oxidative phosphorylation and impairs 
differentiation, whereas its stabilization restores glycolysis and 
barrier integrity (41).

Collectively, these findings support a model where early 
structural and metabolic dysregulation of epithelial cells facili-
tates antigen penetration and chronic inflammation. Targeting 
epithelial differentiation programs, protease activity, and meta-
bolic reprogramming may represent promising therapeutic 
approaches to restore mucosal integrity and prevent disease 
progression in EoE.

Innate immune cells and cytokines Of the studies examined, 22
were experimental translational investigations using in vitro and/ 
or in vivo models, 16 of which also incorporated patient-derived 
samples, whereas 17 were purely clinical case-control or retro-
spective studies based on human biopsies or blood specimens (see 
Supplementary Table S2b, Supplementary Digital Content, 
http://links.lww.com/CTG/B535). Models ranged from human 
biopsies, blood, and serum to genetically modified mice and

epithelial cell lines, covering pediatric and adult cohorts and 
comparisons with gastroesophageal reflux disease (GERD) and 
celiac disease.

Epithelial-derived alarmins, IL-33, IL-18, and TSLP, initiate type
2 inflammation. IL-33 promotes eosinophilia through IL-5 and IL-
13, while IL-18 activates invariant natural killer T (iNKT) cells to 
produce IL-5/IL-13, driving mast cell accumulation and fibrosis 
(42–44). Peripheral iNKT cells show reduced frequency and in-
creased low-affinity immunoglobulin E receptor II expression, sug-
gesting tissue homing and biomarker potential (45). Dysregulation of 
noncanonical nuclear factor kappa B signaling also amplifies epi-
thelial inflammation (46). TSLP bridges innate and adaptive im-
munity by activating TSLPR 1 CD4 1 T cells through STAT5 
signaling, enhancing IL-5 and IL-13 production (47).

MC and eosinophils act as central effector cells. MC persist during 
remission, releasing IL-13 and oncostatin M that weaken epithelial 
junctions and perpetuate inflammation (48–50). Histamine receptor
signaling (H1R, H2R, H4R) enhances epithelial cytokine release (51), 
while vasoactive intestinal peptide–chemoattractant receptor-homol-
ogous molecule expressed on T-helper type 2 cells signaling couples 
mast cell and eosinophil activation, contributing to dysmotility (23).

Eosinophils are sustained by IL-5, IL-33, and macrophage 
migration inhibitory factor (MIF)–C-X-C motif chemokine re-
ceptor 4 signaling (22,43) and regulated by inhibitory mecha-
nisms such as paired immunoglobulin-like receptor B (PIR-B) 
(25). They mediate cytotoxicity (52).

Macrophage-derived colony-stimulating factor 1 promotes 
fibrosis, epithelial proliferation, and ECM remodeling (53), while 
stem cell factor enhances eosinophilia and Th2 cytokine pro-
duction (24). IL-13 and its receptor interleukin-13 receptor alpha
1 (IL-13Ra1) drive epithelial proliferation and fibrotic remod-
eling (18), and high IL-5/IL-13 levels distinguish EoE from celiac 
disease (54). Long-term control of eosinophilia reduces fibros-
tenotic risk (55).

Beyond Th2 circuits, interferon g (IFN-g) from CD8 1 resident 
memory T cells disrupts epithelial integrity (27). Forkhead box P3 
Tregs expand during active disease but decline in remission, in-
dicating dynamic immune adaptation. Recent transcriptomic data 
revealed downregulation of C-X-C motif chemokine receptor 2 and 
an inverse correlation with Treg markers, suggesting a dysregulated 
neutrophil–Treg axis sustaining chronic inflammation (56).

In summary, epithelial alarmins orchestrate innate and 
adaptive immune responses, driving eosinophilic inflammation 
and tissue remodeling. Key therapeutic targets include IL-13Ra1, 
TSLP–STAT5, interleukin-18/NLR family pyrin domain-con-
taining protein 3, MIF–CXCR4, and stem cell factor. Supple-
mentary Figure S1 (see Supplementary Digital Content, http:// 
links.lww.com/CTG/B535) presents a color-coded diagram of 
these immunological pathways.

Adaptive immunity in eosinophilic esophagitis To explore the
contribution of adaptive immunity to EoE, 16 studies were 
reviewed (see Supplementary Table S2c, Supplementary Digital 
Content, http://links.lww.com/CTG/B535). Nine adopted an 
experimental translational design integrating in vitro and/or in 
vivo models, 6 of which also analyzed patient-derived samples, 
while 7 were purely clinical case-control or retrospective inves-
tigations based on esophageal biopsies or blood specimens. To-
gether, these studies delineate how T cell–driven cytokine 
polarization, fibroblast activation, and impaired tolerance sustain 
chronic inflammation and remodeling in EoE.
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Adaptive immunity drives chronicity in EoE through antigen-
specific T-cell responses and type 2 cytokine polarization. IL-13 is 
a central mediator, activating STAT3/STAT6, inducing secreted 
frizzled-related protein 1, and promoting epithelial hyperplasia 
(57). It also regulates leucine-rich repeat-containing protein 31, 
which maintains barrier integrity; its loss worsens dysfunction 
and predicts poor treatment response (58). IL-4 enhances 
eotaxin-3 secretion through calcium and proton-pump pathways, 
amplifying eosinophil recruitment (26).

