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RESUMEN 
 

La prevalencia de las alergias está aumentando desde mediados del 

siglo XX, y se estima que actualmente afectan a alrededor del 2-8 % de la 

población, pero las causas de este aumento aún no están claras. Encontrar el 

origen del mecanismo por el cual una proteína inofensiva se convierte en 

capaz de inducir una respuesta alérgica es de vital importancia para 

prevenir y tratar estas enfermedades. Aunque la caracterización de 

alérgenos relevantes ha ayudado a mejorar el manejo clínico y a aclarar los 

mecanismos básicos de las reacciones alérgicas, todavía queda un largo 

camino para establecer el origen de la alergenicidad y reactividad cruzada. 

El objetivo de esta tesis ha sido caracterizar las bases moleculares de 

la alergenicidad tomando como modelo dos familias de panalergenos 

(proteínas de transferencia de lípidos –LTPs- y taumatinas –TLPs-) y 

estudiando los mecanismos que median la sensibilización y la reactividad 

cruzada para mejorar tanto el diagnóstico como el tratamiento de la alergia. 

Para ello, se llevaron a cabo dos estrategias: estudiar la reactividad 

cruzada de miembros de familias de panalérgenos; y estudiar moléculas-co-

adyuvantes que pudieran favorecer la capacidad alergénica de dichas 

proteínas.  

Para estudiar la reactividad cruzada entre miembros de la misma 

familia de proteínas, se seleccionaron  LTPs y TLPs, descritas como 

alergenos, tomando como modelo la alergia a frutas. Por otra parte, se 

estudiaron los perfiles de sensibilización a alérgenos de trigo relacionados 

con el asma del panadero, la enfermedad ocupacional más relevante de 
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origen alérgico. Estos estudios se llevaron a cabo estandarizando ensayos 

tipo microarrays con alérgenos y analizando los resultados por la teoría de 

grafos.  

En relación al estudiar moléculas-co-adyuvantes que pudieran 

favorecer la capacidad alergénica de dichas proteínas, se llevaron a cabo 

estudios sobre la interacción de los alérgenos alimentarios con células del 

sistema inmune humano y murino y el epitelio de las mucosas, analizando la 

importancia de moléculas co-transportadas con los alérgenos en el 

desarrollo de una respuesta Th2. Para ello, Pru p 3(LTP y alérgeno principal 

del melocotón) se selección como modelo para llevarlo a cabo.  

Por otra parte, se analizó el papel de moléculas activadoras del 

sistema inmune producidas por patógenos en la inducción de alergias 

alimentarias seleccionando el modelo kiwi-alternaria, y el papel de Alt a 1, 

alérgeno mayor de dicho hongo, en la sensibilización a Act d 2, alérgeno 

mayor de kiwi.  

En resumen, el presente trabajo presenta una investigación 

innovadora aportando resultados de gran utilidad tanto para la mejora del 

diagnóstico como para nuevas investigaciones sobre la alergia y el 

esclarecimiento final de los mecanismos que caracterizan esta enfermedad. 
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ABSTRACT 

 

Allergies are increasing their prevalence from mid twentieth century, 

and they are currently estimated to affect around 2-8% of the population but 

the underlying causes of this increase remain still elusive. The 

understanding of the mechanism by which a harmless protein becomes 

capable of inducing an allergic response provides us the basis to prevent and 

treat these diseases. Although the characterization of relevant allergens has 

led to improved clinical management and has helped to clarify the basic 

mechanisms of allergic reactions, it seems justified in aspiring to molecularly 

dissecting these allergens to establish the structural basis of their 

allergenicity and cross-reactivity.  

The aim of this thesis was to characterize the molecular basis of the 

allergenicity of model proteins belonging to different families (Lipid 

Transfer Proteins –LTPs-, and Thaumatin-like Proteins –TLPs-) in order to 

identify mechanisms that mediate sensitization and cross reactivity for 

developing new strategies in the management of allergy, both diagnosis and 

treatment, in the near future.  

With this purpose, two strategies have been conducted: studies of 

cross-reactivity among panallergen families and molecular studies of the 

contribution of cofactors in the induction of the allergic response by these 

panallergens. 

Following the first strategy, we studied the cross-reactivity among 

members of two plant panallergens (LTPs , Lipid Transfer Proteins , and 
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TLPs , Thaumatin-like Proteins) using the peach allergy as a model. 

Similarly, we characterized the sensitization profiles to wheat allergens in 

baker's asthma development, the most relevant occupational disease. These 

studies were performed using allergen microarrays and the graph theory for 

analyzing the results. 

Regarding the second approach, we analyzed the interaction of plant 

allergens with immune and epithelial cells. To perform these studies , we 

examined the importance of ligands and co-transported molecules of plant 

allergens in the development of Th2 responses. 

To this end, Pru p 3, nsLTP (non-specific Lipid Transfer Protein) and 

peach major allergen, was selected as a model to investigate its interaction 

with cells of the human and murine immune systems as well as with the 

intestinal epithelium and the contribution of its ligand in inducing an allergic 

response was studied. 

Moreover, we analyzed the role of pathogen associated molecules in 

the induction of food allergy. For that, we selected the kiwi- alternaria 

system as a model and the role of Alt a 1 , major allergen of the fungus, in the 

development of Act d 2-sensitization was studied. 

In summary, this work presents an innovative research providing 

useful results for improving diagnosis and leading to further research on 

allergy and the final clarification of the mechanisms that characterize this 

disease. 
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1. ALLERGY AS A SOCIAL PROBLEM. 

Allergies are increasing their prevalence in from mid twentieth century, and 

they are currently estimated to affect around 30% of the Western population but 

the underlying causes of this increase remain to be elucidated 1, 2. In the case of 

food allergy, the prevalence has increased to 3% in adults and 6-8% in the 

pediatric population 3-5. The hygiene hypothesis proposes that the increase in 

allergic diseases is due to excessive cleanliness during early stages of life. However, 

it does not explain why, at molecular level, only some proteins induce 

sensitization, or why they are more allergenic than others 6, 7. The knowledge of 

the mechanisms of sensitization, development of clinical symptoms and reactions 

to different allergenic sources is generally inadequate and incomplete. The 

understanding of the mechanism by which a harmless protein becomes capable of 

inducing an allergic response provides us the basis to prevent and treat these 

diseases.  

Although the characterization of relevant allergens has led to improved 

clinical management, it seems justified in aspiring to molecularly dissecting these 

allergens to establish the structural basis of their allergenicity and cross-reactivity. 

One major clinical problem of allergy treatment is cross-reactivity, which 

determines association among allergens and the management of the disease in the 

daily routine.  
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‘Figure 1.1. Hygiene hypothesis’. According to this theory, the immune system at birth is 
immature and is skewed towards T helper (TH) 2-like cytokine production. Certain stimuli, such as 
infections with helminths or viruses (contracted from siblings or peers in day care centres), can 
help immunological development towards a healthy balance of TH 1 and TH 2-like cytokine 
responses. In the absence of these stimuli (that is, children who do not have contact with other 
children, or who live in relatively ‘sterile’ urban environments), the immature TH 2-like pattern of 
cytokine production persists, leading to an increased risk of asthma and other atopic diseases. LPS, 
lipopolysaccharide.8 

 

Cross-reactivity is the phenomenon by which allergic patients sensitized to 

a particular allergen can exhibit an allergic response to other agents. It is a major 

concern in allergy for diagnosis and treatment, and in the daily routine of patients, 

due to our lack of knowledge about the original sensitization source. Cross-

reactivity means that the same IgE antibodies are able to recognize homologous 
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allergens from different species that share the same epitopes 9. However, these 

allergens can differ mainly in the identity of their primary sequences and often in 

their three-dimensional structure. Cross-reactivity in plant food allergy is 

mediated by panallergens belonging to widely distributed protein families. 

Identifying the patterns of association between different allergen sources from 

pollen and foods is a priority for understanding how allergy is triggered, and, 

hence, for improving the diagnosis and treatment of allergic diseases 10, 11.  

