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Allergens are substances that cause abnormal immune responses and can originate from various sources. IgE-

mediated allergies are one of the most common and severe types of allergies, affecting more than 20% of the

population in Western countries. Allergens can be subdivided into a limited number of families based on their

structure, but this does not necessarily indicate the origin or the route of administration of the allergen, nor is the

molecular basis of allergenicity clearly understood. 
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1. Structural Characterization and Cross-Reactivities—What
Makes a Protein an Allergen?

Allergens do not have a single “allergen-specific fold”, but rather exhibit various folds and tertiary structures that

contribute to their allergenic activity. Typically, allergens are relatively small proteins, ranging in size from 5 to 100

kDa . These sizes may be subject to artefacts due to multimer formation: some protein allergens form dimers,

trimers or other large multimers in their natural state. The most prominent examples are the major peanut allergens

Ara h 1 and Ara h 3, which naturally form trimers of bicupins and hexamers of bicupins, respectively. Based on the

characterization by SDS-PAGE, these multimers are often monomerized, which can lead to artefacts in determining

allergen size .

Attempts have been made to group allergens into families. AllFam is a database that aims to classify allergens into

families based on common structural and functional properties . The classification is supported by the definitions

of Pfam. Currently, 959 out of 1042 known allergens are classified into a total of 151 allergen families, of which only

23 are populated with at least 10 members (https://www.meduniwien.ac.at/allfam/browse.php, accessed on 17

December 2023) . Prominent examples of such families include the pathogenesis-related (PR) protein class 10,

which contains the major birch-pollen allergen Bet v 1, profilins, which include the ragweed pollen allergen Amb a

8, or the Group 5/6 grass pollen allergens, with the timothy grass pollen allergen Phl p 6 as a member .

Proteins within the same family are known to frequently cause cross-reactions. However, structural similarity does

not necessarily correlate with a common immune response. There are proteins that are structurally similar to

known allergens but do not trigger allergic reactions.

Cross-reactivity can occur when specific IgE antibodies are able to bind not only to the original epitope but also to

structural elements that have high similarity to other allergens. Importantly, not the entire polypeptide chain of the

allergen is involved in antigen binding since mainly the surface residues are fundamental for antibody recognition.
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The concept of cross-reactivity describes the relationship between more than one allergen to an IgE antibody.

Sensitization occurs when the immune system first encounters an allergenic substance, leading to the production

of allergen-specific antibodies. If these antibodies can also recognize a secondary allergen through cross-reactive

epitopes and link the protein to mast cells, cross-reactivity may occur. An allergen very often has homologous

proteins originating from very distinct sources, and also the route of exposure may not be the same for the primary

and the secondary cross-reactive allergen. It is very common for allergic patients to have a pollen allergy and to be

cross-reactively allergic to certain foods. For instance, patients may be allergic to inhaled birch pollen as well as to

apples when consumed orally . In addition, recent studies show that the airway may be an alternative

sensitization pathway for food allergies, which is consistent with the multiple pathway theory mentioned earlier .

This condition is also referred to as oral allergy syndrome (OAS) or pollen-food syndrome. It is triggered by cross-

reactivity due to structural similarities. For instance, birch pollen-apple allergy is caused by PR10 family allergens

that have a highly conserved structural fold. Another crucial factor in OAS is the impact of food processing. Some

allergens are sensitive to physical processes such as heating during the cooking process. These processes can

affect the structure and conformational epitopes of protein allergens, which in turn affects their allergenicity. For

example, patients who are allergic to eating raw apples may no longer be affected after cooking. Identifying the

conformational epitopes involved in OAS, and the modifications of such post-processing, could be crucial in

understanding OAS and developing strategies to prevent allergic reactions in patients . One further significant

consideration of food processing is the formation of neo-allergens, which are new allergenic compounds formed

through the Maillard reaction when different food ingredients interact during cooking. Heating processes can

accelerate this reaction, which can alter allergen epitopes through glycation reactions .

The cross-reactivity discussed earlier pertains to IgE interactions. When a T-cell is reactive to more than one

peptide-MHC ligand, stimulation of the T-cells is possible, which can further induce the production of IgE

antibodies. This is known as T-cell cross-reactivity. In both cases of cross-reactivity, sequence and structural

homology play important roles, as does physiochemical stability .

