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Featured Application: This work provides a detailed exploration of pollen—food allergy
syndrome (PFAS), offering practical insights for clinicians managing patients with this
condition. By addressing the diagnostic challenges and discussing emerging therapeu-
tic approaches, including allergen immunotherapy and biologics, the findings have
potential applications in improving diagnostic accuracy and optimizing personalized
treatment strategies. The work could also guide future research on innovative man-
agement techniques and promote awareness among healthcare providers dealing with
allergic diseases.

Abstract: Pollen—food allergy syndrome (PFAS), also known as oral allergy syndrome, is a
common condition affecting individuals sensitized to pollens such as birch, ragweed, and
grass. This syndrome arises from immunological cross-reactivity between pollen allergens
and structurally similar proteins found in various fruits, vegetables, and nuts. Although
typically presenting with mild oral and pharyngeal symptoms, PFAS can occasionally
result in severe allergic reactions, underscoring its clinical significance. This review ex-
plores the pathophysiology of PFAS, highlighting the molecular mechanisms underlying
cross-reactivity and examining the main protein families involved, including those con-
tributing to variations in symptom severity. Current diagnostic approaches, including
skin prick testing, specific immunoglobulin E measurements, and component-resolved
diagnostics, are discussed. Emerging diagnostic tools and biomarkers with potential to
enhance accuracy are also examined. Therapeutic strategies for PFAS primarily focus on
symptom management and avoidance of trigger foods. However, novel approaches such
as allergen immunotherapy and biologics targeting key immune pathways are gaining
traction as potential interventions for more severe or refractory cases. By addressing the
diagnostic and therapeutic challenges of PFAS, this paper aims to provide clinicians and
researchers with a comprehensive understanding of this condition, fostering improved
patient care and the development of innovative treatment strategies.
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1. Introduction

Allergic diseases have become a significant public health concern globally, affecting
both developed and developing countries, with prevalence rates ranging from 10% to 30% in
adults and exceeding 40% in children [1]. Among all allergic conditions, allergic rhinitis
(AR) stands out as the most common, affecting a substantial portion of the global population
and exemplifying the growing burden of allergies worldwide. Together with asthma and
atopic eczema, AR forms the cornerstone of what has been aptly termed the “allergy
epidemic”, a term that captures the rising prevalence of allergic conditions worldwide.

Respiratory allergies such as allergic rhinitis and asthma are triggered by various
allergens such as tree and grass pollens from anemophilous plants, house dust mites,
animal dander, and molds [2]. Respiratory allergies, especially to pollens and molds,
often follow seasonal patterns, with symptoms typically coinciding with specific times of
the year when certain allergens are most prevalent [3]. In the Northern hemisphere, for
instance, tree pollen allergies are common in spring [4], grass pollen allergies peak in late
spring and summer [5], and weed pollen, such as ragweed, becomes more prominent in
late summer and fall [6]. These patterns are closely tied to the life cycles of plants and
the release of airborne pollen, which varies regionally and climatically. Seasonal changes
in temperature, humidity, and weather patterns, such as wind, can further influence the
dispersion and concentration of allergens in the environment, contributing to the periodic
nature of symptoms [7]. As a result, individuals with respiratory allergies often experience
predictable flare-ups, which can serve as valuable indicators for preventive measures
and treatment planning [8-10]. However, factors such as pollution and climate change
have begun to blur these traditional seasonal boundaries. Rising temperatures, altered
rainfall patterns, and increased levels of airborne pollutants are extending pollen seasons
and intensifying allergen concentrations, leading to more unpredictable and prolonged
allergy symptoms [11-13]. These changes challenge the conventional understanding of
seasonal allergies, requiring adjustments in management strategies to address this evolving
environmental landscape.

Initially affecting wealthier populations [14], respiratory allergies have expanded to
middle- and lower-income groups [15], reflecting broader environmental and lifestyle
changes. Urbanization, reduced microbial exposure, and dietary shifts are among the
factors contributing to this trend [16], particularly in middle-income countries experiencing
rapid socioeconomic transitions. Therefore, AR prevalence demonstrates a wide range
of variability across different continents, reflecting the influence of environmental, ge-
netic, and lifestyle factors on its distribution. In Africa, the prevalence is relatively low,
between 3.6% and 22.8%, possibly due to differences in exposure to allergens, climate, or
underreporting in some regions [17]. In contrast, the Americas show the broadest range,
from 3.5% to 54.5%, which could be attributed to diverse climates, urbanization levels,
and healthcare access across North and South America [18,19]. Asia and Europe also
exhibit considerable variation, with prevalence rates ranging from 1.0% to 47.9% in Asia
and 1.0% to 43.9% in Europe [20-22]. These variations may be linked to differences in
pollen exposure, pollution levels, and awareness or diagnosis of AR. Interestingly, Oceania
presents consistently higher prevalence rates, ranging from 19.2% to 47.5%, likely due to
high allergen loads in the environment, such as grass pollens, combined with genetic predis-
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positions in the population [23,24]. Overall, these variations underscore the multifactorial
nature of AR, shaped by both environmental exposures and socioeconomic conditions. This
highlights the need for region-specific public health strategies to address the burden of AR
effectively [25,26].

In recent decades, food allergies have emerged as an alarming “second wave” of the
allergy epidemic, particularly in westernized societies [27,28]. The increasing prevalence of
food allergies is particularly concerning due to their potential for life-threatening reactions,
especially in children and adolescents [29,30]. This trend places a growing burden on
healthcare systems, many of which are ill-prepared to address the challenges posed by the
allergy epidemic.

The association between respiratory allergies and food allergies, exemplified by condi-
tions like pollen—food allergy syndrome (PFAS), highlights the complex interplay between
different allergic conditions. Cross-reactivity between pollen allergens and plant-derived
foods is a key mechanism driving PFAS, as this phenomenon occurs due to structural simi-
larities between proteins found in pollens and those present in certain fruits, vegetables,
nuts, and seeds [31]. These shared protein epitopes, known as panallergens, are mistakenly
recognized by the immune system as identical, triggering an allergic response in sensitized
individuals [32]. Key panallergen families involved in PFAS include pathogenesis-related
protein class 10 (PR-10) proteins, profilins, lipid transfer proteins (LTPs), and gibberellin-
regulated proteins (GRPs), each contributing to distinct patterns of cross-reactivity [31].

Clinically, PFAS presents a spectrum of symptoms, ranging from mild oral irritation,
such as itching or tingling in the mouth and throat, to more severe reactions. These may
include angioedema, gastrointestinal discomfort, or in rare cases, systemic anaphylaxis,
which can be life-threatening [33]. The allergens involved in PFAS are typically labile, losing
their allergenicity with heat or enzymatic digestion, which explains the mild symptoms
in most cases. However, when symptoms are severe, they may reflect primary sensiti-
zation to stable, genuine food allergens that retain their immunogenic properties even
after processing, blurring the distinction between PFAS and classical IgE-mediated food
allergies [34].

Environmental and individual factors can further modulate the clinical presentation of
PFAS. Cofactors such as physical exercise, alcohol consumption, or the use of nonsteroidal
anti-inflammatory drugs (NSAIDs) can exacerbate symptoms, potentially tipping mild
reactions into severe systemic responses [35]. Understanding these cross-reactive mecha-
nisms is critical for accurate diagnosis and effective management of PFAS, highlighting the
need for personalized therapeutic approaches and patient education to mitigate risks.

This clinical entity was first described in 1942 as the connection between pollinosis
and reactions to labile allergens in fresh vegetables and termed oral allergy syndrome
(OAS) [36]. This initial understanding emphasized the localized oral and pharyngeal
symptoms caused by cross-reactivity between pollen allergens and homologous proteins
in raw fruits, vegetables, and nuts. In 1987, the term pollen—-food allergy syndrome was
proposed to provide a more comprehensive descriptor of this condition, recognizing its
broader clinical implications and relationship with pollen-associated food allergies [37].
OAS is still a term sometimes used interchangeably with PFAS, but is now typically
reserved for allergic reactions confined to the oropharynx after the ingestion of certain
foods [38]. However, OAS can occur as the initial symptom of both class I and class II
food allergies [31]. Therefore, the confusion between OAS and PFAS poses a clinical risk.
Patients with primary food allergies (sensitized to class I allergens) may exhibit mild oral
symptoms to small allergen doses but are at risk of progressing to systemic reactions
or anaphylaxis. Misdiagnosing these patients as having PFAS may result in inadequate
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management, including failure to prescribe life-saving epinephrine auto-injectors, thereby
increasing the risk of severe outcomes [34].

This nuanced understanding of PFAS has important implications for diagnosis and
management, emphasizing the need for precise allergen characterization and tailored ther-
apeutic approaches to address the diverse clinical spectrum of the syndrome. Advances
in molecular allergology and component-resolved diagnostics have further enhanced the
ability to distinguish between cross-reactive and primary food allergens, providing better
tools for predicting symptom severity and guiding patient care, and offering promising
avenues for managing these conditions [31]. However, equitable access to such interven-
tions remains a significant challenge, particularly in low- and middle-income countries [39].
Addressing the allergy epidemic requires a comprehensive strategy that includes public
health education, preventive measures, early diagnosis, and personalized treatment plans
to mitigate its impact on individuals and society.

2. Food Allergens

Food allergens are classified into class I and class II allergens based on their stabil-
ity, source, and immunological properties [40]. Class I allergens are typically heat- and
digestion-stable proteins found in foods such as nuts, shellfish, and eggs. These allergens
are capable of sensitizing individuals through the gastrointestinal tract and are often associ-
ated with systemic and severe allergic reactions, including anaphylaxis. Their resilience to
thermal processing and enzymatic digestion allows them to retain their allergenic prop-
erties even after cooking, making them a significant concern for individuals with food
allergies [41].

In contrast, class II allergens are heat- and digestion-labile proteins that are often
homologous to pollen allergens. These allergens, such as PR-10 proteins, profilins, and lipid
transfer proteins (LTPs), are the ones commonly implicated in PFAS. They are primarily
responsible for localized allergic reactions, which typically manifest as itching or swelling
in the mouth and throat after consuming raw plant-based foods. The labile nature of class
I allergens means that they generally lose their allergenicity when foods are cooked or
processed, reducing the risk of severe systemic reactions in most cases [42]. Class Il allergens
are proteins that typically do not cause primary sensitization through the gastrointestinal
tract but instead trigger allergic reactions due to cross-reactivity with aeroallergens (such
as pollen) that have already sensitized the immune system. This means that an individual
first develops an allergic response to an aeroallergen, such as birch pollen, which contains
proteins structurally similar to those found in certain foods [33,43].

The distinction between class I and class II allergens is clinically significant, as it
informs both the diagnosis and management of food allergies. Class I allergens often
necessitate strict avoidance and emergency preparedness for anaphylaxis, while class II
allergens may allow for dietary flexibility with processed or cooked forms of the triggering
foods [33]. Advances in component-resolved diagnostics have further enhanced the ability
to classify allergens accurately, enabling personalized approaches to allergy care that
consider the unique properties of these allergenic proteins. Understanding the differences
between these allergen classes is crucial for developing targeted therapies and improving
the quality of life for individuals with food allergies.

3. PFAS Epidemiology

While precise global prevalence rates for PFAS are difficult to determine due to
geographical variability, it is estimated to affect 5-8% of the general population and up
to 50-70% of individuals with pollen sensitization [33,44,45]. It is also challenging to
determine specific prevalences of PFAS to different allergens due to the typically small
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size of studies, significant variability in methodology, and notable differences even among
populations with similar allergen exposures, which can be influenced by genetic, dietary,
and environmental factors [46].

PFAS is more frequently observed in regions where certain pollens, such as birch,
ragweed, or grass pollens, are highly prevalent. The specific foods that trigger PFAS are
closely tied to regional pollen sensitizations and local dietary habits, reflecting a dynamic
interplay between environmental exposure and cultural food preferences. For example,
birch pollen-related PFAS is more common in Northern and Central Europe [31,47]. Birch
pollen contains the major allergen Bet v 1, a PR-10 protein known for its strong cross-
reactivity with homologous proteins in many plant-based foods, such as apples, pears,
cherries, carrots, and celery [48]. This strong cross-reactivity explains why PFAS associated
with birch pollen is one of the most frequently observed forms of the syndrome in these
regions. In contrast, ragweed pollen-related PFAS is more dominant in North America,
Central and Eastern Europe, and Japan [49]. Ragweed, particularly common ragweed
(Ambrosia artemisiifolia), produces large quantities of highly allergenic pollen, making it a
significant contributor to allergic rhinitis and PFAS in these areas [6]. The allergens Amb a 8
(profilin) and Amb a 6 (LTP) cross-react with proteins in foods such as melons, bananas, and
cucumbers, leading to the development of PFAS symptoms in sensitized individuals [42,50].
The prevalence of ragweed-related PFAS in North America is partly due to the widespread
distribution of ragweed and its ability to thrive in urban and suburban environments,
further exacerbated by climate change and increased pollen production. In Central and
Eastern Europe, ragweed has become an invasive species [51,52], significantly increasing
its impact on public health, including the prevalence of PFAS. Similarly, in Japan, ragweed-
related cases are rising, likely due to environmental factors and increased awareness of
cross-reactivity [53]. In Mediterranean countries, LTPs play a significant role in PFAS, with
peaches (which contain the Pru p 3 LTP) being a major trigger, alongside other fruits like
apricots, plums, and nectarines, which are staples of the local diet [54,55]. Cultural factors
also influence PFAS triggers. For example, soy and soy-based products, such as tofu and
soy milk, are significant triggers in East Asian countries and Japan, where soy is a dietary
staple [56]. The allergen Gly m 4, a PR-10 protein in soy, cross-reacts with birch and other
pollens, making soy a frequent cause of PFAS in these regions. In Mexico, pineapples are
a notable PFAS trigger, likely related to the local dietary prominence of this fruit and its
cross-reactivity with pollens such as oak and ash [57]. These regional differences highlight
how the type of pollen prevalent in a given area directly influences the pattern of PFAS,
demonstrating the interplay between environmental exposure and dietary habits in shaping
the epidemiology of the syndrome [49,57]. Geographical differences are also influenced
by cultural dietary habits, as the types of foods associated with PFAS vary depending on
local cuisine and the availability of fresh produce [58,59]. In regions where raw fruits and
vegetables are frequently consumed, the risk of triggering PFAS symptoms may be higher.
These findings underscore the importance of understanding local allergen profiles and
dietary practices when diagnosing and managing PFAS in diverse populations.

