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Abstract

Ocular allergy comprises a range of inflammatory conditions affecting the ocular surface,
with allergic conjunctivitis (AC) representing a common clinical manifestation. Despite
the availability of several therapeutic options, effective long-term management remains
challenging because of the heterogeneous clinical presentation and complex underlying
mechanisms of the disease. This narrative review summarizes the etiology, clinical mani-
festations, immunopathogenesis, and current and emerging therapeutic strategies for AC,
emphasizing their clinical relevance and implications for disease management. Mild disease
is generally managed with allergen avoidance, supportive measures, and topical antihis-
tamines or dual-action agents, whereas severe or persistent disease may require topical
corticosteroids or immunomodulators, depending on the phenotype and severity. Allergen-
specific immunotherapy (AIT) may provide longer-term disease modification in selected
patients. Emerging therapies, including biologics and targeted small-molecule inhibitors,
offer additional treatment possibilities; however, clinical evidence for most remains limited,
and further studies are needed to establish their efficacy, safety, and appropriate use. Impor-
tant challenges include disease heterogeneity, limited availability of validated biomarkers,
and difficulties translating experimental findings into clinical practice. Ultimately, treatment
tailored to disease phenotype and severity, based on the underlying inflammatory mech-
anisms, can improve long-term disease control and ocular-surface outcomes. Continued
research into the biological complexity of AC is essential for developing safer and more
effective treatments that improve ocular health and quality of life.

Keywords: ocular allergy; allergic conjunctivitis; clinical phenotypes; immunopathogenesis;
therapeutic strategies; emerging therapies

1. Introduction

Ocular allergy encompasses a spectrum of inflammatory conditions affecting the ocular
surface and surrounding tissues in response to allergens or other external stimuli. Allergic
conjunctivitis (AC) is one of the most common forms of ocular allergy, characterized by an
immune response to environmental allergens. It presents with ocular itching, conjunctival
hyperemia, tearing, chemosis, and eyelid swelling, and frequently occurs in association
with allergic rhinitis and other atopic diseases [1-3]. Although many cases are mild and
self-limiting, AC encompasses a broad clinical spectrum, ranging from seasonal allergic
conjunctivitis (SAC) and perennial allergic conjunctivitis (PAC) to more severe and chronic
forms such as vernal keratoconjunctivitis (VKC) and atopic keratoconjunctivitis (AKC) [4].
In severe disease, persistent ocular-surface inflammation may extend beyond the conjunctiva
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to involve the cornea, resulting in epithelial damage, scarring, and, in some cases, visual
impairment. Thus, AC should not be regarded solely as a transient ocular irritation but as a
heterogeneous inflammatory disease with potentially substantial clinical and quality-of-life
consequences [5-7].

The burden of AC is considerable because of its high prevalence, recurrent nature,
and frequent coexistence with other allergic conditions. Environmental allergen exposure,
seasonal variation, climate, air pollution, and individual susceptibility can influence disease
occurrence and severity [8]. In addition to the physical symptoms of itching, redness,
and tearing, recurrent ocular symptoms can interfere with sleep, work, school activities,
and overall quality of life. The clinical heterogeneity of AC also creates challenges in
diagnosis and management, particularly in patients with persistent or severe disease. A
better understanding of the factors that determine disease phenotype and progression is
therefore essential for improving therapeutic outcomes [9,10].

Current treatment strategies are primarily directed toward allergen avoidance, symp-
tom relief, and suppression of ocular inflammation. Supportive measures such as artificial
tears and cold compresses are commonly used, while pharmacological approaches include
topical antihistamines, mast-cell stabilizers, dual-action antihistamine/mast-cell stabilizing
agents, nonsteroidal anti-inflammatory drugs, corticosteroids, and other immunomod-
ulatory therapies [3]. Allergen immunotherapy may provide longer-term benefit in ap-
propriately selected patients. Despite these therapeutic options, complete and sustained
disease control remains challenging, particularly in chronic or severe forms of AC [11]. The
limitations of current treatments, together with differences among clinical phenotypes and
the involvement of multiple inflammatory pathways, highlight the need for more targeted
therapeutic approaches [12,13].

Although previous reviews have addressed the clinical features, pathogenesis, and
treatment of AC [14-16], this narrative review integrates clinical phenotypes, etiological
factors, immunopathological mechanisms, and current treatment approaches, with particu-
lar attention to the distinction between established therapies and emerging interventions. It
also examines the strengths and limitations of the evidence supporting novel therapeutic
strategies and discusses their potential relevance to clinical management.

This narrative review was based on a literature search using PubMed /MEDLINE and
Google Scholar. The search strategy included combinations of keywords related to AC

” o ” o

and ocular allergy, including “allergic conjunctivitis,” “ocular allergy,” “seasonal allergic

” o i ” o

conjunctivitis,” “perennial allergic conjunctivitis,” “vernal keratoconjunctivitis,” “atopic

7 77

keratoconjunctivitis,” “giant papillary conjunctivitis,” “contact dermatoconjunctivitis,”

”oas: ” o ” o

“pathogenesis,” “immunopathogenesis,” “diagnosis,” “clinical manifestations,” “treatment,”

e s

“therapy,” “pharmacological treatment,” “immunomodulation,” “biologics,” and “emerging
therapies”. Reference lists of relevant articles were also screened to identify additional
publications of potential relevance. The retrieved literature was evaluated based on its
relevance to the clinical classification, etiological factors, immunopathogenesis, diagnosis,

conventional treatment, and emerging therapeutic strategies for AC.

2. Clinical Phenotypes and Classification

Ocular allergy encompasses a heterogeneous spectrum of inflammatory disorders
that differ in their clinical presentation, chronicity, severity, triggering factors, and extent
of ocular-surface involvement. The principal clinical forms include SAC, PAC, VKC, and
AKC, ranging from relatively mild disease to severe and potentially sight-threatening
inflammation involving the cornea [17,18]. Other related ocular hypersensitivity disorders,
including giant papillary conjunctivitis (GPC) and contact dermatoconjunctivitis (CDC),
may share clinical features with AC but differ in their predominant triggers and underlying
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mechanisms. The clinical characteristics and distinguishing features of these conditions are
summarized in Table 1 [11,19].

2.1. SAC/PAC

SAC/PAC represent the most common and generally milder forms of ocular allergy.
SAC is typically triggered by transient outdoor aeroallergens, particularly tree and grass
pollens, with symptoms commonly increasing during the spring and summer seasons [2,3].
SAC frequently occurs in association with other atopic conditions, particularly allergic
rhinitis and asthma [2,20].

In contrast, PAC is associated with allergens that are present throughout the year,
particularly indoor allergens such as house-dust mites, dust, animal dander, and mold
spores. Symptoms may therefore occur persistently throughout the year, although their
severity can fluctuate, with periods of remission and exacerbation [2,3,20].

The clinical manifestations of SAC and PAC are generally bilateral and are dominated by
ocular itching, which is considered the hallmark symptom. Other common manifestations
include conjunctival hyperemia, tearing, conjunctival papillae, and chemosis [2,3,20].

2.2. VKC

VKC is a chronic, recurrent, potentially sight-threatening disease that predominantly
affects children and young people [21]. It is more common in warm climates and may
be seasonal or persistent. Clinical forms are palpebral, limbal, or mixed; characteris-
tic findings include giant upper-tarsal papillae and, in limbal disease, Horner-Trantas
dots [1,3,5,20,22-25].

Unlike uncomplicated SAC/PAC, severe VKC can involve the cornea and threaten vision.
Epithelial erosions, keratopathy, neovascularization, shield ulcers, and scarring can occur.
Keratoconus and limbal stem-cell deficiency have also been reported in some patients; these
complications warrant timely ophthalmic assessment and appropriate anti-inflammatory
treatment [5,22,25].

2.3. AKC

AKC is a chronic, potentially progressive ocular-surface disease strongly associated
with atopic dermatitis or eczema and usually presenting in adolescence or adulthood. Eyelid
eczema, chronic blepharitis, and meibomian-gland dysfunction commonly accompany
conjunctival inflammation [2,25-27].

Symptoms include itching, burning, tearing, hyperemia, and mucoid discharge.
Corneal complications may include punctate erosions, pannus, neovascularization, ul-
ceration, thinning, and scarring, with possible permanent visual impairment. Chronic
disease and repeated corticosteroid exposure increase the importance of monitoring for
ocular complications [25-27].

2.4. Related Ocular Hypersensitivity Disorders
2.4.1.GPC

GPC is a chronic papillary inflammatory response of the superior tarsal conjunctiva
that is associated with contact lenses and other sources of persistent mechanical irritation,
including ocular prostheses, exposed sutures, and filtering blebs. It overlaps clinically with
ocular allergy but is not equivalent to classical IgE-mediated AC [2,20,28-30].

Typical features include itching, tearing, mucus, hyperemia, reduced contact-lens
tolerance, and large superior-tarsal papillae [28].
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2.4.2.CDC

CDC affects the eyelids, periocular skin, and sometimes the conjunctiva and is com-
monly mediated by delayed type IV hypersensitivity rather than the immediate response
typical of SAC/PAC. Manifestations include eyelid or periocular pruritus and dermatitis,

conjunctival reaction, and occasionally punctate keratitis [20,31].

Potential triggers include ophthalmic medications, preservatives, topical antibiotics,

anesthetics, and cosmetics [19,32]. A detailed exposure and medication history is essential;

symptoms may develop 48-72 h after exposure in sensitized individuals [31].

Although these phenotypes share some inflammatory pathways, their triggers, mecha-
nisms, anatomical involvement, and risk of complications differ.

Table 1. Clinical characteristics and distinguishing features of AC Subtypes.

Clinical Pheno- . Major . Typical Key Clinical Corneal Involve-
. Triggers/Associ- . . References
type/Disorder tions Population Features ment/Severity
Common; often . Generally mild;
. . Itching,
SAC Seasonal outdoor  associated with hyperemia corneal [2,3,20,23]
aeroallergens allergic rhinitis Y - involvement e
tearing, chemosis
and asthma uncommon
Common; . Generally mild;
Perennial indoor ~ symptoms may Itchmg,. corneal
PAC allergens persist hyperemia, involvement [11,33]
tearing, chemosis
year-round uncommon
Severe/chronic;
Seasonal Predominantly Giant papillae, keratoﬂ?ctgzs’ shield
VKC allergens; atopic children and Horner—Trantas neovascularization,  [1,5,20,22,25]
e young dots, severe ,
sensitization A o scarring, and other
individuals itching . )
sight-threatening
complications
Chronic/progres-
AKC Atopic dermati-  adolescents and inflammation, neovascuizi‘izatiori [26,27]
tis/eczema adults; often blepharitis, . ! ’
30-50 years itching ulceration,
thinning, and
scarring
Mainly
C;)r?;af}:(e;?ss Commonly Giant papillae, corgﬁ r:)iilzal;
GPC mechanical contact-lens itching, mucous mechanical [2,28,29]
o wearers discharge o .
irritation irritation is a major
component
Delayed
Topical Eyelid/periocu- hypersensitivity:
CDC med1cat19ns, .Ser}s%tlzed lar Qermat1t1s, mar.ufestatlons [20,31,34]
preservatives, individuals itching, typically occur
cosmetics hyperemia 48-72 h after
exposure
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3. Etiology and Risk Factors

AC is a multifactorial ocular-surface disorder resulting from interactions between
environmental exposures and individual susceptibility. Unlike diseases attributable to a
single causative factor, AC develops when genetically and immunologically susceptible
individuals encounter environmental substances that trigger allergic sensitization. The
onset, severity, and persistence of disease are influenced by the duration and magnitude
of exposure, geographic and climatic conditions, air pollution, and lifestyle-related envi-
ronmental changes. Genetic predisposition and coexisting atopic diseases further modify
individual susceptibility [10,35-37].

