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Background: Eosinophilic esophagitis (EoE) is a chronic, allergen-driven, type 2 immune-mediated disease of the esophagus defined
by symptoms of esophageal dysfunction and eosinophil-predominant mucosal inflammation (>15 eosinophils per high-power field),
with a rising global prevalence now exceeding 1 in 1,000 individuals in Western countries. Its pathogenesis extends far beyond
eosinophils, encompassing epithelial alarmin signaling (TSLP, IL-33, IL-18), ILC2 and Th2 immune activation, and a convergent
effector network of eosinophils, mast cells, and fibroblasts that drives barrier disruption and progressive fibrostenotic remodeling.
Purpose: This narrative review synthesizes current evidence on the multi-layered immunopathogenesis of EoE, the evolving
conceptualization of disease remission, established and emerging therapeutic options, and precision medicine strategies incorporating
phenotypic and molecular endotype classification.

Key Findings: EoE shares a pathophysiologic continuum with other atopic diseases, underpinned by convergent type 2 immune
mechanisms and epithelial barrier gene defects. A recently characterized ILC2—amphiregulin-EGFR axis directly drives structural
esophageal remodeling independent of eosinophil recruitment, providing a mechanistic explanation for the histology-symptom
dissociation that limits several biologic therapies. First-line therapies—proton pump inhibitors (PPIs), swallowed topical corticoster-
oids (STCs), and dietary elimination—achieve histologic remission in 45-90% of patients. Dupilumab, the first approved biologic,
achieves histologic remission in approximately 59-60% of patients versus 5-6% with placebo at week 24. An expanding pipeline
targets IL-13, IL-5R, TSLP, mast cells, and JAK-STAT pathways alongside optimized steroid formulations and oral small molecules.
Conclusion: EoE is entering an era of precision therapeutics. Integrating molecular endotyping, multi-effector immunopathology, and
multidimensional disease activity assessment will be essential to optimize long-term outcomes, prevent fibrostenotic progression, and
individualize the expanding armamentarium of targeted therapies.

Plain Language Summary: Eosinophilic esophagitis (EoE) is a chronic inflammatory disease of the food pipe (esophagus) that
causes difficulty swallowing. It is linked to food allergens and has become much more common over the past thirty years, now
affecting roughly 1 in every 1,000 people in Western countries.

For a long time, doctors believed EoE was caused mainly by one type of immune cell called the eosinophil. We now know the
picture is more complex. This review explains that EoE involves many parts of the immune system working together: the lining of the
esophagus releases alarm signals that trigger a chain reaction; a group of immune cells called ILC2s amplify this reaction and directly
cause thickening of the esophageal wall; and other cells, including mast cells and fibroblasts (which form scar tissue), each play
distinct roles in causing symptoms and structural damage.
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This complexity explains a puzzling observation: several newer treatments that successfully clear the inflammatory cells from the
esophagus do not reliably improve swallowing. Our review explains why — because structural damage and nerve sensitization that
cause symptoms can persist even after the inflammatory cells are gone.We review three established treatments (acid-suppressing
medicines, swallowed steroid preparations, and elimination diets), the first approved targeted therapy (dupilumab, which blocks two
key immune signals at once), and a pipeline of newer treatments. We also describe how people with EoE can be grouped into
molecular subtypes that may predict which treatment is most likely to help them, moving toward personalized care.

Keywords: eosinophilic esophagitis, type 2 inflammation, ILC2-amphiregulin-EGFR, 1L-33/ST2 axis, GPR15, IFN signature, mast
cell, neuroimmune, TGF-p, fibrostenosis, dupilumab, precision medicine

Graphical Abstract

Immunotargets and Therapy for Eosinophilic Esophagitis
The hidden immune landscape of eosinophilic esophagitis

Eosinophils IL-5 / IL-5Ra
Mast cells Siglec-8 / KIT
ILC2s TSLP / IL-33/ST2 /
Areg-EGFR
Fibroblasts TGF-B / LIGHT /
TSPAN12
Sensory neurons TRPV1 / mast cell-

neuroimmune axis

Introduction

Eosinophilic esophagitis (EoE) is a chronic, antigen-driven, type 2 immune-mediated disease defined by the triad of
esophageal dysfunction symptoms, eosinophil-predominant inflammation (>15 eosinophils/hpf on biopsy), and exclusion
of secondary causes of esophageal eosinophilia.'* First characterized as a distinct clinicopathologic entity in the early
1990s, EoE has since transformed from a curiosity of case reports into one of the most actively studied gastrointestinal
inflammatory diseases of the modern era, with a global prevalence now exceeding 1 in 1,000 persons in industrialized
countries and an incidence that outpaces the rate of increase in endoscopy and biopsy, implying genuine environmental
drivers beyond diagnostic ascertainment.’

EoE occupies a unique position at the crossroads of allergology and gastroenterology.®’ It shares a pathophysiologic
continuum with asthma, atopic dermatitis, allergic rhinitis, and chronic rhinosinusitis with nasal polyps—a cluster of
diseases increasingly recognized as related expressions of type 2 mucosal immunopathology—yet it is distinguished by
its organ-specific manifestation, its propensity for fibrostenotic remodeling if inadequately controlled, and the critical role
of food antigens as principal environmental triggers.® Untreated or undertreated EoE carries the risk of progressive
esophageal remodeling, luminal narrowing, and a clinical phenotype dominated by dysphagia and food bolus impaction
that profoundly impairs quality of life.” Diagnostic delays of more than a decade remain common in adult patients.'®
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The therapeutic landscape has been reshaped over the past decade. The approval of dupilumab in 2022 as the first
biologic for EoE validated the IL-4/IL-13 axis as a clinically actionable target and inaugurated a new era of mechanism-
based treatment.'" Concurrently, the concept of therapeutic success has evolved from a single histologic threshold into
a multidimensional construct encompassing endoscopic, symptomatic, and patient-reported outcomes, increasingly
framed within a Treat-to-Target (T2T) paradigm.'? Critically, recent mechanistic research has revealed that disease
pathogenesis extends well beyond eosinophilic inflammation: an ILC2-driven amphiregulin~-EGFR axis directly induces
esophageal epithelial hyperplasia; the IL-33/ST2 signaling axis amplifies the entire innate—adaptive cascade; mast cells
persist in histologic remission and contribute independently to smooth muscle dysfunction and fibrosis; and distinctive
sphingolipid dysregulation in esophageal epithelium impairs barrier integrity through cytokine-regulated ceramide
biosynthesis. This expanding mechanistic landscape reframes EoE as a multi-effector immune disorder requiring multi-
target therapeutic strategies.

This review provides a comprehensive synthesis of EoE immunopathogenesis—with particular focus on immune
dysfunction at its multiple levels—alongside the evidence base for established and emerging therapies, evolving
definitions of disease control, and the emerging framework of precision medicine incorporating molecular endotyping
and phenotypic stratification. Our goal is to offer the clinician-scientist a coherent roadmap of where the field stands and
where it is headed, illuminating both the therapeutic opportunities and the scientific gaps that remain.

Methods

This is a narrative review. A structured literature search was conducted in PubMed and EMBASE from January 2015
through March 2026, supplemented by manual review of reference lists of key publications and selected congress
abstracts from major gastroenterology and allergy congresses. Search terms included “eosinophilic esophagitis”,
combined with “immunopathogenesis”, “epithelial barrier”, “ILC2”, “IL-33”, “amphiregulin”, “mast cell”, “biologics”,
“dupilumab”, “treat-to-target”, “endotype”, “fibrostenosis”, and “precision medicine.” Original research articles,
randomized controlled trials, systematic reviews and meta-analyses, and consensus guidelines were prioritized.
Studies published in English were included. Given the rapidly evolving nature of the field, particular attention was
paid to publications from 2022 onward. The selection of studies for inclusion was based on relevance to the review’s
thematic structure, quality of evidence, and clinical or mechanistic significance, as assessed by all authors by

consensus.

Epidemiology

The global burden of EoE has risen substantially and continuously over the past three decades.'*'* A recent meta-
analysis, published in 2023 and drawing on 40 population-based studies from 15 countries spanning five continents,
reported a global pooled incidence of 5.3 per 100,000 person-years (95% CI 4.0-6.6) and prevalence of 40.0 per
100,000 persons (95% CI 31.1-49.0)." Critically, prevalence increased by more than 800% from the earliest studies
(1976-2001) to the most recent cohorts (2017-2022)—a rate of change that outstrips the growth in endoscopy and biopsy
practices. Comparable findings from the United States Veterans Health Administration, which documented a greater than
300% increase in annual incident cases between 2009 and 2018, and from European population-based registries converge
on this conclusion: the epidemiological rise of EoE is real, not artifactual.'®!”

Current estimates in Western countries position the prevalence at greater than 1 in 1,000 individuals, comparable to
inflammatory bowel disease, making EoE the most common cause of dysphagia and food bolus impaction in children and
young adults, and the second most frequent cause of chronic esophagitis after gastresophageal reflux disease (GERD).'®
The disease predominantly affects white males, with a consistent male-to-female ratio of approximately 3:1. Incidence
rises during adolescence and peaks in early adulthood, although EoE is increasingly recognized across all age groups and
both sexes.