PFAS tends to be more prevalent in adults and adolescents than in young children [60],
as the development of PFAS often follows prolonged sensitization to pollen allergens
over time [61]. The rise in urbanization, pollution, and climate change has also been
linked to an increase in pollen-related allergies, potentially contributing to a growing
prevalence of PFAS in recent years. PFAS has been shown to disproportionately affect
urban populations, likely due to increased exposure to airborne allergens and reduced
microbial diversity associated with urban living [28]. Moreover, PFAS is recognized as
part of the “allergy epidemic”, which has seen a global rise in allergic diseases over the
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past century, particularly in industrialized and middle-income countries undergoing rapid
socioeconomic transitions.

The burden of PFAS extends beyond its prevalence, as it significantly impacts the
quality of life for affected individuals. Although most cases involve mild symptoms
localized to the oral cavity, severe systemic reactions, including anaphylaxis, are reported
in a small but significant subset of patients [62,63], underscoring the importance of early
diagnosis and management. Despite its widespread occurrence, PFAS (as well as genuine
food allergies) remains underdiagnosed and underreported, especially in regions with
limited access to advanced diagnostic tools [64]. These epidemiological patterns highlight
the need for increased awareness, improved diagnostic capabilities, and tailored public
health strategies to address the growing impact of PFAS worldwide.

4. PFAS Pathogenesis

Briefly, the pathogenesis of PFAS, like that of other IgE-mediated allergic reactions,
involves a complex interplay of immune mechanisms. It begins with sensitization, where
allergen exposure, typically through inhalation or ingestion, leads antigen-presenting
cells, such as dendritic cells, to process the allergen and present it to naive T-helper (Th)
cells [65]. In allergic individuals, these Th cells differentiate into Th2 cells, which release
cytokines like IL-4, IL-5, and IL-13. These cytokines promote the production of allergen-
specific IgE antibodies by B cells. The IgE antibodies bind to receptors on mast cells and
basophils, priming them for subsequent exposures. Upon re-exposure to the allergen,
cross-linking of IgE on the surface of these cells triggers their degranulation, releasing
histamine and other inflammatory mediators (Figure 1) [66]. Th2 cytokines might further
amplify the allergic cascade by recruiting eosinophils, which exacerbate tissue inflammation
and sustain hypersensitivity reactions [67]. This cascade of immune events demonstrates
the centrality of Th2-driven responses in PFAS. However, the interaction between other
immune cells and pathways adds further complexity. For example, basophils and mast cells
play complementary roles, with basophils serving as a primary source of IL-4 during the
sensitization phase [68]. Additionally, eosinophils, recruited through chemotactic signals
such as eotaxin, release cytotoxic granules that damage epithelial barriers and exacerbate
inflammation [67]. The chronic involvement of these cells may lead to tissue remodeling,
potentially compounding the allergic response over time [69].

In the case of PFAS, this mechanism occurs in individuals previously sensitized to
pollen who subsequently consume raw plant-based foods containing allergens that cross-
react with the sensitizing pollen allergens [31]. For cross-reactivity to occur, a significant
degree of similarity—typically more than 70%—is required between the primary protein
sequences of the pollen allergens and those in the triggering food [70]. This degree of
molecular homology is critical because IgE antibodies, which were initially generated in
response to the pollen allergen, recognize and bind to similar epitopes on food proteins.
These epitopes trigger the immune response, resulting in the characteristic symptoms of
PFAS, which may range from mild oral itching to severe systemic reactions like anaphy-
laxis [44]. In addition to protein sequence similarity, the three-dimensional conformation of
these proteins plays a pivotal role in cross-reactivity. Proteins with conserved structural
motifs that resemble those of pollen allergens are more likely to bind IgE and activate
immune cells. Advances in molecular modeling have revealed that even minor variations
in protein folding or side-chain orientation can influence allergenicity, underscoring the
complexity of immune recognition in PFAS [71].

Moreover, the stability of the allergenic proteins influences whether the cross-reactive
epitopes remain intact during food processing or digestion, directly impacting the severity
and type of allergic reaction [72]. Proteins that resist degradation by digestive enzymes
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such as trypsin and pepsin are more likely to remain intact during gastrointestinal transit.
These stable proteins can retain their allergenic potential, increasing the likelihood of
interaction with immune cells in the gut-associated lymphoid tissue (GALT). For example,
LTPs, known for their robust stability, are frequently implicated in severe PFAS cases [73].

Sensitization phase

IgE

,/ \‘ ‘rurus a\{_‘? <
—_ y 9 —
)f AN
‘\/

Inhaled allergen Antigen (allergen) presentation T helper 2 cell B cell Mast cell

G

Histamine
Leukotrienes
Prostaglandines

Ingested

; Mast cell degranulation PFAS symptoms
cross-reactiveallergen

Figure 1. The figure illustrates the PFAS mechanism, highlighting its two main phases: the sensitiza-
tion phase and the clinical phase. During the sensitization phase, inhaled allergens, such as pollen,
are presented by antigen-presenting cells to T helper 2 cells. These cells release cytokines like IL-4
and IL-13, which stimulate B cells to produce allergen-specific IgE antibodies. The IgE antibodies
bind to the surface of mast cells, effectively priming them for future allergen exposure. During the
clinical phase, ingestion of a cross-reactive allergen (e.g., fruits or vegetables) leads to the binding
of the allergen to IgE on the surface of mast cells. This triggers mast cell degranulation, releasing
inflammatory mediators such as histamine, leukotrienes, and prostaglandins. These mediators cause
the characteristic symptoms of PFAS, including itching, swelling, or discomfort in the oral cavity, and
also systemic symptoms. The cross-reactivity between pollen allergens and structurally similar food
allergens is central to the development of PFAS symptoms.

Environmental factors and food processing methods can further modulate the al-
lergenicity of these proteins. Heat treatment, for instance, can denature some proteins,
reducing their allergenic potential, while others, like profilins, are highly heat-labile and lose
their IgE-binding capacity when cooked [74]. Conversely, certain processing techniques,
such as fermentation, can enhance the immunogenic properties of allergens, highlighting
the importance of dietary habits in PFAS pathophysiology [72].

The gut microbiota also plays a role in modulating the immune response to food
allergens. Individuals with disrupted microbial diversity or dysbiosis may exhibit height-
ened allergic reactions due to altered immune regulation. Short-chain fatty acids (SCFAs)
produced by commensal bacteria have been shown to influence the activity of regulatory T
cells (Tregs), which are essential for maintaining immune tolerance [75]. A reduction in
SCFA levels could impair Treg function, exacerbating the allergic response in PFAS [76].

Lastly, individual genetic predispositions, including polymorphisms in genes encoding
cytokines or immune receptors, may influence susceptibility to PFAS. Certain genetic
variants may promote a stronger Th2-skewed immune response or impair mechanisms of
tolerance, making affected individuals more prone to cross-reactivity [77]. Understanding
these genetic and environmental interactions is crucial for developing targeted interventions
and improving the management of PFAS.

The intensity of the allergic reaction depends on multiple factors beyond just the
molecular similarity between the inhalant and food allergens. One critical factor is the
concentration of the allergen in the food, as higher levels of allergenic proteins are more
likely to elicit a stronger immune response. Another important determinant is the amount
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of food consumed, as consuming larger quantities of a triggering food increases the overall
allergen load, thereby amplifying the risk and severity of the reaction [78]. Additionally,
the individual’s sensitivity threshold plays a pivotal role. This threshold varies significantly
between individuals and is influenced by factors such as the degree of prior sensitiza-
tion, the individual’s immune response, and the presence of comorbid conditions such
as asthma or mast cell disorders [66]. For example, highly sensitized individuals may
experience symptoms with even trace amounts of allergens, whereas others may tolerate
small exposures without significant reactions [78]

Environmental and physiological cofactors, such as alcohol, exercise, or medications,
can further amplify the immune response, making the reaction more severe [79]. These
cofactors influence the body’s immune or physiological state in ways that enhance allergen
absorption, increase immune cell activation, or lower the threshold for triggering a reaction.
Alcohol, for example, is known to affect the permeability of the gastrointestinal lining,
allowing allergens to cross into the bloodstream more readily [80]. It also impacts the
immune system by modulating the activity of mast cells and basophils, leading to an
exaggerated release of histamine and other inflammatory mediators. This heightened re-
sponse can turn a mild, localized reaction into a more systemic one [60]. Similarly, exercise
can amplify the severity of allergic reactions by increasing gastrointestinal permeability
and altering blood flow dynamics, particularly to the digestive system. Physical activity
accelerates the movement of allergens into the bloodstream and can lower the activation
threshold for mast cells, increasing the likelihood of a systemic allergic response [35]. This
phenomenon is often observed in exercise-induced anaphylaxis, where exercise acts as a
trigger for severe allergic reactions, especially when combined with allergen exposure [81].
Certain medications, such as NSAIDs and proton pump inhibitors (PPIs), can also exacer-
bate allergic reactions. NSAIDs, by inhibiting prostaglandin synthesis, can enhance mast
cell degranulation and reduce the body’s ability to counteract inflammatory responses [82].
PPIs, on the other hand, alter the acidic environment of the stomach, impairing protein
digestion and allowing more intact allergens to reach the immune system in the gut, thereby
increasing the risk of an allergic response [79]. Other cofactors, such as stress, hormonal
changes, and underlying infections, can similarly influence the severity of allergic reactions
by modulating immune function or increasing the bioavailability of allergens. The inter-
play of these cofactors with allergen exposure is a critical aspect of managing PFAS and
other allergic conditions, emphasizing the need for comprehensive patient education and
individualized management strategies to minimize risks.

There are other food allergy syndromes that share similar mechanisms, specifically
sensitization through the airways followed by allergic reactions upon food ingestion. These
syndromes underscore the importance of understanding cross-reactivity between inhalant
allergens and food proteins.

Pork—cat syndrome is an IgE-mediated allergic condition where individuals sensitized
to cat dander, specifically the protein Fel d 2 (a serum albumin), develop allergic reactions
upon consuming pork. The cross-reactivity occurs because of the high degree of homology
between Fel d 2 and porcine serum albumin (Sus s 1) [83]. Serum albumins are major carrier
proteins in the bloodstream and they are conserved across mammalian species to a high
degree, which contributes to cross-reactivity [84]. Notably, this condition is more commonly
observed in individuals with chronic exposure to cats, such as pet owners or individuals
living in households with multiple cats, where repeated inhalation of Fel d 2 drives immune
sensitization. Symptoms may include OAS as well as systemic reactions [85,86].

Fungus—food allergy syndrome (FFAS) is a condition characterized by sensitization to
airborne fungal spores, which subsequently leads to allergic reactions to foods containing
structurally similar fungal proteins. Environmental molds such as Alternaria alternata, As-
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pergillus fumigatus, and Cladosporium are well-documented allergens found in both outdoor
and indoor environments, particularly in damp or poorly ventilated spaces [87]. Repeated
inhalation of these fungal spores can prime the immune system, inducing the production
of specific IgE antibodies against fungal allergens. Over time, sensitized individuals may
experience allergic symptoms upon ingesting certain foods that contain fungal compo-
nents or are contaminated with mold [88]. The cross-reactivity between fungal spores and
food allergens is primarily attributed to shared allergenic proteins, such as enolases and
thioredoxins, which are conserved across fungi and certain foods. These foods include
fermented products like cheese, beer, wine, and soy sauce, as well as foods susceptible to
mold contamination such as nuts, dried fruits, and grains [88,89]. Alternaria and Aspergillus
allergens are also known to exhibit cross-reactivity with proteins found in edible fungi (e.g.,
mushrooms) [90]. Alternaria—spinach syndrome has also been recently described, with Alt
a 1 identified as the likely allergen involved in the reaction [91].

Bird-egg syndrome predominantly affects individuals who have been sensitized to
bird allergens, often through inhalation of feather dust or exposure to bird droppings,
followed by allergic reactions to egg yolk proteins. The hallmark allergenic component in
this syndrome is chicken serum albumin or alpha-livetin (Gal d 5), a heat-labile protein
that becomes denatured during cooking [92]. Consequently, allergic symptoms are more
commonly triggered by raw or lightly cooked eggs, where the allergenic structure of
Gal d 5 remains intact [93].

These examples emphasize the broader relevance of inhalant-to-food allergen cross-
reactivity beyond PFAS. While the exact allergens and clinical presentations differ, the
underlying mechanisms remain consistent, involving IgE-mediated responses to homolo-
gous proteins encountered in both environmental and dietary contexts.

5. PFAS Symptoms and Effect on Quality of Life

PFAS symptoms typically appear within minutes of consuming fresh fruits, vegetables,
nuts, legumes, or seeds and range from mild, localized reactions to rare but potentially
severe systemic manifestations [44]. The clinical presentation depends on various fac-
tors, including the specific allergen involved, individual sensitivity, and the presence of
exacerbating cofactors, as previously mentioned.

The hallmark of PFAS is its localized manifestation in the oropharyngeal region (OAS).
Most patients experience pruritus and paresthesia in the mouth, lips, tongue, and throat
shortly after ingesting raw fruits, vegetables, nuts, seeds, or legumes. These symptoms are
often accompanied by mild swelling (angioedema) of the oral mucosa, lips, or tongue [31].
In some cases, erythema or vesicle formation on the mucosa may occur, further contributing
to discomfort [58]. Laryngospasm and dysphonia are less common but can occur when
swelling affects the laryngeal structures [33]. Despite their discomfort, these localized
symptoms are usually transient, resolving within a few minutes to half an hour without
medical intervention.

While PFAS predominantly affects the oropharynx, it can occasionally extend to other
systems. Gastrointestinal symptoms, including nausea, abdominal pain, vomiting, and di-
arrhea, have been reported in some cases [94]. These symptoms are more likely when larger
quantities of the triggering food are consumed or when cofactors such as exercise or alcohol
are present, which can amplify the allergic response [95]. Respiratory symptoms, though
rare, may include nasal congestion, sneezing, or mild wheezing. These manifestations
suggest a broader systemic immune activation rather than localized reactivity [96].

Although uncommon, systemic manifestations of PFAS can occur, with symptoms
ranging from urticaria (hives) and widespread angioedema to potentially life-threatening
anaphylaxis [97]. Systemic reactions are estimated to occur in approximately 2-10% of
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PFAS cases, with severe outcomes such as hypotension and respiratory distress being
extremely rare (1-2%) [54,57,62,63]. These more serious presentations are often linked to
heat-stable allergens, such as those found in nuts, LTPs, and GRPs, or when cofactors like
NSAIDs or physical activity lower the reaction threshold [54,94,96]. Anaphylaxis represents
the most critical concern in PFAS and underscores the need for vigilance in susceptible
individuals [63]. For patients who experience severe systemic reactions to specific foods,
strict avoidance of those foods in any form is strongly advised [98,99].