3.1. Environmental Allergen Exposure

Environmental allergen exposure represents the most direct trigger for AC. The prin-
cipal environmental triggers are pollens, house-dust mites, animal dander, and fungal or
mold spores. Their clinical impact depends on sensitization and the type, concentration,
timing, and duration of exposure [10,35,38—41].

3.2. Seasonal and Perennial Allergen Exposure

The temporal pattern of allergen exposure is an important determinant of AC. SAC is
predominantly associated with outdoor aeroallergens, particularly tree, grass, and weed
pollens, and symptoms generally increase during periods of elevated pollen production.
In contrast, PAC is more strongly associated with indoor allergens, including house-dust
mites, animal dander, and molds, resulting in symptoms that may persist throughout the
year with variable periods of remission and exacerbation [16,35,38].

3.3. Atopic Background and Allergic Comorbidities

AC commonly coexists with allergic rhinitis, asthma, or atopic dermatitis, supporting
assessment of the patient’s broader atopic history. VKC may accompany respiratory allergy
and eczema, while AKC is particularly associated with atopic dermatitis; these comorbidities
can inform disease assessment and management [10,16,42].

3.4. Genetic Susceptibility

Genetic factors may contribute to susceptibility to AC by influencing atopic predisposi-
tion and immune responses to environmental allergens. Family-based genetic studies have
suggested potential susceptibility loci for AC, while genetic associations have also been
investigated in VKC. However, the evidence linking specific genes to disease susceptibility
remains limited, and the reported associations require independent validation. AC is more
plausibly explained by interactions among genetic predisposition, immune regulation, and
environmental exposure than by a single causative gene [43,44].

3.5. Geographic Variation in Disease Prevalence

The prevalence and clinical presentation of ocular allergy vary across geographic
regions, potentially reflecting differences in climate, environmental allergen exposure, and
other regional factors. VKC is particularly prevalent in certain regions, including parts of
Africa, the Middle East, and Asia [45,46]. However, geographic patterns should not be
attributed to ethnicity or genetic background alone, as environmental and socioeconomic
factors may also contribute.

3.6. Climate Change and Altered Allergen Exposure

Climate change may alter the distribution and duration of pollen exposure through
changes in temperature, precipitation, atmospheric CO,, and growing seasons. Earlier

https://doi.org/10.3390/allergies6040044


https://doi.org/10.3390/allergies6040044

Allergies 2026, 6, 44

6 of 44

or longer pollen seasons and shifts in geographic distribution may increase cumulative
exposure, particularly in SAC [47-50]. However, the extent to which these changes directly
contribute to the incidence or severity of AC remains uncertain and may vary across regions.

3.7. Air Pollution and Particulate Matter (PM)

Air pollution is an increasingly important environmental risk factor for AC, particularly
in urban and industrialized regions. Major pollutants include PM, ozone (O;), nitrogen
dioxide (NO,), sulfur dioxide (SO,), and volatile organic compounds. These pollutants
can directly interact with the ocular surface and may increase susceptibility to allergic
inflammation by irritating or damaging the epithelium [37,51,52].

PM may act as both an irritant and an adjuvant by increasing oxidative stress, impair-
ing epithelial integrity, and interacting with airborne allergens. Combined pollutant and
allergen exposure may therefore intensify ocular-surface inflammation [37,51,53,54]. Nev-
ertheless, evidence of pollutant-related ocular-surface irritation and inflammation should
be distinguished from evidence demonstrating a direct causal relationship with AC.

3.8. Urbanization and Modern Lifestyle

Rapid urbanization has substantially altered patterns of environmental exposure and is
increasingly considered a contributor to the growing burden of allergic diseases [55]. Urban
populations may experience greater exposure to traffic-related air pollution, industrial
emissions, PM, and other environmental contaminants. At the same time, modern lifestyles
have changed patterns of contact with natural environments and microorganisms [56].
The extent to which these changes independently contribute to AC, rather than to allergic
disease more broadly, remains unclear.

3.9. Indoor Environmental Factors

Indoor exposures—including dust mites, mold, animal dander, smoke, and irritants—
may sustain symptoms in susceptible individuals. Identifying relevant exposures from the
patient’s history is more useful than assuming that every indoor factor contributes equally
to disease [8,10].

3.10. Ocular-Surface Barrier Susceptibility

The integrity of the ocular-surface epithelial barrier is an important determinant of
susceptibility to environmental allergens. A healthy epithelial barrier limits penetration
of external substances and contributes to ocular-surface homeostasis. Impaired barrier
integrity allows greater allergen penetration and increases contact between environmental
substances and underlying immune cells [57]. Barrier dysfunction can precede or accom-
pany allergic inflammation and may also develop because of ongoing inflammation [57,58].

3.11. Polysensitization and Cumulative Exposure

Another important risk factor is sensitization to multiple allergens. Polysensitized
individuals may respond to several unrelated allergens, producing a more complex exposure
pattern and making identification of the dominant trigger difficult [10,59].

Repeated allergen exposure, particularly when combined with air pollution, climate-
related increases in pollen, or impaired epithelial-barrier function, may increase the fre-
quency and severity of symptomatic episodes [57,60].

3.12. Emerging Environmental and Host Factors

Microbiome composition, epigenetic regulation, and other host-environment interac-
tions are emerging areas of investigation. Current findings are largely associative or derived
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from experimental studies and broader allergic-disease research. Their causal roles and
clinical relevance in AC remain uncertain and require further investigation [14,61].

4. Imnmunopathogenesis

AC involves interactions between innate and adaptive immune responses at the ocular
surface. Its immunopathogenesis can be understood through three interconnected processes:
allergen sensitization and immediate mast-cell activation, late-phase eosinophilic and type
2 inflammation, and epithelial and neuroimmune mechanisms that may contribute to
chronic disease. These processes involve multiple immune and structural cell populations,
coordinated by cytokines, chemokines, lipid mediators, and intracellular signaling pathways.
Differences in the nature and duration of these immune responses across clinical phenotypes
may contribute to the range of disease severity, from transient symptoms in uncomplicated
AC to persistent inflammation and sight-threatening corneal complications in severe forms
such as VKC and AKC (Figure 1) [30,36].

te phase response
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Figure 1. Integrated immunopathogenesis of AC. Schematic illustration of the three major stages of AC:
allergen sensitization and IgE production, immediate mast-cell activation and degranulation, and late-
phase Th2-mediated and eosinophilic inflammation. These processes lead to acute allergic symptoms,
ocular-surface damage, and potentially chronic inflammation with repeated allergen exposure. Figure
created using Microsoft PowerPoint for Microsoft 365 (Version 2601; Build 19628.20214).

4.1. Sensitization and Immediate Mast-Cell Activation

The classical pathway of AC begins with allergen sensitization. Environmental aller-
gens, including pollen, house-dust mite components, animal dander, and mold spores,
penetrate the conjunctival epithelial barrier and are captured and processed by antigen-
presenting cells, particularly dendritic cells. These cells present allergen-derived antigens
to naive T lymphocytes within a cytokine environment favoring T helper 2 (Th2) differen-
tiation [31,62]. Th2 cells subsequently produce interleukin (IL)-4 and IL-13 and interact
with B cells through CD40L-CD40 signaling, promoting immunoglobulin class switching
and differentiation toward plasma cells that produce allergen-specific IgE. The resulting
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IgE binds with high affinity to high-affinity IgE receptors (FceRI) expressed on mast cells
and basophils, thereby establishing the sensitized state [38].

Upon subsequent exposure to the same allergen, allergen-mediated cross-linking of
IgE molecules bound to FceRI triggers rapid mast cell activation and degranulation. This
results in the release of preformed mediators, particularly histamine and tryptase, together
with newly synthesized lipid mediators and cytokines [16,63]. These mediators rapidly
increase vascular permeability, stimulate sensory nerves, and produce the characteristic
immediate manifestations of AC, including intense itching, conjunctival hyperemia, edema,
and tearing. Recruitment of eosinophils and Th2 cells can extend the response beyond the
immediate phase and contribute to persistent inflammation [39-41].

Although FceRI-dependent activation is the classical mechanism, mast cells can also
respond to non-IgE stimuli, including complement fragments, neuropeptides, Toll-like
receptor ligands, and inflammatory cytokines. These signals may independently or syner-
gistically influence mast-cell activation and mediator release [64-67].

In addition to histamine and tryptase, activated mast cells release chymase, heparin, tu-
mor necrosis factor-alpha (TNF-« ), and lipid mediators, as well as cytokines and chemokines
such as IL-4, IL-5, IL-13, IL-8, and C-C motif chemokine ligand 2 (CCL2). Mast-cell proteases
may also activate protease-activated receptors and modify extracellular-matrix components,
thereby influencing neighboring cells and local tissue responses [40,67].

Mast cells also communicate with epithelial cells, sensory neurons, and group 2 in-
nate lymphoid cells (ILC2s). Signaling involving substance P (SP) /neurokinin-1 receptor
(NK1R), nerve growth factor (NGF) /tropomyosin receptor kinase A (TrkA), and epithelial-
derived alarmins may amplify inflammation and contribute to persistent symptoms [68,69].
Mast cells therefore participate in both the immediate allergic response and the cellular
interactions that may sustain subsequent inflammation.

4.2. Late-Phase Eosinophilic and Type 2 Inflammation

The late phase of AC involves interactions among group 2 ILC2s, Th2 cells, eosinophils,
and other immune populations. ILC2s respond rapidly to epithelial-derived alarmins, par-
ticularly IL-33 and thymic stromal lymphopoietin (TSLP), without requiring conventional
antigen-specific recognition. Following activation, ILC2s produce IL-5, IL-13, and IL-9,
thereby amplifying type 2 inflammation [70-72]. ILC2s interact with epithelial cells, mast
cells, eosinophils, dendritic cells, and regulatory T cells (Tregs). For example, ILC2-derived
IL-13 can act directly on epithelial cells, whereas regulatory mediators, including IL-10,
transforming growth factor-beta (TGF-p), and retinoic acid, may suppress ILC2 activity.
The balance between activating and regulatory signals may influence whether inflammation
resolves or persists [73-78].