Multiple risk and protective factors have been identified.'>*° Early-life exposures associated with increased EoE risk
include preterm birth, neonatal intensive care unit admission, Cesarean delivery, early antibiotic or acid-suppressive use,
and maternal smoking, all of which may perturb the intestinal microbiome during a critical immunological window.
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Conversely, Helicobacter pylori infection and early exposure to furred pets appear protective, consistent with the hygiene
hypothesis and its proposition that reduced early microbial stimulation promotes Th2 immune polarization.*!

Clinical Presentation and Atopic Comorbidities

The clinical presentation of EoE is highly age-dependent, reflecting the dynamic interplay between developing anatomy,
evolving immune phenotypes, and the progressive structural consequences of untreated inflammation.'**?* In adoles-
cents and adults, solid-food dysphagia is the cardinal symptom, frequently accompanied by food bolus impaction—an
event that precipitates emergency endoscopy in 33-54% of adult patients at some point during the disease course.”* In
infants and young children, EoE manifests as vomiting, regurgitation, food refusal, failure to thrive, and failure to
progress to age-appropriate food textures. An important clinical caveat applies across all age groups: patients with long-
standing EoE frequently adopt maladaptive eating strategies that mask the severity of dysphagia at clinical interview, and
these compensatory behaviors may progress to avoidant/restrictive food intake disorder.?> 2’

Atopic comorbidities are extraordinarily prevalent in EoE. At least 60—80% of patients carry at least one concomitant
allergic diagnosis, and the probability of an EoE diagnosis rises steeply with atopic burden: a pediatric birth-cohort
analysis demonstrated hazard ratios of 2.5 (95% CI 1.6-3.9), 5.6 (95% CI 3.5-8.9), and 9.1 (95% CI 5.2-16.0) for any
one, two, and three atopic diagnoses, respectively.’>' These data strongly support the conceptualization of EoE as a late
esophagus-specific manifestation of the allergic march, yet a substantial minority of patients lack objective evidence of
systemic atopy, indicating that non-IgE-mediated mechanisms operate in parallel.

Psychiatric and neurodevelopmental comorbidities deserve equal clinical attention. Approximately 31% of adults with
EoE carry at least one psychiatric diagnosis, most commonly anxiety and depression.** > Symptom-specific anxiety and
esophageal hypervigilance are independent predictors of dysphagia severity after accounting for endoscopic and
histologic disease activity, highlighting the relevance of central sensitization pathways. The diagnosis requires fulfillment
of three criteria: symptoms of esophageal dysfunction; a peak eosinophil density of at least 15 eos/hpf confirmed by
biopsies from at least two esophageal segments; and exclusion of alternative causes of esophageal eosinophilia.>® The
contemporary diagnostic framework no longer requires a mandatory PPI trial before establishing the diagnosis.”’

Immunopathogenesis: A Multi-Effector Model of Immune Dysfunction

The immunopathogenesis of EoE can no longer be reduced to a simple eosinophil-centric or even Th2-centric narrative.
An emerging multi-effector model positions the eosinophil as one—albeit prominent—player within a hierarchical
immune cascade that is initiated at the level of the esophageal epithelium, amplified through both innate and adaptive
lymphoid circuits including ILC2s, basophils, iNKTs, GPR15" clonally expanded Th2 cells, and CD8" tissue-resident
memory cells, and ultimately converges on a spectrum of effectors—eosinophils, mast cells, fibroblasts, and sensory
neurons—each contributing distinct pathobiological activities.*® TGF-B, LIGHT (TNFSF14), and endothelial TSPAN12
further link inflammatory signaling to the fibrostenotic remodeling compartment through mechanisms largely indepen-
dent of eosinophil density. A concurrently active IFN-y/type I IFN signature, the AHR-SPINK7-OVOL1 barrier
regulation axis, and the esophageal microbiome add environmental and non-type 2 dimensions to this pathobiological
landscape. The clinical consequence of this multi-effector architecture is that suppressing a single node, however
effectively, may not resolve all disease manifestations, a mechanistic principle that now directly shapes therapeutic
strategy. Figure 1 summarizes the main mechanisms involved in EoE pathophysiology.

The Esophageal Epithelium as an Active Immune Organ

The esophageal epithelium is not a passive barrier that simply fails under immune attack; it is an active immunological
organ whose intrinsic molecular architecture simultaneously determines susceptibility to antigen penetration and orches-
trates the upstream activation of the entire type 2 cascade.’” *' Three converging lines of evidence establish this dual
role: the alarmin signaling machinery that translates mechanical and proteolytic damage into immune activation; the
genetic and lipid-metabolic vulnerability that impairs structural barrier integrity; and a hypoxia-driven adenosine axis
that links inflammatory oxygen demand to epithelial repair failure.
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Figure | Main mechanisms involved in Eosinophilic esophagitis’ pathophysiology.

The type 2 cascade® is initiated by epithelial-derived alarmins, of which TSLP, IL-33, and IL-18 are the dominant
orchestrators.*

TSLP, encoded by a gene harboring EoE-associated variants together with its receptor gene CRLF2, is constitutively
expressed at low levels in the esophageal epithelium and is markedly upregulated in active EoE biopsies.** TSLP attracts,
activates, and potentiates survival and degranulation of eosinophils; enhances IL-1-induced cytokine secretion by mast
cells; and potently activates dendritic cells and ILC2s.** A pivotal mechanistic discovery linked TSLP production to the
serine protease inhibitor SPINK?7: loss of SPINK7 expression amplifies kallikrein-5 proteolytic activity, impairs epithelial
differentiation, and drives TSLP production, directly connecting epithelial protease dysregulation to upstream type 2
immune priming.*>*® IL-33, a member of the IL-1 cytokine superfamily, signals through its cognate receptor ST2 and
activates NF-«kB to drive production of IL-1p, IL-3, IL-4, IL-5, IL-6, IL-13, and TNF-a across a broad range of target
cells.*”*

ST2 is expressed on eosinophils, mast cells, basophils, ILC2s, regulatory T cells, macrophages, dendritic cells, and
vascular endothelial cells, underlining IL-33’s capacity to simultaneously coordinate the entire innate—adaptive immune
spectrum.*” The causal significance of IL-33 was established by a murine transgenic model (EoE33 mice) in which
epithelial overexpression of a secreted active form of IL-33 recapitulated the full EoE phenotype—eosinophilic infiltra-
tion, basal-zone hyperplasia, dilated intercellular spaces, mast cell accumulation, increased CD4" T cells, and elevated
IL-4, IL-9, and IL-13—through an ST2-dependent and IL-13-dependent mechanism.’® Critically, structural features
including dilated intercellular spaces, basal-zone hyperplasia, and lamina propria fibrosis persisted in eosinophil-deficient
EoE33 mice, reinforcing that IL-33/ST2 drives pathology through effectors beyond the eosinophil.”’ IL-33 can addi-
tionally be triggered by proteolytic allergens through the ripoptosome—an intracellular platform activating RIPKI1-
caspase (8/3/7)-IL-33 signaling upon antigen exposure’—providing a mechanism by which food antigens initiate
eosinophilic inflammation independent of classical adaptive recognition.>? IL-18 similarly supports eosinophil maturation
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and survival, acts in concert with TSLP to induce IL-13 secretion from ILC2s,>* and upregulates endothelial adhesion
molecules enabling peripheral immune cell recruitment.>* Additionally, due to decreased expression of natural IL-1R
antagonists, esophageal epithelial cells in EoE may be hyperresponsive to any IL-1 secreted into the local microenviron-
ment, creating a state of amplified alarmin sensitivity.

The structural basis of barrier vulnerability in EoE is multidimensional.>> > Dilation of intercellular spaces (DIS) is
a histologic hallmark reflecting downregulation of barrier proteins—zonulin-3, filaggrin, claudins, and desmoglein-1—
under Th2 cytokine influence. Genome-wide association studies have identified CAPN14, encoding calpain-14, as the
most strongly EoE-associated gene; its IL-13-driven upregulation directly destabilizes desmosomal junctions via DSG1
and desmoplakin degradation.®®®" Loss of SPINK7 amplifies kallikrein-5-mediated protease activity and TSLP produc-
tion, creating a barrier-to-alarmin feed-forward loop.®'**> Non-responders to PPI-topical steroid therapy exhibit sig-
nificantly downregulated SPINKS, SPINK7, SPINKS, and DSG1 expression compared with responders, implicating
barrier gene dysregulation as a molecular substrate of treatment refractoriness.®> A newly characterized lipidomic
dimension of barrier failure concerns epithelial sphingolipid composition: esophageal brushings from patients with
active EoE show selectively elevated non-hydroxy fatty acid sphingosine ceramide/phytoceramide (NS-CER/NP-CER)
ratios, positively correlated with IL-5, IL-13, and CCL26 mRNA expression.®* IL-4/IL-13 directly dysregulate the
ceramide desaturase enzymes DEGS1 and DEGS2 in primary esophageal epithelial cells, establishing cytokine-regulated
lipid metabolism as a mechanism of barrier failure and potentially generating aberrant ceramide-based lipid antigens
recognized by esophageal iNKTs through CD1d, linking barrier dysfunction to innate immune activation.