Wright et al (59) demonstrated increased GATA-binding 
protein 3 and T-bet expression in esophageal CD4 1 T cells from 
patients with EoE and proton pump inhibitor-responsive 
esophageal eosinophilia (PPI-REE) compared with GERD and 
controls, with both markers decreasing after treatment, in-
dicating shared T-helper type 1/T-helper type 2 activation pat-
terns between EoE and PPI-REE.

Th2 cytokines also promote stromal remodeling: IL-9 and 
granulocyte–macrophage colony-stimulating factor activate MC 
and myeloid cells (60), while suppression of tumorigenicity 2 Th2 
cells produce amphiregulin in response to IL-33, stimulating 
fibroblasts and collagen deposition (61). TSLPR 1 memory CD4 1 

Th2A cells, activated through TSLP–STAT5 signaling, produce 
IL-4, IL-5, IL-13, and IL-9 in a feed-forward loop (47). Their 
frequency correlates with eosinophilia and disease severity, 
making them a biomarker and therapeutic target.

Beyond Th2 pathways, IFN-g, secreted by CD8 1 tissue-
resident memory T cells, disrupts epithelial proliferation and 
tight junctions, inducing apoptosis (27). Plasmacytoid dendritic 
cells may amplify this through type I interferons. These findings 
reveal a non-Th2 axis contributing to epithelial damage and 
chronic inflammation (62).

Forkhead box P3 regulatory T cells (Tregs) normally suppress 
excessive immune responses and maintain tolerance. In EoE, 
Tregs are increased in the esophageal mucosa but show impaired 
function. Their numbers decline after histologic remission, in-
dicating dynamic immune remodeling during disease pro-
gression and treatment (63). Compared with GERD, patients with 
EoE show reduced Treg induction, suggesting a failure of toler-
ance mechanisms that favors Th2-driven inflammation (64). 
IL-33 signaling may further suppress Treg activity, tipping the 
balance toward inflammation.

T follicular helper (TFH) cells contribute to humoral 
responses in EoE, which diverge from classical immunoglobulin 
E (IgE)-mediated food allergy. TFH IL-10 1 cells promote

immunoglobulin G4 (IgG4) production, leading to local IgG4 
deposition in esophageal tissue (28). This contrasts with TFH13-
driven IgE responses seen in milk allergy. Esophageal CD4 1 

T cells produce IL-4, IL-5, IL-13, IL-10, and IL-21, sustaining both 
inflammation and IgG4-mediated tissue changes.

Lymphotoxin-like, exhibits inducible expression, competes 
with herpes simplex virus glycoprotein D for herpesvirus entry 
mediator, a receptor expressed by T lymphocytes (LIGHT) or 
TNFSF14 (tumor necrosis factor superfamily member 14), pro-
duced by activated T cells, drives stromal remodeling in EoE. It 
induces an inflammatory phenotype in fibroblasts through in-
tercellular adhesion molecule 1 (ICAM-1), promotes eosinophil 
adhesion, and synergizes with TGF-b1 to stimulate myofibroblast 
differentiation and collagen deposition (20,65). These findings 
link adaptive immune signals directly to fibrosis.

Adaptive immunity in EoE is dominated by IL-13–driven Th2 
responses but also involves pathogenic memory Th2A cells, im-
paired Treg tolerance, non-Th2 interferon pathways, and 
TFH–B-cell circuits. This multifaceted immune landscape sus-
tains chronic inflammation and fibrostenotic remodeling. Ther-
apeutic strategies may target IL-13, TSLP, LIGHT–fibroblast 
interactions, and interferon-driven epithelial injury.

Supplementary Figure S2 (see Supplementary Digital Content, 
http://links.lww.com/CTG/B535) graphically summarizes the 
role of adaptive immunity in EoE.

The genetic basis of eosinophilic esophagitis. Twenty-one studies 
(see Supplementary Table S3, Supplementary Digital Content, 
http://links.lww.com/CTG/B535) were analyzed to assess the 
genetic basis of EoE. These include case-control designs, pro-
spective trials, cohort studies, and computational analyses using 
large datasets. Sample types range from esophageal biopsies and 
blood leukocytes to extracellular vesicles and cell lines, with both 
pediatric and adult cohorts represented.

A wide array of molecular techniques was used, including RNA 
sequencing (RNA-seq), single-cell RNA-seq, microRNA (miRNA) 
profiling, deoxyribonucleic acid (DNA) methylation, genome-wide 
association study, proteomics, and pathway analysis. Sample sizes 
varied from small cohorts (n 5 18) to large-scale studies (n 5 1,214),
although most genome-wide association study cohorts were pre-
dominantly of European ancestry.

Key findings include altered expression of IL-13, periostin 
(POSTN), and C-C motif chemokine ligand 26 (CCL26) 
(eotaxin-3), epigenetic changes (e.g., CpG methylation), and

Figure 2. Venn diagram of (a) DE genes in selected studies on adult EoE biopsies and (b) DE genes in selected studies on pediatric and adult EoE biopsies. 
EoE, eosinophilic esophagitis.
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dysregulated miRNAs (e.g., miR-155 and miR-375). Studies also 
revealed shifts in immune cell composition and microbiome 
alterations (e.g., Fusobacterium enrichment). Some focused on 
treatment response, while others explored genetic susceptibility 
and biomarker discovery.

Collectively, these studies highlight the role of genetic sus-
ceptibility in EoE, implicating pathways involved in epithelial 
barrier integrity, immune regulation, and allergic inflammation. 
The integration of transcriptomic, epigenomic, and proteomic 
data provides a foundation for personalized approaches to di-
agnosis and therapy.