In the study by Fernandez-Rivas et al 2006 12, the relationship between 

sensitization to individual apple allergens and the resulting clinical presentation of 

this allergy in a multicenter approach across Europe was assessed. They showed 

the existence of at least 2 patterns of apple allergy across Europe: one in Northern 

and Central Europe, including Northern Italian patients, and another in Spain and 

the remaining Italian subjects. In the first, apple allergy is mild and a consequence 

of birch pollen allergy. The main apple allergen involved is Mal d 1, a Bet v 1-like 

protein. Patients from birch tree areas become allergic to this pollen and its major 

allergen, Bet v 1, through inhalation. This model of birch pollen and apple can be 

extended to the remaining allergies to plant foods linked to birch pollinosis 

because of cross-reactivity mediated by Bet v 1-homologues 13. 

The scenario in Spain is strikingly different. Apple allergy is severe (>35% 

of systemic reactions), and its main allergen is Mal d 3, a nsLTP. Apple allergy in 

Spain is a result of a primary sensitization to peach and its major allergen, Pru p 3, 

as a consequence of cross-reactivity between Pru p 3 and Mal d 3. In contrast to 

Bet v 1-like proteins, nsLTPs resist the proteolytic attack in the digestive tract and 

can thus induce sensitization and symptoms on oral exposure, behaving as true 
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food allergens 14. 

However, one question remains open. Why is sensitization to Mal d 3 

observed in Northern and Central European countries? Geographic differences in 

the sensitization to nsLTPs are far from understood. Regarding pollen exposure, 

they found that sensitization to Bet v 1 reduces the risk of an IgE response to Mal d 

3 by a factor of 3.5. These results support the epidemiological finding that 

sensitization to nsLTP appears (predominantly) in areas free of birch trees.  

Furthermore, it has been pointed out the importance of local climatic 

conditions, and hence, the exposure of the population to different pollen loads. The 

length of the pollen season of different plant species in several regions in Europe 

may also have an effect on the induction of allergy. In addition, cultural factors and 

climatic changes could affect 13. To date, it has not been assessed whether a subject 

from Northern Europe sensitized to Bet v 1 moving to Spain or Southern Italy 

could get sensitized to nsLTPs. We are still a long way away to fully understand 

allergy mechanisms. 

Therefore, local studies on sensitization profiles of large series of patients 

are required for unravelling the sensitization patterns which will help us to predict 

cross-reactivity in a more accurate way. 

 

2. STUDY OF CROSS-REACTIVITY. MICROARRAYS. 

Until recently, the study of cross-reactivity has been performed with many 

limitations due to the cost of samples (allergens and sera) employed for the most 

common techniques (ELISA, immunoblot). 

The introduction of microarray techniques featuring a large panel of 

purified allergens has become a major advance in the diagnosis of allergic diseases 
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15, 16. Simultaneous measurements of specific IgE to many allergens using minimal 

amounts of proteins and patients´sera are now possible at a reasonable cost. This 

screening technique generates a huge amount of information that also demands 

more powerful analytical strategies to identify associations within the obtained 

data 16-20.  

A protein microarray is a high throughput method used to trace the 

interactions and activities of proteins. Its main advantage lies in the fact that large 

numbers of proteins can be tracked simultaneously. The microarray consists of a 

glass slide to which an array of capture proteins is bound. Protein microarrays are 

rapid, automated, economical, and highly sensitive, consuming small quantities of 

samples and reagents 16, 20 . 

 

Figure 1.2. Protein microarray. Synthetic proteins, peptides and engineered proteins to detect 
the presence of proteins in complex samples can also be implemented. Unique protein binding 
events, epitope mapping studies, small molecule binding events or protein/protein interactions can 
be detected. http://euro-bio-net.net 

 

 

As it has been already pointed out, this technique generates such a huge 

amount of information that new and powerful analysis strategies are required. In 

this context, graph theory has been used in many fields and it is a useful tool for 
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analyzing microarray results. A graph or network 18, 20, is composed of nodes and 

connecting links 19, 21. These links might be directed or undirected, and weighed or 

unweighed, depending on the nature of the system under study. They represent 

relationships between objects and have been, in fact, used for analyzing biological 

systems 22-27, including one established for human diseases 25. In particular, the 

graph theory has been used to describe cross-reactions among antibodies on a 

sandwich microarray immunoassay 25. In our graphs of interest, nodes represent 

allergens, and links (which are undirected and weighed) represent the co-

sensitization of sera for pairs of allergens. They are useful tools to characterize 

sensitization profiles with large series of patients and allergens. These studies 

provide a great amount of information about cross-reactivity phenomena. 

 

3. FOOD ALLERGEN MODELS.  

The family of plant lipid transfer proteins (LTPs) has been widely studied 

with respect to plant food allergenic reactions and their role in food and/or pollen 

cross-reactivities. Allergens from this family have been found in most vegetable 

sources. Rosaceae fruit allergy, represented by peach, is the most prevalent plant 

ingested allergy in Spain and the South of Europe. It has become notably common 

in the last years 28. Recently, a work exploring the so-called LTP syndrome tried to 

clinically and molecularly characterize the sensitization profile to plant foods and 

pollens containing this protein family 29.  

Pru p 3, the peach LTP, is the model member of this family. It is recognized 

by 75% of patients who suffer from peach allergy, the most frequent plant food 

allergy in Spain 14, 30, 31. Pru p 3 has been implicated in food cross-reactivities, 
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especially those involving fruits and nuts, and pollens, such as those of mugwort 

and plane 32, 33. However, despite the identification of the major allergen 

responsible for most peach-associated allergies, we still do not understand the co-

existence of cross-reactivity between peach and some fruits or pollens. 

 

 

Figure 1.3. Amino acids in Pru p 3 (upper row) and Tri a 14 (lower row) mimotopes. (A) 
Ribbon diagrams showing side chains of residues in the region of the loop between helices 2 and 3 
in magenta, and residues in the non-structured coil at the C-terminus in blue. (B) Surfaces of 
residues in A with the PB electrostatic potential mapped onto the surface. (C) PB electrostatic 
potential isosurfaces −1 (red) and +1 (blue) in the space outside the protein surface. (A–C) Plotted 
at the same spatial orientation 34.  

 

Members of the thaumatin-like protein (TLP) family have been also 

identified as important allergens in peach fruit 35. TLPs have also been described as 

allergens in several fruits, such as apple, cherry, kiwi, olive and banana, and in 

some pollen sources, such as cypress and juniper. This family is thought to be 

responsible for cross-reactivity between pollen and fruits 36. TLPs have molecular 
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masses of 20–30 kDa, with a very stable three-dimensional structure, maintained 

by eight disulphide bridges. They have been described as plant defence proteins 

(PR-5) against pathogen attacks, especially those from fungi. Some thaumatins are 

glycoproteins, and this could account for their allergenic capacity 37. The 

involvement of this protein family in cross-reactivity has been determined by in 

vitro techniques, such as ELISA assays.  

 

 

Figure 1.4. Thaumatin Structure at 1.05 A Resolution. Ma Q, Sheldrick GM. In press. 
http://www.rcsb.org/pdb/explore.do?structureId=1RQW 

 

4. BAKER’S ASTHMA AS A MODEL OF RESPIRATORY ALLERGY. 

Respiratory allergy to wheat proteins, so called baker’s asthma, is one of the 

most relevant types of occupational asthma 38, 39.  

On the basis of their differential solubility, wheat proteins can be classified 

into water/salt-soluble albumins and globulins, and water/salt-insoluble gliadins 

and glutenins. α-amylase inhibitors (AAI) and α-amylase/trypsin inhibitors (AATI) 
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are among the major cereal allergens identified in the water/salt-soluble fraction 

of wheat flour and they have been shown to cause sensitization after both 

ingestion and inhalation 39-41. The AATI family consists of tetrameric proteins, 

often called chloroform methanol (CM) proteins on the basis of their selective 

extraction in chloroform/methanol mixtures (CM1, CM2, CM3, CM16 and CM17), 

dimeric proteins (0.19 and 0.53) and the monomeric one (0.28) 42, 43. 

Cross-reactivity among wheat flour allergens and other cereal allergens 

from barley, rye, rice and maize, is thought to be due to common IgE-reactive 

epitopes. However, patients with baker’s asthma in contrast to those with IgE-

mediated food allergy to wheat may be sensitive to different molecules 33, 44-46. 

Characterizing the profiles of wheat allergen recognition by baker's asthma 

patients and analyzing the influence of other environmental allergens on the 

sensitization pattern has become easier with the onset of microarray techniques.  