A further, recently characterized layer of barrier pathology involves the HIF-1o—CD73—adenosine signaling axis.
Eosinophilic inflammation substantially increases esophageal epithelial oxygen demand, creating inflammatory hypoxia
that paradoxically attenuates HIF-1a during extended insult. CD73 (NTSE), a direct HIF-1a transcriptional target that

5N murine

converts extracellular AMP to adenosine, is significantly diminished in active EoE biopsies and in the L2-IL
model, with accompanying reduction in tight junction occludin.®> Pharmacologic CD73 blockade impairs wound healing
and barrier function in vitro, while activation of the downstream ADORA2B receptor—the most abundantly expressed
adenosine receptor in active esophageal epithelium—restores fibronectin and occludin expression and improves barrier
integrity both in vitro and in vivo, establishing ADORA2B agonism as a novel therapeutic strategy for epithelial repair
that operates independently of cytokine suppression.®®

This barrier dysfunction is not fully reversible upon histologic remission. Prospective transcriptomic-proteomic
profiling of pediatric patients across active disease, inactive disease (<15 eos/hpf), and deep remission (0 eos/hpf)
revealed persistent DSG1 downregulation in deep remission, indicating structurally impaired desmosome recovery
independent of eosinophil density.®>®” Cadherin 26 (CDH26)—mediating leukocyte binding via o4 and oE integrins
and regulating IL-4 receptor-mediated epithelial signaling—was persistently upregulated at both gene and protein level in
both pediatric and adult cohorts at O eos/hpf. Periostin (POSTN) was the only protein persistently upregulated in deep-
remission EoE at the proteomic level and correlated with the EREFS rings subscore (Spearman r=0.53, p=0.004), directly
linking molecular residual barrier-remodeling activity to structural fibrostenotic endpoints.®*®” These data suggest that
EoE may exhibit an “inflammatory memory”—stable epigenetic or structural changes that persist despite suppression of
active inflammation—and provide a molecular rationale for disease relapse after treatment withdrawal.®®

Two additional dimensions of epithelial immune function in EoE deserve emphasis. First, the aryl hydrocarbon
receptor (AHR) serves as a global environmental sensor in esophageal epithelial cells, detecting microbiota-derived
molecules, ingested tryptophan, and xenobiotics to maintain immune homeostasis and epithelial barrier integrity.®® In the
human esophagus, AHR directly regulates SPINK7 through OVOLI, a transcription factor enriched in esophageal
epithelium that supports epithelial differentiation and protease inhibitor expression—thereby creating a mechanistic
link between diet, the esophageal microbiome, and the barrier gene program already identified as central to EoE
susceptibility. AHR activation thus represents an underexplored therapeutic strategy for restoring barrier function through
a microenvironmentally responsive pathway distinct from cytokine blockade. Second, esophageal epithelial cells function
as non-professional antigen-presenting cells through IFN-y-induced, CIITA-pIV-dependent MHCII upregulation during
active EoE.” In vitro, esophageal epithelial cells can proteolytically cleave food antigens and present them to CD4"
T cells via MHCII; genetic ablation of CIITA-pIV reduces esophageal MHCII expression and eosinophilia in murine
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EoE. Esophageal epithelial cells also express the co-stimulatory molecule CD80 at baseline, with decreased expression in
active EoE. This epithelial antigen-presenting capacity positions the esophagus as a site of primary allergen—T cell
interaction, not merely a downstream target of immune activation, and may explain how local esophageal sensitization
drives disease independently of systemic atopy.

The esophageal microbiome constitutes a further dimension of barrier regulation and immune priming. EoE is
associated with characteristic microbial dysbiosis: enrichment of Proteobacteria including Neisseria and
Corynebacterium, elevated total bacterial load, and increased Haemophilus in active disease.”’ Murine models with
absent lactobacilli upregulate POSTN, KLKS5, and HIF1, directly linking microbial composition to barrier-gene dysre-
gulation central to EoE pathogenesis.”> Esophageal dysbiosis may amplify inflammation by disrupting proteolytic
balance and activating epithelial pattern recognition receptors; microbiome composition is further modified by treatment
modality, with steroid therapy, PPIs, and dietary modification each producing distinct microbial signatures that may
contribute to differences in therapeutic response.

The homeostatic human esophagus hosts a complex immune landscape revealed by a 2024 single-cell atlas of 60
distinct cell types.* Contrary to the predominant Th2 narrative, IFN-y ' CD8" tissue-resident memory T cells—not CD4"
T cells—are the dominant lymphocyte in the homeostatic esophagus, with at least one CD8" T cell subtype expressing
MHCII genes suggestive of non-conventional antigen-presenting capacity. This CD8 -IFN-dominant homeostatic base-
line is consistent with a conserved IFN-y/type I IFN response gene signature detectable in active EoE epithelium across
pediatric and adult cohorts by bulk RNA-seq, concurrent with the canonical Th2 signature.”” Because IFN-y reduces
epithelial tight junction expression, promotes epithelial apoptosis, and upregulates esophageal epithelial MHCII, this
non-type 2 inflammatory layer may contribute to barrier disruption independently of Th2 cytokines and partially explain
residual disease in patients achieving Th2 suppression.

Barrier dysfunction in EoE is not confined to the epithelial layer: a recent study demonstrated disruption of the
esophageal vascular barrier (EVB) in active EoE using probe-based confocal laser endomicroscopy, with marked
fluorescein leakage and upregulation of the vascular permeability marker PV-1 at both protein and transcript level
compared to reflux esophagitis and healthy controls.>® Notably, EVB integrity was restored after dupilumab treatment,
and PV-1 expression correlated significantly with mucosal eosinophil density, suggesting that vascular barrier disruption
is inflammation-driven and potentially reversible, with implications for allergen translocation and disease perpetuation.

Innate Immune Amplification: ILC2s, Basophils, iNKTs, and Failed Immune Regulation
Epithelial alarmin signals are received and amplified by a network of innate immune cells that collectively prime the
downstream adaptive type 2 response. Dendritic cells are activated by TSLP and IL-33 to drive T cell differentiation,
a process continuously supplied by basophil-derived IL-4 as an obligate co-signal. Basophils thereby occupy a pivotal
upstream node whose IL-4 production sustains both ILC2 activation and naive T cell Th2 polarization—a role
insufficiently appreciated given the field’s predominant focus on eosinophils and ILC2s, and one that positions basophils
as a potential upstream therapeutic target capable of simultaneously damping both ILC2-driven and adaptive Th2-driven
circuits.

Type 2 innate lymphoid cells (ILC2s) serve as the principal cellular bridge between epithelial alarmin release and
downstream adaptive Th2 polarization.”* In the homeostatic esophagus, ILC2s constitute the dominant lymphocyte
population, comprising approximately 90% of esophageal ILCs, and express characteristically high levels of KLRG1—a
marker of activated, cytokine-high ILC2s—relative to ILC2s in the lung.*® ILC2 frequency is markedly elevated in active
EoE compared with healthy controls and histologic remission.”* Upon activation by alarmins, esophageal ILC2s secrete
IL-5, IL-13, and amphiregulin (Areg), an EGF-family growth factor. Among these, Areg has emerged as
a mechanistically critical but previously underappreciated driver of structural esophageal injury independent of eosino-
philia. Single-cell RNA-sequencing revealed that ILC2s are the dominant source of esophageal Areg—with significantly
higher AREG expression than Tregs or Th2 cells—and that Areg is the sole EGFR-binding ligand upregulated in the EoE
esophagus.’” Areg binds to EGFR on esophageal basal cells, inducing prolonged phosphorylation of EGFR and down-
stream ERK1/2 and AKT activation that drives basal-cell hyperproliferation and pathological epithelial thickening.”®
ILC-deficient mice fail to develop basal-cell hyperplasia or epithelial thickening even after IL-33 challenge, and
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recombinant Areg alone recapitulates these structural changes in naive mice. EGFR inhibition with erlotinib and Areg-
neutralizing antibodies significantly reduce both epithelial hyperplasia and eosinophilia in murine EoE models, establish-
ing the ILC2—Areg—EGFR axis as a therapeutically actionable target for the structural dimension of EoE that operates
upstream of and independently from eosinophil density.

Invariant natural killer T cells (iNKTs) bridge innate and adaptive immunity through TCR-mediated recognition of
lipid antigens presented on CD1d.”” iNKTs are increased in EoE biopsy specimens and produce IL-5 and IL-13 upon
activation, contributing directly to type 2 cytokine amplification.>® IL-18 activates iNKTs through a non-TCR-dependent
pathway to produce IL-5 and IL-13, providing a direct mechanistic link between the IL-18 alarmin axis and iNKT-
mediated cytokine amplification. iNKTs from children with food allergy exhibit differential responsiveness to milk-
derived sphingomyelin presented via CD1d, potentially connecting the ceramide dysregulation to a CD1d-dependent
innate recognition pathway through which altered epithelial lipid metabolism may generate aberrant lipid antigen signals
that perpetuate esophageal inflammation through a mechanism entirely independent of classical adaptive allergen
recognition.”®”?

The immune dysregulation in EoE is not solely a failure of effector cell excess but also reflects impaired regulatory
mechanisms. FoxP3'CD25'CD4" Tregs are reduced in the esophageal tissue of adults with EoE independent of corticos-
teroid therapy, while paradoxically appearing increased in pediatric tissue but with reduced functional suppressive
capacity.*® Under inflammatory conditions, Tregs lose FoxP3 expression and convert into pro-inflammatory Th1 or Th17
subsets, potentially amplifying rather than restraining esophageal inflammation. Eosinophils contribute to Treg homeostasis
through production of TGF-f and all-trans retinoic acid (ATRA), promoting intestinal iTreg differentiation—a feedback
loop that may be disrupted when eosinophils adopt a degranulating phenotype, removing a critical restraint on Th2
amplification and impairing oral tolerance mechanisms that would otherwise limit allergen-specific esophageal
inflammation.®!