The clinical spectrum of PFAS is influenced by the stability of the allergenic proteins
involved. Allergens from the PR-10 and profilin families are heat- and digestion-labile,
often leading to mild, localized reactions that resolve with cooking or processing of the
food. In contrast, heat-stable proteins, such as those found in nuts, peanuts, and LTPs, are
more likely to cause severe or systemic reactions, even after the food has been cooked [33].
The type of food consumed and the patient’s underlying pollen sensitization profile also
play a significant role [54,63,100]. For example, individuals sensitized to birch pollen are
more likely to react to apples and carrots, while those with ragweed sensitization may react
to melons or bananas.

Although PFAS symptoms are generally mild and self-limiting, they can significantly
impact the quality of life for affected individuals. Fear of reactions may lead to the avoid-
ance of specific foods, potentially resulting in nutritional deficiencies or a restricted diet [58].
Moreover, the unpredictability of symptoms, particularly in the presence of cofactors, can
contribute to anxiety and a reduced sense of well-being [101]. Patients with PFAS often
find it difficult to anticipate the severity of their reactions, as seemingly benign foods may
trigger mild symptoms in one instance and more severe reactions in another. For instance,
a person might tolerate a certain fruit on one occasion but experience systemic symptoms
like gastrointestinal distress or respiratory issues when that same food is consumed after
exercise or with alcohol [79]. This unpredictability can lead to constant vigilance and
worry, particularly during social events or dining out, where control over food preparation
and exposure to potential triggers may be limited. The fear of public symptoms, such as
swelling, difficulty breathing, or hives, can discourage individuals from participating in
social or professional activities, leading to isolation and a reduced quality of life [102-105].
For children, even though they are more often affected by primary food allergies and
not PFAS, this can mean missing out on social activities like birthday parties or school
events due to fear of exposure to allergens in shared meals or snacks [106]. The anxiety
surrounding potential reactions—whether mild or severe—can make children feel isolated
or different from their peers, affecting their self-esteem and emotional well-being [105].
Families, in turn, may experience heightened stress as they navigate the complexities of
managing their child’s condition, from planning safe meals to ensuring that schools and
caregivers understand the potential risks [103,107,108]. Additionally, the potential for
severe, life-threatening reactions such as anaphylaxis—though rare—further heightens the
psychological burden, as patients may feel unprepared or anxious about the availability of
emergency medical care [109-111]. For individuals managing PFAS, this unpredictability
can also erode their confidence in food choices and nutritional balance, particularly when
their reactions involve staple foods or culturally significant dishes [112]. The emotional
toll of constant dietary vigilance and the fear of missing hidden allergens in foods can
contribute to stress and, over time, impact mental health. This cycle of anxiety and hyper-
awareness not only affects the individual but also their relationships and ability to enjoy
everyday activities [106,113].

Healthcare providers should be aware of this psychological burden and address
it as part of a holistic approach to managing PFAS. Providing patients with accurate
information about their triggers, the role of cofactors, and effective strategies to reduce
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risk can help empower them and alleviate anxiety [114]. Encouraging the use of tools
like allergen testing, personalized dietary plans, and carrying emergency medications
like antihistamines or epinephrine auto-injectors can also foster a sense of security and
control [115]. By addressing both the physical and emotional aspects of PFAS, clinicians
can help patients achieve a better quality of life despite the challenges of this condition.

6. Protein Families Involved in PFAS

As mentioned before, PFAS is a result of immunological cross-reactivity between air-
borne pollen allergens and structurally similar proteins present in various plant-based foods.
These shared allergens, referred to as panallergens, are proteins with highly conserved
structures found across diverse plant species. Their stability and ubiquitous presence make
them central to the pathophysiology of PFAS, as they form the molecular link between
pollinosis (pollen allergy) and food allergy [33]. Understanding these panallergens pro-
vides critical insight into the mechanisms of PFAS and informs diagnostic and therapeutic
approaches. In 2004, Breiteneder et al. proposed a systematic classification of allergens
into families based on their structural and functional properties [116]. Among the many
allergenic protein families, six have been identified as significant contributors to PFAS
due to their ability to induce IgE cross-reactivity between pollens and foods. Of these,
three families are particularly well-characterized: PR-10 proteins, profilins, and LTPs [44].
These proteins are involved in essential biological processes in plants, such as defense
against pathogens and environmental stress, but in humans, they act as allergens that trig-
ger hypersensitivity reactions. Three additional families—thaumatin-like proteins (TLPs),
3-1,3-glucanases, and isoflavone reductases (IFRs)—have also been implicated in PFAS,
though they are less well understood [44,117]. Emerging research highlights other promis-
ing candidates, such as gibberellin-regulated proteins (GRPs), which are beginning to be
recognized as cross-reactive allergens [118]. Figure 2 illustrates the relative stability and
potential for severe systemic allergic reactions of various allergenic protein families, ranging
from highly heat- and digestion-sensitive proteins such as PR-10 and profilins, to highly
stable proteins like LTPs. The gradient highlights the continuum of allergenic risk, with
more stable proteins generally associated with a higher likelihood of systemic reactions,
including anaphylaxis [119]. This visualization underscores the varying allergenic profiles
of these protein families, which play a critical role in the diagnosis and management of
IgE-mediated allergic conditions [44,98].

LTPs

TLPs

B-1,3-glucanases

GRPs

IFRs

Stability (resistance to heat and digestion) and potential for severe systemic reactions

Profilins

= -

Figure 2. Stability and potential for severe systemic reactions of allergenic proteins [33,44,119,120].
The chart illustrates the relative stability (resistance to heat and digestion) and associated risk of
severe systemic allergic reactions among different allergenic protein families. Proteins such as PR-10
and profilins are shown with lower stability and reduced potential for systemic reactions, while
LTPs exhibit high stability and significant potential for systemic allergic responses. The arrow
gradient represents the continuum from low to high stability and systemic reaction potential. GRPs:
Gibberellin-Regulated Proteins; IFRs: Isoflavonoid reductases; LTPs: Lipid Transfer Proteins; PR-
10: pathogenesis-related protein group 10; TLPs: Thaumatin-like proteins.
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Table 1 and Figure 3 provide a list of major allergen sources, their specific allergenic
proteins, and distribution worldwide. This table has been compiled using information
from the Allergen Nomenclature Database (WHO/IUIS), which provides standardized
data on allergen sources, protein families, and nomenclature, as well as from the Global
Biodiversity Information Facility (GBIF), an authoritative resource on species distribution
and biodiversity [121,122].

Table 1. Comprehensive overview of major allergen sources and their specific allergenic proteins

[121,122].
Pathogenesis- - Gibberellin- Thaumatin- .
Allergen Source El::itl Related Profilin ;;g:gizr(a]?]f[f’()ﬂ Regulated like Protein gi}llf.;nase }{s:;lz‘c,toa 1;21(1
¥ 10 (PR-10) Protein (GRP)  (TLP)
Birch pollen (Betula
pendula Roth) Betulaceae Betv1 Betv2 - - - - Betv 6
Hazel pollen (Corylus Betulaceae Coral Cora?2 Cora8 - - - Corab
avellana L.)
Grass pollen (Phleum
pratense L.) Poaceae - Phlp 12 - - - - -
Olive pollen (Olea Oleaceae - Olee2 Olee?7 - Olee13 Olee9 Olee 12
europaea L.)
Japanese cedar pollen
(Cryptomeria japonica Cupressaceae - - - Cryj7 Cryj3 - -
(Thunb. ex L.f.) D.Don)
Mediterranean cypress
pollen (Cupressus Cupressaceae - - - Cups? Cups3 - -
sempervirens L.)
Common ragweed
pollen (Ambrosia Asteraceae - Ambas8 Amb a6 - - - -
artemisiifolia L.)
Mugwqut pollenl Asteraceae Artv 2 Artv4 Artv3 - - - -
(Artemisia vulgaris L.)
Pellitory-of-the-wall . . . .
(Parietaria Judaica L.) Urticaceae - Parj3 Parj1,Parj2 - - - -
Apple (Malus domestica B B B
(Suckow) Borkh.) Rosaceae Mald 1 Mald 4 Mald 3 Mald?2
gzisc?h()l’runus persica (L. Rosaceae Prup1 Prup4 Prup3 Prup7 Prup2 - -
Cherry (Prunus aviumL.) ~ Rosaceae Pruav1 Pruav 4 Pruav 3 Pruav?7 Pruav 2 - -
Plum (Prunus Rosaceae Prud1 Prud 4 Prud3 - Prud2 - -
domestica L.)
Almond (Prunus
dulcis Batsch) Rosaceae - - Prudu3 - - - -
Pear (Pyrus communis L.) ~ Rosaceae Pyrcl Pyrc4 Pyrc3 - - - Pyrc5
Strawberry Fraa
(Fragaria x ananass Rosaceae Fraal Fraa4 Fraa3 - - Glucanase -
Duchesne)
Orange
(Citrus x sinensis (L.) Rutaceae - Cits2 Cits3 Cits7 - - Cits IFR
Osbeck)
Grape (Vitis vinifera L.) Vitaceae - Vitv 4 Vitv1 - Vit v TLP letl‘éanase -
}"omato ‘(Solanum Solanaceae Solal4 Solal1l Sola13, Solal - Sola 1 TLP Solal -
ycopersicum L.) 6,Solal? Glucanase
Bell pepper (Capsicum Cap a
annum L) Solanaceae - Capa2 - Capa?7 Capal Glucanase -
Banar}a (Musa Musaceae - Musal Mus a3 - Mus a 4 Musab -
acuminata Colla)
Celery (Apium . . . . B B B B
graveolens L.) Apiaceae Apigl Apig4 Apig?2
Carrot (Daucus carota
subsp. Sativus (Hoffm.) Apiaceae Daucl Dau c 4 - - - - Dauc5
Schiibl. and G. Martens)
Walnut (Juglans regia L.) ~ Juglandaceae Jugr5 Jugr?7 Jugr3,Jugr8 - Jug r TLP - -
Kiwi (Actinidia deliciosa Actd 8
(A.Chev.) C.FLiangand  Actinidiaceae Actd 1’1 Actd9 Actd 10 - Actd?2 - -
AR Ferguson)
Sunflower (Helianthus Asteraceae - Hela2 Hela 3 - - - -
annuus L.)
Soybean (Glycine max
(L) Merr.) Fabaceae Glym4 Glym3 - - - - -
Peanut (Arachis Arah9,Arah
hypogaea L) Fabaceae Arah8 Arah5 16, Arah 17 - - - -
Barley (Hordeum Hor v 14, Hor ) } : )
vulgare L.) Poaceae - Hor v 12 v 7k-LTP
Wheat (Triticum Poaceae - Tria12 Tria 14 - - - -
aestivum L.)
Rice (Oryza sativa L.) Poaceae - Orys 12 - - - - -
Corn (Zea mays L.) Poaceae - Zeam 12 Zeam 14 - Zeam TLP - -
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Figure 3. Global distribution of key plants associated with PFAS, highlighting the most relevant
species and their geographical ranges [121,122]. Created with ChartMap.net.

6.1. Pathogenesis-Related Protein Group 10 (PR-10 Proteins)

The PR-10 protein family, with Bet v 1 (17.5 kDa) from birch pollen as its prototype,
is one of the most extensively studied allergen families implicated in PFAS [48]. These
proteins are part of the pathogenesis-related protein class 10 family, which plays a defensive
role in plants, helping them respond to environmental stressors such as pathogens, pests,
and physical damage [123-125]. In humans, however, these proteins act as allergens,
triggering immune responses in individuals sensitized to pollen.

The prevalence of birch pollen allergy varies significantly across regions, particularly
in Europe, where birch trees are widespread and a major source of seasonal pollen ex-
posure [47]. Sensitization to birch pollen affects approximately 8% to 16% of the general
population in Europe, with higher rates reported in countries with dense birch forests, such
as Scandinavia and parts of Central Europe [126], but also China [127]. The prevalence of
PR-10-mediated PFAS is particularly high in regions where birch pollen allergy is common,
where it may affect more than 75% of birch-allergic patients [57,127], as this geographic
correlation reflects the widespread sensitization to Bet v 1, which primes the immune
system to recognize structurally similar proteins in fruits, vegetables, and nuts [43,57].

PR-10 proteins are characterized by their small molecular size (17-18 kDa) and struc-
tural features, including a hydrophobic cavity that binds small ligands [128,129]. This
structural similarity across different plant species accounts for the high degree of cross-
reactivity between PR-10 proteins in pollen and homologous proteins in plant-based foods.
For instance, individuals allergic to birch pollen (Bet v 1) often experience symptoms after
consuming raw apples (Mal d 1), apricots (Pru ar 1f), cherries (Pru av 1), peaches (Pru p 1),
celery (Api g 1), soy (Gly m 4), peanuts (Ara h 8), hazelnuts (Cor a 1), chestnuts (Cas s 1),
or tomatoes (Sola 1 4), because of shared epitopes recognized by IgE antibodies [57,100].

One defining feature of PR-10 proteins is their heat- and digestion-labile nature. These
proteins denature rapidly upon exposure to heat or enzymatic digestion in the gastrointesti-
nal tract, which largely limits their allergenic effects to the oropharyngeal region [73]. As a
result, PR-10-mediated PFAS typically manifests with mild oral symptoms, such as itching,



Appl. Sci. 2025, 15, 66

14 of 46

tingling, and swelling of the lips, tongue, throat, and palate. These localized reactions
are often transient, resolving within minutes to half an hour after food ingestion [130].
Additionally, the lability of PR-10 proteins explains why cooked or processed forms of
implicated foods are generally well-tolerated by most patients [129]. However, despite
their mild nature, PR-10-mediated symptoms can significantly impact quality of life, es-
pecially in individuals with extensive cross-reactivities who must avoid a variety of fresh
plant-based foods.

6.2. Profilins

Profilins are a family of small proteins, typically 12-15 kDa in size, with a highly
conserved three-dimensional structure [131]. They interact with actin monomers (G-actin)
and polyproline sequences, regulating the assembly of actin filaments [132]. This function
is critical for maintaining the integrity of the cytoskeleton and facilitating processes such as
cell elongation and vesicle trafficking. Therefore, in plants, profilins are essential for cell
growth, division, and response to environmental stimuli [44]. The structural conservation
of profilins across plant species forms the basis of their allergenic potential, enabling them
to act as panallergens in sensitized individuals by triggering immune responses through
their shared molecular similarities. Their ubiquity and high degree of conservation make
them key contributors to PFAS [133].

The prevalence of profilin sensitization varies geographically, reflecting differences in
pollen exposure and dietary habits. Profilin-related PFAS is particularly common in areas with
high exposure to pollen from birch, grass, or ragweed, such as Northern and Central Europe or
North America, where it can affect up to 30% of profilin-sensitized patients [55,134]. However,
the prevalence of profilin-related PFAS is lower in Mediterranean regions, where other
allergens, such as LTPs, dominate the clinical spectrum of food-pollen cross-reactivity [135].