To distinguish allergenic proteins from their non-allergenic counterparts, several hypotheses have been proposed.

Two factors may come into consideration to play a role in determining the allergenicity: the abundance and the

stability of a particular protein. Abundance is related to the probability of contact, thereby modulating the likelihood

of allergenic sensitization, while stability correlates with the ability to not be degraded too early in the gastric

system or even in the endosome . This second property is particularly crucial for allergens that are ingested

orally, such as food allergens, but also for other routes of administration.

To assess allergenicity, a series of tools have been developed. These tools either focus on the sequence similarity

to known allergens, on the recognition of known motifs of allergens, or on the biophysical properties of surface

patches or residues . The latter ones are mostly machine learning methods, which are based on molecular

descriptors. The sequences of a potential allergen are characterized by the biophysical properties of the individual

residues, such as size, hydrophobicity, abundance, or the ability to form certain secondary structures. These

properties are then transformed into binary fingerprints, resulting in comparable coefficients.
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Protein allergens are complex molecules. Their conformational and structural arrangements play a central role in

determining allergenicity and immunogenicity, i.e., whether a protein is recognized as foreign. The exposure of

epitopes is influenced by conformational rearrangements and flexibility, which in turn are properties that co-

determine allergenicity. Conformational rearrangements can affect the susceptibility of proteases responsible for

the digestion and processing of allergens, thus directly affecting the immune response. This also applies to non-

protein allergens, where the triggering substance is often a small peptide or molecule. In most cases, the drug is

too small to be presented directly on the surface of antigen-presenting cells, so complexation with carrier

molecules or polypeptides is critical, as small molecules are sometimes recognized only in the form of a drug–

protein conjugate .

For the cross-linkage between the receptor on the surface of mast cells or basophils and the antibody, an allergen

must possess at least two epitopes . Identifying these epitopes is a crucial step in allergen research. In the past,

technical limitations restricted the identification of epitopes to those of contiguous nature, which consist of a

contiguous stretch of amino acids. Investigating amino acids involved in binding in a folded protein, where residues

at large distances may be in close proximity due to folding events, is experimentally much more challenging.

However, allergens have well-defined and conserved structures, and the epitopes recognized by antibodies are, in

most cases, of a conformational nature and therefore non-contiguous . Conformational epitopes are more likely

to be destroyed during allergen uptake and processing, but they seem to appear more frequently due to the folded

and three-dimensional structures of protein allergens. Identifying and characterizing conformational epitopes is

essential for understanding protein–protein interactions and structural determinants that cause cross-reactions and

allergic immune responses . Additionally, the allergenicity of an allergen is determined by its fold stability, which

is affected by pH dependence and endosomal degradation. The fold stability is inherently affected by pH

dependence, which, in turn, affects endosomal degradation. Furthermore, the digestion by proteases is dependent

on the variability of a conformational ensemble of the allergen itself, with a higher variability of the probability of

unfolding, and therewith the chances of a protease to digest the allergen are enhanced. In previous works, this has

been shown to correlate in consequence with thermal stability .

2. Allergen Proteolytic Susceptibility and pH-Dependency

During sensitization, an allergen undergoes endosomal degradation, which cleaves it into small peptides. These

protein fragments are then presented on the cell surface by the major histocompatibility complex II (MHC II),

facilitating their recognition by CD4+ T-cells, which then induce an immune response in allergic individuals. The

process of protein degradation is depicted in Figure 1A: first, the allergen enters the cell via endocytosis.

Proteases cleave the allergen into small fragments, and these fragments are then presented on the cell surface by

the MHC II. The naïve CD4+ T-cells recognize and bind the peptides, leading to the differentiation into active T-

helper cells. Polarization into T 2-cells results in the release of cytokines that stimulate B-cells to produce IgE

antibodies, causing an allergic response . Since the presentation of the fragments directly depends on the ability

of proteases to cleave the allergenic proteins, proteolytic susceptibility can be directly correlated to the allergenicity

of a protein . Also, the density of allergen fragments presented on the surface of antigen-presenting cells
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(APC) influences the destiny of the T-cell contacting the peptides. High concentrations of antigens promote T 1-cell

differentiation, whereas moderate concentrations lead to T 2-cell differentiation .