The Adaptive Type 2 Response and Eosinophilic Effector Cascade

The adaptive arm of the type 2 response is driven by highly specialized CD4" CRTH2" central-memory effector Th2
cells®* together with activated ILC2s, which collectively produce large quantities of IL-4, IL-13, and IL-5.**> A crucial
refinement of this Th2 biology was provided by single-cell immunology: Morgan et al identified by single-cell RNA-seq
a population of clonally expanded, GPR15-expressing pathogenic effector Th2 cells as the dominant disease-associated
adaptive immune population in EoE tissue® GPR15 mediates tissue homing to mucosal sites including the esophagus,
providing a mechanism for allergen-specific T cell tissue localization distinct from peripheral blood Th2 cells. These
clonally expanded, esophagus-resident pathogenic Th2 cells represent a precision target whose esophageal-specific
homing—mediated by GPR15—and clonal expansion distinguish them from circulating type 2 effectors and may
underlie the local persistence of adaptive inflammation. IL-13 occupies the most central position in EoE
pathobiology.®>*® It drives eotaxin-3 (CCL26) expression in esophageal epithelial cells—CCL26 is upregulated 53-

fold in the EoE transcriptome®’:%®

—recruits eosinophils from the circulation, and directly impairs epithelial barrier
integrity by suppressing filaggrin, claudins, and desmoglein-1 and upregulating CAPN14.5%%% TL-4, acting through the
shared IL-4Ra/JAK-STATG6 axis, amplifies eosinophil chemotaxis’® and upregulates endothelial adhesion molecules’" in
order to facilitate transepithelial migration.’” IL-5 sustains eosinophil survival and maturation in esophageal tissue,
preventing apoptosis.”> This cytokine network is tightly integrated:’*> IL-13 enhances CCL26 expression, eotaxin-3
recruits eosinophils, and recruited eosinophils release further cytokines amplifying ILC2 and mast cell activation,
creating self-sustaining inflammatory circuits.”® TL-9, produced by Th9 cells and ILC2s,” further potentiates mast cell
and ILC2 activation.”®

The eosinophil itself is both an effector and an amplifier. The upper esophagus is physiologically devoid of
eosinophils, rendering even modest esophageal eosinophilia pathologically significant.”® Within inflamed tissue, eosino-
phils degranulate, releasing MBP-1/2, ECP, EPO, and EDN, which damage epithelial cells, generate reactive oxygen
species, trigger mast cell and basophil degranulation, and activate smooth muscle and fibroblasts.'® Eosinophils

101

expressing MHCII and CD80 may present antigen to T cells, linking eosinophilia to adaptive immune

perpetuation.'®® They also produce IL-9, eicosanoids including PGD, that signals through CRTH2 to support ILC2
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accumulation, and importantly TGF-f and ATRA that feed back to promote Treg differentiation—providing both
pathologic effector outputs and a regulatory counter-circuit that may be disrupted in active disease.'®*

B cells participate in EoE pathogenesis beyond the conventional IgE paradigm. Effector Th2 polarization and IL-4
stimulate B cells to increase IgE synthesis.'® The role of antigen-specific immune responses in EoE is more nuanced
than a simple non-IgE model suggests. In pediatric and young populations, IgE-mediated sensitization to food proteins —
particularly cow’s milk, wheat, egg, soy, and nuts — has been detected in a significant proportion of patients, and
historically formed the empirical basis for multi-food elimination diets that achieve clinical and histopathologic resolu-
tion in a meaningful percentage of cases.'®” Pollen-food cross-reactivity phenomena and sensitization to panallergens
further complicate antigen identification, particularly in adults who may develop EoE in the context of prior aeroallergen
sensitization.'” Over the disease course, the dominant immune mechanism may evolve: early or pediatric EoE can
exhibit features of IgE-mediated hypersensitivity with demonstrable food-specific IgE, while established adult EoE is
more consistently characterized by non-IgE-mediated, chronic eosinophilic, mast cell-, basophil-, and fibroblast-driven
inflammation with prominent tissue IgG4 responses.'®” This temporal and phenotypic immune evolution — from an IgE-
dominant profile in some children toward a chronic, IgG4-associated, non-IgE-mediated inflammatory architecture in
adults — may explain why IgE-directed diagnostic approaches perform inconsistently across the age spectrum and why
elimination diets based on IgE testing alone may miss relevant triggers in adult patients. It also suggests that the
pathogenic roles of food antigen recognition, antigen-specific IgG4 blocking activity, and humoral tolerance failure may
change meaningfully over the natural history of the disease.

Elevated tissue IgG4 correlates with eosinophil counts, histologic grade, and stage, as well as with tissue 1L-4, IL-10,
and IL-13 expression.”® This IgG4 signature may reflect chronic local antigen stimulation analogous to IgG4-related
disease in other organs, and its contribution to tolerance failure and food-specific humoral responses warrants further
investigation.

Mast Cells, Fibroblasts, and the Structural Consequences of Chronic Inflammation
Beyond eosinophils, accumulating evidence implicates mast cells and fibroblasts as critical co-conspirators in EoE
pathogenesis that contribute to disease dimensions such as progressive structural remodeling not captured by eosinophil
counts alone: mast cells, drive smooth muscle and neural dysfunction; and fibroblasts, are reprogrammed into a self-
perpetuating fibrostenotic state by TGF-p and LIGHT.

Single-cell RNA sequencing has revealed remarkable mast cell heterogeneity in EoE, with a proliferating, locally
activated subpopulation that persists in histologic remission.'*® Mast cell degranulation correlates with disease severity
and contributes to epithelial barrier dysfunction, smooth muscle hypertrophy, esophageal dysmotility, and subepithelial
fibrosis.'” MBP released by eosinophils independently triggers mast cell degranulation, creating an amplification loop;
IL-9 from Th9 cells and ILC2s potentiates mast cell activation by upregulating FceRI, CD117 (c-KIT), and Siglec family
receptors.''*!"!" Serum proteomics using the Olink Explore 384 Inflammation Panel confirmed a dual-pathway archi-
tecture: CCL26 was the most significantly upregulated biomarker in both EoE (adjusted p=0.0013) and basal-cell
hyperplasia (BCH; adjusted p=0.0049), with its BCH association persisting after controlling for eosinophil count;
ITGAI11l and TNFRSFI11A (RANK) were nominally associated with BCH independently of eosinophil density; and
Oncostatin M and TGF-a were nominally associated with food impaction, mechanistically linking structural complica-
tions to remodeling- rather than eosinophil-driven pathways.''

TGF-B is the dominant profibrotic cytokine in EoE, produced by eosinophils, mast cells, epithelial cells, and
fibroblasts, and signals through SMAD2/3 to drive fibroblast-to-myofibroblast transdifferentiation, upregulate collagen
type I (COL1A1) and fibronectin, and promote smooth muscle hypertrophy.''® Smad3-deficient mice are fully protected
against esophageal fibrosis and angiogenesis, establishing SMAD3 as an obligate effector of fibrotic remodeling.''*
A TGF-B1 promoter C-509 SNP associated with fibrostenotic EoE drives elevated TGF-B1 expression; fibroblasts from
these patients display higher collagenlal, periostin, and MMP2 levels and increased a-smooth muscle actin.''> Periostin,
downstream of IL-13 and TGF-f in fibroblasts, promotes eosinophil adhesion via aM integrin binding and persists at the
proteomic level in deep remission, where it correlates with EREFS rings subscore (1=0.53, p=0.004), linking residual

fibrotic activity to endoscopic structural endpoints.”(”118
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Single-cell RNA sequencing of esophageal biopsies has revealed that EoE fibroblasts acquire an inflammatory,
mechanically rigid, stress-responsive state with reduced CD73 activity and impaired regenerative capacity. Healthy
fibroblasts cultured on EoE-derived extracellular matrix (ECM) are driven toward this dysregulated phenotype through
a thrombospondin-1 (TSP-1) feed-forward loop: TSP-1, elevated in EoE ECM, drives collagen 1 overproduction and
activates latent TGF-P, perpetuating fibrostenosis.'' Critically, fibroblasts differentiate into active myofibroblasts in
a stiff ECM even without ongoing inflammatory stimuli, mechanistically explaining why fibrostenotic progression
continues in histologic remission.'?® LIGHT (TNFSF14/CD258), produced by hematopoietic cells in the esophageal
inflammatory infiltrate, further activates fibroblasts through HVEM and LTPR signaling, and LIGHT deficiency in
a murine EoE model markedly reduces fibroblast proliferation, IL-13 production, CD4" T cell accumulation, and
esophageal remodeling.'*' Endothelial TSPAN12 is the most highly differentially expressed EoE Diagnostic Panel
gene between fibrostenotic and non-fibrostenotic EoE; its expression correlates with BCH severity, lamina propria
fibrosis, and esophageal narrowing independent of eosinophil burden, and is restored by anti-IL-13 but not fluticasone.'**

Autophagy adds a cytoprotective counterweight to this structural injury program.'?® ATG7 distinguishes active EoE
from remission and GERD as a tissue biomarker, and inhibition of autophagic flux exacerbates oxidative stress in
esophageal epithelial cells and organoids, suggesting that autophagy serves a protective rather than pathogenic role in the
inflamed esophageal mucosa.'**

The esophageal neuroimmune axis provides an additional eosinophil-independent mechanism for chronic functional
impairment.*' Mast cell tryptase and histamine directly activate TRPV1" nociceptors in the esophageal mucosa; TRPV1
expression correlates positively with mast cell-specific gene expression in EoE tissue.'*> TRPV1" neurons in turn release
substance P in response to eosinophils, proteases, and allergens, stimulating mast cell degranulation and dendritic cell
migration in a bidirectional neuroimmune loop.'*® Because activated mast cells persist in histologic remission, their
continued degranulation can maintain neural sensitization long after eosinophil depletion, directly explaining the
incomplete symptom resolution observed in patients achieving full histologic remission—and positioning the mast
cell-sensory neuron axis as an unexplored therapeutic target for the functional dimension of EoE.