Profilins from pollens such as Bet v 2 from birch, Phl p 12 from grass pollen, and
Amb a 8 from ragweed pollen play a crucial role as primary sensitizers in individuals
who develop PFAS [136]. Their cross-reactivity with profilins in plant-derived foods is
responsible for allergic reactions to foods like peaches (Pru p 12), apples (Mal d 4), and
cherries (Pru av 4). Other food profilins include Ara h 5 in peanuts, Cor a 2 in hazelnuts,
Cuc m 2 in melons, Mus a 1 in bananas, Api g 4 in celery, and Sola 1 2 in tomatoes [31,44].

Profilin-mediated allergic reactions are generally mild and confined to the oropha-
ryngeal region, manifesting as itching, tingling, or mild swelling of the lips, tongue, and
throat [137]. This localized response is attributed to the heat- and digestion-labile nature
of profilins, which rapidly denature during cooking or enzymatic digestion in the gas-
trointestinal tract [119,138]. As a result, cooked or processed forms of profilin-containing
foods are often well-tolerated by affected individuals. However, severe reactions, including
anaphylaxis, have been reported after consuming large amounts of profilins, which may
overwhelm gastric digestion capacity and lead to significant absorption [139]. Alvarado
et al. noted severe reactions even after small quantities of food in patients previously
exposed to high levels of grass pollen [140].

6.3. Lipid Transfer Proteins (LTPs)

LTPs are a family of small (9-10 kDa), highly stable proteins, part of the prolamin
superfamily, and involved in plant defense and lipid transport. This stability arises from
four conserved disulfide bridges that create a rigid tertiary structure, making LTPs resistant to
heat, enzymatic digestion, and acidic conditions. Unlike other panallergens such as PR-10
proteins or profilins, this stability allows LTPs to retain their allergenic properties even
after cooking or digestion, significantly increasing their potential to cause severe allergic
reactions. LTPs bind and transport lipids between membranes, playing an essential role
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in plant cell metabolism and protection against environmental stressors such as drought,
pathogens, and UV radiation.

Pollens such as Ole e 7 from olive trees, Pla a 3 from plane trees, Art v 3 from mugwort,
and Par j 1 from pellitory-of-the-wall are well-documented sources of LTP sensitization.
Among fruits, peach (Pru p 3) stands out as the most significant allergen, often serving
as the prototype for LTP-mediated allergic reactions [141]. Similarly, apple (Mal d 3) and
cherry (Pru av 3) are common triggers, along with apricot (Pru ar 3) and plum (Pru d 3). In
the category of vegetables, tomato (Sola 1 3) and celery (Api g 2) are frequently implicated,
particularly in regions where these foods are staples. Nuts are another major source of
LTP allergens, with hazelnut (Cor a 8) and walnut (Jug r 3) often associated with systemic
reactions due to their heat-stable properties [142]. Peanut (Ara h 9) also contributes signifi-
cantly to LTP-related allergies (LTP syndrome), particularly in individuals who experience
severe reactions [100,141,143]. There have also been cases of PFAS to pistachios due to
cross-reactivity with LTPs from pellitory-of-the-wall, particularly in the Mediterranean
region [144,145].

The prevalence of LTP sensitization and its clinical significance vary by geographic
region. In Mediterranean countries, LTPs are the most significant cause of food allergies
and PFAS, with a high prevalence (up to 30%) of sensitization to Pru p 3, the peach LTP that
serves as the archetype of this allergen family [54,143,146,147]. In contrast, LTP-related al-
lergies are less common in Northern and Central Europe, where PR-10 proteins (e.g., Bet v 1)
and profilins dominate the allergenic landscape [100]. This regional variation reflects differ-
ences in dietary habits, pollen exposure, and environmental factors. In Mediterranean re-
gions, the high consumption of LTP-rich foods such as peaches, nuts, and apricots [148,149],
coupled with frequent exposure to olive and plane tree pollen [150,151], increases the
likelihood of sensitization. In non-Mediterranean regions the primary LTP sensitizer may
not be Pru p 3, but other pollens, such as mugwort [142] or cannabis [152].

LTP-mediated PFAS often presents with more severe symptoms compared to other
allergenic families such as PR-10 proteins or profilins. Due to their heat and digestion
stability, LTPs can trigger systemic reactions, including anaphylaxis, even after ingestion of
cooked or processed foods [141]. LTPs are also unique among panallergens in their potential
to elicit allergic reactions to wheat and other cereals, especially in the context of exercise.
Unlike other allergen families, LTPs, such as Tri a 14 in wheat, are implicated not only in
PFAS but also in wheat-dependent exercise-induced anaphylaxis (WDEIA) [153]. In these
cases, ingestion of wheat followed by physical activity amplifies the immune response,
leading to severe systemic reactions, including anaphylaxis. Furthermore, Tri a 14 plays
a distinct role in baker’s asthma, an occupational allergy caused by inhaling wheat flour
allergens. Unlike many other LTP-related allergies, baker’s asthma does not require prior
sensitization to pollens containing LTPs, as sensitization occurs directly through inhalation
of wheat flour particles [154]. This distinguishes Tri a 14 from other LTPs, emphasizing
its role as a primary sensitizer and highlighting its clinical significance in both food and
occupational allergies.

6.4. Gibberellin-Regulated Proteins (GRPs)

Gibberellin-Regulated Proteins (GRPs) are an emerging family of plant allergens that
play a role in PFAS. These proteins are regulated by gibberellins, a class of plant hormones
involved in growth and development [155]. While GRPs were initially studied for their
role in plant physiology, their identification as allergens in both pollens and foods has
highlighted their clinical significance in allergic diseases [118,156].

GRPs are small proteins (7-8 kDa) with a high degree of stability, owing to their
conserved cysteine residues that form multiple disulfide bridges [118]. This structural
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feature makes them resistant to heat and enzymatic digestion, enabling them to retain their
allergenic potential even after cooking or processing. Their primary function in plants
includes regulating cell wall modifications, responding to stress conditions, and facilitating
growth processes mediated by gibberellins [155]. These properties are crucial for plant
survival and adaptation to environmental changes but also contribute to their allergenicity
in humans.

In the context of allergies, GRPs have been identified as significant sensitizers in
certain pollens. The most notable example is BP14 (cypmaclein, Cup s 7), a GRP found in
cypress pollen (Cupressus sempervirens), which is highly allergenic in regions where cypress
trees are abundant, such as the Mediterranean basin [157]. Sensitization to Cup s 7 has
been shown to cross-react with GRPs in foods, such as Pru p 7 in peaches and similar GRPs
in oranges and other fruits [158]. This cross-reactivity forms the basis of the “cypress-peach
syndrome”, where individuals sensitized to cypress pollen experience allergic reactions
after consuming peaches [159-161].

The prevalence of GRP-related allergies is closely linked to environmental and dietary
factors. In the Mediterranean region, where cypress trees are widespread and fruits such
as peaches and oranges are dietary staples, GRP sensitization is relatively common [162].
In contrast, GRP-related allergies are less frequently reported in Northern and Central
Europe, where exposure to cypress pollen is lower, and other allergenic families, such
as PR-10 proteins and profilins, dominate. A study from Japan observed that 65% of
patients allergic to fruits were sensitized to GRPs [158]. The geographic variability of GRP
sensitization reflects the regional distribution of cypress trees and the consumption patterns
of GRP-containing foods.

In addition to peaches (Pru p 7) and Japanese apricots (Pru m 7), GRP allergens have
been identified in a wide range of fruits, vegetables, and pollens. Notable examples include
sweet cherry (Pru av 7), orange (Cit s 7), pomegranate (Pun g 7), and bell pepper (Cap a 7).
Further GRPs have been described in raspberries (Rub i 7), kiwi (Act d 7), apples (Mal d 7),
tomatoes (Lyc e 7), melons (Cuc m 7), and strawberries (Fra a 7). In pollens, GRP al-
lergens seem to be confined to the Cupressaceae tree family, with key examples being
Cup s 7 (cypress), Cry j 7 (Japanese cedar), and Jun a 7 (juniper) [118,158,163].

Clinical symptoms of GRP-related allergies range from mild to severe and can affect
multiple organ systems. Localized symptoms, such as oral itching, tingling, and swelling,
often occur after consuming GRP-containing foods like peaches, oranges, or apricots [163].
While these reactions are typically mild and self-limiting, the heat and digestion stability of
GRPs can lead to systemic symptoms, including gastrointestinal distress (nausea, vomiting,
and abdominal pain), urticaria, and, in rare cases, anaphylaxis [158,163]. Additionally, res-
piratory symptoms such as allergic rhinitis and asthma may arise in individuals sensitized
to GRPs in cypress pollen, particularly during the pollen season [120,164].

6.5. Thaumatin-like Proteins (TLPs)

Thaumatin-like proteins (TLPs) are a family of pathogenesis-related (PR) proteins
involved in plant defense mechanisms. TLPs are named for their structural resemblance to
thaumatin, a sweet-tasting protein first isolated from miracle berry arils (Thaumatococcus
daniellii) [165]. Their discovery as allergens in both pollens and plant-derived foods has
highlighted their role in PFAS.

TLPs are small proteins, typically ranging between 20 and 30 kDa, characterized by
a conserved structure that includes 16 conserved cysteine residues forming eight disul-
fide bridges [166]. These disulfide bonds confer remarkable stability to heat, enzymatic
digestion, and acidic conditions, allowing TLPs to retain their allergenic properties even
after cooking or processing [167]. Their structural resilience, combined with their ability to
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bind sugars and other small molecules, makes them effective in defending plants against
pathogens, such as fungi and bacteria. TLPs are often classified as PR-5 proteins [168] and
play a critical role in protecting plants during stress conditions like infection, drought, or
cold [169].

In allergology, TLPs have been identified as significant contributors to sensitization,
particularly through exposure to certain pollens. Among these, the Cupressaceae tree family,
including species like Japanese cedar (Cry j 3) and cypress (Cup s 3), serves as the primary
source of sensitization [170]. Sensitization to these pollen-derived TLPs can lead to cross-
reactivity with homologous TLPs in foods, triggering PFAS symptoms. While cypress pollen
is the most well-documented source, emerging research suggests that other pollens may
also contain TLP allergens, although their clinical significance remains underexplored [117].

The prevalence of TLP-related allergies is closely tied to geographic and environmental
factors. In regions like Japan and the Mediterranean basin, where Cupressaceae trees are
abundant, sensitization to pollen-derived TLPs is more common [171]. The prevalence of
food allergies related to TLPs is less well-documented but is likely higher in areas where
dietary staples include TLP-rich foods like apples, peaches, and tomatoes. In Northern
Europe and North America, where PR-10 proteins dominate allergen profiles, TLPs are
less frequently implicated in allergic diseases [172]. However, their global prevalence may
be underestimated due to the limited availability of diagnostic tools specifically targeting
TLPs [117].

Notable examples in fruits include Mal d 2 in apples, Pru av 2 in sweet cherries,
Pru p 2 in peaches, Act d 2 in kiwi, and Mus a 4 in banana. In vegetables, TLP allergens
such as Sola 1 2 in tomatoes, Cap a 1 in pepper, and Api g TLP in celery have been
reported [117].

Clinically, TLP allergy manifests as OAS, where affected individuals experience itching,
tingling, or mild swelling of the lips, mouth, and throat after consuming TLP-containing
foods like certain fruits (e.g., apples, kiwis, or peaches) or nuts [169]. More severe reactions,
though less common, include urticaria, gastrointestinal symptoms (nausea, abdominal
pain, or diarrhea), and respiratory distress. In rare cases, anaphylaxis may occur, especially
in sensitized individuals with high exposure [173,174]. Symptoms are often seasonal,
coinciding with the pollination periods of tree or grass species that express TLP, and are
exacerbated by co-factors like exercise or alcohol consumption [171].

6.6. $-1,3-Glucanases

3-1,3-glucanases are hydrolytic enzymes that catalyze the breakdown of 3-1,3-glucan,
a polysaccharide component of fungal cell walls and other structural carbohydrates [175].
These enzymes are part of the glycoside hydrolase family and exhibit a conserved f3-
barrel structure typical of hydrolytic enzymes. These enzymes are widely present in
plants, fungi, bacteria [176], and also some invertebrates such as house dust mites (Der-
matophagoides spp.) [177]. B-1,3-glucanases belong to the PR-2 protein family and are
induced in response to biotic stresses such as fungal infections. 3-1,3-glucanases are also
involved in developmental processes, such as cell wall remodeling during growth and
germination [175].

Pollen is a significant source of (3-1,3-glucanase allergens, particularly from grass
species (e.g., timothy grass, Bermuda grass) and certain trees, such as birch and olive.
The prevalence of sensitization to (3-1,3-glucanases varies geographically and depends
on regional flora [178]. In temperate regions, grass pollen (3-1,3-glucanases are common
sensitizers, contributing to the high rates of seasonal allergic rhinitis and asthma. In
Mediterranean areas, olive pollen 3-1,3-glucanases play a prominent role, while birch
pollens are significant allergens in Northern and Central Europe [179]. The prevalence of
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cross-reactivity with fungal allergens may also be higher in areas with humid climates,
where fungal spores are abundant [180].

Allergens from the 3-1,3-glucanase protein family are found in both pollens and plant-
based foods, contributing to respiratory and food-related allergic reactions [44]. Notable
examples from pollens include Phl p 2 from timothy grass and Cyn d 2 from Bermuda grass,
as well as tree pollen allergens like Ole e 9 from olive, Hev b 2 from the rubber, Bet v 2 from
birch, Fra e 9 from ash, and Cup a 2 from Arizona cypress. In foods, 3-1,3-glucanases are
represented by Mus a 5 from banana, Act d 3 from kiwi, and Sol t 3 from tomato, among
others [44,181].

Allergy to 3-1,3-glucanases typically manifests as respiratory symptoms, including
allergic rhinitis, sneezing, nasal congestion, and asthma; these reactions are particularly
prominent during pollen seasons when exposure to allergenic pollens is highest [120].
Ingested [3-1,3-glucanases can lead to oral itching, mild swelling, and discomfort. Systemic
reactions, such as urticaria or even anaphylaxis, though rare, may occur in highly sensitized
individuals or when cofactors like exercise or alcohol are involved [182]. 3-1,3-glucanases
are also involved in latex-banana (or latex-fruit) syndrome, a cross-reactivity phenomenon
where individuals allergic to latex may react to foods like bananas, avocados, and kiwis
due to shared allergenic proteins [183].