 

 

Figure 1.5. Evaluation of the worker with suspected occupational asthma should consider the 
type of exposure (allergens, chemical sensitizers, irritants) since exposure to these agents very 
often determines the type of asthma. 
http://www.worldallergy.org/professional/allergic_diseases_center/occupational_asthma 
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OBJECTIVES 

The aim of this work was to better understand the molecular basis of the 

cross-reactivity among members of the same family (Lipid Transfer Proteins and 

Thaumatin-like Proteins) or associated with a respiratory allergy (baker’s asthma)  

using a microarry approach in order to develop new strategies in the management 

of allergy. With this purpose, the following objectives have been established: 

1. To study the cross-reactivity of nsLTP-allergens in fruit allergic 

patients. 

2. To study the cross-reactivity of TLP-allergens in fruit allergic 

patients. 

3. To characterize the allergenic profiles in Baker’s Asthma patients. 
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- Graph based study of allergen cross-reactivity of plant lipid transfer 

proteins (LTPs) using microarray in a multicenter study.  

PLoS One. 2012;7(12):e50799. doi: 10.1371/journal.pone.0050799. Epub 2012 Dec 14. 

 

- Analysis of plant food cross-reactivity using a new allergen array. II. 

The role of thaumatin-like proteins in fruit allergy  

PLoS One. 2012;7(9):e44088. doi: 10.1371/journal.pone.0044088. Epub 2012 Sep 7. 

 

- Component-resolved diagnosis in Baker’s Asthma  
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Abstract  

 The study of cross-reactivity in allergy is the key to understand the allergic 

response of many patients and to provide them with a rational treatment. In this 

work, the introduction of protein microarrays and the use of a co-sensitization 

graph in conjunction with an allergen microarray immunoassay have enabled us to 

include a wide number of proteins and a large number of patients, and to study 

sensitization profiles among members of the LTP family. Fourteen LTPs from the 

most frequent plant food inducing allergies in the area of study were printed onto 

a microarray specifically designed for this research. Likewise, 212 patients with 

fruit allergy and 117 food-tolerant pollen allergic subjects were recruited from 

seven regions in Spain with different pollen profiles, and their sera were tested 

with the allergen microarray. This approach has proven to be a good tool to study 

cross-reactivity between members of LTP family, and could become a fruitful 

strategy to analyze other families of allergens.  

 

Keywords: Allergen array, lipid transfer protein, food allergy, pollen food cross-

reactivity, graph theory. 
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Introduction  

 The fact that allergic patients sensitized to a particular allergen can exhibit 

an allergic response to other agents shows that the same IgE antibodies are able to 

recognize homologous allergens from different species sharing the same epitopes. 

This phenomenon is known as cross-reactivity 47 and is a major concern in allergy. 

The cross-reactivity allergens share the same epitopes but can differ mainly in the 

degree of identity of their primary sequences and often in their three-dimensional 

structure. Understanding the factors and identifying the number of allergenic 

sources that are involved in cross-reactivity is essential for improving the 

diagnosis and treatment of allergic diseases 10, 11. To address this investigation, a 

large number of allergens of the same family and sera from a long series of 

patients are needed because of the heterogeneity of patients’ responses. These 

requirements make the study of cross-reactivity using classical approaches 

difficult 17, 48 and require the use of higher capacity technologies.  

 The introduction of microarray techniques featuring a large panel of 

purified allergens has been a major advance in the diagnosis of allergic diseases 16. 

Simultaneous measurements of IgEs specific to many proteins from the same 

family using minimal quantity of allergen and sera are now possible, allowing 

many samples to be screened at a reasonable cost. The huge amount of 

information generated by microarrays also demands more powerful analytical 

strategies to identify associations within the obtained data 15-17, 20. 

Graphs, also known as networks 19, represent relationships between objects 

and have been used to obtain reliable information from many different biological 
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systems 18, 19, 23, 24, 26, including a network of human diseases 25. In particular, the 

graph theory has recently been used to describe cross-reactions between 

antibodies in a sandwich microarray immunoassay 25, and in a similar way we use 

it here to study allergen cross-reactivity. 

 The family of plant lipid transfer proteins (LTPs) has been widely studied 

with respect to plant food allergenic reactions and their role in food and/or pollen 

cross-reactivities. Allergens from this family have been found in most vegetable 

sources. Pru p 3, the peach LTP, is the model member of this family. It is recognized 

by 75% of patients who suffer from peach allergy, the most frequent plant food 

allergy in Spain 30, 49. Pru p 3 has been implicated in food cross-reactivities, 

especially those involving fruits and nuts, and pollens, such as those of mugwort 

and plane 31, 32. 

 The principal aim of this study was to study cross-reactivity in plant food 

allergens from the LTP family and their recognition by fruit-allergic patients from 

several regions of Spain, taking into account their different pollen profiles. For this 

purpose we used competitive cross-inhibition immunoassay and the analytical 

potential of the theory of graphs.  
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Materials and methods 

Selection and purification of allergens 

Fourteen LTPs were purified in Diaz Perales’ and Rodriguez’s laboratories 

following previously published method from natural source or as recombinant 

proteins in the yeast Pichia pastoris (rMal d 3, rPru p 3, rSin a 3, rTri a 14), or in 

Escherichia coli (Par j 1) by Bial Aristegui, was produced as recombinant (Bilbao, 

Spain) 30-32, 49. These proteins were chosen on the basis of their previously 

described allergenic properties and their relationship with peach allergy. 

Additional allergens were obtained to complete the allergen array: Act d 1 

(cysteine protease, kiwi allergen), Ana c 2 (pineapple allergen), Bet v 1 (PR10 from 

birch pollen), Cuc m 2 (melon fruit profilin), Prs a 1 (avocado latex-fruit allergen) 

and Pho d 2 (palm-pollen profilin). 

All purified proteins were identified by trypsin peptide- and/or N-terminal 

amino acid-sequencing and mass spectrometry (MALDI-TOF-TOF Autoflex, Bruker, 

Bremen, Germany) in the Proteomic Service of CIB, CSIC (Madrid, Spain). In 

addition, every purified protein (5 μg) was visualized on Coomassie-stained SDS-

PAGE and by incubation with rabbit polyclonal antibodies to Pru p 3 (1:500 

dilution). Protein preparations were considered to contain homogeneous 

molecules after adequate verification to discard the possibility of contamination.  

 

Characteristics of the allergic population included 

Patients from seven different regions of Spain were selected following the 

same criteria. The regions were chosen on the basis of their characteristic major 

pollens (Table 1, pollen count average over the last 10 years). Fruit-allergic 

patients (n = 212) were included in the study, prospectively among the adult 
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population (Table 2). Criteria for inclusion were: a consistent history of adverse 

reaction to fruits, indicative of IgE-mediated allergy, positive results to the skin-

prick test (SPT) and open food challenge, following the diagnostic algorithm 

recommended by official allergy academies 28. SPT responses were performed 

following EAACI recommendations 28. The Ethics Committee of each hospital 

approved the study. 

 

Region          
Pollen* 

Alicante 
(Elche) 

(2001-2011) 

Barcelona 
(2001-2011) 

Bilbao 
(2001-
2011) 

Canary 
Islands 
(2008-
2011) 

Madrid 
(2001-2011) 

Malaga 
(1995-
1999) 

Ourense 
(1996-1999) 

Grass - - - - 200 - - 

Birch - - 100 - - - 120 

Plane - 1800 - - 1050 225 - 

Oak - 375 330 - 520 - 100 

Pine 375 200 620 100 160 - 130 

Cypress 175 525 - - 200 250 470 

Mugwort - - - 150 - - - 

Pellitory - - - 110 - - - 

Olive 355 125 - - 473 1250 - 

Palm 220 -  - - - - 

Table 1. Pollen counts (grains/m3 of air) of the regions included in the study. Data were obtained as the average of the 
previous years (period in parentheses), from the Comité de Aerobiología-SEAIC and the PIA-Punto de información de 
Aerobiología-UAB. 
(http://www.polenes.com/concentraciones.html) (http://lap.uab.cat/aerobiologia/). 
*Average pollen counts (grains/m3). The period is indicated in brackets. 