Genetic risk loci and polymorphisms Genetic studies have iden-
tified key EoE risk loci, notably at 16p13, involving C-type lectin 
domain family 16 member A, dexamethasone-induced protein, 
and class II major histocompatibility complex transactivator, 
with immune-cell-specific expression patterns (66). Variants in 
TSLP and toll-like receptor 3 suggest a pathogenic epithelial 
signaling axis (67). Rare damaging mutations in dehydrogenase 
E1 and transketolase domain-containing protein 1, oxoglutarate 
dehydrogenase-like protein, dedicator of cytokinesis 8 (DOCK8), 
and myeloid differentiation primary response protein 88 impair 
mitochondrial and immune functions, reinforcing the immune-
genetic basis of EoE (68). These findings highlight the role of 
genetic susceptibility in epithelial barrier dysfunction, Th2 in-
flammation, and immune dysregulation, offering insights into 
disease mechanisms and potential therapeutic targets.

Epigenetic alterations Epigenetic mechanisms such as DNA 
methylation also seem to modulate EoE pathogenesis. Methyla-
tion profiles of esophageal biopsies from patients with 
EoE—especially children—clearly separate them from healthy 
controls, even after first-line therapy, suggesting a lasting epige-
netic imprint associated with disease (69). Another study con-
firmed that methylation differences are associated with treatment 
responsiveness, highlighting pathways related to cell adhesion, 
epithelial barrier integrity, and cellular aging (70).

Multiomics and transcriptomic approaches Differential gene
expression in EoE has been explored using diverse methods, in-
cluding single-cell RNA-seq (49,71–73), bulk RNA-seq 
(19,68,74), polymerase chain reaction (PCR) (71,75), micro-
arrays (76), meta-transcriptomics (77), and miRNA profiling 
(78–80). These approaches reveal consistent upregulation of 
genes linked to inflammation and epithelial remodeling, such as 
POSTN, arachidonate 15-lipoxygenase, eosinophil peroxidase, 
and collagen type I alpha-2 chain.

Wen et al (81) further demonstrated that PPI-REE shares an 
EoE-like Th2 transcriptomic profile characterized by elevated 
CCL26, POSTN, carboxypeptidase A3, and DSG1 expression; 
PPI monotherapy normalized this signature and identified dif-
ferential clusters (notably potassium inwardly rectifying channel 
subfamily J member 2) distinguishing PPI-REE from EoE.

Single-cell RNA-seq identified cell-type–specific expression of 
IL13, joining chain of multimeric immunoglobulins, C-X-C motif 
chemokine ligand 8, and fibroblast-associated signatures corre-
lating with fibrosis (72). Rochman et al (47) found increased 
TSLP-responsive memory CD4 1 T cells, supporting anti-TSLP 
therapy as a precision approach.

Keever-Keigher et al (73) profiled peripheral blood mono-
nuclear cells across eosinophilic and inflammatory bowel disease

conditions, identifying EGR1 as a key differentially expressed 
gene (DEG) in Th2 cells, upregulated by zinc. This links zinc 
dysregulation to eosinophilia and epithelial stress.

miRNA studies revealed dysregulation of miR-203, miR-375, 
miR-21, and miR-223, with limited correlation to circulating 
levels (78). miRNAs in plasma-derived extracellular vesicles (e.g., 
miR-10b-5p and miR-125a-5p) were elevated in active EoE (79). 
miR-155 was shown to impair barrier integrity by targeting 
claudin 7 (80).

Comparative analysis of 8 adult EoE studies identified shared 
DEGs (Figure 2a): apolipoprotein B mRNA editing enzyme cat-
alytic subunit 3A, epiplakin 1, DSG1, CCL26, solute carrier family 
9 member A3, POSTN, IL1RL1, and C-C motif chemokine ligand
24. Cross-age comparisons (Figure 2b) revealed 6 common DEGs 
in pediatric and adult EoE: joining chain of multimeric immu-
noglobulins, DSG1, POSTN, cadherin 1, cysteine-rich secretory 
protein 3, and CCL26.

These findings support a multiomics approach to un-
derstanding EoE and highlight potential biomarkers and thera-
peutic targets.

The main characteristics of DE genes presented in Figure 2 are 
described in Supplementary Table S6 (see Supplementary Digital 
Content, http://links.lww.com/CTG/B535).

In line with current international consensus, PPI-REE is no 
longer regarded as a separate diagnostic entity but rather as part of 
the EoE continuum. This position, endorsed by the A Working 
Group on Proton Pump Inhibitor-Responsive Esophageal Eosin-
ophilia (AGREE) conference and subsequent international guide-
lines, reflects accumulating evidence that PPI responsiveness 
represents a therapeutic phenotype rather than a distinct disease 
mechanism. Our findings further support this perspective: tran-
scriptomic, immunologic, and molecular signatures reported in 
studies of PPI-responsive patients closely mirror those observed in 
classical EoE, including shared Th2-associated pathways, epithelial 
barrier alterations, and overlapping gene-expression profiles. These 
convergent mechanistic features reinforce the view that PPI-REE 
constitutes a phenotypic variant within the broader EoE spectrum, 
underscoring the importance of evaluating PPI response as 
a treatment attribute rather than a basis for differential diagnosis.