6.7. Isoflavonoid Reductases (IFRs)

Isoflavonoid reductases (IFRs) are a group of enzymes belonging to the short-chain
dehydrogenase/reductase (SDR) family [184]. These enzymes play a critical role in the
biosynthesis of isoflavonoids and related compounds, which are vital secondary metabo-
lites in plants [185]. Isoflavonoids contribute to plant defense by acting as phytoalexins,
antimicrobial compounds synthesized in response to pathogen attack [184].

PFAS caused by IFRs is most prevalent in temperate regions where exposure to pollen
allergens such as Bet v 6 (birch) and Ole e 12 (olive) is high. In Northern and Central
Europe, birch pollen is a major trigger, leading to frequent cross-reactivity with foods like
apple, carrot, and peach. The Mediterranean region sees significant sensitization to olive
and ash pollens, with related reactions to persimmon, citrus fruits, and tomatoes [100]. In
East Asia, birch pollen contributes to PFAS alongside regional foods like litchi and citrus,
while South America and Africa experience lower birch exposure but report PFAS due to
olive and cypress pollens in Mediterranean-like climates [55].

The IFRs from pollens include Bet v 6 from birch, Cor a 6 from hazel, and Ole e 12
from olive. In foods, IFR allergens include Cit s IFR from orange, Lit ¢ IFR from litchi,
Pyr ¢ 5 from pear, and Dau ¢ 5 from carrot [44]. Additional sources include peach, apple,
persimmon, bell pepper, potato, and tomato, which are associated with PFAS, particularly
in individuals sensitized to IFRs in pollens like birch or ash [127].

IFR allergens can trigger respiratory symptoms such as allergic rhinitis, nasal conges-
tion, and asthma when inhaled as pollen particles [44]. Food sources of IFR-like proteins,
such as soybeans, peanuts, and other legumes, can induce symptoms ranging from OAS
to systemic reactions like urticaria, gastrointestinal distress, and anaphylaxis in sensitized
individuals. Cross-reactivity with other legumes or foods containing similar proteins may
exacerbate allergic responses, particularly in individuals with a primary sensitization to
peanut or soybean allergens [186].

7. PFAS Diagnosis

Diagnosis of PFAS involves a combination of clinical history, physical examination,
and confirmatory testing. A thorough patient history is the cornerstone of diagnosis and
should focus on the timing and nature of symptoms, the specific foods involved, and
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any seasonal patterns that suggest pollen sensitization [44]. Commonly implicated foods
include apples, peaches, cherries, carrots, celery, and nuts, depending on the pollen to
which the patient is sensitized.

Skin prick testing (SPT) and serum-specific IgE testing are valuable tools for identifying
pollen sensitization. Extracts from pollens and suspected foods can be used to confirm
cross-reactivity. However, in some cases, commercial food extracts may not contain the
heat-labile proteins responsible for PFAS symptoms, necessitating testing with fresh food
preparations (the “prick-to-prick” method) [187].

The advent of component-resolved diagnostics (CRD) has revolutionized the diagnosis
of PFAS by allowing for the detection of IgE to specific allergenic proteins rather than
whole extracts [119]. For example, testing for sensitization to Bet v 1, the major birch
allergen, can help identify individuals at risk for PFAS to related foods like apples and
carrots. Similarly, testing for profilins (e.g., Phl p 12, a grass pollen profilin) or isoflavonoid
reductases (e.g., Bet v 6) can provide insights into the patient’s cross-reactivity profile.

Figure 4 illustrates a flowchart outlining a structured step-by-step diagnosis algorithm
for PFAS, designed to guide clinicians through the evaluation process, ensuring accurate
diagnosis and differentiation from other conditions [98,188].

« Assess symptoms

- Identify triggers

« Seasonality

« Family and personal history

« Skin prick testing (SPT)
Step 2 - Specific IgE
AIIergy testing . Compo.nentjres?Ived diagnosis (CR'D)
- Basophil activation test (BAT) — optional

Step 3 - Open challenge
+ Single-blind or double-blind placebo-controlled
Oral food challenge challenge
Step 4 + Primary food allergy

. ) ) : « Non-allergic food reactions
Differential diagnosis  [BReIl TS TraT

Step 5 « Symptoms align with raw plant food and pollen exposure
. : . : « Positive test results correlate with clinical history
DIETe[ e (Y llilINELIN - Symptoms improve with food processing

Figure 4. PFAS diagnosis flowchart. The flowchart illustrates a structured approach for clinicians to
evaluate and confirm the diagnosis of pollen—food allergy syndrome (PFAS).

7.1. Skin Prick Testing (SPT)

Skin prick testing (SPT) is a key diagnostic tool for identifying immunoglobulin E
(IgE)-mediated allergic reactions, including PFAS [98]. SPT provides a reliable, minimally
invasive method to confirm sensitization to specific pollens and foods in patients presenting
with symptoms like oral itching, swelling, or systemic reactions following ingestion of
certain foods [189]. The technique is particularly valuable in PFAS cases because it can
identify the primary pollen allergen responsible for cross-reactivity and assess the patient’s
risk profile for food allergens. The European Academy of Allergy and Clinical Immunology
(EAACI) strongly recommends skin prick testing and/or serum-specific IgE measurement
as first-line diagnostic tools for patients with a history suggestive of IgE-mediated food
allergy [98].
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SPT involves introducing a small amount of allergen extract into the superficial layers
of the skin, typically on the forearm or back, using a sterile lancet. The procedure begins
with the application of control solutions: a positive control (histamine) to confirm the skin’s
reactivity and a negative control (saline or glycerin) to rule out non-specific skin irritation.
Allergen extracts from relevant pollens (e.g., birch, grass, ragweed) and foods (e.g., apple,
peach, hazelnut) are then applied in separate spots. After 15-20 min, the wheal and flare
are measured. A positive result is indicated by a wheal diameter of at least 3 mm larger
than the negative control [189,190]. In PFAS, SPT often reveals sensitization to pollens with
corresponding reactions to related food extracts, confirming the cross-reactivity underlying
the syndrome [191].

In PFAS diagnosis, commercial food extracts used in SPT may not always contain the heat-
labile proteins responsible for allergic reactions, such as PR-10 proteins or profilins [192,193]. These
proteins are easily degraded during food processing and storage, making the extracts less
reliable for identifying food-related allergies. To address this limitation, fresh food testing,
also known as the “prick-to-prick” method, is commonly employed. In this technique, a
sterile lancet is first pricked into a piece of the suspected fresh food (e.g., raw apple or peach)
and then applied to the patient’s skin [187]. Fresh food testing is particularly effective for
detecting PFAS-related allergens, as it ensures that the relevant proteins remain intact and
available for testing [192]. This method complements testing with commercial extracts
and improves diagnostic accuracy, especially in cases where patients report symptoms but
commercial extracts yield negative results [187].

SPT results for PFAS must be interpreted carefully to differentiate between primary
food allergies and cross-reactive sensitivities. For example, a positive test to birch pollen
(Bet v 1) accompanied by reactions to apple, carrot, or hazelnut suggests PFAS rather than
a primary food allergy. Similarly, sensitization to grass pollen (Phl p 12) with reactions to
melon or tomato points to profilin cross-reactivity. Conversely, strong reactions to specific
foods without associated pollen sensitization may indicate a primary food allergy unrelated
to PFAS.

In some cases, component-resolved diagnostics (CRD) may be used alongside SPT
to measure specific IgE to individual allergenic proteins, such as Bet v 1 (birch), Mal d 1
(apple), or Api g 1 (celery). This approach provides detailed insights into the cross-reactivity
mechanisms driving PFAS and helps tailor management strategies [98].

The strengths and limitations of skin prick testing (SPT) are summarized in Table 2,
providing a clear comparison of its advantages and challenges in diagnosing PFAS.

Table 2. Strengths and limitations of skin prick testing for PFAS [115,187,190,194-196].

Category Description Details/Insights
Strengths

. SPT provides immediate feedback, allowing clinicians to correlate Results are available within 15-20 min, making it an efficient
Rapid results

findings with the patient’s clinical history during the same visit.

diagnostic tool.

Minimally invasive

The test is simple, safe, and well-tolerated by most patients.

Requires only a small lancet and allergen extract, with minimal
discomfort for the patient.

SPT can assess sensitization to a wide range of pollens and foods

Ideal for identifying multiple allergens simultaneously, including

Broad applicability }Era Psl;rggsle session, making it a comprehensive diagnostic tool pollens and related foods.
High sensitivity When combined with fresh food testing, SPT achieves high Fresh food testing helps identify heat-labile proteins like PR-10

sensitivity for detecting relevant allergens in PFAS.

proteins and profilins not always detected by extracts.

Cost-effective

SPT is a relatively low-cost diagnostic tool compared to
molecular diagnostics or in vitro IgE testing.

Widely available in clinical settings.

Non-invasive follow-up

Enables ongoing monitoring of sensitization patterns without
invasive procedures.

Can track allergen changes in response to therapy or
environmental shifts.
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Table 2. Cont.

Category

Description

Details/Insights

Limitations

False negatives

Heat-labile proteins in PFAS, such as PR-10 proteins and profilins,
may degrade in commercial extracts, leading to false negatives.

Fresh food testing is essential to overcome this limitation.

Non-specific reactivity

Non-specific skin reactions or dermographism can complicate
interpretation, necessitating careful control comparisons.

Negative and positive controls are critical for
accurate interpretation.

Requires expertise

Accurate interpretation of SPT results demands expertise to
distinguish between primary sensitizations and
cross-reactive allergies.

Specialized training is needed to correlate results with clinical
history and dietary triggers.

Limited specificity

Positive SPT results indicate sensitization but do not always
confirm clinical allergy, as some sensitized individuals may
remain asymptomatic.

Additional diagnostics, such as oral food challenges, may be
needed to confirm clinical relevance.

Risk of systemic reactions

Rarely, SPT may trigger systemic allergic reactions, especially in
highly sensitized individuals.

Emergency medications (e.g., epinephrine) should be readily
available during testing.

Geographic variability

Allergen extracts may not represent local or regional allergen
sources accurately, leading to incomplete diagnostic coverage.

Custom extracts may be needed for certain endemic allergens.

A negative SPT or specific IgE result is typically associated with high sensitivity and
strong negative predictive value (NPV), making these tests essential tools for ruling out
food allergies [98]. This is especially true when high-quality allergen extracts are used
and the patient has no history of clinical reactions to the suspected food. However, these
tests are not infallible, and their results must always be considered in the context of the
patient’s clinical history and overall presentation. Therefore, in patients with a strongly
suggestive history of food allergy, a negative test result should not be relied upon to
exclude the diagnosis outright [98]. Factors such as the age of the patient, the specific
food allergen, and the presence of co-factors (e.g., exercise or alcohol) that might modulate
allergic responses need to be taken into account [82]. The diagnostic performance of
tests also varies depending on the allergen and the patient’s age. For instance, younger
children often have lower levels of allergen-specific IgE that still correlate with clinical
allergy, while older individuals may show greater cross-reactivity due to conditions like
pollen—food allergy syndrome. For example, peanut-specific IgE tests have been found to
have higher specificity in younger children, whereas Ara h 2-specific IgE tests are more
accurate in adults [197]. This difference may stem from the higher prevalence of primary
peanut allergy in children compared to the greater occurrence of cross-reactive pollen—food
allergy syndrome in older individuals [60]. Such variability underscores the importance of
age-specific considerations when interpreting test results.

Moreover, while diagnostic cutoffs for IgE levels or wheal sizes in SPT have been
developed based on research studies and meta-analyses, these thresholds should not be
applied rigidly in clinical practice [194,197,198]. They are better used as guidance to inform
the likelihood of an allergy rather than as definitive decision points. Extrapolating cutoffs
across different patient populations or clinical scenarios requires caution, as variations in
local allergens, individual immune responses, and test protocols can influence diagnostic
accuracy [98].

In summary, while negative SPT or specific IgE results are valuable for excluding
food allergy in many cases, they are not absolute. The interpretation of these results
requires careful consideration of the clinical history, patient-specific factors, and the broader
diagnostic context. Clinicians should use diagnostic thresholds as flexible tools rather
than definitive answers, ensuring that allergy evaluations remain patient-centered and
adaptable to individual needs [98].

The results of SPT play a critical role in guiding dietary recommendations and allergen
avoidance strategies for PFAS patients. For example, individuals with confirmed birch
pollen sensitivity and positive SPT to apple, hazelnut, and carrot may be advised to
avoid these foods in raw form but tolerate them when cooked, as heat denatures PR-10
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proteins [98,188]. Patients with profilin sensitivity may need broader dietary modifications
due to profilins’” widespread presence in plants. Additionally, SPT results can inform
decisions regarding allergen immunotherapy (AIT), targeting the primary pollen allergen
to reduce cross-reactive food symptoms.

7.2. Component-Resolved Diagnostics (CRD)

Component-resolved diagnosis (CRD) is a cutting-edge diagnostic tool that can iden-
tify specific allergenic proteins to which a patient is sensitized. Unlike traditional diagnostic
methods, such as whole allergen extracts used in SPT or specific IgE tests, CRD focuses
on individual allergenic molecules. This approach is particularly valuable in PFAS, where
cross-reactivity between structurally similar proteins in pollens and plant-based foods
is a key feature [138]. By identifying the precise protein responsible for sensitization,
CRD provides greater diagnostic accuracy, enabling personalized management strategies
for patients.

CRD relies on advanced molecular diagnostic platforms that measure specific IgE
against individual allergenic components, enabling precise identification of sensitizations
that traditional methods using whole allergen extracts may miss. While there are several
platforms available for component-resolved diagnostics, InmunoCAP, ISAC, and ALEX
are among the most widely used. These platforms employ advanced technologies to offer
valuable insights into the mechanisms of allergic responses and cross-reactivity [119,137,138].

ImmunoCAP (Thermo Fisher Scientific, Uppsala, Sweden) is a singleplex diagnostic
assay that tests for specific IgE to a single allergen or allergenic component per test [199]. It
uses a solid-phase system where allergens are immobilized on a cellulose sponge matrix.
This platform provides quantitative results expressed in kU/L, allowing clinicians to assess
the degree of sensitization and its clinical significance. ImmunoCAP is highly sensitive and
specific, making it ideal for targeted testing and long-term monitoring of IgE levels [200].
However, its singleplex nature means it is less efficient for patients with complex allergy
profiles requiring multiple tests [190].

ISAC (Immuno Solid-Phase Allergen Chip; ThermoFisher Scientific, Waltham, MA,
USA) is a multiplex diagnostic platform that tests for IgE to over 100 allergenic components
simultaneously [201]. It uses a microarray chip with purified allergens immobilized on
its surface. Requiring only a small amount of serum, ISAC provides a semi-quantitative
profile of sensitizations, making it particularly useful for patients with polysensitization or
unclear allergic triggers. Its ability to test for panallergens like PR-10 proteins, profilins, and
LTPs helps identify cross-reactivity patterns. However, ISAC results are semi-quantitative,
meaning they are less precise than ImmunoCAP’s fully quantitative measurements [202].