 

 

Patients with seasonal rhinitis and food tolerance were included as a 

control group with the following criteria: a compatible clinical history of pollinosis 

confirmed by positive SPT to pollen allergens, but without any symptoms of plant 

food allergy and negative responses to food extracts by SPTs (n = 117). These 

patients showed mainly positive responses to mugwort, olive, plane and grass 

pollen (Table 2). An additional group of food-tolerant volunteers without 

pollinosis (n = 35; 5 per region) was recruited as a negative control. Most of them 

(n = 27) were atopic, suffered from dust mite and animal dander allergies.  
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Fruit allergic 

patients 

Pollen-food 

tolerant 

allergic 

patients 

Number of patients 212 117 

Allergy Symptoms (%) 

Rhinitis 76 87 

Asthma 27 43 

Oral allergy 

syndrome (OAS) 
42 0 

Anaphylactic reaction 14 0 

Urticaria 50 2 

Angio-edema 13 0 

Gastrointestinal 7 0 

Others 3 0 

SPT (%)3 

Mugwort 40 45 

Cypress 22 31 

Grass 40 88 

Plane 42 31 

Olive 43 39 

Pellitory 4 13 

Table 2. Clinical data of patients included in this study. 

 
 
Production of allergen microarray and immunoassay  

Purified proteins were printed (0.25 mg/ml and 0.125 mg/ml in 1X Protein 

Binding Buffer (Whatman, USA) containing 0.02% Tween 20) on epoxy-activated 

glass slides (TeleChem International, Sunnyvale, CA, USA) with 16 microarrays per 

slide, using a MicroGrid II TAS arrayer (BioRobotics, Genomic Solutions, Ann 

Arbor, MI, USA). Labelled pre-immune antibody was spotted as a guide dot to 

support automatic image analysis. Gaskets (TeleChem International, Sunnyvale, 

CA, USA) were attached to the slides to create a barrier between the 16 arrays and 

sealed to prevent evaporation. Each array was incubated for 1 hour at room 

temperature with blocking solution (Sigma, St. Louis, CO, USA) and then incubated 

overnight with 80 µl of undiluted serum at 4°C. To detect bound IgE antibodies, the 
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slides were incubated for 1 hour at room temperature with anti-human IgE PE-DY 

647-labelled (dilution 1:100, Thermo Scientific, Rockford, IL, USA). As a blank 

control, one array per slide was always incubated solely with PBS (Sigma, St. Louis, 

CO, USA) instead of serum, and after washing, with the fluorescence-labelled 

detection antibody. PBS containing 0.1% Tween 20 was used as washing solution. 

Three spots from the same sample were included in each array, and two replicates 

of each assay were performed (Pearson correlation = 0.83; p < 0.0001). 

 Spots with obvious defects and those replicate spots with a signal-to-noise 

ratio (SNR), measured by GenePixTM software (Genomics Solutions, PE, USA), lower 

than 3 were removed from the analysis. Only those allergen spots having at least 

two of three replicates fulfilling the analysis criteria were considered for 

quantification. The IgE binding of each allergen spot was calculated as the final 

fluorescence intensity, obtained by subtracting the local background B from the 

observed value, measured by GenePixTM software and then the fluorescence 

intensity from the blank control by applying the equation: I = (F645 – B)sample – (F645 

– B)blank. Fluorescence intensity levels > 200 units were considered to be positive 

(considering the threshold as the mean + 3x SD of negative control spots, those 

containing only blocking solution). 

 

Immunoinhibition assay on the LTP array 

 The inhibition assays were carried out as explained in the former section 

for immunoassays, but with the following modifications. A pool of sera from fruit 

allergic patients (n=20) was incubated with increasing amounts of LTPs, used as 

inhibitors (0.01, 0.1, 0.5, 1, 5 mg/mL) for 3 hours at room temperature. The chosen 

proteins were: Pru p 3, as fruit LTP; Cas s 8, as nut LTP; and Art v 3, as pollen LTP. 
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After that, the preincubated pool was added to the LTP array pre-blocked with 

blocking solution, following the protocol previously described. All tests were 

performed in triplicate. The inhibition (%) of IgE binding was determined as:  

Inhibition (%) = 100 x (1 - [(Fluorescence - Fluorescence100%) / 

(Fluorescence0% - Fluorescence100%)]). 

being fluorescence the result of the immuno-inhibition incubating the pool 

of sera with a LTP inhibitor; fluorescence0% the result of incubating the pool of sera 

without LTP inhibitor, and Fluorescence100% the result of incubating the LTP 

inhibitor in the absence of the pool of sera.  

 

Construction of the co-sensitization graph associated with a LTP microarray 

immunoassay  

A weighed and undirected co-sensitization graph GA can be associated with 

a LTP microarray immunoassay to study the co-sensitization between LTPs as 

follows. We first define the elements of the matrix of fluorescence intensities I as 

the fluorescence Iij obtained when the serum IgE i binds to the allergen j. 

Therefore, each column of I represents the average of two microarray 

immunoassays in which the same patient serum is incubated on the LTP-

microarray and revealed with fluorescently labeled anti-human IgE (see former 

subsection). We call B the matrix defined by Bij  = 1 when Aij > 0; otherwise, Bij  = 0.  

Graphs are bipartite when they have two or more types of nodes, and links 

only connect nodes of different type. Graph B associated with matrix B is a 

bipartite graph. Nodes of type S represent the NS = 329 sera and nodes of type A 

represent the NA = 20 allergens (14 LTPs and 6 non-LTP allergens). Two nodes, i 
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(serum) and j (allergen), are connected in the bipartite graph B if the value Bij = 1, 

which means that subject i has given a positive allergic reaction to the allergen j. 

Then, we project the bipartite graph B into graph GA, a graph with nodes of 

only one type (allergens). We call it the co-sensitization graph and visualize it 

using the open source graph visualization software GRAPHVIZ (tool NEATO). The 

links in graph GA connect two allergens m and n if, in the original bipartite graph B, 

these two allergens were connected to one or more common sera. The weight wm,n 

of such a link between m and n takes values from 0 to 1 and measures the 

similarity between the neighbours of allergens m and n in the bipartite graph. We 

use the cosine distance between two vectors to calculate wm,n: 
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where Bm and Bn are the m- and n- columns of matrix B, respectively. Therefore, the 

weight wm,n is zero, and there is no link between m and n, when Bm and Bn have no 

common elements (in other words, when not even one serum has a positive 

reaction to both allergens m and n), while wm,n reaches its maximum value of one 

when both vectors are identical (in other words, when allergens m and n are 

recognized by the same group of reacting sera).  

Finally, the average weight of a node is calculated as:  
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The average weight of an allergen l measures the average value of the co-

sensitizations between l and all other allergens represented in the graph. 

 

Statistical analysis  

Fluorescence levels (in arbitrary units) obtained from each patient’s serum 

were analyzed using contingency tests. Differences in the quantitative variables 

were analyzed by the non-parametric Mann-Whitney U and Kruskal-Wallis tests. 

Differences among frequencies were analyzed by the Chi-square test. Values of p < 

0.05 were considered significant for all tests. 
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Results 

Cross-reactivity between LTPs  

Considering the allergies most frequently associated with peach 

sensitization in Spain 49-51, 14 LTPs (Table 3; see Materials and Methods for details) 

were selected to construct the LTP microarray. All allergens were tested by 

Western-blot with a polyclonal antibody against Pru p 3 (peach LTP) (Figure 1) as 

well as by N-terminal amino acid-sequencing and mass spectrometry (Table 3). 

LTP frequencies were very similar in the group of fruit allergic patients, regardless 

of their inhalant sensitization profiles (Figure 2A).  

As expected, the most prevalent LTP was Pru p 3, which was slightly more 

frequently recognized by fruit-allergic patients without pollen allergy than by 

those who also had respiratory diseases, although not significant differences were 

found (74% versus 67%; Figure 2A). This tendency was observed for other 

allergens, such as Sin a 3 (58% versus 47%) and Jug r 3 (53% versus 43%).  