Extracellular matrix in esophagitis eosinophils. Over the past 
decade, 8 studies have investigated ECM remodeling in EoE, in-
cluding 5 in vitro studies using fibroblasts from esophageal bi-
opsies, 1 in vivo mouse model, and 2 pediatric biopsy-based 
studies (see Supplementary Table S5). These studies vary in de-
sign, sample type, and molecular focus, offering a broad view of 
ECM involvement in EoE pathogenesis.

Zdanowicz et al (82) examined matrix metalloproteinase-1 
(MMP-1) and tissue inhibitor of metalloproteinases 1 (TIMP-1) 
expression in pediatric EoE biopsies. TIMP-1 was absent in EoE 
but present in EoE and controls, suggesting a proteolytic imbal-
ance favoring ECM degradation. Strong MMP-1 expression 
correlated with poor response to standard therapies, indicating its 
potential as a prognostic biomarker.

Clevenger et al (83) used single-cell RNA-seq to show that basal 
cell hyperplasia in EoE is driven by suprabasal epithelial cells 
retaining progenitor-like transcriptional programs. These cells 
overexpress SRY-box transcription factor 2 and Kr¨ uppel-like factor
5, fail to differentiate, and exhibit a wound-repair–like phenotype, 
distinct from GERD. This suggests chronic inflammation disrupts 
epithelial homeostasis through altered differentiation.
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Baruch-Morgenstern et al (43) demonstrated that PIR-B, an 
inhibitory receptor on eosinophils, suppresses IL-13–induced 
remodeling in a mouse model. PIR-B deficiency led to increased 
eosinophil activation, epithelial hyperplasia, collagen deposition, 
and angiogenesis. Eosinophil depletion reversed these effects, 
confirming PIR-B’s role in limiting tissue damage.

Fibroblasts have emerged as key ECM regulators in EoE. 
Studies show their functional plasticity and reprogramming un-
der inflammatory conditions, contributing to fibrosis and struc-
tural remodeling. Together, these findings highlight ECM 
dysregulation as a central feature of EoE, linking immune acti-
vation to tissue remodeling and offering new therapeutic targets 
such as MMP-1, PIR-B, and epithelial differentiation pathways.

Five in vitro studies have explored fibroblast behavior in EoE 
using cells derived from human esophageal biopsies. Cheng et al 
(84) showed that IL-4/IL-13 stimulate eotaxin-3 via STAT6 in 
both epithelial cells and fibroblasts, contributing to inflammation 
and fibrosis. Janus kinase-STAT6 inhibitors block this effect, 
while PPIs act only on epithelial cells, suggesting limited impact 
on subepithelial fibrosis.

Muir et al (85) demonstrated that matrix stiffness and TGF-b 
synergistically drive fibroblast activation and myofibroblast dif-
ferentiation, perpetuating fibrosis even in inactive disease. Li et al 
(86) identified 2 fibroblast subtypes: F_A (contractile) and F_B 
(ECM-depositing), with F_B dominant in active/remission EoE 
and enriched in EMT pathways.

Figure 3. Integrated pathophysiological mechanisms of EoE. (a) Loosening of epithelial junctions reflects increased permeability and compromised barrier 
integrity. Epithelial-mesenchymal transition is indicated by upregulation of N-cadherin, b-catenin, and twist 1, alongside downregulation of E-cadherin and ZO-
1, contributing to loss of epithelial cohesion. Inflammation and barrier breakdown are mediated by KLK5 and PAR2 signaling. Impaired epithelial maturation is 
shown through IL-13–induced upregulation of CAPN14 and downregulation of filaggrin and involucrin, with DSG-1 reduction linked to disrupted calcium 

signaling. Genetic susceptibility factors—including EoE risk loci, epigenetic modifications, and dysregulated microRNAs—are summarized in the orange box. 
(b) IL-13–induced remodeling leads to inhibition of PIR-B, contributing to eosinophilia. IL-4 and IL-13 activate STAT6 signaling, promoting the Eotaxin-3, a key 
eosinophil chemoattractant. TGF-b is also involved in epithelial-fibroblast crosstalk. Fibroblasts exhibit altered behavior, including reduced adipogenesis, 
increased migratory activity, and decreased CD73 expression. Upregulation of MMP-1 further contributes to tissue remodeling and fibrosis. (c) Epithelial 
hyperplasia is driven by increased expression of SFRP1 and influenced by BMP/NRF2 and IL-13 signaling, with IL-13 acting through STAT3/STAT6 pathways. 
Immune activation involves a diverse array of cells, including regulatory T cells, mast cells, myeloid cells, Th2 cells, eosinophils, and IL-10 1 T follicular helper 
cells. Key mediators include IL-33, IL-9, GM-CSF, LIGHT, ICAM-1, amphiregulin, and GATA-binding protein 3, with increased granzyme B (GzmB) expression. 
IgG4 production is also noted. Eotaxin-3 enhances intracellular Ca 21 through ATP12A channels, contributing to epithelial dysfunction. Fibroblast interactions 
with collagen in the extracellular matrix further support tissue remodeling. (d) Allergens initiate the release of IL-33 and IL-18, which activate mast cells and 
invariant natural killer T cells, respectively. Mast cells, IL-13, and OMS, promote fibrosis. iNKT cells produce CXCL16-CD1d and interact with CD4 1 T cells, 
leading to TSLP-STAT5 signaling and the production of IL-4, IL-5, IL-13, and IL-9. Th2 cells, influenced by stem cell factor, further amplify cytokine production. 
Macrophages release CSF-1, contributing to fibrotic remodeling, while CD8 1 Tcells produce IFN-g, inducing epithelial injury. Eosinophilia is driven by IL-5 and 
IL-13. The cumulative effect of these immune interactions results in epithelial barrier dysfunction, characterized by loose junctions and increased permeability. 
SPINK7 is noted within the epithelial layer, potentially reflecting a protective or regulatory role. ATP12A, ATPase H1/K1 transporting non-gastric alpha-2 
subunit; BMP, bone morphogenetic protein; CAPN14, calpain 14; CSF-1, colony-stimulating factor 1; EoE, eosinophilic esophagitis; GM-CSF, gran-
ulocyte–macrophage colony-stimulating factor; GzmB, granzyme B; ink T, invariant natural killer T; KLK5, kallikrein-related peptidase 5; NRF2, nuclear factor 
erythroid 2-related factor 2; SPINK7, serine peptidase inhibitor Kazal type 7; STAT, signal transducer and activator of transcription; ZO-1, zonula occludens 1.
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Jumabay et al (21) found EoE fibroblasts undergo pathogenic 
reprogramming, showing impaired adipogenesis, enhanced mi-
gration, and reduced cluster of differentiation 73/ecto-59-nucle-
otidase (CD73) activity. Adenosine supplementation restored 
fibroblast function, suggesting a metabolic checkpoint.