Th2 cells and their cytokines IL-4, IL-5, and IL-13 are major drivers of allergic inflam-
mation. IL-4 promotes Th2 differentiation and IgE class switching, IL-5 supports eosinophil
recruitment and survival, and IL-13 contributes to IgE production, eosinophilic inflam-
mation, goblet-cell hyperplasia, mucus hypersecretion, epithelial-barrier disruption, and
tissue remodeling [79-84]. The contribution of these pathways may increase with disease
severity. Th2 subsets expressing receptors such as IL-17 receptor B (IL-17RB) or suppression
of tumorigenicity 2 (ST2) have been implicated in severe allergic inflammation. Sustained
type 2 cytokine production can reinforce IgE responses, eosinophilic inflammation, and
tissue remodeling, potentially linking recurrent allergic episodes to chronic ocular-surface
disease [79-81,85].

Eosinophils are important effector cells during the late inflammatory phase. Chemokines
such as eotaxins, together with IL-5, facilitate their recruitment, activation, and sur-
vival [86-88]. Once activated, eosinophils release cytotoxic granule proteins, including
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eosinophil cationic protein, that can damage corneal and conjunctival epithelial cells.
Eosinophils may also undergo cytolysis and generate eosinophil extracellular traps (EETs),
which contain DNA, histones, and granule proteins. Although EETs may contribute to
host defense, excessive formation can exacerbate tissue injury and inflammation [88-91].
In addition, eosinophils produce growth factors such as TGF-p and vascular endothelial
growth factor (VEGF), together with cytokines and lipid mediators that may contribute to
tissue remodeling, fibrosis, and angiogenesis. These processes are particularly relevant to
severe VKC and AKC, where eosinophilic inflammation may accompany epithelial erosions,
shield ulcers, corneal scarring, and pannus [88,89].

Although AC is predominantly associated with Th2 immunity, other T-cell populations
may influence disease severity and persistence. Functional abnormalities in Tregs, which
normally suppress excessive immune responses through mediators such as IL-10 and TGF-§,
have been associated with more severe or persistent disease [92,93]. Th17 cells may also
contribute under specific pathological conditions, particularly in severe or complicated
disease. IL-17A, IL-17F, and IL-21 can promote neutrophil recruitment and tissue damage,
although Th17-associated inflammation is not considered the dominant mechanism in
uncomplicated AC [94-97]. Tth cells provide another link between T-cell responses and
antibody production. Through interactions with B cells and the production of cytokines
such as IL-21, Tth cells regulate B-cell differentiation and antibody affinity maturation;
dysregulated responses may therefore intensify allergic inflammation [98-100]. B cells also
contribute through IgE class switching, plasma-cell differentiation, and the formation of
memory populations that support responses to repeated allergen exposure [101].

Other immune populations, including basophils, neutrophils, macrophages, and den-
dritic cells, further contribute to the inflammatory network. Basophils can produce IL-4
and interact with T and B cells, while neutrophils may participate in acute and chronic
inflammation, including through the formation of neutrophil extracellular traps [102-104].

Macrophages and dendritic cells contribute to antigen uptake, processing, and regula-
tion of inflammatory-cell activity through cytokine and chemokine production. Dendritic
cells are particularly important in linking innate allergen recognition with adaptive T-cell
responses [105,106].

Cytokine signaling coordinates these cellular responses. TSLP can stimulate ILC2s
and Th2 cells to produce IL-5 and IL-13, while IL-33 promotes ILC2 activation. In contrast,
IL-10 can provide negative feedback that limits excessive type 2 responses [71,79,92,93].
IL-9 may promote mast-cell proliferation, survival, and activation, whereas IL-31 signaling
through its receptor complex on sensory neurons may contribute to allergic itch [107-114].
Epithelial alarmins, including TSLP, IL-33, and IL-25, may link epithelial stress with innate
ILC2 activation and adaptive Th2 responses [57,115].

At the intracellular level, the Janus kinase-signal transducer and activator of transcrip-
tion (JAK-STAT) pathway mediates several cytokine responses. IL-4 and IL-13 activate
STAT6-associated signaling, whereas IL-5 signals through JAK2-associated pathways. Other
pathways, including nuclear factor kappa B (NF-xB) and mitogen-activated protein kinase
(MAPK), regulate inflammatory gene expression and cellular activation. The calcineurin—
nuclear factor of activated T cells (NFAT) pathway is important for T-cell activation and is
targeted by calcineurin inhibitors such as cyclosporine A and tacrolimus [116-119].

Lipid mediators provide an additional regulatory layer. Arachidonic acid can be
metabolized through cyclooxygenase (COX) and lipoxygenase pathways to generate
prostaglandins and leukotrienes. Prostaglandin D2 (PGD2), which is produced in sub-
stantial amounts by mast cells, acts through DP1 and DP2 receptors to influence vascular
responses and the recruitment or activation of inflammatory cells [120,121]. Cysteinyl
leukotrienes, including LTC4, LTD4, and LTE4, promote vascular responses, mucus se-
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cretion, and eosinophil chemotaxis, while leukotriene B4 can promote neutrophil and
eosinophil recruitment [122-124]. Platelet-activating factor (PAF) also increases vascular
permeability and promotes eosinophil chemotaxis and activation. Conversely, specialized
pro-resolving mediators, including lipoxins, resolvins, protectins, and maresins, may limit
inflammatory-cell recruitment, reduce pro-inflammatory cytokine production, and sup-
port tissue repair [125-129]. The balance between pro-inflammatory and pro-resolving
mediators may influence the duration and severity of ocular-surface inflammation.

4.3. Epithelial and Neuroimmune Mechanisms in Chronic Disease

Epithelial-barrier dysfunction and neuroimmune interactions may contribute to per-
sistent symptoms and inflammation in AC. Disruption of the conjunctival epithelial barrier
facilitates the penetration of allergens, pollutants, and microbial products, potentially in-
creasing local immune activation. Damaged epithelial cells can also release inflammatory
mediators, including IL-8 and granulocyte-macrophage colony-stimulating factor (GM-
CSF), together with epithelial alarmins such as TSLP and IL-33, which may further amplify
inflammation [130-133]. Inflammatory mediators, eosinophil-derived products, proteases,
mechanical injury, and environmental pollutants may contribute to epithelial damage. Al-
terations in tight-junction proteins, including claudin-1 and occludin, can increase epithelial
permeability, while increased apoptosis and impaired epithelial regeneration may compro-
mise barrier restoration [131,133]. This interaction can create a cycle in which epithelial
injury promotes immune activation and persistent inflammation further compromises
barrier integrity.

Neuroimmune imbalance may also contribute to persistent symptoms, particularly
chronic itching. Ocular-surface sensory neurons express multiple ion channels and receptors,
including transient receptor potential vanilloid 1 (TRPV1), transient receptor potential
ankyrin 1 (TRPA1), transient receptor potential melastatin 8 (TRPMS), histamine receptors,
protease-activated receptor 2 (PAR-2), IL-31 receptors, Toll-like receptors, and Mas-related
G protein-coupled receptors (MRGPRs). These receptors may contribute to the detection
of inflammatory and environmental stimuli and to sensations such as itching, pain, and
irritation [134,135]. Activated sensory nerves can release neuropeptides, particularly SP
and calcitonin gene-related peptide (CGRP). SP may promote mast-cell degranulation,
increase vascular permeability, and facilitate inflammatory-cell recruitment, whereas CGRP
predominantly contributes to vasodilation. Immune activation and neuronal signaling can
reinforce one another, potentially prolonging ocular irritation and inflammation [136-138].

Nerve growth factor (NGF) may further regulate neuroimmune communication
through tropomyosin receptor kinase A (TrkA) and p75 neurotrophin receptor (p75NTR)
signaling. These pathways influence sensory-neuron survival, growth, and responsiveness.
Increased NGF signaling may enhance TRPV1 and SP expression, lower the threshold for
sensory activation, and increase itch intensity. NGF may also enhance mast-cell reactivity,
strengthening interactions between neural and immune pathways [139-142]. Persistent
inflammation may consequently contribute to peripheral and central sensitization, resulting
in prolonged or exaggerated itching [143-147]. Moreover, AC-associated itch may not be
entirely histamine-dependent. TSLP, IL-31, neuropeptides, and proteases such as mast-cell-
derived tryptase may contribute to non-histaminergic itch through pathways including
PAR-2 signaling [68,148-150]. These mechanisms may help explain why persistent itching
is not always fully controlled by targeting histamine alone. The ocular-surface microbiome
may influence epithelial integrity and local immune responses in AC. Studies using high-
throughput sequencing have reported differences in microbial composition and diversity
between patients with AC and healthy individuals [151,152]. Microbial metabolites, includ-
ing short-chain fatty acids, and lipopolysaccharide (LPS) may affect immune-cell function
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and epithelial integrity. However, current evidence remains predominantly descriptive or
correlational, and further studies are needed to establish whether microbiome alterations
contribute to AC pathogenesis or result from the disease.

5. Diagnostic Assessment of AC

The diagnosis of AC is based primarily on clinical history and ophthalmic examination.
Ocular itching is a characteristic symptom, particularly when accompanied by redness,
tearing, and conjunctival swelling. Symptoms are usually bilateral, although their severity
may differ between the eyes. Seasonal symptoms may suggest SAC, whereas persistent
symptoms may indicate PAC or chronic ocular allergy. The history should also address
suspected allergen exposure, allergic rhinitis, asthma, atopic dermatitis, contact lens use,
and exposure to topical medications or cosmetics. Predominantly unilateral symptom:s,
substantial pain, photophobia, or reduced visual acuity should prompt consideration of
alternative diagnoses [3-5].

Examination should include the eyelids, periocular skin, lid margins, tarsal and bul-
bar conjunctiva, limbus, and cornea. Upper eyelid eversion is important for identifying
giant papillae associated with VKC and GPC. In suspected limbal VKC, gelatinous limbal
thickening and Horner—Trantas dots may support the diagnosis. Eyelid eczema and peri-
ocular dermatitis may suggest AKC or CDC, while lid-margin inflammation may indicate
coexisting blepharitis [5,28].

Corneal assessment is particularly important in severe or persistent disease. Slit-lamp
examination and fluorescein staining can reveal punctate epithelial damage, epithelial
defects, infiltrates, and ulceration. VKC may be complicated by shield ulcers and scarring,
whereas AKC can cause persistent epithelial defects, neovascularization, and corneal thin-
ning. Corneal infiltrates, suspected ulcers, progressive scarring, severe pain, photophobia,
or reduced visual acuity warrant prompt ophthalmic assessment to exclude infectious
keratitis and other sight-threatening conditions [5,25].

Skin-prick testing and serum IgE measurements may help identify relevant sensiti-
zation when the suspected trigger is uncertain or AIT is being considered. However, a
positive result indicates sensitization rather than proving that the allergen causes the ocular
symptoms. Negative systemic allergy tests also do not exclude every form of ocular allergy.
Allergy test results should therefore be interpreted in the context of the clinical history and
ophthalmic findings [153,154].