Importantly, the multi-effector architecture described in does not operate uniformly across patients: treatment-
refractory pediatric patients with EoE exhibit a metatranscriptomic signature of 6,318 differentially modulated genes—
including amplified cytokine signaling, extracellular matrix remodeling, and severely impaired SPINK-family barrier
gene expression—that distinguishes them from treatment-responsive patients and provides molecular evidence for
distinct mechanistic subgroups.®® The clinical translation of this heterogeneity into a precision medicine framework is
therefore needed.

These mechanistic insights underscore the potential clinical utility of peripheral biomarkers for noninvasive EoE
monitoring. Serum eosinophil cationic protein (ECP) and eosinophil-derived neurotoxin (EDN) reflect eosinophil
degranulation activity and correlate with histologic disease activity in both pediatric and adult cohorts. Serum periostin
reflects fibroblast activation under IL-13 and TGF-f influence and tracks structural remodeling independently of
eosinophil density, making it a candidate surrogate for the fibrostenotic disease compartment.°® Serum eotaxin-3
(CCL26) provides a direct readout of epithelial IL-13 signaling and has been proposed as a noninvasive correlate of
mucosal type 2 activity. Together, these markers represent a candidate panel for monitoring disease activity and treatment
response without repeated endoscopy, though prospective validation as surrogates for biopsy-based endpoints remains an

essential research priority.

Established Therapies

Three therapeutic modalities—PPIs, swallowed topical corticosteroids (STCs), and dietary elimination—constitute the
established first-line armamentarium for EoE, while dupilumab has been approved as the first disease-specific
biologic.'?”'?* Endoscopic dilation plays a complementary role in patients with fibrostenotic disease. The selection of
initial therapy should be individualized according to disease phenotype, severity, patient preference, access to care, and
atopic comorbidity burden.
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Proton Pump Inhibitors

PPIs have been established as effective first-line therapy for EoE through a mechanism that is not confined to acid
suppression but encompasses direct anti-inflammatory activity, including downregulation of the Th2-driven STAT6-
eotaxin-3 axis in esophageal epithelial cells, explaining why clinical response to PPIs cannot be reliably predicted by
GERD-related variables.'**"'*! A large systematic review and meta-analysis of 73 studies and over 7,300 patients
reported pooled clinical response rates of approximately 65% (95% CI 57.2-72.4) and histologic remission in approxi-
mately 45.4% (95% CI 41.6-49.3%) across adult and pediatric populations.'*? Standard induction consists of an 8-week
course of high-dose PPI—twice the standard reflux dose in adults, or 1-2 mg/kg/day in children.'**'** Predictors of PPI
nonresponse include younger age, lower BMI, peripheral eosinophilia, diffuse or proximal esophageal eosinophilia,

CYP2C19 rapid metabolizer status, and rhinoconjunctivitis.'*”

Swallowed Topical Corticosteroids

STCs represent the principal anti-inflammatory pharmacotherapy for EoE.'*® Pooled analyses across randomized trials
demonstrate histologic remission rates markedly superior to placebo (RR 11.94, 95% CI 6.56-21.75)."*” Budesonide oral
suspension (BOS), approved in the United States for induction up to 12 weeks, achieved histologic remission in 53.1% of
patients versus 1% with placebo in its pivotal Phase 3 trial.'*® Budesonide orally dispersible tablet (BOT), approved in
Europe, Canada, and Australia, achieved 58% complete remission and 93% histologic remission in the EOS-1 induction
trial, with 75% of patients maintaining remission at 48 weeks in EOS-2."**"'*! Maintenance therapy is required in most
patients given high relapse rates after treatment withdrawal.'*> Long-term management should be individualized
according to disease severity, relapse pattern, tolerability, and patient preference. An important practical consideration
is the risk of corticosteroid dependence: a substantial proportion of patients relapse within weeks of discontinuing STCs,
and indefinite maintenance therapy is required in those with persistent or frequently relapsing disease. Esophageal
candidiasis is the most clinically relevant adverse event, occurring in approximately 5-10% of patients on long-term
budesonide, and should be monitored for during follow-up endoscopies; oral hygiene measures, including rinsing with
water after STC administration, may reduce fungal colonization risk.'*?

Dupilumab

Dupilumab, a fully human monoclonal antibody targeting the IL-4 receptor alpha subunit (IL-4Ra) and thereby
concurrently blocking both IL-4 and IL-13 signaling, is the first biologic approved for EoE in adults and adolescents
(=12 years, >40 kg: 300 mg subcutaneously once weekly), with pediatric indication extended to >1 year (>15 kg),
approved in the United States and European Union.'**'*" In the pivotal phase 3 LIBERTY EoE TREET study, weekly
dupilumab achieved histologic remission (<15 eos/hpf) in approximately 59-60% of patients versus 5—6% with placebo,
with between-group differences in DSQ score of —12.32 (95% CI —19.11 to —5.54) and —9.92 (95% CI —14.81 to —5.02)
at week 24 (both P<0.001). Long-term extension data for the open-label extension per-protocol subset at 52 weeks
showed that 100% of continuously treated patients achieved histologic remission, with sustained DSQ improvements
(mean —30.3 points) and eosinophil count reductions of approximately —96% from baseline. Notably, a proportion of
initial non-responders achieved remission during the open-label extension period, suggesting that a longer induction
window may be warranted. The most clinically relevant adverse events are injection site reactions, conjunctivitis, and
nasopharyngitis, consistent with the known dupilumab safety profile in other atopic indications. Dupilumab mechanisms
of action are represented in Figure 2.

Dietary Interventions

Diet therapy represents a distinct precision medicine dimension: the long-term goal of identifying individual food triggers
through structured reintroduction would be transformative, as current skin prick testing and serum allergy testing have
limited accuracy for identifying food triggers and should not guide therapeutic decisions.'*® Biomarker-driven food
trigger identification therefore remains a major unmet precision medicine need. It should be noted that while IgE-
mediated testing alone is insufficient to guide dietary decisions in EoE, it should not be dismissed entirely: combined
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Mechanism of action

\ /4 Anti-IL-4Ra monoclonal antibody
\ / By binding the IL-4 receptor o subunit, dupilumab
simultaneously blocks signaling through both:
@ Type | receptor (IL-4Ra / yc)

- blocks IL-4 signaling

Dupilumab @ Type Il receptor (IL-4Ra / IL-13Ra1)
Human IgG4 mAb - blocks IL-4 and IL-13 signaling

Cells expressing IL-4Ra and consequences of blockade

Cell type Functional effect of IL-4 / IL-13 blockade
. Differentiation and expansion

@ JueVEDRoeyie U IL-4/1L-5 / IL-13 production
@ B lymphocyte L IgE class switching

Eosinophil 1 Tissue recruitment via VCAM-1 / eotaxin
@ 0osinophi (transient blood eosinophilia possible)
@ Monocyte / macrophage 1 M2 macrophage polarization
@ Goblet cell 1 Hyperplasia and MUC5AC secretion
[Z] Epithelial cell 1 Chemokines (eotaxin-3), barrier disruption

Figure 2 Dupilumab mechanism of action.

strategies integrating both IgE-mediated and non-IgE-mediated assessment, alongside emerging molecular allergology
tools that characterize component-resolved sensitization profiles, represent an active area of investigation that may
improve trigger identification — particularly in patients with complex polysensitization patterns or pollen-food cross-
reactivity.