Cross-reactivity between LTPs was demonstrated by inhibition assays, 

selecting three allergens as models: Pru p 3 (from fruit), Art v 3 (from pollen) and 

Cas s 8 (from nuts) (Figure 2B).  The peach LTP, Pru p 3, was able to completely 

inhibit the IgE binding of printed LTPs, with the exception of Sin a 3. Cas s 8 and 

Art v 3 were more specific in their inhibition, although both were also able to 

inhibit the IgE binding of the others. These data suggest that Pru p 3 acts as the 

principal primary sensitizer in these types of allergies and as the main gateway to 

patients’ polysensitization to LTPs. 
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Protein Family Species/Tissue 
N-terminal or internal peptide 

sequence 
Accession 
number 

Referenc
e 

Art v 3 LTP 
Artemisia 

vulgaris/pollen 
ALTXSDV P0C088 31 

Bra o 3 LTP 
Brassica 

oleracea/leaf 
AISXGTVTSNLAPXAVYLMK Q9ZSL7 52 

Cas s 8 LTP 
Castanea 

sativa/fruit 
SITXTQVSKLMPXL Q42952 31 

Cit r 3 LTP 
Citrus reticulata/ 

fruit 
ITXGQVTGSLAPCIAFRLTG P84161 53 

Jug r 3 LTP 
Juglans 

regia/fruit 
VITXGQVASS C5H617 54 

Lac s 1 LTP 
Lactuca 

sativa/leaf 
AISXGQVTANLAGXL A1E2H5 55 

Lyc e 3 LTP 
Lycopersicon 

esculentum/fruit 
AITXGQVDAN P27056 56 

rMal d 3 LTP 
Malus 

domestica/ fruit 
EITCGTV Q9M5X7 57 

Ole e 7 LTP 
Olea europaea/ 

pollen 
APSQSTVTALLTSCVSYIDDQ P81430 58 

rPar j 1 LTP 
Parietaria 

judaica/pollen 
AGLAWTSLASVAP P43217 

Commerc
ial 

Pha v 3 LTP 
Phaseolus 

vulgaris/fruit 

K.QLSASVPGVNANNAAALPGK.C 
K.CGVNVPYK.IKQLSASVPGVNANN

AAALPGKC KCGVNVPYKI 

Q9M5X8 
(O24440) 

59 

rPru p 3 LTP 
Prunus persica/ 

fruit 
ITCGQE Q9LED1 57 

rSin a 3 LTP 
Sinapis 

alba/seed 
ALSXG EF626938 60 

rTri a 14 LTP 
Triticum 

aestivum/wheat 
IDCGHVD AJ852536 33 

*Act d 1 
Cysteine 
protease 

Actinidia 
deliciosa/fruit 

LPSYV P00785 61 

*Ana c 2 
Cysteine 
protease 

Ananas comosus/ 
pineapple 

commercial 
MAEYGRVYKDNDE BAA21929 

Commerc
ial 

*Bet v 1 PR10 
Betula 

verrucosa/pollen 
ARLFKAFILDGDNL P15494 

Commerc
ial 

*Cuc m 2 Profilin 
Cucumis melon/ 

fruit 
MSWGAYVDDHLMC AJ565931 62 

*Prs a 1 
Class I 

chitinase 
Persea 

americana/fruit 
EQHGR P93680 63 

*Pho d 2 Profilin 
Phoenix 

dactylifera/polle
n 

MSWGAYVDEHLMC AJ417566 
Commerc

ial 

Table 3. Purified proteins included in the LTP microarray. r recombinant protein; *non-LTPs or 
control proteins included in the array are marked with an asterisk and shading. 
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Figure 1. Lipid transfer proteins (LTP) included in the homemade array were separated by SDS-
PAGE and stained with Coomassie Blue. Replicas were electrotransferred and incubated with 
polyclonal antibodies produced against peach LTP (dilution 1:500). The name of the proteins 
corresponds to Table 3.  
 
 

 

Figure 2. Frequency of LTP recognition. A. Recognition frequencies of food and pollen LTPs 
comparing fruit allergic patients with (Pollen Fruit Allergy) and without (Fruit Allergy) pollen 
sensitization. The recognition frequencies, shown as percentage of positive response (%), were 
obtained incubating the LTP microarray with single sera from allergic patients. B. Analysis of LTP 
crossreactivities by inhibition assays using the LTP microarray as solid phase and Pru p 3, Art v 3 
and Cas s 8 (5, 1, 0.1, 0.01 g/mL) as inhibitors. The inhibition percentage of the IgE binding 
capacity is indicated. Means (n = 3) are represented.  
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Graph-based analysis of the LTP microarray immunoassay  

In this paper, graph theory has been used not only as a way to represent 

LTP-microarray immunoassay data, but to gain insight into co-sensitization 

patterns of the LTP allergens in the selected allergic population. The construction 

of the co-sensitization graph associated to our LTP microarray immunoassay, 

shown in Figure 3, is explained in detail in Materials and methods. In summary, two 

allergens are connected by a link of the graph if at least one serum gave a positive 

reaction to both of them. The weight of such a link is a measure of the degree of 

similarity between the sera that reacted positively to each of the allergens; the 

maximum weight of 1 is obtained when both allergens were recognized by exactly 

the same group of reacting sera (irrespective of the size of the group). 

In this way, we were able to confirm that our co-sensitization graph was 

totally connected (i.e., all allergens were interconnected). This means that at least 

one serum reacts positively to any pair of allergens, or in other words, that there 

were no incompatible pairs of co-sensitizations. Therefore, there were (20x19)/2= 

190 links in the graph, although in order to clarify the interpretation of results only 

the 35 with a weight greater than 0.55 were plotted in Figure 3. The allergens 

connected with the highest weights, i.e., those undergoing the strongest co-

sensitization, were Pru p 3 and Mal d 3 (0.89), Mal d 3 and Cit r 3 (0.82) and the 

non-LTP allergens Cuc m 2 and Pho d 2 (0.80). As expected, the lowest co-

sensitizations were found between LTP allergens and non-LTP allergens: Pers a 1 

and Tri a 14 (0.19) and Ana c 2 and Ole e 7 (0.19). The lowest co-sensitizations 

between two LTP allergens were found in Par j 1 and Lyc e 3 (0.29) and Par j 1 and 

Sin a 3 (0.31). 
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Figure 3. Co-sensitization graph of LTP allergens. Each node represents one allergen (LTP, white 
ellipses; non-LTP allergens, blue squares) and the links represent co-sensitization of one or more 
sera for the linked allergens. The weight of each link, between 0 and 1, measures the degree of co-
sensitization. For the sake of clarity, only the 35 links of weights greater than 0.55 of the total 190 
existing links are plotted. 

 

The average weights shown in Table 4 and mathematically defined in 

Materials and methods are a measure of the average degree of co-sensitization that 

an allergen showed with the other allergens in the graph. As expected, Pru p 3 had 

a very high average weight of 0.49, meaning that it is one of the most robustly 

connected nodes of the network. Bra o 3, Cit r 3 and Mal d 3 had the highest 

average weights and were all above 0.5, while the non-LTP allergens had very low 

average weights (all less than 0.37). The case of the non-LTP allergens Cuc m 2 and 

Pho d 2 is remarkable, as they were very highly co-sensitized because they belong 
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to the same protein family (the profilins), but their average weight was extremely 

low because, as non-LTP allergens, their co-sensitizations with the rest of the 

nodes were very low. Finally, we draw attention to the case of Par j 1 and Tri a 14, 

the LTP-allergens with the lowest average weight (0.36 and 0.34, respectively). 

 

Protein Family Average weight 

Bra o 3 LTP 0.52 

Cit r 3 LTP 0.51 

Mal d 3 LTP 0.50 

Jug r 3 LTP 0.50 

Art v 3 LTP 0.50 

Sin a 3 LTP 0.49 

Pru p 3 LTP 0.49 

Cas s 8 LTP 0.48 

Lyc e 3 LTP 0.46 

Lac s 1 LTP 0.40 

Pha v 3 LTP 0.40 

Pho d 2 Profilin 0.38 

Ole e 7 LTP 0.37 

Cuc m 2 Profilin 0.37 

Par j 1 LTP 0.36 

Act d 1 Cysteine protease 0.35 

Tri a 14 LTP 0.34 

Bet v 1 PR10 0.32 

Ana c 2 Cysteine protease 0.31 

Pers a 1 Class I chitinase 0.30 

Table 4. Average weight of allergens included in the co-sensitization graph. 