The differential diagnosis includes dry eye disease, blepharitis, viral conjunctivitis, toxic
conjunctivitis, and infectious keratitis. Dry eye disease may cause burning and foreign-body
sensation, while blepharitis is associated with lid-margin abnormalities. Viral conjunctivitis
may be suggested by watery discharge and a relevant exposure history. Toxic conjunc-
tivitis should be considered when symptoms follow exposure to topical medications or
preservatives. CDC may present with eyelid or periocular dermatitis following contact
with allergens, whereas GPC is associated with contact lens wear or other sources of persis-
tent mechanical irritation. Referral to an ophthalmologist is particularly important when
corneal infection, shield ulcers, progressive thinning, or scarring is suspected. Specialist
assessment is also appropriate when the diagnosis remains uncertain, symptoms persist
despite treatment, or severe VKC or AKC requires close monitoring [4,28,155].

6. Therapeutic Approaches

The management of AC has traditionally focused on symptom relief and the control of
ocular inflammation. However, the heterogeneous clinical presentation of AC, ranging from
mild seasonal or perennial disease to severe forms associated with corneal complications,
requires a tailored therapeutic approach. Current management strategies include allergen
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avoidance and supportive measures, conventional pharmacological treatments, allergen-
specific immunotherapy (AIT), contact lens-based approaches, traditional Chinese medicine
(TCM) and other complementary approaches, and emerging therapies targeting specific
inflammatory pathways (Table 2; Figure 2). Treatment selection should consider disease
phenotype, clinical severity, symptom persistence, treatment response, and the presence of
ocular-surface complications. A phenotype- and severity-based approach is particularly
important because the management of uncomplicated SAC or PAC differs substantially from
that of VKC, AKC, and disease involving the cornea.

Emerging and novel
therapeutic strategies
JAK inhibitors
TRAP antagonist
RASP inhibitors
FAK inhibitors
Biologic therapies

Allergen avoidance and ™ Cell_derivedw
supportive measures \ .
Environmental allergen

avoidance
Cold compresses

Artiﬁcilte;/l,,

Contact lens-based
approaches

Therapeutic contact lenses
Drug-eluting contact lenses

T

Pharmacological
treatment
Allergen immunotherapy

Antihistamines
Mast-cell stabilizers
Dual-action antihistamine ~ /
NSAIDs /

4

Corticosteroids ¢

Subcutaneous immunotherapy
Sublingual immunotherapy

Allergic conjunctivitis

Immunomodulators Traditional Chinese
for persistent or medicine and
severe disease complementary
approaches
Cyclosporine A
Tacrolimus .
: Yupingfeng granules
Systemic Herbal formulations

immunomodulators

Treated eye

Figure 2. Overview of therapeutic approaches for AC. The figure summarizes the major therapeutic
categories and representative interventions, including allergen avoidance and supportive measures,
pharmacological treatments, immunomodulators, allergen-specific immunotherapy, contact lens-
based approaches, and emerging therapeutic strategies. Figure created using Microsoft PowerPoint
for Microsoft 365 (Version 2601; Build 19628.20214).
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6.1. Severity- and Phenotype-Based Treatment Approach

The management of AC should be guided by disease severity, recurrence, associated
allergic conditions, and the presence of ocular-surface complications. For mild SAC or
PAC, initial management generally includes allergen avoidance or exposure reduction, cold
compresses, artificial tears, and topical antihistamines or dual-action antihistamine /mast-
cell stabilizers to relieve itching, hyperemia, and other symptoms. These measures are often
sufficient for uncomplicated disease [155].

For persistent or recurrent AC, clinicians should reassess treatment adherence, contin-
ued allergen exposure, concomitant allergic rhinitis, and coexisting ocular-surface disease.
Depending on symptom frequency and clinical response, continued or maintenance phar-
macological treatment may be appropriate. Patients with severe VKC or AKC may require
more intensive anti-inflammatory treatment. Short courses of topical corticosteroids may be
considered for significant inflammation or acute exacerbations under ophthalmic supervi-
sion, while topical immunomodulators, including cyclosporine A (CsA) or tacrolimus, may
be used when indicated for sustained disease control. Because corticosteroids can cause
adverse effects, including elevated intraocular pressure and cataracts, their use requires
appropriate monitoring [156,157].

Patients with corneal involvement or sight-threatening complications, such as sig-
nificant keratopathy or shield ulcers, require specialist ophthalmic management, close
follow-up, and treatment directed at the specific complication. Assessment for secondary
infection and potential scarring is important when clinically indicated. For patients with
associated systemic allergic disease, coordination with allergy or dermatology specialists
may be beneficial. Allergen immunotherapy may be considered in selected patients with an
appropriate systemic allergic indication [5,157]. This clinical pathway provides a frame-
work for selecting treatment according to disease presentation, while the following sections
discuss the therapeutic options and their mechanisms in greater detail.

Table 2. Pharmacological treatments for AC, including their mechanisms of action and clini-
cal applications.

Dose/Therapeutic

Therapeutic Class Mechanism Representative Agents L References
Application
H1 receptor antagonism Topical administration:
reduces Levocabastine dosing varies according
Antihistamines histamine-mediated ocular ! to formulation. Primarily [158-162]

itching, hyperemia, and

emedastine, antazoline .
used for rapid

edema. symptomatic relief.

Mast cell stabilizers

Lodoxamide and

Suppress mast cell pemirolast are generally

activation and
degranulation, reducing
release of histamine and
other inflammatory
mediators.

Lodoxamide 0.1%;
pemirolast 0.1%;
sodium cromoglycate;
nedocromil 2%

administered four times
daily; nedocromil is
generally administered
twice daily. Primarily
prophylactic.

[159,163-165]

Combination
antihistamine/mast cell
stabilizers

Combine H1 receptor
antagonism with mast cell
stabilization, providing
rapid symptom relief and
suppression of subsequent
mediator release.

Olopatadine 0.1%, 0.2%,
0.7%; ketotifen 0.025%;
bepotastine 1.5%;
epinastine 0.05%;
alcaftadine 0.25%;
azelastine 0.05%

Usually once or twice
daily depending on
formulation; widely used
as first line topical
therapy.

[166,167]
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Table 2. Cont.
Therapeutic Class Mechanism Representative Agents Dose/T}'lera'p eutic References
Application
COX inhibition decreases One drop four times
prostaglandin synthesis Ketorolac daily; generally used as a
NSAIDs and downstream tromethamine 0.5% short-term adjunct for [154,168,169]
inflammatory responses. itching and hyperemia.
Activate glucocorticoid Prednisolone acetate Generally used for acute
receptors and suppress o . . .
1. 1%; prednisolone exacerbations and severe
multiple inflammatory phosphate 1%; or refractory disease;
. . . . o, ’
Topical corticosteroids pathways, immune cell dexamethasone 0.1%; duration should be [170-172]
recruitment, mediator .
roduction. and tissue loteprednol etabonate  limited because of ocular
proc . 0.2% or 0.5% adverse effects.
inflammation.
Calcineurin inhibition L
suppresses T cell activation Commonly administered
Topical PP . . CsA 0.05%; tacrolimus twice daily; useful for
. and proliferation, o i [173-175]
immunomodulators 0.03% persistent or recurrent

providing steroid-sparing

. } disease.
immunomodulation.

6.2. Allergen Avoidance and Supportive Measures

Exposure-reduction strategies should be based on the patient’s sensitization profile and
may include minimizing contact with pollen, house-dust mites, animal dander, and molds.
During periods of high pollen exposure, limiting outdoor exposure, keeping windows
closed when appropriate, and using protective eyewear may reduce allergen contact with
the ocular surface. For perennial allergens, measures such as maintaining indoor cleanliness,
washing bedding regularly, reducing dust reservoirs, and using appropriate air-filtration
systems may decrease allergen burden [4,176,177].

Because complete allergen avoidance is often impractical, environmental control should
be combined with supportive measures. Artificial tears may dilute and remove allergens
and inflammatory mediators from the ocular surface while improving tear-film stabil-
ity [154,178,179]. Cold compresses can provide additional symptomatic relief by reducing
itching, hyperemia, and conjunctival edema, whereas ocular irrigation may help physically
remove allergens from the ocular surface [180,181]. These measures are most useful for
mild disease and provide symptomatic relief rather than direct suppression of the allergic
immune response.

6.3. First-Line Pharmacological Treatment

Topical pharmacological treatment is the mainstay of symptom control in uncompli-
cated SAC and PAC. Treatment options include antihistamines, mast-cell stabilizers, and
dual-action agents that combine both mechanisms. Dual-action agents are commonly used
as first-line treatment because they provide rapid symptom relief while limiting further
mast-cell mediator release. The choice of treatment should nevertheless be guided by
symptom severity, frequency, and clinical response.

6.3.1. Antihistamines

Histamine is one of the principal mediators responsible for the rapid onset of itching,
conjunctival vasodilation, and vascular permeability following mast-cell activation. Topical
H1-receptor antagonists competitively inhibit histamine signaling at the ocular surface and
can provide relatively rapid relief of itching and conjunctival hyperemia [158,159]. However,
they do not fully control other components of the allergic response, including lipid-mediator
activity, cytokine signaling, chemokine production, and inflammatory-cell recruitment.
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Systemic second-generation antihistamines may be particularly useful in patients who
have concomitant allergic rhinitis or other systemic allergic manifestations. Agents such as
loratadine, desloratadine, and fexofenadine can provide simultaneous control of nasal and
ocular symptoms [160,182]. However, systemic antihistamines may contribute to ocular
dryness in susceptible individuals by reducing tear secretion, which can be disadvanta-
geous in patients with coexisting ocular-surface disease [161]. When ocular symptoms
predominate, topical treatment may therefore be preferable.

Newer topical antihistamines have been developed to improve duration and efficacy.
Bilastine has demonstrated rapid improvement in ocular itching and other manifestations
of AC, whereas levocabastine and emedastine have also demonstrated clinically meaning-
ful antihistaminic activity [162,164]. Because antihistamines primarily target histamine-
mediated symptoms, they may provide insufficient control in patients with persistent or
severe inflammation.

6.3.2. Mast-Cell Stabilizers

Mast cell stabilizers constitute an important class of topical agents for the prophylactic
control of AC [2,163]. Unlike antihistamines, which can provide relatively rapid symp-
tom relief, these agents are primarily preventive. They have limited ability to reverse an
established allergic response or neutralize mediators that have already been released. Their
benefit is therefore greatest when treatment begins before anticipated allergen exposure
and continues throughout the exposure period. A loading period may be required for some
preparations to achieve optimal preventive efficacy [2].

Several mast cell stabilizers have been used clinically for AC, including lodoxam-
ide tromethamine, pemirolast potassium, sodium cromoglycate (sodium cromolyn), and
nedocromil sodium. Lodoxamide tromethamine 0.1% ophthalmic solution has demon-
strated a favorable safety profile in both pediatric and adult populations and has been
reported to exhibit greater mast-cell stabilizing potency than sodium cromoglycate [183].
Pemirolast potassium 0.1% ophthalmic solution is another topical mast cell stabilizer used
for seasonal allergic conjunctivitis and is approved for pediatric patients from 3 years of
age [159,164,165,184]. Nedocromil sodium 2% ophthalmic solution has also demonstrated
clinical efficacy with good tolerability and can be administered twice daily, potentially
offering a more convenient dosing regimen for sustained management compared with
agents requiring more frequent administration [185].