Manresa et al (65) identified LIGHT (TNFSF14) as 
a T cell–derived cytokine that drives fibroblast differentiation into an 
inflammatory–myofibroblast hybrid. LIGHT upregulates ICAM-1, 
promoting eosinophil tethering and localized inflammation.

Together, these studies reveal fibroblast heterogeneity and their 
central role in fibrosis, inflammation, and epithelial remodeling, 
highlighting therapeutic targets such as STAT6, CD73, and LIGHT.

Nonproteins and metabolic mediators. The role of nonprotein 
molecules and metabolites in EoE pathomechanisms has been 
explored in several studies (see Supplementary Table S6, Sup-
plementary Digital Content, http://links.lww.com/CTG/B535). 
These investigations employ a variety of designs, from pro-
spective clinical cohorts to in vitro epithelial models and analyt-
ical chemistry techniques. The sample types span esophageal 
mucosa (through impedance-pH), serum, and plasma, allowing 
assessment of mucosal integrity, systemic metabolic markers, and 
eosinophil activation signatures.

One of the most robust contributions comes from Frazzoni 
et al (87), who used impedance-pH monitoring in 60 patients 
with EoE (40 PPI-responsive, 20 PPI-refractory), 60 GERD, and 
60 control subjects. They found that low mean nocturnal baseline 
impedance gradient between mid and distal esophagus predicts 
PPI refractoriness, and that postreflux swallow–induced peri-
staltic wave index distinguishes PPI-responder from non-
responder cases. These findings suggest that gastroesophageal 
reflux and impaired mucosal integrity may actively contribute to 
EoE pathogenesis and that part of PPI effectiveness may derive 
from improving chemical clearance and barrier properties.

At the epithelial and cellular level, Wheeler et al (88) explored the 
protective role of 17b-estradiol (E2) against IL-13–induced injury. In 
esophageal epithelial cell line 2 ALI esophageal epithelial cells, E2 
pretreatment mitigated the loss of barrier function and remodeling 
effects by suppressing tyrosine kinase 2/STAT6 phosphorylation and 
restoring DSG1 expression, in an ESR2-dependent manner. This 
suggests a modulatory influence of sex hormones on EoE suscepti-
bility and barrier integrity.

In the translational domain, Brusilovsky et al (89) examined 
vitamin D (25(OH)D 3 ) in pediatric EoE: They present evidence
that vitamin D antagonizes IL-13–induced epithelial disruption 
and hyperproliferation, supporting barrier restoration. Cameron 
et al (90) then assessed serum 25(OH)D 3 in 40 EoE vs 40 non-EoE 
controls, finding lower mean levels in patients with EoE and an 
association between lower vitamin D and lamina propria fibrosis, 
although deficiency prevalence was similar.

Finally, Thomas et al (91) focused on 3-bromotyrosine (a 
marker of eosinophil activation) and L-tyrosine in plasma. They 
developed a sensitive liquid chromatography–tandem mass 
spectrometry (LC–MS/MS) method and applied it to 4 patients 
with EoE, finding no clear correlation between plasma 3-
bromotyrosine levels and eosinophil counts, although possible 
associations with esophageal structural changes were noted. This 
opens the possibility of noninvasive metabolic biomarkers for 
EoE activity.

Collectively, these studies hint that impedance metrics, hor-
monal modulation, vitamin D status, and eosinophil-derived

metabolic byproducts may modulate or reflect EoE pathophysi-
ology. However, most findings remain preliminary and require 
validation in larger cohorts and mechanistic models. Future re-
search integrating multiomic biomarker panels (impedance, 
metabolomics, and hormonal assays) with histologic and clinical 
endpoints may reveal novel diagnostic or therapeutic pathways 
beyond the proteome.

DISCUSSION
This systematic review builds on the foundational framework pro-
posed by O’Shea et al (92), reinforcing the concept of EoE as 
a chronic, antigen-driven, type 2 immune-mediated disease marked 
by epithelial barrier dysfunction, eosinophilic inflammation, and 
progressive tissue remodeling. While O’Shea emphasized IL-
13–induced CAPN14 expression and desmosomal protein degra-
dation (e.g., DSG1 and FLG), our review identifies additional 
contributors to barrier disruption, including KLK5, SYNPO, and 
RELM-a, and highlights EMT and transcriptional reprogramming 
in suprabasal cells. Figure 3 summarizes the integrated patho-
physiological mechanisms of EoE, including epithelial barrier 
dysfunction, immune activation, fibroblast reprogramming, and 
genetic susceptibility.