ALEX (Allergy Xplorer, MacroArray Diagnostics GmbH (MADXx), Vienna, Austria) is
another multiplex diagnostic platform that tests for IgE against more than 300 allergens,
combining whole allergen extracts and molecular components. Unlike ISAC, ALEX in-
cludes cross-reactivity inhibition, which minimizes false positives from panallergens like
profilins and CCDs (cross-reactive carbohydrate determinants) [201]. This feature enhances
specificity and makes ALEX particularly valuable for distinguishing primary sensitizations
from cross-reactivity [203]. While results are semi-quantitative, ALEX integrates compre-
hensive allergen profiling with user-friendly data presentation, making it a powerful tool
for complex allergy cases [204].

These diagnostic methods, each with its distinct strengths and limitations, play a
complementary role in the comprehensive evaluation of allergies. By leveraging their
unique features, clinicians can achieve a more accurate and tailored approach to diagnosis.
For an in-depth comparison of their characteristics, practical applications, and limitations,
please refer to Table 3 below.
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Table 3. Comparison of InmunoCAP, ISAC, and ALEX [98,119,138,190,202,205].

ISAC (Immuno Solid-Phase Allergen

Heading ImmunoCAP Chip; ThermoFisher Scientific, Waltham, ALEX (Allergy Xplorer)
MA, USA)
Singleplex assay that measures IgE to one Multlple_x assay testing IgE to > 100 Multiplex assay testing IgE to > 300
How It Works allergenic components on a whole allergens and molecular
allergen or component per test. . .
microarray chip. components on an allergen array.
Uses a solid-phase system with allergens Uses purified allergens immobilized on a Integrates whole extracts angl .
immobilized on a cellulose sponge matrix chip, requiring minimal serum (20-30 pL) components with cross-reactivity
pong ’ prreq & ’ inhibition for higher specificity.
Results are quantitative (kU/L). Result§ are semi-quantitative (fluorescence Results are semi-quantitative and
intensity levels). integrate cross-reactivity adjustments.
Advantages

Quantitative results

Provides precise measurements of IgE
levels, helping assess sensitization and risk.

Semi-quantitative results allow broad
allergen screening and
cross-reactivity insights.

Semi-quantitative results combined
with inhibition testing improve
specificity for genuine sensitization.

Comprehensive testing

Wide library of allergens, including
region-specific ones.

Simultaneous testing for > 100 allergenic
components across pollens, foods, and
other sources.

Tests > 300 allergens, covering both
whole extracts and components for
comprehensive profiling.

Sensitivity and specificity

High sensitivity and specificity for
targeted allergens.

Ideal for identifying cross-reactivity due to
panallergens like PR-10, profilins, and LTPs.

High specificity through
cross-reactivity inhibition technology.

Widely available, standardized, and

Requires minimal serum and provides a

User-friendly data presentation with

Ease of use reproducible across labs. complete sensitization overview. clear insights into primary and
cross-reactive sensitizations.
Limitations
Can be expensive for multiple allergens Expensive but cost-effective for complex Rel.atlvely Sxpenstve but efﬁc@nt for
Cost patients with complex or multiple
or components. allergy cases. .
suspected allergies.
Semi-quantitative results require Semi-quantitative results may lack the
Result format Quantitative results are easy to interpret. experienced interpretation to correlate with  precision needed for exact

clinical relevance.

risk assessment.

Component limitations

Limited to clinician-selected allergens or
components; rare ones may be unavailable.

Does not include all region-specific
allergens, limiting coverage in some cases.

Some rare or region-specific allergens
may be absent.

Serum requirement

Requires a larger volume of serum for
testing multiple allergens.

Requires minimal serum (20-30 uL).

Requires a low volume of
serum (100 pL).

Applications in PFAS

Identifying panallergens

Effective for targeted testing of panallergens
like PR-10 proteins, profilins, and LTPs.

Simultaneously identifies sensitization to
multiple panallergens like PR-10 proteins,
profilins, and LTPs.

Covers a wide range of panallergens,
integrating whole extracts and
components for detailed insights.

Primary vs. cross-reactivity

Differentiates primary food allergies from
cross-reactivity with pollens.

Broad allergen panel helps identify patterns
of cross-reactivity across multiple
allergen sources.

Combines whole extracts and
components to distinguish primary
sensitization from cross-reactivity.

Risk stratification

Quantitative results enable detailed risk
assessment (e.g., Ara h 2 for severe
peanut allergy).

Helps determine risk based on allergen
stability (e.g., PR-10 for mild symptoms,
LTPs for systemic reactions).

Identifies risk by combining
sensitization profiles with
cross-reactivity inhibition for stability
insights.

Guiding dietary advice

Ideal for providing specific advice based on
IgE levels to individual allergens.

Identifies panallergen sensitization,
enabling tailored dietary recommendations
(e.g., raw vs. cooked tolerance).

Integrates sensitization profiles to
guide personalized dietary and
exposure advice.

Supporting immunotherapy

Identifies primary allergens for allergen
immunotherapy (e.g., Bet v 1 for birch).

Helps guide allergen immunotherapy
decisions by clarifying primary
sensitization patterns.

Assists in AIT decisions by revealing
sensitization to multiple
relevant allergens.

Insights/Observations

Special use cases

Ideal for monitoring sensitization over time
or tracking therapy response.

Best for initial screening of complex cases
or polysensitization.

Excellent for broad sensitization
profiling in patients with multiple or
unclear triggers.

Comparative edge

Best for precise, targeted testing and
long-term tracking of IgE levels.

Ideal for comprehensive overviews in
patients with complex allergic profiles.

Combines extract- and
component-based testing with
cross-reactivity inhibition for higher
specificity.

7.3. Basophil Activation Test (BAT)

The Basophil Activation Test (BAT) is an advanced in vitro diagnostic tool used to

assess allergic reactions mediated by IgE. BAT measures the activation of basophils in

response to allergen exposure [206,207]. It involves exposing the patient’s basophils,

isolated from whole blood, to specific allergens under controlled laboratory conditions.

Upon recognition of an allergen by IgE bound to the basophil surface, the cells become
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activated and express markers such as CD63 and CD203c. The degree of basophil activation
is quantified using flow cytometry, providing a clear indication of whether the allergen
triggers a reaction. BAT can be used with both whole allergen extracts and purified
molecular components, making it a versatile tool for assessing allergen-specific reactivity.
BAT is particularly valuable in conditions like PFAS, where distinguishing between primary
food allergies and cross-reactivity caused by pollens is essential [207].

BAT is particularly useful for differentiating cross-reactivity in PFAS from genuine
primary food allergies [207]. For example, basophil activation in response to PR-10 proteins
like Bet v 1 (birch pollen) may explain cross-reactivity with apple (Mal d 1), while no
activation to primary food allergens indicates a lower likelihood of systemic reactions.
BAT also provides insights into the potential severity of allergic reactions. Strong basophil
activation in response to stable allergens like LTPs (e.g., Pru p 3 in peach) correlates with
a higher risk of severe systemic reactions, while weaker activation to labile proteins like
PR-10 typically reflects mild, localized symptoms [206]. By testing multiple allergens simul-
taneously, BAT can also map patterns of cross-reactivity in PFAS. For example, a patient
sensitized to grass profilins (Phl p 12) may show basophil activation to profilins in foods
like melon or tomato, supporting a diagnosis of PFAS. BAT offers greater specificity and
higher negative predictive values compared to prick tests and specific IgE measurements,
without compromising sensitivity or positive predictive values [194,207]. Therefore, BAT
results can guide tailored dietary recommendations. For instance, a patient with significant
basophil activation to raw apple but none to cooked apple may safely consume the cooked
form, as heat denatures PR-10 proteins.

Despite its utility, BAT has several limitations that restrict its widespread use [208]. It
requires specialized equipment, such as flow cytometers, and trained personnel, making
it technically complex and less accessible than standard tests like InmunoCAP or skin
prick testing. Moreover, approximately 10% to 15% of individuals are “nonresponders”,
meaning their basophils respond to non-IgE-mediated stimulants but not to IgE-mediated
controls or allergens, rendering the test results uninterpretable [209]. The cost of BAT is also
relatively high, which may limit its availability in routine clinical practice. Furthermore,
BAT depends on fresh blood samples, as basophils are short-lived, presenting logistical
challenges in sample collection and processing [210]. Another significant limitation is the
lack of full standardization across laboratories, with varying protocols and thresholds,
which can lead to inconsistent results and complicate interpretation [208].

7.4. Oral Food Challenge (OFC)

The oral food challenge (OFC) is a gold standard diagnostic procedure for confirming
food allergies, including PFAS [98]. While diagnostic tests such as SPT and specific IgE
measurements provide valuable insights into sensitization, they may not always correlate
with clinical allergy.

OFC is designed to confirm whether a specific food triggers an allergic reaction,
differentiating between clinically relevant allergies and asymptomatic sensitization. In
PFAS, OFC can help:

e  Verify clinical reactions: it determines whether symptoms like oral itching, tingling, or
swelling occur after consuming a suspected food [211].

e Differentiate between allergies: OFC distinguishes PFAS, typically caused by labile
proteins like PR-10 or profilins, from primary food allergies associated with stable
proteins like storage proteins [212].

e  Guide dietary management: by identifying tolerable foods, OFC helps avoid unneces-
sary dietary restrictions, improving patients’ quality of life [98].
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Oral food challenges (OFC) are categorized into three main types, each with unique
advantages and limitations [212]. The open food challenge involves the patient consuming
the suspected food in an unblinded manner under medical supervision. This approach is
particularly suitable for PFAS, where subjective symptoms like oral itching are expected,
and the risk of severe reactions is low. It is simple and cost-effective but may be influenced
by patient or clinician bias due to the lack of blinding. In contrast, the single-blind food
challenge conceals from the patient whether the food provided is the allergen or a placebo,
reducing patient bias and yielding more objective results. The most rigorous method, the
double-blind, placebo-controlled food challenge (DBPCFC), ensures that neither the patient
nor the clinician knows whether the administered food is the allergen or a placebo. This
approach is highly reliable for confirming PFAS and distinguishing it from primary food
allergies. However, DBPCFC is time-intensive, resource-demanding, and typically reserved
for cases where diagnostic uncertainty remains high [31,98,211].

The procedure for an OFC involves the controlled introduction of the suspected food
in gradually increasing amounts while closely monitoring the patient for any symptoms.
It begins with a pre-challenge evaluation, where a detailed clinical history and prior test
results, such as SPT or specific IgE levels, are reviewed to confirm the necessity and
safety of the challenge [213]. Contraindications, including uncontrolled asthma or recent
severe allergic reactions, are ruled out. Baseline assessments of vital signs, such as heart
rate, blood pressure, and oxygen saturation, along with an oral cavity examination, are
conducted [213,214]. Foods are then prepared in their raw form, especially when PFAS is
suspected, as heat-labile allergens like PR-10 proteins are often denatured during cooking.
Standardized portions are used to ensure accurate dosing. During the incremental dosing
phase, the patient consumes small, progressively larger amounts of the food at intervals
of 15-30 min under medical supervision. This continues until either a typical serving size
is reached or symptoms develop. After the final dose, the patient is observed for 1-2 h to
monitor for delayed reactions. Throughout the procedure, symptoms such as oral itching,
swelling, or gastrointestinal discomfort are carefully documented to assess the clinical
relevance of the suspected food allergen [98].

The outcomes of an OFC in PFAS can vary depending on the patient’s response to
the suspected food allergen. A positive challenge occurs when symptoms are reproduced,
confirming PFAS to the specific food. These symptoms typically include oral itching, mild
swelling, and discomfort, characteristic of oral allergy syndrome, and are usually localized
without systemic involvement. A negative challenge, where no symptoms are observed,
indicates that the food is tolerable, providing reassurance to the patient and potentially
expanding dietary options, especially in cases where unnecessary avoidance was previously
practiced [194]. However, in rare cases, unexpected reactions such as systemic or severe
responses may occur, particularly in patients sensitized to more stable allergens like LTPs or
those with undiagnosed primary food allergies [215]. Therefore, emergency treatment must
always be readily available during an OFC [55,216]. The main advantages and limitations
of OFC in PFAS are summarized in Table 4.

The OFC not only confirms PFAS diagnosis but also plays a critical role in long-term
management. By identifying foods that cause symptoms and those that are tolerable, OFC
reduces dietary restrictions and improves patient confidence in managing their condition.
It is particularly useful for reassuring patients about cooked or processed foods when
reactions are limited to heat-labile allergens [98].

Therefore, the oral food challenge remains the definitive diagnostic tool for PFAS.
While it is resource-intensive and requires meticulous planning, its ability to confirm
clinical relevance, guide personalized dietary advice, and improve patient outcomes makes
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it invaluable in PFAS care. When combined with molecular diagnostics like CRD, OFC
ensures a comprehensive approach to diagnosing and managing food allergies [98,213].

Table 4. Advantages and limitations of OFC in PFAS [98,188,194,217,218].

Category

Details

Additional Insights

Advantages of OFC

High diagnostic accuracy

OFC directly confirms the clinical relevance of
sensitization detected through other diagnostic
tests, making it the gold standard for PFAS.

Particularly valuable when SPT or specific
IgE results are inconclusive.

Personalized management

Results guide tailored dietary
recommendations, allowing patients to safely
consume tolerable foods while avoiding
problematic ones.

Reduces patient anxiety by clarifying which
foods are safe in raw or cooked forms.

Minimizing dietary restrictions

OFC helps prevent unnecessary avoidance of
foods, improving nutrition and quality of life.

Expands dietary options and supports
balanced nutrition, especially in children and
individuals with multiple food restrictions.

Clarity in complex cases

In polysensitized patients, OFC identifies
specific triggers among cross-reactive allergens.

Essential for differentiating between
cross-reactivity and primary food allergies.

Limitations of OFC

Resource-intensive

OFC requires trained personnel, controlled
environments, and significant time, making it
less accessible in routine practice.

Requires specialized facilities, which may not
be available in all healthcare settings.

Risk of reactions

Although PFAS reactions are typically mild,
the risk of unexpected systemic reactions
necessitates close medical supervision.

Emergency treatments such as epinephrine
must be readily available.

Subjectivity

Open challenges may introduce bias,
particularly for subjective symptoms like
itching or tingling.

Blinded challenges (e.g., single- or
double-blind) can help reduce bias.

Patient anxiety

The prospect of consuming a suspected
allergen can cause anxiety, which may
complicate interpretation of symptoms.

Proper counseling and reassurance can help
mitigate patient concerns before
the challenge.