Dietary elimination can achieve histologic remission rates ranging from approximately 44-54% with single-food
(milk) elimination to 90-94% with elemental formula.'>'"'** Randomized trial data in both children and adults support
a step-up approach initiating with single-food elimination and adding further eliminations only if remission is not
achieved.'>® A central limitation of all dietary strategies is the requirement for serial endoscopies to guide structured food

reintroduction.'>*

Endoscopic Dilation
Endoscopic dilation addresses the mechanical consequences of fibrostenotic EoE without modifying the underlying
inflammatory process.'>>'® It is indicated for patients with symptomatic strictures refractory to anti-inflammatory
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Table | Summary of Established Therapeutic Options for Eosinophilic Esophagitis

(budesonide/fluticasone)

Dupilumab

Dietary elimination
(step-up: 1 —6-FED)

Endoscopic dilation

Th2 cytokine blockade

Anti-IL-4Ra. mAb;
concurrent IL-4 and IL-13
blockade

Removal of food allergen
triggers

Mechanical luminal
expansion

bid or BOS 2 mg bid

300 mg SC weekly
(240 kg, 212 y)

I-FED — 4-FED —
6-FED

Target 15—-18 mm; <3 mm
per session

dependent)

~59-60% at week 24;
100% at 52 weeks
(continuous, open-
label extension per-
protocol subset)
44-54% (1-FED);
54-64% (4-FED); 70%
(6-FED); 90-94%
(elemental)

~95% symptomatic
improvement; duration
~12 months

Treatment Mechanism Dose Histologic Clinical Indications Key ADRs/Limits
Remission
PPI Acid suppression + 2040 mg bid (adults) ~45-50% First-line Variable response;
STAT6-Eotaxin-3 CYP2CI19
inhibition pharmacogenomics;
long-term use
concerns
STCs Local anti-inflammatory; Budesonide ODT | mg 53-93% (formulation- First-line; add-on to PPI Esophageal candidiasis

Second-line (PPI/STC-
refractory); first-line for
multiple atopic
comorbidities

First-line alternative to
pharmacotherapy

Fibrostenotic phenotype
unresponsive to anti-
inflammatory therapy

3.8-23.7%; adrenal
suppression <5%; high
relapse upon
discontinuation

High cost; injection
site reactions;
conjunctivitis

Quality of life
impairment; multiple
endoscopies required

Does not treat
inflammation;
transient chest pain

~3.6%; perforation
0.03%

therapy. It is recommended to target a luminal diameter of 15—18 mm using a stepwise technique (<3 mm per session).">’

Clinically significant perforation occurs in approximately 0.03% of procedures and significant bleeding in 0.03%.
Because dilation treats structure without addressing inflammation, it should be conceptualized as complementary rather
than alternative strategy, and anti-inflammatory maintenance therapy is recommended in all patients with fibrostenotic
disease.'*® Table 1 reports a summary of established therapeutic options for EoE.

Emerging and Approved Biologic and Pharmacologic Therapies

The approval of dupilumab has validated cytokine-targeted immunotherapy in EoE and catalyzed a broad pipeline
targeting complementary inflammatory nodes.'>* However, clinical experience has illuminated a critical mechanistic gap:
histologic eosinophil depletion does not reliably translate into symptomatic recovery.’® In the MESSINA trial of
benralizumab, 87.4% of patients achieved histologic remission yet the co-primary DSQ endpoint was not met; in the
KRYPTOS trial of lirentelimab, 88-92% achieved histologic remission with the same negative symptomatic result. These
convergent failures carry both regulatory and methodological implications. From a regulatory standpoint, neither
benralizumab nor lirentelimab has received approval for EoE, and their development programs have been effectively
halted by the inability to demonstrate symptomatic benefit despite profound eosinophil depletion. From a trial design
standpoint, these results establish that histologic remission alone is an insufficient primary endpoint for drugs targeting
upstream or non-eosinophilic pathways; co-primary or composite endpoints that capture functional and structural disease
dimensions are essential. Future trials should incorporate validated patient-reported outcome instruments with pre-
specified minimal clinically important differences (MCIDs)—for the DSQ, a reduction of approximately 10 points or
30% from baseline has been proposed as a clinically meaningful threshold—and should consider endoscopic and
histologic remodeling measures alongside eosinophil counts.

IL-4/IL-13 Axis: Dupilumab and Selective IL-13 Antagonists

Beyond dupilumab, selective neutralization of IL-13 alone has been pursued as a potentially more targeted strategy.
Cendakimab (CC-93538) is a high-affinity monoclonal antibody that selectively neutralizes IL-13 by blocking its
interaction with both IL-13Ral and IL-13Ro2, thereby inhibiting downstream signaling relevant to eosinophil
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recruitment, epithelial barrier dysfunction, and fibrotic remodeling. In its recently completed phase 3 trial, cendakimab
achieved histologic remission in approximately 28.6% of patients compared with 2.2% with placebo—a rate substantially
lower than observed with dupilumab, perhaps reflecting the residual pro-inflammatory contribution of IL-4 signaling,
which is preserved when only IL-13 is blocked.'®® Cendakimab currently awaits regulatory review. Dectrekumab
(QAXS576), another selective IL-13 antibody, achieved a 60% reduction in esophageal eosinophil counts but failed to

meet its histologic remission primary endpoint, and development has been discontinued.'®

IL-5 and IL-5 Receptor Blockade

Mepolizumab (anti-IL-5) and reslizumab (anti-IL-5), despite substantially reducing blood and tissue eosinophil counts,
failed to achieve clinically meaningful histologic remission or symptom improvement in randomized trials.”*'®" These
discouraging results prompted the hypothesis that partial eosinophil depletion was insufficient—an hypothesis addressed
by benralizumab, an afucosylated IgG1 anti-IL-5Ra antibody that depletes eosinophils with greater potency via antibody-
dependent cell-mediated cytotoxicity. The phase 3 MESSINA trial of benralizumab, an afucosylated IgG1 anti-IL-5Ra
antibody that depletes eosinophils via antibody-dependent cytotoxicity, reported 87.4% histologic remission versus 6.5%
with placebo, yet the co-primary DSQ endpoint failed to demonstrate symptomatic benefit and endoscopic measures were
similarly unimproved.'®* None of the IL-5-directed agents is currently approved for this indication.

Upstream Alarmin Blockade: TSLP and the IL-33/ST2 Axis

Targeting upstream alarmins that initiate the type 2 cascade offers the theoretical advantage of broader pathway
suppression. Tezepelumab, an anti-TSLP monoclonal antibody approved for severe asthma, is under evaluation in the
randomized, double-blind phase 3 CROSSING trial, which enrolls adolescents and adults with active EoE to receive
tezepelumab or placebo every four weeks for up to 52 weeks; co-primary endpoints include histologic remission and
change in DSQ at week 16 (NCT05583227), with results expected in 2027. Solrikitug, a second-generation anti-TSLP
antibody with higher binding affinity, is being investigated in the ALAMERE Phase 2 trial (NCT06598462). Anti-IL-33
and anti-ST2 approaches, validated by the striking EoE phenotype of IL-33-transgenic mice and the central role of the
IL-33/ST2 axis in coordinating the innate—adaptive cascadE, represent a mechanistically compelling alternative to anti-
TSLP strategies, particularly given that IL-33 simultaneously activates eosinophils, mast cells, ILC2s, and Tregs through
ST2. Clinical evaluation of IL-33/ST2 targeting in EoE is an area warranting active investigation.

IL-15 Inhibition: CALY-002

IL-15, released by stressed esophageal epithelial cells, orchestrates a self-amplifying inflammatory niche by activating
dendritic cells, cytotoxic T cells, innate lymphoid cells, and eosinophils. CALY-002, a humanized anti-IL-15 antibody, is
under investigation in an ongoing Phase 1/2 study; preliminary data in steroid-refractory EoE demonstrate reductions in

esophageal eosinophil density and improvements in dysphagia without serious adverse events (NCT04593251).'%

Mast Cell Targeting: Lirentelimab and Barzolvolimab

Lirentelimab (AK002) is a humanized IgG1 antibody that engages Siglec-8, an inhibitory receptor expressed on mast
cells and eosinophils, inducing selective apoptosis of both cell types. In the phase 2/3 KRYPTOS trial (n=277),
histologic remission was achieved in 88-92% of patients receiving either dose of lirentelimab versus 11% with
placebo, yet the co-primary DSQ endpoint was not met (NCT04856891).'%* Barzolvolimab (CDX-0159), an anti-
KIT monoclonal antibody that depletes mast cells by targeting their essential survival receptor, is being evaluated in
the phase 2 EVOLVE trial. Unlike lirentelimab, early data from EVOLVE suggest that barzolvolimab-mediated mast
cell depletion is accompanied by improvements in DSQ scores alongside reductions in mast cell and eosinophil density
(NCTO05774184), raising the hypothesis that mast cell depletion may produce a qualitatively different functional effect
compared with Siglec-8-mediated co-inhibition, potentially because KIT blockade also suppresses mast cell mediators
that contribute to smooth muscle hypertrophy and neural sensitization.'®® Table 2 reports biologic therapies in
development or approved for EoE.
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Table 2 Biologic Therapies in Development or Approved for Eosinophilic Esophagitis

Agent Target Key Trial / Evidence Status

Dupilumab IL-4Ra (blocks IL-4 + IL-13) LIBERTY EoE TREET: 59-60% histologic remission; significant DSQ Approved US/EU (adults,
improvement; 100% remission at 52 weeks continuous in the open-label adolescents 212 y;
extension per-protocol subset'“*'** pediatric 21 y)

Cendakimab IL-13 neutralization (IL-13Ral/a2) Phase 3: ~28.6% vs 2.2% histologic remission'° Awaiting regulatory review

Benralizumab IL-5Ra. (ADCC eosinophil depletion) MESSINA: 87.4% histologic remission; no significant DSQ improvementI60 Not approved for EoE

Tezepelumab Anti-TSLP CROSSING phase 3 ongoing (NCT05583227); results expected 2027 Phase 3

Solrikitug Anti-TSLP (high affinity) ALAMERE phase 2 ongoing (NCT06598462) Phase 2

CALY-002 Anti-IL-15 Phase 1/2: preliminary histologic + symptom improvement (NCT04593251) Phase 1/2

Lirentelimab Siglec-8 (mast cells + eosinophils) KRYPTOS: 88-92% histologic remission; DSQ endpoint not met Development uncertain

(NCT04856891)

EVOLVE phase 2: mast cell/eosinophil depletion + DSQ improvement
(NCTO05774184)

Barzolvolimab | Anti-KIT (mast cell depletion) Phase 2 ongoing

Optimized Topical Steroid Formulations
While biologic agents target upstream cytokine pathways, small-molecule drugs and refined topical steroid formulations
aim to optimize mucosal drug delivery, improve adherence, reduce systemic exposure, and provide accessible alternatives
to injectable biologics.'®®

The development of purpose-designed esophageal formulations has substantially improved mucosal drug residence.
Besides BOT and BOS, gluticasone orally dispersible tablet (APT-1011) demonstrated 80—86% histologic remission with
high-dose regimens in a phase 2b trial, with phase 3 trials ongoing.'®” Extended-release injectable fluticasone crystals
(EP-104GI), designed for prolonged esophageal residence via endoscopic deposition, show early data of 62% histologic
remission at high dose without systemic adverse events.'' Mometasone mucoadhesive film (ESO-101), formulated for
overnight esophageal delivery, achieved 48% histologic remission with significant endoscopic improvement in phase 2;
phase 3 is ongoing. The progressive refinement of topical corticosteroid delivery underscores that formulation pharma-
cokinetics, not steroid identity, is the dominant determinant of efficacy in this disease.