Approval, licensed indications, and availability vary by country and formulation, so
these agents should be considered in accordance with local prescribing guidance.

6.3.3. Combination Antihistamine/Mast Cell Stabilizers

Dual-action antiallergic agents combine H1-receptor antagonism with mast-cell stabi-
lization. This combination provides rapid relief of histamine-mediated symptoms while
limiting further mediator release [3,4].

Available preparations include olopatadine, ketotifen, bepotastine besilate, epinastine,
alcaftadine, and azelastine. Most formulations are administered twice daily, although some
formulations of alcaftadine and olopatadine allow once-daily dosing, which may improve
adherence [166,167]. Individual agents may also differ in their effects on inflammatory
cells and signaling pathways beyond their shared antihistaminic and mast-cell-stabilizing
actions [3].

Ketotifen illustrates the broader pharmacological activity that can be achieved with
dual-action therapy. In addition to antagonizing H1 receptors and stabilizing mast cells,
ketotifen can inhibit eosinophil-associated inflammatory activity and modulate leukotriene
and cytokine pathways [186]. These additional actions may help control inflammation
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involving eosinophils and cytokines, particularly when symptoms persist beyond the im-
mediate histamine-mediated phase.

Azelastine is a second-generation H1-receptor antagonist that also possesses anti-
inflammatory properties extending beyond histamine blockade. It has been reported to
interfere with PAF activity and to modulate intercellular adhesion molecule-1 (ICAM-1)
expression, thereby potentially influencing inflammatory-cell recruitment and adhesion
at the ocular surface [187]. Epinastine, in contrast, exhibits antagonistic activity at both
H1 and H2 histamine receptors and additionally demonstrates mast-cell stabilizing and
anti-inflammatory effects [188]. These differences indicate that dual-action agents share a
broad therapeutic classification but are not necessarily pharmacologically identical.

Among these agents, olopatadine has been extensively investigated for the treatment
of AC. Clinical studies have demonstrated that topical olopatadine can reduce histamine
concentrations in the tear film and produce significant improvement in key manifestations
of ocular allergy, including itching, tearing, conjunctival edema, and chemosis [189-192].
Its continued use may also help control recurrent symptoms. Comparative clinical studies
have generally reported similar efficacy among different dual-action agents for the major
clinical manifestations of AC [193-196].

In our recent study, we demonstrated that olopatadine reduced allergic inflammation
and pain-associated neuropeptide markers (TRPV1, SP, and CGRP) in an OVA-induced
mouse model of allergic eye disease. Treatment also helped preserve ZO-1 expression and
conjunctival goblet cell density while reducing excessive epithelial proliferation. These
findings suggest that olopatadine may provide protective effects beyond its conventional
antihistaminic and mast-cell-stabilizing actions, although further clinical validation is
needed [197].

Bepotastine besilate represents a later-generation agent within this therapeutic class
and possesses high affinity for the H1 receptor together with favorable ocular bioavailability.
These properties contribute to a relatively rapid onset of action, with symptomatic im-
provement reported as early as approximately 15 min after administration and therapeutic
effects persisting for up to approximately 8 h [198,199]. It also stabilizes mast cells and
influences eosinophil-associated inflammatory responses, extending its activity beyond
histamine antagonism.

McCabe and McCabe reported that bepotastine provided relief of ocular and nasal
allergic symptoms compared with olopatadine hydrochloride 0.2% under comparable
dosing conditions [200]. The treatments had similar overall safety profiles, although an
unpleasant taste was reported more frequently by patients receiving bepotastine [113].
Bepotastine is therefore another treatment option, with its onset of action, duration, and
tolerability relevant to individual treatment selection [4,198].

6.4. Nonsteroidal Anti-Inflammatory Drugs (NSAIDs)

Topical NSAIDs may be used as adjunctive treatment when conventional antiallergic
therapies do not adequately control ocular symptoms. They inhibit COX activity, reducing
prostaglandin synthesis and thereby modulating downstream inflammatory processes
associated with ocular hypersensitivity [2,154,168]. This action may provide additional
short-term relief of itching, conjunctival hyperemia, tearing, and foreign-body sensation.

NSAIDs are supplementary rather than first-line treatments for AC. They may be useful
during acute exacerbations or when symptoms persist despite antihistamine or mast-cell-
directed therapy [2]. However, excessive or prolonged topical use can compromise corneal
epithelial integrity. Reported complications include keratitis, epithelial defects, ulceration,
and, in severe cases, corneal perforation [201]. Thus, NSAIDs should generally be used
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cautiously and for the shortest clinically appropriate period, particularly in patients with
pre-existing corneal epithelial abnormalities.

Ketorolac tromethamine 0.5% ophthalmic solution is an established option for ocular
itching associated with seasonal AC. Administered as one drop four times daily, it has
demonstrated efficacy in reducing itching and conjunctival hyperemia [169,202]. Its role
is symptomatic; it does not modify the underlying allergic sensitization process. Ketoro-
lac and other topical NSAIDs should therefore be considered short-term adjuncts rather
than substitutes for therapies targeting histamine, mast-cell activation, or type 2 inflamma-
tion [11,16,203].

6.5. Corticosteroids for Acute Exacerbations and Severe Disease

Topical corticosteroids are generally reserved for acute exacerbations and refractory
or severe forms of AC in which conventional antihistamine or mast-cell-directed therapies
provide insufficient control. Their broad and potent anti-inflammatory activity enables
them to suppress multiple components of the allergic response and makes them effective
across the clinical spectrum of AC [2,170,171]. Following topical administration, corticos-
teroids diffuse into conjunctival cells and bind cytosolic glucocorticoid receptors (GCRs).
The resulting glucocorticoid—receptor complex translocates into the nucleus, where it inter-
acts with glucocorticoid response elements (GREs) and regulates transcription of genes
involved in inflammatory control. This genomic mechanism promotes expression of anti-
inflammatory mediators while suppressing transcription of multiple pro-inflammatory
molecules [170,171].

Their effects extend to vascular responses and tissue remodeling. By reducing capillary
vasodilation and vascular permeability, corticosteroids alleviate conjunctival hyperemia
and edema [171]. Their antiproliferative activity can also inhibit fibroblast proliferation and
collagen deposition, which may be relevant in chronic inflammatory conditions associated
with conjunctival remodeling [171,204].

Despite their high efficacy, the major limitation of topical corticosteroids is their dose-
and duration-dependent safety profile. Prolonged or repeated exposure can increase the risk
of secondary ocular infection, delay corneal epithelial healing, promote cataract formation,
and elevate intraocular pressure, potentially resulting in steroid-induced glaucoma [2,171].

The potency and safety of topical corticosteroids also vary according to their chemical
structure and pharmacological properties. Relatively potent ketone-containing corticos-
teroids include prednisolone acetate 1%, prednisolone phosphate 1%, and dexamethasone
0.1%. Although their strong anti-inflammatory activity can be advantageous during severe
inflammatory exacerbations, greater corticosteroid potency may also be accompanied by a
greater risk of treatment-associated complications [171,172]. Ester-based corticosteroids
were developed to retain local anti-inflammatory activity while allowing more efficient
metabolism and potentially reducing adverse effects [171,205].

Loteprednol etabonate is an important example of this approach and is available in
ophthalmic formulations including 0.2% and 0.5%. Its design as a metabolically labile
corticosteroid allows conversion to inactive metabolites following its anti-inflammatory
action and has contributed to its use in ocular inflammatory disorders where a more
favorable safety profile is desirable. However, it is not free of corticosteroid-associated risks,
particularly with prolonged or repeated administration [178,179,206].

In addition to topical ophthalmic corticosteroids, intranasal corticosteroids such as
fluticasone and mometasone may provide beneficial effects on ocular symptoms in patients
with allergic rhinoconjunctivitis [4,207-209]. This benefit may reflect functional communi-
cation between the nasal and ocular mucosa, sometimes described as the nasal-ocular reflex.
Suppression of nasal allergic inflammation can influence ocular manifestations even when
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corticosteroids are not applied directly to the eye [4,207,209]. Interestingly, intranasal corti-
costeroid therapy has been shown in some studies to provide greater improvement in ocular
symptoms than oral antihistamine treatment, highlighting the importance of addressing
both nasal and ocular components when allergic rhinoconjunctivitis coexists [210].

6.6. Immunomodulators for Persistent or Severe AC

Topical immunomodulators may provide steroid-sparing treatment for persistent or
recurrent AC. CsA and tacrolimus are calcineurin inhibitors that suppress T-cell activation
and proliferation. This action can reduce downstream inflammatory responses, including
processes involving mast-cell mediators and eosinophil recruitment [173].

Unlike topical corticosteroids, calcineurin inhibitors interfere with a more specific
immunological pathway involved in T-cell activation rather than primarily exerting broad
transcriptional suppression of inflammatory genes. Both CsA and tacrolimus have demon-
strated efficacy in inflammatory ocular-surface disorders and may be beneficial in patients
with recurrent exacerbations or inadequate responses to conventional treatment [3,211,212].
The regulatory status of topical CsA and tacrolimus varies according to the formulation,
indication, and jurisdiction. Certain CsA formulations are approved for specific forms
of severe VKC in some regions, whereas ophthalmic tacrolimus is used off-label in many
jurisdictions. Evidence from individual studies should not be interpreted as establishing
universal approval or a standardized dosing regimen for AC.

Topical CsA has demonstrated clinical benefit in AC. Administration of 0.05% CsA,
one drop twice daily, was reported to reduce the clinical manifestations of AC, supporting
its potential for managing persistent ocular allergy [174]. By suppressing T-cell activation
and downstream inflammation, CsA may provide control beyond the immediate histamine-
mediated phase targeted by conventional antihistamines [213,214].

Tacrolimus represents another potent calcineurin inhibitor with potential application
in chronic allergic ocular inflammation. Hazarika and Singh demonstrated that topical
0.03% tacrolimus ophthalmic ointment administered twice daily improved the clinical
signs and symptoms of AC. Tacrolimus may be beneficial in patients with persistent or
recurrent disease despite conventional therapy, particularly in severe disease characterized
by sustained T-cell-mediated inflammation [175].

CsA and tacrolimus may be considered in chronic ocular allergy, including VKC and
AKC, where repeated corticosteroid treatment may increase the risk of elevated intraocular
pressure, cataract, and infection [3,171]. However, because these agents are not universally
approved specifically for AC and their clinical use may depend on the formulation and
disease phenotype, treatment should be guided by disease severity, clinical response, and
appropriate ophthalmic monitoring.

Systemic immunomodulatory treatment may be considered in selected patients with
particularly severe or refractory ocular allergy. Because systemic therapy may carry greater
risks than topical treatment, it is generally reserved for severe disease or cases accompanied
by significant systemic atopic disorders [6].