7.5. Exploratory Approaches in Food Allergy Testing

These exploratory and emerging methods complement traditional diagnostics, offering
new avenues for understanding and managing food allergies, particularly in complex and
polysensitized patients. While many approaches require further validation, they highlight
the potential for personalized and precise diagnostic solutions in the future.

7.5.1. Mast Cell Activation Test (MAT)

Similar to the Basophil Activation Test (BAT), MAT measures in vitro activation of mast
cells, either derived from mast cell lines or generated from peripheral blood hematopoietic
stem cells, using flow cytometry to determine allergic responses. A key distinction is that
MAT uses patient serum or plasma to sensitize the mast cells, enabling retrospective testing
of stored samples, unlike BAT, which requires fresh blood. However, challenges include
difficulty in isolating mast cells, high variability of primary cells, and lower sensitivity than
BAT, making MAT particularly useful only as a secondary diagnostic option for basophil
non-responders [197,217,219,220].

7.5.2. Allergen-Specific IgG4 and IgA

Elevated levels of IgG4 and IgA have been increasingly recognized as markers as-
sociated with immunological tolerance and the efficacy of oral immunotherapy (OIT) in
managing food allergies. IgGy4, a unique subclass of IgG, plays a pivotal role in immune reg-
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ulation. Unlike IgE, IgGy exhibits low affinity for Fc receptors on effector cells, preventing
the activation of mast cells and basophils, and thereby mitigating allergic responses. IgGy
is thought to act as a “blocking antibody” [221], competing with IgE for allergen binding
and neutralizing allergens before they trigger an immune response. Increased levels of
allergen-specific IgG4 observed during successful OIT indicate a shift toward tolerance,
with patients often experiencing reduced symptoms or complete desensitization [222,223].

Similarly, IgA, particularly secretory IgA (sIgA), is integral to mucosal immunity and
has been implicated in the pathophysiology of food allergy tolerance. Found predominantly
in mucosal tissues such as the gastrointestinal tract, sIgA can form immune complexes
with allergens, reducing their ability to cross the epithelial barrier and trigger an allergic
response [224]. Elevated sIgA levels have been linked to protective effects against food
allergy development and improved outcomes in OIT. For instance, studies have shown
that salivary IgA levels correlate with positive therapeutic responses in peanut allergy
OIT [224,225].

The potential utility of measuring IgG4 and IgA levels lies in their ability to serve
as biomarkers for predicting and monitoring OIT success. By tracking the rise in these
immunoglobulins during treatment, clinicians can assess the progression toward tolerance
and adjust therapy accordingly. Furthermore, their presence may provide insights into
the underlying mechanisms of immunological tolerance, offering avenues for developing
novel therapeutic strategies [226].

However, it is important to note that elevated IgG4 and IgA levels are not always
definitive markers of tolerance. For example, IgG4 can also be a bystander product of
allergen exposure without directly contributing to desensitization [222,227]. Therefore,
despite the potential role of IgG, in immunological tolerance and OIT response, EAACI
does not recommend IgGy testing for the diagnosis of food allergy [228]. This stance reflects
the fact that elevated IgGy levels are not specific to allergic conditions and may also be seen
in individuals with frequent allergen exposure or tolerance. More research is needed to
fully understand the interplay between these immunoglobulins and immune responses in
food allergies. Nonetheless, their potential as diagnostic and therapeutic tools makes them
promising candidates for improving allergy diagnosis and management.

7.5.3. Bead-Based Epitope Assays (BBEA)

BBEA represents a scalable, high-throughput platform for detecting IgE and IgGy
binding to allergen epitopes [217]. By coupling allergen peptides to beads, this technology
allows simultaneous testing of multiple allergens with minimal serum volumes. Sensitivity
and specificity are high, particularly for well-characterized allergies like peanut. BBEA
offers advantages in phenotypic stratification and severity prediction, but its reliance on
precise prior knowledge of allergen epitopes and its limitation to sequential (not conforma-
tional) epitopes constrain its broader applicability. Combining BBEA with cellular assays
and clinical history may enhance its utility [208,229].

7.5.4. Glycosylation Analysis

Glycosylation of allergens and IgE may influence cross-reactivity and allergy severity.
For instance, cross-reactive carbohydrate determinants (CCDs) have been implicated in
IgE cross-reactivity without clinical relevance [32]. However, for cases such as bee venom
allergy, glycosylation of the major allergen Api m 1 increases its IgE epitopes, thereby
increasing its allergenic activity [230]. Conversely, IgE glycosylation has been linked to
allergen potency, but its role in distinguishing allergic from tolerant individuals remains
unclear [231].
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7.5.5. Microbiome Analysis

Altered compositions of the oral and gut microbiota have been increasingly associated
with the development and persistence of food allergies, influencing immune responses and
allergic disease trajectories. The gut microbiome plays a pivotal role in immune system devel-
opment and regulation, with microbial metabolites like short-chain fatty acids (e.g., butyrate)
shown to promote regulatory T-cell (Treg) differentiation and tolerance [232,233]. In food
allergy, disruptions to microbial diversity—known as dysbiosis—have been linked to a
skewed Th2 immune response, which promotes the production of IgE and the development
of allergic sensitization [234].

Specific microbiome profiles have been observed in food-allergic individuals com-
pared to non-allergic controls. For example, reduced abundances of beneficial genera
such as Prevotella and Bifidobacterium, alongside an overrepresentation of potentially pro-
inflammatory species like Neisseria, have been implicated in allergic conditions [235]. These
findings highlight the potential for microbiome analysis to identify biomarkers of food
allergy and possibly stratify patients based on disease severity or reaction thresholds.
Moreover, variations in microbiota composition between high- and low-threshold allergic
patients suggest that microbial profiles may influence the clinical manifestation of food
allergies [236].

Despite these promising insights, significant challenges remain in applying micro-
biome analysis as a diagnostic tool. The complexity and variability of the microbiome,
influenced by factors such as diet, age, ethnicity, medication use (e.g., antibiotics), and
environmental exposures, make standardization difficult [237]. These variables introduce
noise into microbiome studies, complicating the interpretation of findings and reducing
reproducibility across populations and settings [238]. Additionally, the interdependent
mechanisms between microbiota, host immune responses, and external factors are not yet
fully understood, further limiting the clinical utility of microbiome analysis.

While microbiome analysis offers a fascinating avenue for understanding food aller-
gies and exploring potential therapeutic targets, its role in diagnosis remains exploratory.
Future advancements in technology, standardization protocols, and large-scale longitu-
dinal studies will be crucial for unlocking its diagnostic and predictive potential. Until
then, microbiome analysis is better suited as an adjunct to traditional diagnostic methods,
providing complementary insights rather than serving as a stand-alone tool [217].

7.5.6. Artificial Intelligence (AI)

Artificial intelligence (Al) and machine learning (ML) are transforming the field of
allergy diagnostics by leveraging their ability to analyze complex and multidimensional
data sets with speed and precision [239]. Traditional diagnostic methods, while effective,
often rely on linear relationships and predefined algorithms, which can be limiting when
addressing the multifaceted nature of allergic diseases. Al, on the other hand, excels at
identifying hidden patterns, integrating data from diverse sources, and making predictions
that go beyond conventional approaches [240].

Al has demonstrated remarkable accuracy in identifying food allergies and predicting
tolerance, making it a valuable tool for improving diagnostic precision and patient out-
comes [241]. By analyzing data sets from omics technologies (e.g., genomics, proteomics,
metabolomics), specific IgE profiles, and clinical histories, Al models can differentiate be-
tween primary sensitizations, cross-reactivity, and clinically irrelevant sensitizations [242].
This capability is particularly useful in complex cases, such as those involving polysensi-
tized individuals or overlapping allergic conditions.

Al-powered clustering algorithms can categorize patients into distinct phenotypes
based on their allergic profiles, reaction severities, and immunological markers [239]. For



Appl. Sci. 2025, 15, 66

29 of 46

instance, clustering techniques can separate patients with true peanut allergy from those
with cross-reactive sensitization to birch pollen. This stratification not only aids in diagnosis
but also informs personalized treatment plans, such as selecting candidates for AIT or
tailoring dietary recommendations [243].

Al models are proving invaluable in predicting patient responses to interventions
like OIT or elimination diets. By analyzing baseline variables such as cytokine levels,
allergen-specific IgE concentrations, and microbiome composition, these models can iden-
tify individuals who are more likely to achieve tolerance or experience adverse effects.
This predictive capability reduces trial and error in treatment, improving safety and effi-
ciency [240].

Al is seamlessly integrating with advanced diagnostic platforms such as CRD, BAT,
and epitope profiling. For example, machine learning algorithms have been applied to bead-
based epitope assays to analyze allergen epitopes and predict severity of reactions [208].
Similarly, Al models can analyze data sets from microbiome studies to explore host-microbe
interactions in allergy development.

Despite its potential, the implementation of Al in allergy diagnostics faces several chal-
lenges. High-quality data sets are essential for training robust models, yet data variability,
limited sample sizes, and incomplete records can hinder performance [244]. Additionally,
Al models require interpretability to ensure clinicians understand the reasoning behind
predictions, fostering trust and reliability in clinical practice.

In the future, Alis expected to play a central role in allergy care, from early diagnosis to
personalized management and monitoring of treatment outcomes. As more data becomes
available and algorithms improve, Al-driven approaches will become an indispensable
component of modern allergology.

8. PFAS Management

Managing PFAS requires a comprehensive and personalized approach, as this condi-
tion arises from complex cross-reactive mechanisms between pollen and food allergens.
While PFAS symptoms are typically mild and localized, some patients may experience
more severe reactions, particularly those sensitized to stable allergens like LTPs. The vari-
ability in symptom severity and the broad range of implicated allergens necessitate tailored
strategies to ensure effective management and improve patients’ quality of life.

Management of PFAS focuses on accurate diagnosis, symptom relief, and risk reduc-
tion. This includes strategies such as dietary modifications, pharmacotherapy, and in select
cases, AIT. Advances in CRD have enhanced the precision of PFAS diagnosis, enabling
clinicians to provide clearer guidance on safe food consumption. Education and counseling
play an equally critical role, empowering patients to navigate their condition confidently
and avoid unnecessary dietary restrictions that may lead to nutritional deficiencies or
reduced quality of life.

By integrating current knowledge and best practices on PFAS management, this
discussion aims to provide a roadmap for clinicians to optimize care for PFAS patients,
addressing their unique needs and promoting long-term health and well-being.

8.1. Food Avoidance

Food avoidance is essential in managing food allergies, including PFAS. The primary
goal of avoidance is to prevent the onset of allergic symptoms. However, unlike other food
allergies, PFAS often involves heat-labile allergens such as PR-10 proteins and profilins,
which are denatured by cooking. This makes the approach to avoidance in PFAS more nu-
anced, balancing the prevention of symptoms with maintaining a diverse and nutritionally
adequate diet.
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Approaches to food avoidance in PFAS involve tailoring strategies to the nature of the
allergens and the patient’s specific sensitivities [44,96,133,188]. For example, individuals
sensitized to birch pollen who react to raw apples may tolerate baked apples or apple juice,
while those reacting to raw carrots can consume them safely when cooked. This approach
minimizes unnecessary dietary restrictions and helps maintain a diverse diet. Selective
avoidance of trigger foods is also essential, with patients advised to avoid specific foods that
elicit symptoms while continuing to eat those they tolerate. For instance, a patient reacting
to peaches but tolerating pears and cherries can restrict peach consumption while keeping
other stone fruits in their diet. It has also been shown that fruit peels contain a higher
concentration of allergens that the pulp, so peeled fruit may be tolerated [245]. Detailed
food diaries can help identify patterns and refine avoidance strategies. Patients with
multiple pollen sensitivities may experience broader cross-reactivity, such as those allergic
to birch, grass, and ragweed pollen reacting to a wider range of fruits and vegetables [97].
These cases may require more extensive avoidance plans informed by diagnostic tools like
(Al-enhanced) CRD. However, for those sensitized to heat-stable allergens such as lipid
transfer proteins (e.g., Pru p 3 in peach or Jug r 3 in walnut), both raw and cooked forms of
the food can trigger systemic reactions. For such patients, strict avoidance is necessary as
cooking does not neutralize these stable proteins.

Food avoidance in PFAS presents several challenges, with over-avoidance being a
common issue. Patients may unnecessarily eliminate large food groups out of fear of
symptoms, which can lead to nutritional deficiencies, particularly in vitamins and minerals
like vitamin C and fiber that are abundant in fruits and vegetables. This over-restriction can
also negatively impact quality of life, contributing to anxiety around eating or fear of public
dining [246]. Education and reassurance are crucial to preventing over-avoidance and
fostering a balanced approach. Another challenge involves hidden allergens in processed
foods, such as fruit juices, purees, or salads, which may contain raw trigger foods like
celery or apples [247]. Patients must be educated on reading labels and inquiring about
ingredients, especially when dining out. Cultural and social factors further complicate
food avoidance, as certain foods central to cultural traditions or social gatherings may
be difficult to avoid or substitute. Supporting patients in navigating these situations is
essential for maintaining their dietary needs and social participation while managing their
condition effectively.

Therefore, the ultimate goal of food avoidance in PFAS is not complete elimination of
foods but rather symptom management with minimal impact on quality of life. Avoidance
strategies should be tailored to each patient’s needs, accounting for symptom severity,
cultural preferences, and nutritional requirements. Patients who can safely consume cooked
or processed foods should be encouraged to do so, reducing unnecessary restrictions [246].
Additionally, introducing AIT for pollen allergies may reduce cross-reactivity over time,
further alleviating the need for strict avoidance.

8.2. Pharmacological Treatment

Pharmacological treatment for PFAS primarily aims to manage symptoms and im-
prove quality of life, particularly for patients experiencing frequent or severe reactions.
However, even though PFAS symptoms are generally mild and localized, pharmacological
interventions can be helpful in mitigating discomfort, especially when food avoidance
alone is insufficient or impractical.

Oral antihistamines are the mainstay of pharmacological management in PFAS, similar
to their role in other allergic conditions. Antihistamines primarily act as H1 receptor inverse
agonists to block the effects of histamine at H1 receptors. Unlike traditional antagonists,
which simply block a receptor from being activated by an agonist, an inverse agonist
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actively reduces the receptor’s intrinsic activity even in the absence of a natural ligand
(like histamine) [248]. By blocking H1 histamine receptors, these medications effectively
reduce symptoms such as itching, tingling, or mild swelling associated with OAS. They are
fast-acting, widely available, and generally well-tolerated. Non-sedating second-generation
antihistamines, such as loratadine, cetirizine, or fexofenadine, are preferred due to their fa-
vorable side effect profiles [31]. These medications are typically used on an as-needed basis
before consuming known trigger foods or during peak pollen seasons when cross-reactivity
tends to be heightened. Antihistamines are broadly classified into first-generation (sedating)
and second-generation (non-sedating) agents, with the latter being preferred for PFAS due
to their favorable safety and side-effect profiles. Table 5 provides an overview of commonly
used H1 antihistamines, including their generation, receptor specificity, pharmacokinetics,
sedation potential, and clinical applications in allergic diseases including PFAS.