 

Pattern of responses by geographical area   

Subjects with fruit allergy and without any inhalant symptoms tended to 

recognize more LTPs (= 6) than those who were sensitized to fruit and pollen 

( = 5), although the difference was not significant (Mann-Whitney U test: p = 

0.0561). Curiously, individuals from Barcelona and the Canary Islands showed 

greater polysensitization ( = 9 and = 7 LTPs, respectively; Mann-Whitney test: 

48



Lipid Transfer Protein graph study 1 
 

 
 

p=0.0010) than those from Ourense ( = 3), who exhibited the lowest frequencies 

for most of the LTPs analyzed. 

The recognition frequencies for Pru p 3 in all areas were very similar, 

except in Ourense, where fewer than 40% of the patients recognized Pru p 3 

(Figure 4). In this area, Cas s 8, the chestnut LTP, was the most prevalent LTP with 

more than 80% of recognition. Considerable consumption of chestnut is typical in 

this area, where patients suffer from pollen and nut allergy. Referring to the other 

nut LTP, Jug r 3, people from the Canary Islands, Barcelona and Malaga, but not 

subjects from Madrid, Bilbao or Alicante, exhibited the highest frequencies (Figure 

4). 

Of the pollen LTPs included in this study, only Art v 3 was clearly associated 

with fruit sensitization (Figure 3; 2=0.001). Areas such as Barcelona, the Canary 

Islands and Bilbao presented the highest frequencies of this allergen (> 50%). The 

high frequency in the Canary Islands could be due to the presence of this pollen, 

but cross-reactivity may explain the high degree of recognition of this pollen 

allergen (40%) by patients from Barcelona and Bilbao.  
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Figure 4. Recognition frequencies of food and pollen LTPs by the geographical area. The 
recognition frequencies, shown as percentage of positive response (%), were obtained incubating 
the LTP microarray with single sera from allergic patients. Only LTPs with more than 20% of 
positive response (taking account all of patients) are represented. Percentage positive responses 
and significant differences (p < 0.05) are indicated.  
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Discussion 

The analysis of the IgE binding of members of the same allergenic family by 

large numbers of patients could clarify the recognition patterns and help us to 

predict cross-reactivity in food allergy.  In order to study plant food cross-

reactivity, a representative panel of LTP allergens was produced, based on the 

most frequent sensitizations associated with plant food allergy in our area 49-51. 

The quantity of proteins required and the number of patients led us to adopt the 

microarray approach to ensure the accuracy of our study. Analysis of sensitization 

profiles for allergies using microarray strategies is a powerful method, and several 

research groups have obtained relevant results with this technique 20, 64, 65 for a 

variety of pathologies. It can help us improve the diagnosis and treatment of 

allergy because many allergens can be tested in a large number of patients in the 

same assay with lower cost and a more rapid processing of samples 17.  

Lipid transfer proteins have been classified as important food allergens and 

are often involved in many plant food and food/pollen cross-reactivities 14, 33, 52, 58. 

In our study, Pru p 3 yielded the highest recognition frequencies, followed by Mal d 

3, Cit r 3, Bra o 3 and Sin a 3 LTP (around 50%). The nut LTPs, Jug r 3 and Cas s 8, 

also had a very high prevalence (> 40%). These values were consistent with 

previously published results concerning the most frequent cross-reactivities with 

peach observed in the routine clinical milieu 30, 50, 51, 64. By contrast, Tri a 14, the 

wheat LTP responsible for baker’s asthma 33 was seldom recognized in the studied 

population. The low response to Tri a 14 obtained in this work could be explained 

by the patients’ profile, suggesting no relevance of Tri a 14 in fruit allergy.  

With respect to inhaled LTPs, Art v 3 was the only one clearly associated 

with fruit allergy, as previously described 30. However, the other pollen allergens, 
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Ole e 7 and Par j 1, gave very different recognition patterns from that of Pru p 3. 

The lack of any relation between Ole e 7/Par j 1 sensitization and peach allergy has 

recently been described 58.  

The study of LTP cross-reactivity by IgE binding inhibition suggested that 

Pru p 3 was the primary sensitizer in the majority of reactions, but not the only 

one. Pru p 3 was not able to fully inhibit IgE binding of Sin a 3, mustard LTP. This 

peculiarity implies that the mustard LTP includes specific epitopes, being other 

gateway into the LTP syndrome 29. 

The fruit-allergic patients recognizing the largest number of LTPs came 

from Barcelona and the Canary Islands. The presence of cross-reactive pollen LTPs 

such as Pla a 3, from plane pollen, and Art v 3, from mugwort pollen 30-32, could 

increase the polysensitization to this allergenic family. Food can be avoided, but 

the pollen season is annual and may favour constant LTP sensitizations.  

The graph analysis also revealed strong associations between allergens. Pru 

p 3 presented very high co-sensitizations with many other allergens, suggesting 

that a fruit-allergic patient has a high probability of being sensitive in turn to apple, 

cabbage, nut, mustard and tangerine. However, it seems difficult for the subject to 

develop allergy against green beans or lettuce in the first stage of polysensitization. 

All these results are known in daily clinical circumstances but they represent the 

first experimental evidence of the LTP syndrome with a large number of allergens. 

Therefore, our model is valuable for its ability to illustrate the cross-reactivity 

degree between LTP members and the probability of patients allergic to a LTP to 

be sensitized to others. These results and the possibility of analyzing other routes 

of sensitization obtained from the graph analysis represent a promising line of 

future work. 
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 In summary, the array approach and the application of graph theory have 

proved to be useful tools in this type of study. Fruit-allergic patients from Spain 

were usually polysensitized to multiple members of LTP family, being the 

sensitizations to peach, apple, tangerine, cabbage, mustard and nuts, the most 

noteworthy. In addition, LTP recognition profiles may be modulated by local pollen 

patterns, especially by some pollen LTPs such as those from mugwort and plane.  
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Abstract  

Cross-reactivity of plant foods is an important phenomenon in allergy, with 

geographical modifications in terms of prevalence that requires a detailed study. 

The role of thaumatin-like proteins (TLPs) in cross-reactivity between fruit and 

pollen allergies has been addressed. A representative panel of 16 purified TLPs 

was printed onto an allergen microarray. Selected proteins were those most 

frequently associated with peach allergy in representative regions of Spain. Sera 

from two large groups of well characterized patients, one with allergy to Rosaceae 

fruit (FAG) and another sensitized to pollens but tolerant to food-plant allergens 

(PAG), were obtained from seven geographical areas with different pollen profiles. 

Cross-reactivity between members of this family has been demonstrated by 

inhibition assays. Only 6 out of 16 purified TLPs showed noticeable allergenic 

activity in the studied populations. One peach TLP (Pru p 2.0201, 41%), chestnut 

TLP (24%) and plane pollen TLP (22%) proved to be allergens relevant in fruit 

allergy, being strongly associated to specific geographical areas, such as Barcelona, 

Bilbao, the Canary Islands and Madrid. The patients exhibited >50% positive 

response to Pru p 2.0201 and to chestnut TLP in these specific areas. Therefore, 

their recognition patterns were associated with the geographical area, suggesting a 

role for pollen in the sensitization to these allergens. Finally, the co-sensitizations 

of patients considering pairs of TLP allergens have been analyzed by using a co-

sensitization graph associated to an allergen microarray immunoassay. In 

conclusion, TLPs are significant allergens in plant food allergy and should be 

considered when diagnosing and treating pollen-food allergy.  
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Introduction  

 Cross-reactivity in allergy is a huge problem in diagnosis, treatment thereof, 

and in the daily routine of patients, due to the lack of knowledge about the origin of 

this phenomenon. Cross-reactivity in plant food allergy is mediated by 

panallergens belonging to widely distributed protein families. The establishment 

of association patterns between different allergen sources (pollen and food) is a 

priority because of its importance for the understanding of allergies. 

Rosaceae fruit allergy, represented by peach, is the most prevalent plant 

allergy in Spain and the South of Europe. It has become notably more common in 

recent years 28. Pru p 3, the peach lipid transfer protein (LTP), is considered to be 

the major allergen, being recognized by 60-70% of the allergic patients 14, 30. This 

allergen explains cross-reactivity with a wide range of plant foods and some pollen 

sources, such as mugwort and plane, in a high proportion of patients 14, 31, 32. 