6.7. Allergen-Specific Immunotherapy (AIT)

AIT aims to reduce allergen sensitivity and modify allergic immune responses rather
than simply suppress ocular symptoms. It involves repeated administration of gradually
increasing amounts of the causative allergen to induce desensitization and longer-term
immune tolerance. Immunologically, AIT suppresses the allergen-driven Th2 response
while enhancing regulatory T-cell activity and promoting a more tolerogenic immune
profile [3].
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AIT can also modify the allergen-specific antibody response by increasing IgG4 and
IgA production while reducing seasonal increases in allergen-specific IgE, thereby atten-
uating subsequent allergic responses [215]. The two principal administration routes are
subcutaneous immunotherapy (SCIT) and sublingual immunotherapy (SLIT). Both can
improve allergic rhinoconjunctivitis, although clinical improvement is generally greater
for nasal than ocular symptoms; evidence comparing their effects on ocular manifestations
should be interpreted cautiously [215].

AIT has variable efficacy and can cause systemic allergic reactions. It is best consid-
ered a long-term option for selected patients with recurrent allergic rhinoconjunctivitis
and a clearly identified clinically relevant allergen [216,217]. Allergy specialists can help
assess sensitization, determine suitability, and coordinate treatment when ocular symptoms
accompany systemic allergic disease.

6.8. Contact Lens—Based Approaches

Contact lens wear requires careful consideration in patients with ocular allergy. During
active allergic exacerbations, temporary discontinuation of contact lens use is generally
recommended to minimize mechanical irritation and exposure to accumulated allergens
and inflammatory deposits. In patients who resume or continue contact lens wear after
clinical improvement, daily disposable lenses may be preferable because they reduce the
accumulation of deposits and potential allergens on the lens surface. Extended-wear lenses
should generally be avoided, and appropriate lens replacement and hygiene practices are
important for minimizing contact-lens-associated inflammatory complications, particularly
GPC [218-220].

Beyond vision correction, contact lenses are being investigated as drug-delivery plat-
forms. Drug-eluting lenses can provide sustained, localized release of agents such as
antihistamines, potentially maintaining therapeutic concentrations at the ocular surface
while reducing the frequency of administration [221-223]. Although this approach may
improve adherence, most drug-eluting lens systems remain investigational [224].

Scleral lenses may benefit selected patients with substantial ocular-surface involvement.
Their large diameter creates a fluid reservoir between the lens and cornea, providing contin-
uous hydration and mechanical protection. These properties may reduce mechanical trauma
and tear-film evaporation and support corneal epithelial protection [225,226]. However,
their specific therapeutic role in AC remains less established than their use in other severe
ocular-surface disorders.

6.9. Traditional Chinese Medicine (TCM ) and Complementary Approaches

Traditional Chinese medicine has also been investigated as a complementary approach
to allergic conjunctivitis. For example, a clinical study reported improved symptoms and
clinical signs when Yupingfeng granules were combined with sodium cromoglicate eye
drops compared with sodium cromoglicate alone [227]. However, the evidence remains
limited by methodological and reporting weaknesses, and results from an individual herbal
formulation cannot be generalized to TCM. A review of TCM interventions for AC and VKC
likewise reported heterogeneity in the available clinical evidence and emphasized the need
for more rigorous studies to establish efficacy and ocular-surface safety [228].

7. Emerging and Novel Therapeutic Strategies

Advances in understanding the immunopathogenesis of AC have identified new poten-
tial therapeutic targets beyond conventional treatments. These emerging approaches aim to
modulate different components of the allergic response and may offer alternative strategies
for managing persistent or severe disease. The major emerging therapeutic strategies, their
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proposed mechanisms, representative agents, and current evidence are summarized in
Table 3.

Table 3. Emerging therapeutic strategies for AC, including their mechanisms of action, key findings,
and clinical limitations.

Therapeutic . Key Findings Representative Dose/ T'hera- Major
Strate Mechanism and Current Acents peutic Limitation References
8y Evidence 8 Application
Selective GR
activation
provides anti-
Regulation of inflammatory Investigational; .
. . - . Predominantly
Selective GR inflammatory effects while potential o
. . Mapracorat . . preclinical [229-231]
modulation gene potentially steroid-sparing ovidence
expression. reducing adverse strategy ’
effects associated
with conventional
corticosteroids.
Interferes with CCR3
inflammatory cell antagonists;
recruitmentand ~ CCR2 pathway
Chemokine- CCR3 and activation inhibitors; IL 1 Experimen- Clinical efficacy
receptor eosinophil through receptor tal/investiga- remains [232-238]
blockade recruitment. chemokine, antagonists; tional unestablished.
cytokine, or integrin
adhesion pathway
pathways. inhibitors
Modulate
sensory and Experimental
neuroimmune studies Experimental; Context-
TRP channel signaling demonstrate TRPA1 and mainly dependent
. involved in effects on allergic TRPV1 investigated in effects require [239-242]
antagonists . . L
allergic symptoms and antagonists preclinical AC further
inflammation immune models investigation.
and ocular responses.
symptoms.
Inhibit JAK Tofacitinib and
STAT signaling related Topical
and thereby pathway-directed formulations Optimal topical
interfere with approaches have Tofacitinib: under formulations
JAK inhibitors multiple shown anti- ruxoli tinib, investigation; and long-term [243-245]
cytokine- inflammatory v potential safety remain
mediated effects in steroid-sparing uncertain.
inflammatory experimental approach.
pathways. models.
Reduce
inflammatory
amplification .
Reactive mediated by Reproxalap ha§ Investigational Tolerablllty and
. been evaluated in . the magnitude
aldehyde reactive . topical therapy; I
: randomized Reproxalap . of clinical [246-249]
species aldehyde - . evaluated in . )
I . clinical trials for - . benefit require
inhibitors species and clinical studies. . )
AC. consideration.
downstream
inflammatory
signaling.
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Table 3. Cont.

Therapeutic . Key Findings Representative Dose/T.hera- Major
Strate Mechanism and Current Agents peutic Limitation References
8y Evidence 8 Application
Inhibit focal
adhesion kinase
signaling :
involved in PF-431396 . Experimental; Preclinical
cellular reduced allergic investigated in evidence and
FAK inhibitors o manifestations in PF 431396 2 o [250-252]
migration, . preclinical AC limited target
- . experimental e
proliferation, models models specificity.
survival, and )
mast cell
activation.
Selectively
target major Omalizumab has . Mainly Limited
) . Omalizumab; . .
. . components of  been investigated . . investigated for controlled
Biologic . ) dupilumab; -
. IgE-mediated in severe . severe or clinical [253]
therapies mepolizumab; )
and type 2 refractory ocular benralizumab refractory VKC evidence for
inflammatory allergy. ’ and AKC AC.
pathways.
Promote active Resolvins
resolution of reduced Experimen-
Pro-resolving inflammation inflammatory Resolvins; RXE P . Limited clinical
) . . tal/investiga- ) [254,255]
mediators and restoration responses in 10045 tional evidence.
of tissue experimental
homeostasis. ocular allergy.
o
imrr;unomodu— MSCs and amniotic Delivery, safet
MSC-derived epithelial cell Experimen- ¥, Saretys
) latory effects " and clinical
Cell-derived products have conditioned tal/early-stage ) .
. and suppress . . ; efficacy remain [256-258]
therapies multiple shown potential medium and therapeutic tobe
. P in experimental related approach .
inflammatory . established.
cell ocular allergy. cell-derived
. products.
populations.

7.1. Selective Glucocorticoid Receptor (GR) Modulation

GR agonists are being investigated as a means of retaining corticosteroid anti-
inflammatory activity while reducing treatment-associated complications. Activated GR
can suppress inflammatory gene expression through interactions with transcriptional reg-
ulators, including activator protein-1 (AP-1) and NF-«xB, thereby limiting cytokine and
chemokine production [169,229].

Mapracorat, a selective nonsteroidal GR agonist, has been investigated as a topical
ocular anti-inflammatory agent. Experimental studies indicate that it can inhibit eosinophil
migration, promote eosinophil apoptosis, and reduce chemokine production by mast cells
and ocular-surface cells [4,259-262]. Its relatively limited transcriptional activation com-
pared with conventional corticosteroids has been proposed as a possible explanation for a
more favorable adverse-effect profile [263]. Experimental comparisons with dexametha-
sone have also suggested a lower propensity to increase intraocular pressure, potentially
associated with effects on myocilin expression in the trabecular meshwork [229,230,264].

Baiula et al. further investigated mapracorat in an ovalbumin-sensitized guinea pig
model of AC and found that topical treatment reduced late-phase clinical manifestations,
conjunctival eosinophil infiltration, and eosinophil peroxidase activity. Mapracorat also
decreased CCL5 and CCL11 expression and reduced inflammatory mediator production,
including IL-1B, IL-8, and TNF-x. Notably, histological analysis demonstrated increased

https://doi.org/10.3390/allergies6040044


https://doi.org/10.3390/allergies6040044

Allergies 2026, 6, 44

22 of 44

eosinophil apoptosis, with a greater effect than dexamethasone under the experimental
conditions examined [229]. Complementary in vitro findings showed that mapracorat
inhibited human eosinophil migration and survival and suppressed inflammatory mediator
release from mast cells [260].

7.2. Chemokine-Receptor and Inflammatory-Receptor Blockade

Chemokine-receptor blockade may reduce the recruitment and activation of inflamma-
tory cells during the late and chronic phases of AC. C-C motif chemokine receptor 3 (CCR3)
is of particular interest because it contributes to eosinophil trafficking and may also par-
ticipate in mast-cell responses. Experimental inhibition of CCR3 has reduced conjunctival
eosinophil accumulation and CCR3-associated mast-cell activation, suggesting a possible
effect on both early and late allergic responses [232,265].

The CCL11/CCR3 axis is relevant to eosinophil recruitment because CCL11 (eotaxin-
1) attracts eosinophils and Th2 cells to inflamed conjunctival tissue. Although CCL11 is
detectable under physiological conditions, its expression increases during AC [266-271].
Experimental inhibition or deficiency of this pathway has been associated with reduced
allergen-induced hypersensitivity and IgE-mediated mast-cell degranulation, supporting
further investigation of CCR3-directed treatment, particularly in eosinophil-dominant in-
flammation [233].

The CCL2/CCR2 axis is another potential target because it contributes to the recruit-
ment of circulating mast-cell progenitors. After entering inflamed tissue, these cells can
differentiate into mature mast cells under the influence of factors such as stem cell factor
(SCF) and IL-3 [234,272,273]. Experimental blockade of CCL2/CCR2 signaling has been
shown to reduce early mast-cell activation as well as subsequent eosinophilic inflammation,
suggesting that targeting mast-cell replenishment could complement strategies directed at
immediate mast-cell stabilization [235].

Additional receptor-directed approaches include IL-1 receptor antagonism. IL-1 recep-
tor antagonist (IL-1Ra), including the investigational agent insunakinra (EBI-005), prevents
IL-1 from activating its receptor and thereby limits IL-1-dependent inflammatory signal-
ing [236,237]. Experimental evidence suggests that IL-1Ra may reduce inflammatory-cell
infiltration and ocular-surface inflammation, although further studies specifically address-
ing its therapeutic value in AC are necessary [274,275].