Recent findings support barrier dysfunction as a primary 
pathogenic event. McGowan et al (93) linked reduced DSG1 
expression to altered immune gene profiles (e.g., IL13), while 
Akdis (94) proposed the “epithelial barrier hypothesis,” impli-
cating environmental exposures in barrier damage and immune
dysregulation.

Our review confirms the central role of type 2 inflammation,
with IL-4, IL-5, and IL-13 driving eosinophil, mast cell, and Th2
activation. We expand on O’Shea’s (92) findings by identifying
Th2A memory cells, group 2 innate lymphoid cells, and basophils
as key cytokine producers and describe novel signaling axes [thy-
mic stromal lymphopoietin–signal transducer and activator of 
transcription 5 (TSLP–STAT5), suppression of tumorigenicity 2/ 
interleukin-33 receptor, MIF–CXCR4] that amplify inflammation.

Racca et al (95) outlined genetic predisposition (e.g., TSLP, 
FLG, CAPN14, and STAT6) and environmental triggers. Our 
review adds mechanistic depth, detailing how epithelial-derived 
cytokines (IL-33, IL-18) activate iNKT cells and group 2 innate 
lymphoid cells, and how PIR-B and vitamin D modulate IL-
13–driven responses.

We also highlight adaptive immunity’s complexity, identify-
ing thymic stromal lymphopoietin receptor (TSLPR 1 ) Th2A cells 
as biomarkers and therapeutic targets, and describing a non-Th2 
IFN-g axis involving CD8 1 tissue-resident memory T cells. TFH 
cells promote IgG4 rather than IgE, distinguishing EoE from 
classical food allergy.

Fibrosis is driven by TGF-b1, periostin, and LIGHT, with our 
review detailing LIGHT–ICAM-1 interactions and CSF-1–dependent 
macrophage activation. These findings support precision medicine 
strategies targeting epithelial–immune–stromal crosstalk.

In summary, our review enriches the mechanistic un-
derstanding of EoE, integrating recent discoveries in immune 
regulation, epithelial biology, and fibrosis and identifying novel 
therapeutic targets for personalized intervention.

Building on the review of O’Shea et al (92), which identified 
CAPN14 and TSLP as key genetic risk loci, our synthesis inte-
grates multiomics data to expand the genetic landscape of EoE. 
Additional risk genes such as leucine-rich repeat-containing 
protein 32, DOCK8, and class II major histocompatibility
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complex transactivator, along with persistent epigenetic changes 
(e.g., DNA methylation and miRNA dysregulation), suggest 
mechanisms of disease memory and treatment resistance.

Recent literature (96) emphasizes ECM remodeling as central 
to EoE pathogenesis. Fibroblasts from patients with EoE secrete 
a distinct ECM proteome, with thrombospondin-1 emerging as 
a key driver of collagen I production and fibrosis. Thrombo-
spondin-1 is upregulated by TGF-b1, forming a feed-forward 
loop that perpetuates tissue rigidity.

Studies reveal heterogeneous fibroblast subpopulations (92), 
including ACTA2 1 myofibroblasts and ECM-depositing fibro-
blasts, shaped by cytokine signaling (e.g., IL-13 and LIGHT), and 
metabolic checkpoints (e.g., CD73 and adenosine). Mechano-
transduction through matrix stiffness further drives fibroblast 
activation and differentiation.

Serum biomarkers such as N-terminal propeptide of type III 
collagen, C-terminal propeptide of type VI collagen, and MMP-
derived fragments (matrix metalloproteinase-generated fragment 
of type III collagen and matrix metalloproteinase-generated 
fragment of type IV collagen) correlate with fibrosis and symp-
tom resolution, offering noninvasive tools for disease monitoring. 
Notably, TIMP-1 absence in pediatric biopsies suggests early 
ECM degradation preceding fibrosis.

Our review complements prior findings by identifying 
epithelial-specific targets (e.g., ATPase H1/K1 transporting 
non-gastric alpha-2 subunit and calcium channels), transcrip-
tional regulators (Kr¨ uppel-like factor 4 and RHOF), and immune 
biomarkers [major basic protein (MBP), TSLPR 1 Th2A cells, and 
IgG4]. These insights support a shift toward precision medicine, 
with stratified approaches based on molecular phenotype.

In summary, ECM remodeling, immune activation, and epi-
thelial dysfunction are tightly interconnected in EoE. Integrating 
genetic, epigenetic, and proteomic data enhances our un-
derstanding of disease mechanisms and highlights novel thera-
peutic and diagnostic strategies. Future research should validate 
ECM biomarkers across diverse populations and explore their 
role in personalized treatment algorithms.

Both Muir et al (97) and our systematic review highlight the 
central role of Th2 cytokines—particularly IL-13, IL-4, and IL-
5—in driving epithelial barrier dysfunction, fibroblast activation, 
and ECM deposition in EoE. IL-13 promotes eotaxin-3 secretion, 
fibroblast migration, and collagen production, supported by 
upregulation of POSTN, arachidonate 15-lipoxygenase, and se-
creted frizzled-related protein 1, and downregulation of DSG1 
and FLG.