However, despite the identification of the major allergen responsible for most 

peach-associated allergies, we still do not understand the co-existence of cross-

reactivity between peach with some fruits or with pollen allergy.  

Recently, members of the thaumatin-like protein (TLP) family have been 

identified as important allergens in peach fruit 35. TLPs have also been described as 

allergens in various fruits, such as apple, cherry, kiwi, olive and banana, and in 

pollens, such as cypress. This family is thought to be a panallergen family 

responsible for cross-reactivity between pollen and fruit, although this is not 

currently backed up by much experimental evidence 36.  

TLPs have molecular masses of 20-30 kDa, with a very stable three-

dimensional structure maintained by eight disulphide bridges. They have been 

described as plant defence proteins (PR5) against pathogenic, especially fungal, 
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attacks. Some thaumatins are glycoproteins, a fact that may be related to their 

allergenic capacity 37.  

 The involvement of this protein family in cross-reactivity has been 

determined by in vitro techniques, such as ELISA assays, that require large 

quantities of allergens and sera. Microarray techniques with large panels of 

purified allergens have been another major advance in the diagnosis of allergic 

diseases 16, 66. It is possible now to measure simultaneously IgE specific to many 

molecules using tiny amounts of allergen and sera, which enables a large number 

of samples to be screened at reasonable cost. The wealth of information generated 

by microarrays also demands more powerful analytical strategies to identify 

associations within the data 17, 20. For this reason, we have used of the graph theory 

to study and visualize the co–sensitization of different sera to TLP allergens. A 

graph –or network- is composed of nodes and links that connect them 19,  . In the 

graphs used in this work, nodes represent allergens and links, undirected and 

weighed, represent co-sensitization of sera for pairs of allergens. Recently, graphs 

were used to describe the cross-reactions in an antibody microarray immunoassay 

in a sandwich format 18, and in fact, there is an extensive literature about its 

usefulness to analyze biological systems 22-24,  26, 27. In our case, we have focused on 

the development of the graph theory for the analysis of TLP microarrays and their 

possible applications to the field.  

The principal objective of this study was to establish the role of TLP 

members in fruit allergy and their putative involvement in cross-reactivities with 

other foods and/or pollen. For this purpose, 16 members of the TLP family were 

purified and printed on a protein microarray. The panel of proteins was chosen 

taking into account the specific sensitization features of the population under 
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evaluation 30. The TLP microarray was tested with the sera from 329 allergic 

patients from seven regions in Spain, and considered with respect to their 

differential pollen profiles.  
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Materials and methods 

Selection and purification of allergens 

Considering the allergies most frequently associated with peach 

sensitization in Spain, 16 TLPs were purified from foods and pollen relevant to the 

population under study, based on methods previously published 35, 37, 67 (Table 1). 

Other allergens were also included in the microarray: Pru p 3 (LTP, peach 

allergen), Art v 3 (LTP, mugwort allergen), Act d 1 (cysteine protease, kiwi 

allergen), Ana c 2 (pineapple allergen and marker of carbohydrate cross-reactive 

determinants (CCD)), Bet v 1 (PR10 from birch pollen), Cuc m 2 (melon fruit 

profilin), Pers a 1 (avocado latex-fruit allergen) and Pho d 2 (palm-pollen profilin). 

All purified proteins were identified by trypsin peptide- and/or N-terminal 

amino acid-sequencing and mass spectrometry (MALDI-TOF).  

 

Characteristics of the regions under study 

Seven regions in Spain were chosen on the basis of their characteristic 

major pollens (Table 2, pollen count average of the last 10 years): Orense and 

Bilbao, in the North of Spain, where birch pollen can be found; Barcelona, on the 

Mediterranean coast, characterized by the presence of plane, oak and cypress 

pollen; Madrid, in the centre, with a high predominance of plane, oak and olive 

pollen; Malaga, in the South, with a high level of olive pollen; Alicante (Elche) with 

dominance of pine, olive and palm pollen; and finally, the Canary Islands, in the 

Atlantic Ocean, characterized by mugwort and pellitory pollen.  
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Protein Family 
Specific/Common 

name 
N-terminal or internal peptide sequence 

Accession 

number 
Reference 

Act d 2 TLP Actinidia deliciosa/Kiwi ATFNI P83958 61 

Cup a 3 TLP 
Cupressus 

arizonica/cypress 
VKFDIKNQXRYT Q69CS2 68 

Mal d 2 TLP Malus domestica/Apple AKITFTNNXP Q3BCT8 69 

Mus a 4 TLP 
Musa 

acuminata/Banana 
ATFEIVNRXSYTVWAAAVPGGGRQLNQ 1Z3Q 67 

Pru av 2 TLP Prunus avium/Cherry ATISFKNNCP P50694 This paper 

Pru p 2.0201 TLP Prunus persica/Peach 
R.SVDAPSPWSGR.F 

AKITFTNKQS 
gi190613905 35 

Pru p 2.0101 TLP Prunus persica/Peach 
K.ASTCPADINKVCPAPLQVKG                                   

AKITFTNK 
gi190613911 35 

Birch pollen 
TLP 

TLP Betula verrucosa/Birch K.NSTFTCSGGPDYVITFCP Q9FSG7 This paper 

Chestnut TLP TLP 
Castanea 

sativa/Chestnut 
STVIFYNKC P50699 78 

Cabbage TLP TLP 
Brassica 

oleraceae/Cabbage 
ATFEIVNRXS P02884 This paper 

Hazelnut TLP TLP 
Corylus 

avellana/Hazelnut 

K.NSGFTCSGAFIAAARS 

NTVWPGTLTGDQKPQLSLTAFELASKA 
P83336 This paper 

Lettuce TLP TLP Lactuca sativa/Lettuce ANFNIHNNXP P83959 This paper 

Mugwort  
pollen TLP 

TLP 
Artemisia 

vulgaris/Mugwort 
ATITVXNRXS Q946Z0 This paper 

Olive TLP TLP Olea europaea/ Olive ATFDIVNQCTYTVWAAASPGG ACZ57583 58 

Plane pollen 
TLP 

TLP 
Platanus 

acerifolia/Plane 
RCSFTVWPAATPVGGGRQ P31110 This paper 

Wheat TLP TLP 
Triticum 

aestivum/Wheat 
KASQSVDAPSPWSGRF P83336 This paper 

Act d 1 
Cystein 

protease 
Actinidia deliciosa/Kiwi LPSYV P00785 61 

Ana c 2 
Cystein 

proteinase 

Ananas 

comosus/Pineapple 
MAEYGRVYKDNDE BAA21929 Commercial 

Art v 3 LTP 
Artemisia 

vulgaris/Mugwort 
ALTXSDV P0C088 31 

Bet v 1 PR10 Betula verrucosa/Birch ARLFKAFILDGDNL P15494 Commercial 

Cuc m 2 Profilin Cucumis melon/ Melon MSWGAYVDDHLMC AJ565931 62 

Pers a 1 
Class I 

chitinase 

Persea 

americana/Avocado 
EQHGR P93680 63 

Pho d 2 Profilin 
Phoenix 

dactylifera/Palm 
MSWGAYVDEHLMC AJ417566 Commercial 

Pru p 3 LTP Prunus persica/ Peach ITCGQE 
Q9LED1 71 

Table 1. Purified proteins included in the TLP microarray. 
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Region          
Pollen* 

Alicante 

(2001-2011) 

Barcelona 

(2001-2011) 

Bilbao 

(2001-

2011) 

Canary I.  

(2008-2011) 

Madrid 

(2001-

2011) 

Málaga 

(1995-

1999) 

Orense 

(1996-

1999) 

Grass - - - - 200 - - 

Birch - - 100 - - - 120 

Plane - 1800 - - 1050 225 - 

Oak - 375 330 - 520 - 100 

Pine 375 200 620 100 160 - 130 

Cypress 175 525 - - 200 250 470 

Mugwort - - - 150 - - - 

Pellitory - - - 110 - - - 

Olive 355 125 - - 473 1250 - 

Palm 220 -  - - - - 

Table 2. Pollen counts (grain/m3 of air) of the regions included in the study. Data were obtained as average of the last years 
(years), from ‘Comité de Aerobiología-SEAIC’ and from ‘PIA-Punto de información de Aerobiología-UAB’ 
(http://www.polenes.com/concentraciones.html) (http://lap.uab.cat/aerobiologia/). 
*Average of pollen counts (grain/m3). The period of time is indicated in brackets. 