7.3. Targeting Neuroinflammatory TRP Signaling

TRP channels provide another mechanistically distinct target because sensory pathways
can interact with immune mechanisms during allergic inflammation. TRPA1 and TRPV1
have been implicated in Th2-associated inflammatory responses and have been studied
in other allergic disorders [239-241]. Experimental investigation in ovalbumin-induced
murine AC demonstrated that topical TRP-channel antagonism can influence both clinical
manifestations and immune responses. Notably, TRPV1 antagonism improved clinical
manifestations such as excessive blinking and tearing and was associated with reduced IgE
levels [242].

TRPA1 and TRPV1 inhibition may nevertheless produce different immunological
effects. While TRPA1 antagonism reduced mast-cell infiltration, it did not substantially
affect eosinophil accumulation. In contrast, TRPV1 antagonism reduced both mast-cell and
eosinophil infiltration and attenuated IL-4 and IL-13 expression in conjunctival T cells [242].

More recent findings have revealed that sensory nerves may also exert protective
immunoregulatory effects in allergic conjunctivitis. A 2024 study in a murine model demon-
strated that TRPV1-positive sensory nerves limited allergic inflammation through the release
of somatostatin, which acted on somatostatin receptor 5 (SSTR5) expressed by mast cells and
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conjunctival fibroblasts. Somatostatin reduced TNF-a production by mast cells and CCL11
expression by fibroblasts, thereby limiting eosinophil recruitment and improving clinical
manifestations of ocular allergy. Notably, ablation of TRPV1-positive sensory nerves or
pharmacological blockade of TRPV1 exacerbated allergic inflammation in this experimental
setting [276].

7.4. JAK-STAT Pathway Inhibition

The JAK-STAT pathway represents an attractive target because multiple cytokines are
implicated in the AC signal through JAK-associated receptors. Tofacitinib, for example,
inhibits JAK1 and JAK3, thereby interfering with signaling downstream of several cytokine
receptors, including those associated with IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21. JAK3
inhibition can reduce IL-2-dependent T-cell proliferation and interfere with IL-4-driven Th2
differentiation, while JAK1 inhibition limits downstream STAT activation [244,245,277].

The potential relevance of this pathway has been demonstrated experimentally in
AC. Topical tofacitinib improved ocular itching, conjunctival hyperemia, and edema in
experimental models and was accompanied by reductions in mast-cell degranulation and
inflammatory cytokine production [243]. Its broader activity may allow simultaneous
modulation of T cells, dendritic cells, and macrophages rather than targeting a single
inflammatory mediator [243].

Bao et al. investigated the gp130/JAK2/STAT3 pathway and reported increased gp130
expression in conjunctival tissue from an ovalbumin-induced mouse model, in samples from
patients with AC, and in histamine-stimulated human conjunctival epithelial cells [278].
Topical administration of LMT-28, an inhibitor of gp130 activation, attenuated experimental
ocular inflammation and reduced serum IgE, IL-4, IL-5, and IL-13 levels, as well as conjunc-
tival mast-cell infiltration. LMT-28 targets gp130 activation rather than directly inhibiting
JAK enzymes; therefore, its effects do not establish the efficacy of JAK inhibitors in AC.
Further research is needed to establish the efficacy, appropriate formulation, dosing, and
long-term ocular safety of pathway-directed therapies in AC.

7.5. Reactive Aldehyde Species (RASP ) as an Emerging Target

RASP inhibition represents a newer approach directed toward inflammatory amplifi-
cation rather than a conventional cytokine receptor. Reproxalap is a topical RASP inhibitor
investigated for ocular inflammatory diseases. RASPs can react with thiol- and amino-
containing groups on proteins involved in inflammatory signaling, thereby promoting
pathways associated with NF-kB activation, inflammasome activity, and histamine-related
responses [246,247,279,280]. Inhibition of this process may therefore reduce multiple in-
flammatory outputs simultaneously.

Clinical investigations of reproxalap have provided encouraging evidence in AC. Oph-
thalmic formulations containing 0.25% or 0.5% reproxalap were evaluated in allergen-
exposure models and demonstrated potential benefits both for prevention and treatment of
allergic symptoms [248]. In the phase 3 ALLEVIATE study, both concentrations showed
evidence of efficacy and acceptable tolerability in patients with post-acute AC, with im-
provement particularly noted in ocular itching. However, ocular stinging, particularly with
the higher concentration, represents an important tolerability consideration [249].

A systematic review and meta-analysis of five randomized controlled trials involving
625 participants with seasonal AC also reported reductions in ocular itching with 0.25% and
0.5% reproxalap compared with control treatments. The pooled estimates of benefit were
similar between concentrations, whereas adverse events were more frequent in the reprox-
alap groups and more likely with the higher concentration [281]. These results provide
clinical evidence for RASP inhibition, but the magnitude and durability of symptom relief
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must be weighed against tolerability. Reproxalap should be distinguished from established
treatments, and its current regulatory status should be verified for the jurisdiction relevant
to this review.

7.6. Focal Adhesion Kinase (FAK) Inhibition

FAK is another emerging target because of its involvement in cellular adhesion, migra-
tion, proliferation, survival, and inflammatory signaling. FAK is a non-receptor tyrosine
kinase activated downstream of integrin engagement. Autophosphorylation at tyrosine
397 promotes recruitment of Src-family kinases and formation of the FAK/Src signaling
complex, which regulates several cellular processes [250,251,282-284]. FAK has also been
associated with NF-kB-dependent cell survival and inhibition of apoptosis [283,284].

The potential relevance of FAK to AC is particularly interesting because FceRI aggre-
gation in mast cells can induce FAK phosphorylation, linking this pathway to mast-cell
activation [252]. Chen et al. further investigated this mechanism using the FAK/proline-
rich tyrosine kinase 2 inhibitor PF-431396 in experimental models of allergic inflammation,
including murine AC [252]. Their findings demonstrated that FAK inhibition reduced mast-
cell degranulation and the release of histamine and inflammatory cytokines. Mechanistically,
these effects involved suppression of mitogen-activated protein kinase (MAPK) and NF-xB
signaling. The investigators also identified calcium/calmodulin-dependent protein kinase
IT (CaMKII) as a FAK-associated protein and demonstrated that pharmacological inhibition
of CaMKII reduced FAK activity and downstream signaling [252].

In the murine AC model, PF-431396 alleviated allergic manifestations, supporting the
potential contribution of CaMKII-FAK signaling to mast-cell-mediated ocular inflammation.
Nevertheless, because PF-431396 inhibits both FAK and proline-rich tyrosine kinase 2,
further studies using more selective inhibitors and appropriate clinical models are required
to establish the therapeutic specificity, ocular safety, and clinical relevance of this approach.

7.7. Biologic Therapies and Cytokine-Directed Intervention

Biologic therapies offer the possibility of selectively interrupting specific molecular
components of the allergic cascade. Omalizumab, a humanized monoclonal antibody
targeting free IgE, prevents circulating IgE from interacting with FceRI on mast cells and
basophils. By acting near the beginning of the IgE-mediated allergic cascade, this approach
can reduce downstream mast-cell activation and mediator release [253]. Limited clinical
evidence suggests that omalizumab may improve ocular redness, tearing, and inflammation,
with encouraging findings reported particularly in severe phenotypes such as VKC and
AKC [285-287]. Nevertheless, evidence for omalizumab in AC remains limited, and it
should not be presented as an established standard treatment for ocular allergy. Its use for
this indication is off-label in many jurisdictions.

Dupilumab illustrates the complexity of cytokine-directed treatment in ocular allergy.
Although inhibition of IL-4/IL-13 signaling is theoretically attractive because these cytokines
are central to type 2 inflammation, dupilumab has been associated with increased rates
of conjunctivitis and anterior-segment inflammation in some treated populations. More-
over, available evidence has not established consistent efficacy for VKC or AKC [288-291].
Systemic inhibition of a pathway involved in allergic inflammation therefore does not
necessarily improve ocular disease and may be accompanied by ocular adverse events.
Dupilumab should not be described as an established treatment for AC, and its role in
patients with ocular allergy remains uncertain.

Benralizumab, mepolizumab, and reslizumab target pathways involved in eosinophilic
inflammation. However, their efficacy and safety as treatments for AC have not been

https://doi.org/10.3390/allergies6040044


https://doi.org/10.3390/allergies6040044

Allergies 2026, 6, 44

25 of 44

established; they are better discussed as potential research directions than as recommended
ocular-allergy therapies [4].

7.8. Pro-Resolving Lipid Mediators

An alternative therapeutic concept is to actively promote the resolution of inflamma-
tion rather than simply suppressing inflammatory signaling. Resolvins are endogenous
lipid-derived mediators generated from omega-3 polyunsaturated fatty acids, particularly
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). They participate in the
physiological termination and resolution of inflammatory responses [254,255].

RXE-10045, an isopropyl ester derivative of an EPA-derived resolvin, has been inves-
tigated as a potential treatment for ocular inflammatory disorders, including AC. Early
findings suggest that enhancement of endogenous pro-resolving pathways may reduce
clinical manifestations of ocular inflammation [254,255]. However, the therapeutic efficacy
of this approach in patients with AC remains uncertain.

In an experimental model of AC induced by Acanthamoeba excretory-secretory proteins,
resolvin D1 (RvD1) treatment reduced conjunctival eosinophil infiltration and goblet-cell
alterations, accompanied by reductions in IL-4, IL-5, and IL-13 levels [292]. Mechanistic
studies have also demonstrated that RvD1 and E1 inhibit leukotriene-induced conjunctival
goblet-cell secretion by limiting intracellular calcium mobilization and ERK1/2 activa-
tion [293]. Similarly, RvD1 and aspirin-triggered RvD1 suppress histamine-stimulated se-
cretion in human and rat conjunctival goblet cells through modulation of calcium-dependent
signaling [294]. Thus, the pro-resolving lipid mediators may influence multiple compo-
nents of ocular allergy, including eosinophilic inflammation, type 2 immune responses,
and excessive mucin secretion. However, because the available evidence is predominantly
experimental, further clinical studies are needed to establish their safety and therapeutic
potential in AC.

7.9. Cell-Based and Regenerative Approaches

Cell-derived therapies represent another emerging area of investigation in AC. Hu-
man amniotic epithelial cell-conditioned medium has demonstrated potential to reduce
clinical manifestations of experimental AC, suggesting that the therapeutic effects of these
cells may be mediated largely through their secreted paracrine factors rather than direct
tissue replacement [256]. Stem-cell-derived products possess immunomodulatory and
anti-inflammatory properties and have also shown therapeutic potential in other allergic
disorders, including asthma, allergic rhinitis, and inflammatory skin disease [295-298].