TGF-b is a master regulator of fibrosis, inducing a-SMA, fi- 
bronectin, and periostin, and activating suppressor of mothers 
against decapentaplegic signaling Muir et al (97). Our review adds 
downstream targets like plasminogen activator inhibitor 1, lysyl 
oxidase, and connective tissue growth factor, which contribute to 
ECM crosslinking and stiffness.

EMT markers (Twist1, b-catenin) and loss of junctional 
proteins (claudin-7, E-cadherin) promote fibroblast-like behav-
ior and collagen secretion. Fibroblasts respond to matrix stiffness 
by upregulating contractile markers, perpetuating fibrosis even in 
remission.

Immune cells—MC, basophils, iNKT cells, and 
macrophages—release profibrotic mediators (IL-18, LIGHT, amphir-
egulin). PIR-B acts as a brake on IL-13–driven eosinophil activation.

Oxidative stress and impaired nuclear factor erythroid 2-re-
lated factor 2 signaling exacerbate epithelial hyperplasia (97).

Clinically, fibrosis assessment is challenging; endoluminal func-
tional lumen imaging probe and serum biomarkers (MBP, CD73, 
IL-13, and LIGHT) offer promising noninvasive tools for disease 
monitoring and stratified therapy.

EoE is defined by epithelial barrier disruption, immune acti-
vation, fibroblast reprogramming, and mechanical stress. Future 
research should validate noninvasive biomarkers, refine endotype 
classification, and develop targeted therapies. Diagnostic criteria 
may evolve to include molecular profiling, with PPI responsiveness 
removed. Equitable access to biologics and transcriptomic tools is 
essential, especially for pediatric care. Early screening in at-risk 
children may prevent fibrostenotic progression. Long-term studies 
should assess fibrosis reversibility and treatment durability. 
Emerging targets—CD73, LIGHT–HVEM, IFN-g, IgG4, and 
microbiome–immune interactions—offer promising directions for 
precision medicine and anti-remodeling strategies.

The expanding understanding of EoE at the molecular, im-
munologic, and epithelial levels has created an important oppor-
tunity to reimagine how the disease may be treated in the years 
ahead. Traditional therapies—dietary elimination, PPIs, and topi-
cal corticosteroids—have played a central role in management, yet 
they predominantly address downstream inflammation or symp-
tomatic control rather than the upstream processes that initiate and 
perpetuate the disease. The approval of dupilumab, which inhibits 
IL-4 and IL-13 signaling through IL-4Ra, marked a pivotal shift 
toward mechanistically targeted therapy. However, the complex 
interplay of epithelial barrier dysfunction, type-2 cytokine net-
works, fibroblast activation, and stromal remodeling revealed by 
recent studies indicates that additional therapeutic avenues are 
necessary to achieve deeper and more durable disease modification.

Within this context, the therapeutic targets synthesized in Table 1 
represent a diverse but interconnected set ofmolecular pathways that 
define the pathobiology of EoE. The IL-13 pathway stands out as 
a particularly compelling axis, not only because of the established role 
of IL-13 in epithelial remodeling and fibroblast activation but also 
because of accumulating clinical trial data involving agents such as 
cendakimab. These investigations have demonstrated that selective 
IL-13 blockade can normalize key components of the EoE tran-
scriptome and improve both histologic and symptomatic disease 
activity. The strength of these data suggests that IL-13 signaling 
contributes centrally to disease progression and may serve as a bi-
ological anchor for future therapeutic strategies.

At the same time, other pathways identified in the literature 
expand the therapeutic landscape far beyond conventional type-2 
inflammation. The discovery of TSLPR-expressing Th2A memory 
cells as potent amplifiers of cytokine production points to the 
possibility of intervening at the level of adaptive immune memory 
and chronic inflammation. Similarly, the LIGHT–HVEM axis 
offers insight into the mechanisms by which T-cell–derived signals 
orchestrate fibroblast activation and ECM deposition, processes 
fundamental to the development of fibrostenosis. Emerging evi-
dence highlighting metabolic checkpoints—such as the impaired 
CD73-adenosine pathway in EoE fibroblasts—suggests that tissue 
remodeling may also be influenced by previously unrecognized 
metabolic dysregulation. The identification of epithelial proteases, 
including KLK5 acting through protease-activated receptor 2, 
introduces an additional layer of therapeutic potential by linking 
epithelial injury directly to inflammatory propagation. Finally, 
chemotactic and innate immune regulators such as the 
MIF–CXCR4 axis reveal how eosinophil recruitment and mast cell 
activation respond to signals beyond classical cytokine pathways.
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Together, these findings underscore a more intricate and 
multifaceted view of EoE pathogenesis than previously appreci-
ated. They demonstrate that EoE is not simply a disease of eo-
sinophilic infiltration, but rather a dynamic disorder in which 
epithelial barrier biology, innate and adaptive immunity, stromal 
activation, and metabolic signaling collectively shape disease se-
verity and chronicity. As a result, the therapeutic targets assem-
bled in this review do more than highlight potential drug 
candidates; they offer a roadmap for a more precise and in-
dividualized approach to treatment.