Potassium-Competitive Acid Blockers

Vonoprazan, a potassium-competitive acid blocker providing more potent and predictable acid suppression than conven-
tional PPIs, may augment the anti-inflammatory component of acid-suppressive therapy in EoE. A randomized phase 2
trial (pHalcon-EoE-201) comparing vonoprazan 20 mg daily with placebo for 12 weeks was initiated in 2025, with

results expected in 2027.'%-169

SIP Receptor Modulators

Etrasimod, an oral sphingosine-1-phosphate (S1P) receptor modulator targeting receptors 1, 4, and 5, limits lymphocyte
egress from secondary lymphoid organs and thereby reduces esophageal mucosal infiltration. In the VOYAGE phase 2
trial, etrasimod 2 mg daily for 24 weeks reduced peak eosinophil counts by 52% compared with a 61% increase on
placebo, and achieved histologic remission in approximately one-third of patients, with significant improvements in
patient-reported dysphagia outcomes.'’® Despite these promising results, the program was discontinued in 2025 for
reasons unrelated to efficacy or safety, providing important proof-of-concept that immune-cell trafficking is a viable
therapeutic target.

Janus Kinase Inhibitors

JAK-STAT signaling is the intracellular effector pathway downstream of IL-4, IL-13, IL-5, and other Th2 cytokines,
positioning JAK inhibitors as pan-pathway immunomodulators with potential for broad anti-inflammatory activity in
EoE. Case reports have described clinical and histologic remission with tofacitinib'’' and with baricitinib and upada-
citinib in eosinophilic gastrointestinal disease.'’* These are uncontrolled observations. Selective JAK1 inhibition offers
a potentially improved therapeutic index. AQ280 (Aqilion), a water-dissolvable selective JAK1 inhibitor tablet designed
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for patients with dysphagia, demonstrated dose-dependent JAK1 biomarker inhibition without off-target JAK2 effects in
the phase 1 ARIA-1 trial and confirmed comparable pharmacokinetics between the dissolvable tablet and capsule in
ARIA-2. Phase 2 trials are planned across North America and Europe.

Other Emerging Targets

Several additional pathways are under active preclinical or early clinical investigation. Alpha-1 antitrypsin, which
restores epithelial barrier function by inhibiting kallikrein-5, has reversed EoE-like inflammation and barrier dysfunction
in murine models.'” Losartan, an angiotensin II receptor blocker with antifibrotic properties, reduced esophageal
eosinophilia in a small series.'” Vedolizumab, an anti-a4p7 integrin antibody, has shown preliminary efficacy signals
in EoE'” although it has also been associated with eosinophilic pneumonia.'’® CRTH2/DP2 antagonism, blocking PGD,
-mediated chemotaxis of Th2 cells and eosinophils, produced eosinophil count reductions and symptom improvement
with OC000459 in an early randomized study.'”’

Toward Personalized Management: Disease Control, Endotyping, and
Treat-to-Target Strategies

The multi-effector pathobiology and the variable clinical responses converge on a single imperative: EoE cannot be
managed with a single remission target or a single therapeutic sequence applied uniformly to all patients. The
heterogeneity of disease—in inflammatory activity, fibrostenotic burden, molecular endotype, and treatment response
—demands a precision medicine framework that aligns monitoring goals, therapeutic selection, and escalation criteria
with the dominant pathobiological driver in each individual.

Evolving Concepts of Disease Control and Remission

Historically, histologic remission—defined as fewer than 15 eos/hpf—served as the sole therapeutic endpoint.'”*'*° This
benchmark provided standardization across clinical trials but its limitations are now apparent: a substantial proportion of
patients with marked histologic improvement experience persistent dysphagia due to structural remodeling not captured
by eosinophil counts, while some patients with apparent histologic activity report minimal symptoms because of
behavioral adaptation.®®'®!'%2 The mast cell-neuroimmune crosstalk provides a cellular mechanism for this dissociation:
mast cells persist in histologic remission in an activated state, maintaining neural sensitization independently of
eosinophil levels.'®® Histologic remission, even when defined stringently as 0 eos/hpf, does not equate to molecular
remission. Multi-omics analyses of pediatric EoE reveal persistently dysregulated genes in deep remission—CDH26,
DSGI1, MMP12, POSTN, UPK1B, TRIM2, and MUC4—while mast cell DEG signatures including CPA3 and TPSABI1
persist in PPI-unresponsive patients after full induction.®’ These molecular footprints argue for dual primary endpoints in
future trials, separating inflammatory remission from remodeling remission.

The concept of deep remission therefore integrates three dimensions: histologic response (peak eosinophil count),
endoscopic response quantified by the EREFS (<2, grading edema, rings, exudates, furrows, and strictures), and patient-
reported symptom improvement as captured by validated instruments such as the Dysphagia Symptom Questionnaire
(DSQ).”>'®3 Fibrostenotic remodeling warrants particular attention: untreated EoE carries the risk of irreversible stricture
formation, and sustained histologic remission in at least two consecutive endoscopies is associated with significantly
lower risk of later stricture development.'®*'®> Figure 3 represents core outcomes in EoE management.

Clinical Phenotypes

The most clinically actionable distinction is between the inflammatory phenotype—characterized by mucosal edema,
exudates, and furrows—and the fibrostenotic phenotype, characterized by rings, strictures, and esophageal narrowing.
Patients with an inflammatory phenotype are generally younger, less likely to have required prior dilation, and
significantly more likely to achieve clinico-histologic remission with PPIs. Esophageal distensibility measured by
functional lumen imaging probe (FLIP) panometry further refines phenotypic characterization: a distensibility index
below 4.5 mm*/mmHg identifies patients at high risk of food impaction and fibrostenotic progression. Recent pediatric
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Figure 3 Core outcome domains in eosinophilic esophagitis.
Abbreviations: DIS, dilated intercellular spaces; EREFS, EoE Endoscopic Reference Score; eos/hpf, eosinophils per high-power field; EndoFLIP, Endoluminal Functional
Lumen Imaging Probe.

data extend the utility of FLIP to younger patients: in a cohort of 112 patients under 21 years old undergoing EGD with
concurrent EndoFLIP, the distensibility index at 30 mL inflation was significantly lower in EoE (median 2.1 mm?%/
mmHg) than in reflux (3.3) or normal/reactive (2.9) diagnoses (p=0.03), and DI inversely correlated with EoEHSS
overall grade score as well as with subscores for eosinophil abscesses, surface layering, dilated intercellular spaces, and
basal zone hyperplasia (all p<0.05).'*¢ Because lamina propria fibrosis is challenging to sample adequately on superficial
mucosal biopsy, EndoFLIP may serve as a complementary adjunct to the EoEHSS in characterizing EoE-associated
remodeling in children, a patient group where established adult reference values for distensibility do not yet apply.
The atopic comorbidity burden defines a third phenotype of particular therapeutic relevance: patients with multiple
coexisting type 2 inflammatory conditions are optimal candidates for dupilumab, which addresses all atopic manifesta-
tions through shared IL-4/IL-13 axis blockade. Careful characterization of the atopic versus non-atopic status also
informs trigger identification: patients with high atopic burden, polysensitization, or active aeroallergen sensitization may
represent a distinct endotypic subgroup in whom both food and environmental triggers contribute to esophageal
inflammation. Distinguishing atopic from non-atopic EoE is therefore not merely a phenotypic label but a clinically
actionable classification that guides both biological therapy selection and the scope of allergen investigation.