Figure 1. (A) The uptake of the allergen into the endosome of an antigen-presenting cell: the allergen enters the

cell via endocytosis. In the endosome, proteases cut the allergen into small peptides, which are then loaded onto

the MHC II and presented on the cell surface. (B) The acidification of the endosome in relation to different allergen

stabilities. Depending on the stability of the allergen, the proteins are digested earlier or later in the phase of the

maturation of the endosome. (C) Schematic representation of the structural behavior of an allergen as a function of

varying pH. At low pH, a small fraction of the allergen is deprotonated and the allergen is structurally variable. The

conformational ensemble is large. With increasing pH, the conformational ensemble becomes smaller, and a higher

fraction of the allergen is deprotonated.

Proteolytic cleavage occurs in the endosome of an antigen-presenting cell. Processing and loading onto MHC II

take place in slightly acidic environments, where the acidity of the endosome increases during its maturation. The

endosomal degradation of an allergen is thereby also dependent on the degree of maturation of the endosome.

During the maturation process, the endosome undergoes an alteration of the pH, from initially 6.8–5.5 in the early

endosome to 5.5–5 in the late endosome. The final stage of maturation involves the transformation of the fully

matured endosome into a lysosome, which has an even lower pH of approximately 5 to 4 .
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Previous studies have demonstrated that proteolytic susceptibility is dependent on the structural stability of an

allergen. Since proteolytic cleavage sites are frequently hidden within secondary and tertiary structure elements,

the key factor that facilitates proteolysis is the inherent ability of proteins to undergo local unfolding. Unstable

proteins are more likely to undergo unfolding, resulting in increased susceptibility to cleavage. In contrast, highly

stable proteins are less prone to unfolding and therefore exhibit reduced susceptibility to cleavage .

The acidity of the environment is a factor that affects the stability of an allergen. Proteins are more likely to undergo

local or global unfolding in an acidic environment , as shown in Figure 1C. The figure illustrates the

broader conformational ensemble at low pH values, where most of the titratable residues are protonated. As the pH

increases, the percentage of deprotonated residues rises. In Figure 1C, the residues highlighted in cyan

emphasize the higher fraction of deprotonation. Simultaneously, the conformational ensemble narrows, and the

allergen becomes more rigid. This correlation has been observed for several respiratory allergens in recent studies

which combined computational methods, namely constant pH-MD, with NMR experiments . Examples are the

major timothy grass pollen allergen Phl p 6 together with a stabilized and a destabilized variant . For the

profilin allergens Amb a 8, Art v 4 and Bet v 2, changes in the pH have been shown to affect thermal stability and

flexibility . The investigated profilins show consistent protonation patterns at each pH range. Table 1 summarizes

the examples of allergens that have demonstrated a pH-dependent effect on enzyme digestion and binding

epitopes.

The digestion of an allergen is determined by its stability, with unstable proteins being digested in the early

endosome and stable allergens being digested in a later stage, as depicted in Figure 1B. Endosomal acidification

has been shown to play a key role in the induced allergic reaction since T-cell polarization, leading to the

sensitization to a specific allergen, can only occur at a certain maturation level. Epitope fragments that are

generated in the early endosome are more likely to yield T 2 responses since the density of the presented

peptides is moderate. In the late endosome, the MHC II loading is more efficient and therewith the density of the

presented peptides is higher, generating a T 1 response. Also, in the lysosome where the density of peptides

loaded on the MHC II is lower, the probability of allergic sensitization is higher. Thus, proteolytic degradation must

occur within specific margins of the endosomal maturation to trigger an allergic response, as illustrated in Figure

1B . The significance of this fact is emphasized by the intricate interplay between endosomal acidification and

the immune system in the context of allergic reactions. Understanding this relationship clarifies the process of T-

cell polarization and improves our understanding of the sensitization of specific allergens. T-cell polarization is a

critical step in the development of allergies that relies on endosome maturation. Unraveling the complexities of this

interplay offers potential avenues for investigating allergic sensitization and its associated health impacts .

Table 1. Table listing allergens for which the effect of pH has been shown to alter the protease digestion or

conformational epitopes, therewith influencing allergenicity.
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Family Route of
Exposure Name Origin PDB Accession

Code Reference

Bet v 1 family Airway Bet v 1 European white 4A88 [22]
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