The importance of pursuing these emerging targets in future 
research cannot be overstated. Each pathway represents an op-
portunity to intervene earlier in disease progression, to modulate 
specific components of the inflammatory cascade, and to prevent 
or reverse fibrostenotic transformation. A deeper exploration of 
these mechanisms will be essential for defining endotype-specific 
vulnerabilities, identifying biomarkers capable of predicting 
treatment response, and refining the classification of EoE beyond 
current clinical and histologic criteria. Moreover, because new 
therapies progress through preclinical and clinical development, 
there will be increasing need to understand how multiple patho-
genic pathways converge within individual patients, and whether 
combination or sequential interventions may offer the most ef-
fective means of achieving sustained remission.

In summary, the therapeutic targets presented here provide 
a comprehensive and forward-looking foundation for future in-
novation in EoE research. They reflect a field rapidly evolving 
toward mechanistic precision, and they highlight the potential for 
transformative advances in disease management as upstream, 
epithelial, stromal, and metabolic pathways become integrated 
into the therapeutic armamentarium.

This systematic review synthesizes immunological, genetic, 
epithelial, and ECM mechanisms in EoE, confirming it as 
a multifactorial, antigen-driven disease. Epithelial barrier dys-
function, type 2 inflammation, and fibroblast reprogramming 
drive chronicity and fibrosis. Key contributors include IL-13, 
TSLP, RELM-a, LIGHT, and metabolic checkpoints like CD73. 
Genetic and epigenetic alterations (e.g., CAPN14, DOCK8, and 
miRNAs) underlie disease persistence. Noninvasive biomarkers 
and molecular profiling may refine diagnosis and guide therapy. 
Precision medicine approaches, early screening, and pediatric-
focused research are essential. Future studies should explore IFN-
g, IgG4, Tregs, and microbiome–immune interactions to address 
treatment variability and uncover new therapeutic targets.

Strengths and limitations

This systematic review offers a mechanistic synthesis of EoE, 
integrating findings across immunological, epithelial, genetic, 
and ECM pathways. It includes 103 original studies—spanning 
human, animal, and in vitro models—selected using Population 
Exposure Comparator Outcome and Study design (PECOS) cri-
teria and PRISMA 2020 guidelines. Risk of bias was assessed using 
validated tools (Newcastle–Ottawa Scale, SYRCLE, and a custom 
in vitro checklist), ensuring methodological rigor.

Multiomics data (transcriptomic, proteomic, epigenomic, 
single-cell RNA sequencing [scRNA-seq]) enabled high-
resolution insights into disease heterogeneity. Emerging targets 
include TSLPR 1 Th2A cells, LIGHT–HVEM, CD73, and IL-
13Ra1, with biomarkers like MBP, periostin, and IgG4-
producing TFH cells. Inclusion of pediatric and adult cohorts 
supports age-specific insights and early intervention strategies.

However, limitations persist. Methodological diversity com-
plicates cross-study comparisons. Most studies are short-term or 
case-control, lacking longitudinal data on fibrosis progression 
and treatment durability. Non-Th2 pathways (e.g., IFN-g, IgG4, 
and Tregs) remain underexplored. Biomarker validation is in-
complete, and standardization is lacking.

Microbiome–immune interactions and early-life exposures 
(e.g., antibiotics and C-section) are recognized but poorly un-
derstood. Functional consequences of genetic variants and epi-
genetic regulation (e.g., DNA methylation and miRNAs) require 
further mapping.

A notable limitation of this review concerns the use of a cus-
tom-designed quality assessment checklist for in vitro mecha-
nistic studies. While this tool was constructed based on widely 
accepted experimental standards—such as transparent reporting 
of cell line origin, authentication procedures, inclusion of bi-
ological and technical replicates, appropriate controls, method-
ological clarity, and statistical rigor—it has not undergone formal 
external validation. Consequently, the absence of standardized 
benchmarks may introduce an element of subjectivity during 
scoring. This subjectivity may affect the consistency with which 
methodological strengths and weaknesses are interpreted across 
studies, despite efforts to mitigate bias through independent 
scoring by multiple reviewers and consensus discussion.

Furthermore, the use of a nonvalidated tool limits compara-
bility with other systematic reviews that evaluate in vitro evidence 
using different or partially overlapping criteria. Because no uni-
versally endorsed methodological quality assessment tool exists 
for in vitro experiments, current reviews often rely on heteroge-
neous or internally developed instruments, complicating cross-
study synthesis and the establishment of consistent quality 
thresholds. This variability underscores a broader methodologi-
cal challenge in the field: although in vitro studies provide in-
dispensable mechanistic insights—particularly in molecular, 
epithelial, and immunologic research—their appraisal lacks the 
structured frameworks available for clinical and animal research.

This limitation highlights the need for future initiatives aimed 
at standardizing and validating quality assessment tools specifi- 
cally tailored to in vitro mechanistic research. The development of 
a consensus-based, externally validated checklist would enhance 
methodological rigor, improve reproducibility, and facilitate 
meaningful comparisons across systematic reviews. Such efforts 
would also support the integration of in vitro evidence into 
translational frameworks with greater confidence, ultimately 
strengthening mechanistic inference in fields such as EoE.

Review limitations include language bias (English-only), po-
tential publication bias, and manual study selection without au-
tomation tools. The custom in vitro checklist lacks external 
validation. Restricting the search to 2014–2025 may exclude
foundational studies. Exclusion of qualitative research may limit 
contextual understanding.

Despite these limitations, the review supports a paradigm shift 
toward precision medicine in EoE, emphasizing biomarker-guided 
diagnosis, stratified therapy, and early screening. Future research 
should prioritize longitudinal studies, pediatric cohorts, and integrative 
multiomics to refine disease modeling and improve outcomes.
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