Molecular Endotypes and Their Therapeutic Implications

Machine-learning analysis of the 96-transcript EoE Diagnostic Panel (EDP) defined three endotypes whose differential
responses to available therapies are now evident from trial data.'®” EoEel (markedly low ALOX15, pauci-inflammatory,
normal endoscopy; RR for steroid-sensitivity 3.27, 95% CI 1.04-10.27; p=0.0443) is the most treatment-responsive
subgroup and is likely manageable with first-line PPIs or STCs; early biologic escalation is not warranted. EoEe2 (high
IL-4, TSLP, and type 2 immunity gene expression, steroid-refractory; RR 2.77, 95% CI 1.11-6.95; p=0.0376) maps
directly to the patient population in whom dupilumab performs best; its high TSLP and IL-33/ST2 burden also makes it
the most compelling candidate for upcoming anti-TSLP (tezepelumab, solrikitug) or anti-IL-33/ST2 strategies, and early
biologic intervention—rather than sequential first-line failure—is mechanistically rational. EoEe3 (adult-onset, low
epithelial differentiation gene expression, narrow-caliber esophagus; RR for narrow-caliber 7.98, 95% CI 1.84-34.64;
p=0.0013) is driven by TGF-B—fibroblast fibrostenotic pathways; combined anti-inflammatory and endoscopic dilation
strategies, with attention to preventing further fibrotic progression, are required.*® Peak eosinophil counts did not
differentiate the three endotypes, reinforcing that eosinophil density is an insufficient surrogate for molecular disease
activity. Five molecular subgroups within these three endotypes have been described by Dunn et al, providing further
granularity.'®® The clinical translation of endotyping currently faces a practical obstacle: the EDP requires fresh biopsy

tissue, specialized RNA processing, and bioinformatic infrastructure unavailable outside research centers. Future research
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must determine whether endotype classification can be approximated by serum biomarkers—eotaxin-3, IL-13, TSLP,
sphingolipid ceramide ratios—and whether endotype-directed therapy improves outcomes over standard phenotypic
approaches.

Treat-to-Target Framework

The concept of precision medicine in EoE ultimately requires not only patient classification but also a structured
approach to defining when and how treatment goals are achieved and when escalation is warranted. The Treat-to-
Target (T2T) strategy, modeled on the STRIDE and STRIDE-II initiatives that transformed inflammatory bowel disease

management,lgg’lgo

applies this logic to EoE by defining distinct short-, intermediate-, and long-term therapeutic targets
within explicit timeframes and linking failure to achieve these targets to predetermined escalation decisions.'®’ While
EoE and IBD share epithelial barrier dysfunction and partially overlapping type 2 inflammatory pathways, important
differences distinguish them: EoE has not been associated with colorectal cancer risk, histologic remission occupies
a more central position than in IBD, and the symptom-histology dissociation is uniquely complex in EoE given
behavioral dietary adaptations that may mask dysphagia severity while symptom-endoscopy dissociation is more
prominent in IBD. This underscores the need for validated, disease-specific PRO instruments as well as non-invasive
biomarkers rather than clinical interview alone. Interestingly, anxiety and depression have been associated with both
diseases and quality of life restoration remains a treatment goal. T2T framework is illustrated in Figure 4.

Regarding specific outcomes, the COREOS collaborators have defined a core outcome set encompassing histopathol-
ogy, endoscopy, patient-reported symptoms, and EoE-specific quality of life."®” Among these, patient-reported symptoms
are essential for diagnosis but require careful interpretation: patients with longstanding dysphagia frequently adopt
maladaptive eating behaviors that mask symptom severity at clinical interview. In randomized trials, validated instru-
ments—the Dysphagia Symptom Questionnaire (DSQ) in adults or the EoE Activity Index (EEsAl)—should be used; in
routine practice, simpler visual analogue or Likert scale tools may be more feasible. Italian EoE experts have proposed
that controlled disease in adults requires a 30-90% reduction in symptom scores.'®” Symptom improvement may be
observed as early as week 2 with budesonide and week 4 with dupilumab; elemental diet can induce rapid complete
remission within 2 weeks but practical limitations restrict widespread use.

Endoscopic activity, assessed with the EREFS, covers both inflammatory (edema, exudates, furrows) and fibrostenotic
features (rings, strictures); endoscopic remission has been proposed as EREFS <2. Greuter and Straumann propose
endoscopic remission as a short- to intermediate-term target achievable between 6 and 24 weeks, though EREFS alone
does not substitute for histologic assessment.'

Histologic remission, defined as fewer than 15 eos/hpf, remains the central therapeutic target in EoE and is clinically
important because patients achieving histologic remission in at least two consecutive endoscopies have a significantly

lower risk of subsequent stricture development.'®!

After conventional induction therapy, histologic reassessment should
occur approximately 8—12 weeks after treatment initiation; after biologic therapy, approximately 6 months.'** It should

be noted that the Italian EoExpert consensus has proposed a two-tier internal nomenclature using the term “controlled

: Short-term Intermediate Long-term
Active EoE Weeks Months 1 year and beyond

. =
Symptoms ) Endoscopy Distensibility
Response — remission Ideally EREFS <2 EndoFLIP normalization
Histology ioiecular mmissfon
Ideally <15 eos/hpf Transcriptomic response

Quality of life
Normalization

i

Figure 4 Treat-to-target framework for eosinophilic esophagitis. Adapted from Greuter & Straumann, Gastroenterol Hepatol 2024.'
Abbreviations: EREFS, EoE Endoscopic Reference Score; eos/hpf, eosinophils per high-power field; EndoFLIP, Endoluminal Functional Lumen Imaging Probe.
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disease” for fewer than 15 eos/hpf per 0.3 mm? with EoEHSS improvement, and “histologic remission” for deeper
suppression to fewer than 1 eos/hpf per 0.3 mm? with marked histologic scoring system decrease.'”* A stricter cutoff may
be better reserved for clinical trials, as it does not appear to confer additional clinical benefit in routine practice. In
randomized controlled trials, the EOEHSS—which evaluates eight biopsy features beyond eosinophil density—should be
assessed; however, its complexity makes it challenging in real-world observational settings.'**

Moving beyond EREFS and eosinophil counts, newer histologic scoring instruments such as the Index of Severity for
Eosinophilic Esophagitis (I-SEE) evaluate not only mucosal eosinophilic infiltration but also lamina propria fibrosis,
basal cell hyperplasia, dilated intercellular spaces, and surface epithelial alterations — features that more comprehen-
sively capture the full histopathologic burden of EoE and may better correlate with structural complications and quality
of life than eosinophil density alone.'®® Adoption of multi-component histologic instruments alongside EREFS as
composite assessment tools represents a priority for future clinical trial design and real-world practice standardization.

Quality of life is among the outcomes that matter most to patients with EoE and must be considered an integral
component of disease control rather than a secondary endpoint. Improvement in at least one validated quality-of-life
measure should form part of the definition of controlled disease, particularly because some highly effective therapies may
control disease activity while imposing significant quality-of-life burden through route of administration, dietary
restriction, or adverse effects.'”®
This multidimensional concept is conceptualized in Figure 5.

Histologic
remission
<15 eos/hpf

Inflammatory Mucosal
control control

Symptomatic Deep Endoscopic

+ QoL remission remission
DSQ + QoL | EREFS <2

Physiological Structural
relief control

Functional
improvement*
EndoFLIP

Figure 5 Multidimensional framework for remission in eosinophilic esophagitis. Remission is conceptualized across four intersecting domains: histologic (peak eosinophil
count <I5 eos/hpf with EoEHSS improvement), endoscopic (EREFS <2), symptomatic and patient-reported quality of life (DSQ and QoL improvement), and functional
(EndoFLIP-based distensibility normalization). Pairwise intersections define clinically meaningful partial response states. Deep remission requires concurrent improvement
across all four domains.
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Integrating these dimensions, the T2T algorithm for EoE defines: short-term targets (6—12 weeks) of meaningful
symptom improvement (>30% DSQ reduction) and EREFS improvement; intermediate targets (8—12 weeks for conven-
tional therapy, 6 months for biologics) of histologic remission and quality-of-life normalization; and long-term targets of
fibrostenotic progression prevention, sustained molecular remission, and freedom from escalation. Failure to achieve
short-term targets should prompt assessment of adherence, adequacy of delivery, and possible endotype re-evaluation
before escalation. Failure to achieve intermediate histologic targets despite adequate short-term response should raise the
question of endotype-directed escalation—particularly in patients whose molecular profile suggests EoEe2 biology, for
whom early biologic introduction may be warranted rather than sequential first-line failure. T2T implementation is
currently constrained by the endoscopic burden of repeated biopsy assessment, the absence of validated non-invasive
surrogate biomarkers, and limited real-world penetration of standardized scoring systems outside academic centers.
Addressing these implementation gaps is as urgent a research priority as the discovery of new therapeutic targets.

Conclusions

EoE is no longer a disease of eosinophils alone but a multi-effector immune disorder whose full complexity — from
epithelial alarmin sensing and ILC2—Areg remodeling to mast cell-neuroimmune crosstalk and fibroblast-driven fibros-
tenosis — demands therapies, endpoints, and monitoring strategies that match the right treatment to the right patient
across all dimensions of disease activity. Effective management requires multidimensional assessment integrating
symptoms, histology, endoscopy, and quality of life rather than any single metric in isolation. Distinguishing the
inflammatory from the fibrostenotic phenotype at diagnosis and during follow-up is clinically actionable, identifying
patients who require early escalation to prevent irreversible structural progression from those for whom endoscopic
intervention is a necessary complement to pharmacotherapy. Molecular endotyping holds promise for aligning patients
with the therapy most matched to their dominant immune program, though translation to routine practice requires
noninvasive, accessible biomarker platforms. Finally, long-term data on disease modification, fibrosis reversibility, and
the durability of biologic-induced remission represent essential evidence gaps that the field must urgently address.
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