The proposed mechanisms are multifaceted and include suppression of effector T cells,
B cells, neutrophils, dendritic cells, and mast cells, together with secretion of immunoreg-
ulatory and anti-inflammatory mediators. Factors such as IL-10, TGF-p, indoleamine 2,3-
dioxygenase (IDO), and prostaglandin E2 may contribute to these effects [299]. Amniotic
epithelial cell-derived factors may additionally influence IgE production and mast-cell
activity, providing a potential mechanistic explanation for their observed anti-allergic ef-
fects [256,299]. These mechanisms remain under investigation, and the clinical potential
of cell-derived or secretome-based therapies in severe or treatment-resistant AC has yet to
be demonstrated.

In a murine model of allergic conjunctivitis, Li et al. reported that subconjunctival
administration of human umbilical cord-derived mesenchymal stem cells (hUCMSCs)
alleviated allergic symptoms and reduced conjunctival mast-cell activation and eosinophil
infiltration. The proposed mechanisms included suppression of Th2-cell responses through
CRISPLD2-associated inhibition of STAT6 phosphorylation and promotion of regulatory
T-cell differentiation [257].
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MSC-derived exosomes have also been investigated in a murine model of Stevens—
Johnson syndrome-associated ocular-surface disease with allergic eye disease [300]. Treat-
ment improved clinical inflammation, and subconjunctival administration produced greater
effects and longer ocular-tissue retention than topical delivery [301]. Because this study did
not use a conventional AC model, its findings should be interpreted as adjacent evidence
from inflammatory ocular-surface disease rather than direct proof of efficacy in AC. Further
studies are needed to establish reproducibility, delivery requirements, long-term safety,
and clinical efficacy before cell-based or cell-free products can be considered therapeutic
options for AC.

The clinical applicability of emerging therapeutic strategies for AC depends on the
strength and consistency of the available evidence. While established pharmacological treat-
ments are supported by clinical studies and practice recommendations, other approaches
have demonstrated potential primarily in selected patient populations, early clinical investi-
gations, or experimental models. As summarized in Table 4, these differences highlight the
importance of distinguishing established treatment options from investigational strategies
whose efficacy, safety, and clinical utility remain to be fully established. Further well-
designed clinical studies are needed to determine whether these emerging approaches can
provide meaningful benefits for patients with AC.

Table 4. Evidence levels and therapeutic approaches for AC including established treatments and
emerging strategies.

Evidence Category Therapeutic Approaches Representative Agents References
Topical antihistamines, Supported by clinical studies and
dual-action practice recommendations.
. . antihistamine/mast-cell Corticosteroids require careful
5
Established clinical treatments stabilizers, topical corticosteroids; monitoring, and calcineurin inhibitors [5155]
topical cyclosporine for are particularly relevant to persistent
appropriate cases of VKC. or severe disease.
Clinical evidence supports selected
AIT; topical tacrolimus and other Hses but suitability de.pen.ds o the
Clinical evidence in selected steroid-sparing fjﬁresz t?gi?gﬁg;gima;ﬁgl [5,157]
patients immunomodulators for severe or - PP ’
refractory ocular allerg status. AIT is most appropriate when
y Y a relevant systemic allergen
sensitization is established.
Reproxalap has undergone clinical
trials for AC, while omalizumab
Early clinical or investisational Reproxalap; omalizumab and evidence in severe ocular allergy is
y ovidence & other biologics for severe ocular largely based on small studies and [281,302]
v allergy. case reports. Neither should be
presented as an established standard
treatment for AC.
Selective GR modulation with Findings primarily derive from
mapracorat; TRP-channel cellular and animal models, with
. - e TAT some targets supported by human
Predominantly preclinical antagonists; JAK-STAT pathway observational or mechanistic studies. [229,242,292]

evidence

inhibitors; FAK/PYK2 inhibition;
pro-resolving lipid mediators;
MSCs and cell-derived products.

Clinical efficacy and safety for AC
remain unestablished for these
investigational approaches.

8. Challenges and Future Perspectives

AC represents a heterogeneous group of disorders with substantial differences in

clinical presentation, severity, immune mechanisms, and treatment response. This hetero-
geneity remains a major challenge for disease management and emphasizes the limitations
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of a uniform therapeutic approach. Although advances in biologics and small-molecule
therapies have created new opportunities for treating severe and refractory forms of AC,
particularly VKC and AKC, their clinical application remains limited by the scarcity of large,
well-controlled studies, uncertainty regarding patient selection, and insufficient long-term
safety data [6,9,10,253]. The major challenges and future perspectives in AC management
are illustrated in Figure 3.

A further challenge is the limited clinical evidence supporting several emerging tar-
geted therapies in ocular allergy. Although omalizumab, dupilumab, anti-IL-5/IL-5Rx
agents, and JAK inhibitors have shown potential in selected clinical settings or are under
investigation, their evidence base varies considerably. Findings from case reports, clinical
studies, and research in other allergic diseases cannot automatically be generalized to all
AC phenotypes. Establishing phenotype-specific efficacy, appropriate indications, and
long-term safety remains essential before these treatments can be widely incorporated into
routine ocular-allergy management [303-316].

Another major challenge is the lack of reliable biomarkers for disease classification,
monitoring, and treatment selection. Conventional AC diagnosis and severity assessment
remain largely dependent on clinical history and examination, which may not fully capture
the underlying immunological heterogeneity. Although IgE, eosinophil cationic protein
(ECP), cytokines, alarmins, and other inflammatory mediators in tears or serum are potential
biomarkers, their diagnostic accuracy, reproducibility, and ability to predict treatment
response have not been sufficiently established. Similarly, tear proteomics, impression
cytology, in vivo confocal microscopy (IVCM), and anterior-segment optical coherence
tomography (AS-OCT) offer opportunities for objective assessment, but their clinical utility
requires further validation [63].

The translation of experimental findings into clinically effective interventions also
remains difficult. Many therapeutic targets identified in experimental models have not
been adequately validated in human ocular allergy. Differences between animal models
and human disease, together with variations in diagnostic criteria, study populations,
outcome measures, and follow-up periods, complicate the interpretation and comparison
of findings. These limitations make it difficult to determine which emerging approaches
provide meaningful clinical benefits and which remain primarily experimental.

Future research should prioritize personalized treatment strategies that consider clin-
ical phenotype, allergen sensitization, inflammatory biomarkers, ocular-surface status,
comorbid atopic disease, and previous treatment response. Prospective studies should
determine whether these factors can reliably identify patients who are most likely to benefit
from specific therapies and support appropriate treatment escalation while minimizing
unnecessary corticosteroid exposure.

Beyond pharmacological intervention, environmental control and allergen avoidance
will remain fundamental components of AC management. Strategies such as minimizing
exposure to identified allergens, improving indoor air quality, maintaining environmental
cleanliness, and using protective eyewear during periods of high pollen exposure may help
reduce recurrent disease activity. AIT offers the possibility of modifying the underlying
allergic response rather than providing only symptomatic control. Both SCIT and SLIT have
demonstrated benefits in selected patients with allergic rhinoconjunctivitis, although the
magnitude and durability of ocular improvement may vary. Future studies should clarify
which ocular-allergy phenotypes benefit most from AIT and optimize allergen selection,
dosing, treatment duration, and administration routes.
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Figure 3. Current challenges and future perspectives in AC management. Schematic representation
of the major challenges limiting optimal management of AC and potential directions for future de-
velopment. Current challenges include the marked heterogeneity of AC phenotypes, reliance on
corticosteroids in severe or refractory disease, limited availability of clinically validated biomarkers,
gaps in translation from experimental models to human disease, and the need for stronger clinical
evidence supporting emerging interventions. Future perspectives include the development of reli-
able molecular biomarkers, allergen-specific immunotherapy, biomarker-guided precision medicine,
improved environmental control and allergen avoidance, advanced diagnostic and monitoring tech-
nologies, targeted therapies, and integration of clinical, molecular, and imaging-based information
to guide treatment selection. Progress in these areas will shift AC management from generalized
symptom control toward phenotype- and severity-based treatment. Figure created using Microsoft
PowerPoint for Microsoft 365 (Version 2601; Build 19628.20214).

Clinical trials of emerging treatments should be adequately powered, multicenter,
randomized where feasible, and stratified by disease phenotype and severity. Standard-
ized clinical, molecular, imaging, and patient-reported outcomes, together with long-term
follow-up, will be important for determining whether these interventions reduce disease
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recurrence, corticosteroid exposure, and progression to ocular-surface complications. Re-
search should also evaluate alternative immunotherapy delivery approaches, including
intradermal, intralymphatic, and epicutaneous immunotherapy, while establishing their
safety and durability in different AC phenotypes [317-321].

Ultimately, integrating precision biomarkers, advanced ocular-surface imaging, tar-
geted biologics, local small-molecule therapies, and environmental interventions can sup-
port the transition from generalized symptom control toward personalized management
of AC [319-323]. A key long-term objective is to develop and validate individualized
treatment algorithms that translate molecular and clinical findings into practical treatment
decisions. Such approaches can enable earlier intervention in patients at risk of chronic or
vision-threatening disease, improve therapeutic selection, and preserve long-term ocular-
surface integrity.

9. Conclusions

AC is a common and heterogeneous ocular-surface disorder that ranges from mild,
self-limiting symptoms to severe disease with significant ocular-surface and corneal com-
plications. Ocular itching remains a key symptom for recognizing AC, although diagnosis
should also consider clinical findings and alternative causes of ocular irritation. Mild-to-
moderate disease is generally managed with allergen avoidance, supportive measures, and
topical dual-action antihistamine/mast-cell stabilizers. VKC and AKC require particular
attention because of their potential for corneal involvement and vision-threatening com-
plications. Topical corticosteroids can effectively control acute exacerbations and severe
inflammation but should be used cautiously, under appropriate ophthalmic supervision,
and for the shortest appropriate duration. For chronic severe disease, topical calcineurin
inhibitors, including CsA and tacrolimus, provide important steroid-sparing options. Al-
though advances in understanding AC immunopathogenesis have expanded opportunities
for targeted interventions, most novel therapies remain investigational or are supported
by limited clinical evidence. Further clinical studies are needed to establish their efficacy,
safety, and appropriate use. Ultimately, recognizing disease severity, identifying corneal
involvement, and selecting treatment according to clinical phenotype are essential to control-
ling inflammation, minimizing treatment-related complications, and preserving long-term
ocular health and quality of life.
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Abbreviations

AC Allergic conjunctivitis

VKC Vernal keratoconjunctivitis

VKC Atopic keratoconjunctivitis

PAC Perennial allergic conjunctivitis
SAC Seasonal allergic conjunctivitis
GPC Giant papillary conjunctivitis
CDC Contact dermatoconjunctivitis

(O Ozone

PM Particulate matter

NO, Nitrogen dioxide

SO, Sulfur dioxide

EETs Eosinophil extracellular traps
NSAIDs  Nonsteroidal anti-inflammatory drugs
COX Cyclooxygenase

GREs Glucocorticoid response elements
AIT Allergen-specific immunotherapy
SCIT Subcutaneous immunotherapy
SLIT Sublingual immunotherapy

GR Glucocorticoid receptor

AP-1 Activator protein-1

TRP Transient receptor potential

EPA Eicosapentaenoic acid

DHA Docosahexaenoic acid
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