Table 5. Overview of antihistamines acting on H1 receptors used in allergy management [249].

Drug Name Generation Formulation Onset of Action Duratfon of Sedatl?n Common gses m
Action Potential Allergies
Diphenhydramine First Oral, Injectable 15-30 min 4-6h High Acute allerg%c reactions,
anaphylaxis adjunct
Chlorpheniramine First Oral 30 min 4-6h Moderate Allerglc.rhlmtls., mild
allergic reactions
Hydroxyzine First Oral, Injectable 15-30 min 4-6h High .An>‘<1ety-re¥atef:1
itching, urticaria
Cetirizine Second Oral 1h 24 h Low PFAS’ alle}‘ 81
rhinitis, urticaria
Levocetirizine Second Oral 1h 24 h Very Low PFAS, chrf)mc urticaria,
allergic rhinitis
Loratadine Second Oral 1-3h 24 h Minimal PFAS, allergic rhinitis
Desloratadine Second Oral 1-3h 24h Minimal . ‘PFAS,.chror.uc .
idiopathic urticaria
Fexofenadine Second Oral 1h 24h None PFAS’. seas.,opa.al
allergic rhinitis
Rupatadine Second Oral 1-2h 24 h Very Low PFAS, chrgmc urticaria,
allergic rhinitis
Bilastine Second Oral 1h 24h None .PFAS’ a llergic. .
rhinoconjunctivitis
Ebastine Second Oral 1-3h 24h Low Chronic urticaria,

allergic rhinitis

For patients with persistent or more severe symptoms, short courses of topical cor-
ticosteroids may be considered to reduce inflammation and provide symptomatic relief,
particularly when oral antihistamines alone are insufficient. These include corticosteroid
mouth rinses (e.g., dexamethasone or betamethasone solutions) or corticosteroid sprays
(e.g., fluticasone or budesonide), which can target inflammation directly in the oral cavity.
These formulations are generally well-tolerated, with minimal systemic absorption when
used as directed, making them a suitable option for managing localized symptoms such
as oral itching, burning, or swelling [250]. Systemic corticosteroids, on the other hand,
are rarely required in the management of PFAS because the symptoms are typically mild,
transient, and limited to the oral cavity. The use of systemic corticosteroids, such as oral
prednisolone, is generally reserved for more severe presentations, such as cases where
reactions extend beyond the oral cavity, such as gastrointestinal symptoms (e.g., abdominal
pain, nausea), significant angioedema, or systemic discomfort [251]. In these rare situations,
a short course of systemic corticosteroids may help to rapidly reduce inflammation and
alleviate symptoms. However, the risks of systemic side effects, including weight gain,
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hyperglycemia, and adrenal suppression with prolonged use, must be carefully weighed
against the benefits [252]. In clinical practice, systemic corticosteroids should only be used
under close supervision, with particular attention to patients with comorbidities such as
diabetes, osteoporosis, or hypertension, where corticosteroid use can exacerbate existing
conditions. Furthermore, it is essential to counsel patients on the appropriate use of topical
and systemic corticosteroids to minimize adverse effects and ensure effective symptom
control [249]. Overall, while corticosteroids—both topical and systemic—play a limited role
in PFAS management, they remain valuable adjuncts in specific clinical scenarios where
inflammation leads to persistent discomfort or when severe allergic symptoms require
more aggressive intervention.

Although systemic reactions are rare in PFAS, certain patients are at an increased risk
and may require additional precautions. Individuals sensitized to heat-stable allergens,
such as LTPs, are particularly vulnerable, as these allergens can remain intact even after
food is cooked. Therefore, LTPs can trigger more severe and systemic reactions, including
gastrointestinal distress, generalized urticaria, or anaphylaxis [141]. For patients with
a history of systemic reactions or more severe allergic symptoms, the provision of an
epinephrine auto-injector for emergency use is strongly recommended. This precaution is
essential not only for individuals with LTP sensitivity but also for those with overlapping
food allergies (e.g., to nuts, seeds, or shellfish) or conditions that place them at a higher
risk of anaphylaxis, such as mast cell disorders or poorly controlled asthma [98]. In
these cases, the potential for a systemic reaction escalates, necessitating preparedness for
immediate intervention [98,188]. Epinephrine auto-injectors should be prescribed alongside
thorough patient education on their proper use [253]. Patients should be instructed to
recognize the early signs of anaphylaxis, such as widespread hives, angioedema, difficulty
breathing, dizziness, or gastrointestinal symptoms, and to use the auto-injector promptly
if these symptoms occur. Clinicians should emphasize the importance of carrying the
auto-injector at all times, particularly when consuming raw plant-based foods that are
known to trigger PFAS or in situations where access to emergency medical care may
be delayed [98]. In addition to LTP-related risk, patients with PFAS who experience
worsening symptoms over time or those with comorbid conditions that exacerbate allergic
responses (e.g., exercise-induced food allergy or alcohol consumption) may also benefit
from an individualized emergency action plan. Such a plan outlines specific steps to
take during a reaction, including the administration of epinephrine, antihistamines, and
seeking immediate medical attention [81]. Overall, while systemic reactions in PFAS
remain uncommon, identifying at-risk individuals and ensuring appropriate preventive
measures—such as prescribing epinephrine auto-injectors—are crucial for patient safety.
This proactive approach helps mitigate the risk of severe reactions and equips patients to
respond effectively to potentially life-threatening symptoms [254].

Omalizumab, a monoclonal antibody that targets IgE, has been explored as a potential
treatment for PFAS, particularly in patients with severe or persistent symptoms. While
direct studies on omalizumab for PFAS are limited, its efficacy in reducing IgE-mediated
allergic responses suggests potential benefits [31]. In cases where cross-reactivity between
pollens and foods results in systemic reactions or chronic symptoms, omalizumab may help
by dampening the overall allergic response. Additionally, anecdotal and case-report-level
evidence indicates that omalizumab can alleviate persistent PFAS symptoms in highly
sensitized individuals [60,255].

However, managing PFAS with pharmacological options can be challenging due to the
variability in symptom presentation and patient response. One of the primary challenges
is ensuring adherence to treatment regimens, particularly with as-needed antihistamine
use. Patients may underuse medications due to misconceptions about the severity of
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their condition or overestimate their ability to avoid triggers [256,257]. Additionally,
pharmacological treatments do not address the underlying sensitization or cross-reactivity
driving PFAS, limiting their role to symptomatic relief.

8.3. Allergen Immunotherapy (AIT)

Allergen Immunotherapy (AIT) is a well-established treatment for allergic conditions
such as allergic rhinitis, asthma, and insect venom allergies [258,259]. In recent years, its
role in managing PFAS has gained attention, particularly for individuals whose symptoms
significantly impact their quality of life. AIT offers the potential to address the underlying
sensitization by modulating immune responses, reducing the severity of pollen-induced
reactions, and potentially alleviating associated food allergies.

AIT involves exposing the patient to gradually increasing doses of the allergen, either
subcutaneously (SCIT) or sublingually (SLIT), over time. It works by gradually desensitiz-
ing the immune system to specific allergens, altering the underlying immune response and
inducing long-term tolerance [260]. The core mechanism involves a controlled exposure to
increasing doses of allergens, which modulates the immune system in several stages:

1. Shift in immune response: during an allergic reaction, the immune system predomi-
nantly produces IgE antibodies, which bind to mast cells and basophils, triggering the
release of histamine and other inflammatory mediators. AIT induces a class-switch
in antibody production from allergen-specific IgE to IgGy, a blocking antibody that
prevents allergen-IgE binding, shifting the balance from a Th2-dominant response,
characterized by IgE production, to a Thl-dominant response and Treg activation.
This reduces the activation of mast cells and basophils. The production of blocking
antibodies, such as IgGy, plays a key role in neutralizing allergens before they can
trigger IgE-mediated reactions [261,262].

2. T-cell modulation: AIT promotes the development of regulatory T cells (Tregs), which
suppress allergic inflammation by releasing anti-inflammatory cytokines such as IL-10
and TGF-B. These cytokines reduce the activity of effector T-helper 2 (Th2) cells,
which are responsible for producing IgE and driving allergic inflammation [260].

3. Dendritic cell modulation: dendritic cells exposed to allergens in the presence of AIT
shift their cytokine production profile to favor tolerance rather than sensitization. This
further supports the suppression of Th2 responses and enhances the induction of
Tregs [262].

4.  Long-term tolerance: over time, AIT leads to the reprogramming of the immune
system, resulting in long-lasting tolerance to allergens even after discontinuation of
treatment. This effect distinguishes AIT from symptomatic treatments like antihis-
tamines [263].

In PFAS, AIT targeting the primary pollen allergen (e.g., birch or grass pollen) can
desensitize the immune system to the cross-reactive proteins in foods, reducing both
respiratory and food-related symptoms. Beyond its impact on respiratory symptoms,
AIT has also been effective in reducing the severity of oral symptoms caused by cross-
reactive food allergens, which is particularly beneficial for patients with significant dietary
restrictions or persistent symptoms despite avoidance strategies [264].

Applications of AIT in PFAS primarily focus on addressing the underlying pollen
sensitization that drives cross-reactivity with food allergens. Pollen-specific AIT, such as
for birch or grass, is the most common approach. By targeting the immune response to
pollens, AIT reduces reactivity to related food allergens. For instance, birch pollen AIT
can alleviate symptoms triggered by PR-10 proteins found in foods like apples (Mal d 1),
hazelnuts (Cor a 1), and carrots (Dau c 1) [265], while grass pollen AIT has been shown
to reduce reactions to profilins in melons, tomatoes, and bananas [266]. Another study
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demonstrated the effectiveness of SCIT with Japanese cedar pollen extract in patients
allergic to Japanese cedar pollen and tomatoes. This treatment improved symptoms of both
Japanese cedar pollen and tomato allergies. The beneficial effects were associated with
a significant reduction in basophil activation [267]. However, a recent systematic review
on SLIT and SCIT in birch pollen-allergic patients has not provided enough evidence to
draw firm conclusions about its beneficial effects on birch pollen-related food allergy [264].
However, its efficacy in alleviating food-related symptoms caused by stable allergens is
less established compared to its success with labile proteins like PR-10 or profilins [268].

Oral immunotherapy (OIT) offers a potential approach for managing PFAS, partic-
ularly in patients with persistent symptoms or systemic reactions to cross-reactive food
allergens [269]. By gradually introducing small, controlled amounts of the allergenic food,
OIT aims to desensitize the immune system, reducing symptom severity and reaction
thresholds [270]. OIT can complement pollen-specific AIT by directly targeting problem-
atic foods, expanding dietary options and improving quality of life [97,271]. However,
challenges include the risk of allergic reactions during desensitization, the long-term com-
mitment required for maintenance, and variable efficacy in PFAS-specific cases [60]. Despite
these limitations, OIT represents a promising adjunctive therapy for select PFAS patients,
with ongoing research needed to refine its application.

9. Conclusions

PFAS is a complex condition rooted in cross-reactivity between pollen allergens and
structurally similar proteins in plant-based foods. While its symptoms are typically mild
and localized, PFAS poses significant challenges for diagnosis and management due to
the diverse range of implicated allergens and varying clinical presentations. Advances in
diagnostic tools, such as CRD, OFC, and emerging techniques like BAT, have enhanced
our ability to identify specific sensitizations and predict clinical relevance. These tools,
combined with innovations like InmunoCAP, ISAC, and ALEX, provide clinicians with a
comprehensive understanding of patient-specific allergen profiles, improving diagnostic
precision and guiding tailored management strategies.

The implicated allergens in PFAS belong to well-defined protein families, including PR-
10 proteins, profilins, LTPs, TLPs, and IFRs. Each family contributes distinct biochemical
properties influencing allergen stability and clinical reactivity. Labile proteins like PR-10
and profilins primarily cause localized oral symptoms, while stable proteins such as LTPs
are more likely to induce systemic reactions. Understanding these protein families and
their cross-reactivity with pollens is essential for accurate diagnosis, risk assessment, and
management planning, particularly in tailored strategies.

The management of PFAS requires a multifaceted approach. Food avoidance remains
an essential component of care, with emphasis on selective avoidance strategies that
balance symptom prevention with the maintenance of nutritional adequacy and quality
of life. Pharmacological treatments, including antihistamines and corticosteroids, play a
crucial role in alleviating symptoms, while biologics like omalizumab hold promise for
refractory or severe cases. AlT, particularly targeting primary pollen sensitizations, has
emerged as an effective method to reduce both respiratory and food-related symptom:s,
offering hope for patients with significant dietary restrictions or persistent symptoms.

Despite these advancements, challenges persist. Over-avoidance of foods, the variabil-
ity of patient responses to treatment, and the need for long-term adherence to therapies
such as AIT highlight the importance of patient education and individualized care. Further-
more, emerging technologies, such as epitope mapping, microbiome analysis, and artificial
intelligence, are reshaping our understanding of PFAS, offering opportunities for more
precise diagnostics and personalized interventions.
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Future research on PFAS should explore innovative management strategies tailored to
improve patient outcomes and quality of life. One promising avenue is the development of
personalized treatment plans that integrate allergen immunotherapy with dietary guidance,
leveraging advances in molecular allergy diagnostics. Such approaches could help refine
cross-reactivity risk assessment and enhance therapeutic effectiveness. Additionally, novel
delivery methods for immunotherapy, including sublingual and epicutaneous routes,
warrant further investigation for their potential to increase patient adherence and reduce
adverse effects.

Raising awareness among healthcare providers is another critical focus area. Com-
prehensive training programs and continuing education initiatives can equip clinicians
with the knowledge and tools to better diagnose and manage PFAS. These efforts should
emphasize the importance of recognizing subtle clinical presentations and understanding
the impact of regional and seasonal variations in allergen exposure. Enhanced awareness
and education will not only improve patient care but also foster multidisciplinary collab-
orations, paving the way for more holistic and innovative approaches to managing this
complex syndrome.

As research continues to uncover the immunological mechanisms driving PFAS, there
is potential to develop more targeted therapies and predictive tools. Collaborative ef-
forts between clinicians, researchers, and patients are essential to improve outcomes and
reduce the burden of PFAS on individuals” health and well-being. This comprehensive
approach underscores the importance of integrating current knowledge with evolving
innovations, ensuring that PFAS management continues to advance in both effectiveness
and accessibility.
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