 

Characteristics of the allergic population included in the study 

Two groups of patients were included prospectively among the adult 

population (Table 3): Fruit-allergic patients (FAG) and non-food pollen-allergic 

patients (PAG). Criteria for inclusion in the FAG group (n=212 patients) were: a 

consistent history of adverse reaction to fruit, indicative of IgE-mediated allergy, 

positive results to SPT and open food challenge, following the diagnostic algorithm 

recommended by the official allergy academies 72, 73. Patients suffering severe 

systemic reactions to peach, and those with typical, recent and repeated reactions 

who had positive SPT did not undergo an oral challenge test. This group was 

divided into two subgroups depending on whether patients were allergic to pollen 

(n=169; following the same criteria as for PAG, described below) or not (n=43).  

Criteria for inclusion in the PAG group (pollen allergic patients; n=117) 

were: a compatible clinical history of pollinosis confirmed by positive skin-prick 

tests to pollen allergens, but without any symptoms of plant food allergy and 
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negative response to food extracts by SPTs. These patients showed mainly positive 

responses to mugwort, olive and grass pollen.  

 An additional group of food-tolerant volunteers without pollinosis (n=35; 

5/region) was recruited as a negative control. Most of them (n=27) were atopic, 

suffered from dust mite and animal dander allergies.  

SPT responses were performed following EAACI recommendations 72. The 

Ethics Committee of each hospital approved the study, and patients and controls 

gave their written informed consent for their participation.  

 

Production of allergen microarray and immunoassays 

Purified proteins were printed (0.25 mg/ml and 0.125 mg/ml in 1X Protein 

Binding Buffer (Whatman, ME14 2LE, UK) containing 0.02% Tween 20) on epoxy-

activated glass slides (TeleChem International, Sunnyvale, CA, USA) with 16 

microarrays per slide, using a MicroGrid II TAS microarrayer (BioRobotics, 

Genomic Solutions, USA). Labeled pre-immune antibody was spotted as a guide to 

support automatic image analysis. Gaskets (TeleChem International, Sunnyvale, 

CA, USA) were attached to the slides to create a barrier between the 16 

microarrays and sealed to prevent evaporation. Each microarray was incubated for 

1 hour at room temperature with blocking solution (Sigma, St. Louis, CO, USA) and 

then incubated overnight with 80 µL of serum at 4ºC. To detect bound IgE 

antibodies, the slides were incubated for 1 hour at room temperature with anti-

human IgE PE-DY 647-labeled antibodies (dilution 1:100, Thermo Scientific, 

Rockford, IL, USA). As a blank control, one microarray per slide always was 

incubated with PBS (Sigma, St. Louis, CO, USA). PBS containing 0.1% Tween 20 was 

used as washing solution. Three points from the same sample were included in 
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each microarray, and two replicates of each assay were performed (Pearson 

correlation = 0.83; p<0.0001). 

  
Total1 

FAG2 

PAG3 Pollen Non-pollen 

Number of 
patients 

329 169 43 117 

Sex4 
112M 217F 57M 112F 15M 28F 40M 77F 

Age range 
08-62 18-59 08-56 15-62 

Food Allergy Symptoms (%) 

Rhinitis 
61 95 0 87 

Asthma 
27 34 4 43 

Oral allergy 
syndrome 

35 52 54 0 

Anaphylactic 
reaction 

14 18 25 0 

Urticaria 
31 63 28 2 

Angioedema 
10 16 14 0 

Gastrointestinal 
5 9 6 0 

Others 
2 4 2 0 

SPT (%)* 

Mugwort-pollen 
42 50 31 45 

Cypress-pollen 
24 28 13 31 

Grass-pollen 
55 51 27 88 

Plane-pollen 
36 54 23 31 

Olive-pollen 
34 45 18 39 

Pellitory-pollen 
7 5 4 13 

Pru p 3 
51 68 77 8 

Pru p 2.0201 
51 50 55 - 

Pru p 2.0101 
27 30 11 - 

Mal d 2 
2 3 - - 

Mus a 4 
5 6 - - 

Chestnut TLP 
10 10 11 - 

Olive TLP 
7 8 - - 

Mugwort-pollen 
TLP 

5 3 11 - 

Plane-pollen TLP 
5 3 22 - 

Ana c 2 
0 0 0 - 

Table 3. Characteristics of the patient sample. 
1Total, all patients; 2FAG, Fruit-allergic patients; 3PAG, Pollen-allergic food-tolerant 
patients; 4 M, male; F, female; *SPT with purified protein were performed in a selected 
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group of patients of 50 FAG, 20 PAG and 20 non-pollen food tolerant subjects. 

 
The inhibition assays were performed in the same way but using sera 

preincubated with different quantities (5, 1, 0.5, 0.250, 0.125 µg/mL) of inhibitors 

(Pru p 2.0201, chestnut and plane-pollen TLPs). 

 Spots having obvious defects and those replicate spots having a signal-to-

noise ratio, measured by GenePixTM software (Genomics Solutions, BA2 9AP, UK), 

below 3 were removed from analysis. Only those allergen spots having at least, two 

of three replicates fulfilling the analysis criteria were considered for quantification. 

The IgE binding of each allergen spot was calculated as the final fluorescence 

intensity, obtained by subtracting the local background B from the observed value, 

measured by GenePixTM software and then the fluorescence intensity from the 

blank control by applying the next equation: I = (F645 – B)sample – (F645 – B)blank. 

Fluorescence intensity levels > 200 units were considered to be positive (mean + 

3xSD of negative control spots, those containing only blocking solution). 

 

Building up the co-sensitization graph associated with a TLP microarray 

immunoassay  

A weighed and undirected co-sensitization graph GA can be associated to a 

TLP microarray immunoassay for studying the co-sensitization between TLPs in 

the following manner. We define the elements of the matrix of fluorescence 

intensities I as the fluorescences Iij obtained when the serum IgE i binds to the 

allergen j. Each column of I represents the average of two different microarray 

immunoassays in which the same patient serum is incubated on the TLP-

microarray. We call B the matrix defined by Bij = 1 when Aij >0 and Bij  = 0.  
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Bipartite graphs are those that show nodes of two different natures. The 

graph B associated to matrix B is of this type. Nodes of type S represent the NS = 

329 sera and nodes of type A represent the NA = 23 allergens (16 TLPs, 6 non-LTP 

allergens, and Pru p 3). Two nodes i (serum) and j (allergen) are connected in the 

bipartite graph B if Bij = 1, which means that subject i has shown a positive allergic 

reaction to the allergen j. 

The bipartite graph B (not shown in the paper) can be projected into two 

smaller graphs GS and GA, each of them showing nodes of only one type (sera and 

allergens respectively). In this work we focused our attention on the projected 

allergen graph GA, and we have named it co-sensitization graph. The links in graph 

GA connect two allergens m and n if in the original bipartite graph B these two 

allergens were connected to one or more common sera. The weight wm,n of such 

link between m and n takes values from 0 to 1 and measures the similarity between 

the neighbours of allergens m and n in the bipartite graph. We have used the 

definition of cosine distance between two vectors to calculate wm,n,: 
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where Bm and Bn are the m- and n-columns of matrix B respectively. Therefore, the 

weight wm,n is zero –and there is no link between m and n- when Bm and Bn  have no 

common elements (that is, when there is not even one serum that shows positive 

reaction to both allergens m and n), while wm,n reaches its maximum value one 

when both vectors are identical (that is, when allergens m and n are recognized by 

the same group of reacting sera).  
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Finally, an important quantity is the average weight of a node, which is 

calculated as  

S

N,=k

kl

l
N

w

=w S


1, . . .

,

. 

The average weight of an allergen l measures the average robustness of the co-

sensitizations between l and the rest of the allergens represented in the graph. 

 

Statistical analysis 

Fluorescence levels obtained from each patient’s serum were analyzed by 

contingency tests. Results of SPTs were compared with the response of the same 

patients on the microarray by plotting ROC curves with MedCalc software (version 

11.5.1) 74. Pearson correlation coefficients were considered as a measure of 

reproducibility. Frequencies were compared with the Chi square (χ2) test. 

Differences in the quantitative variables were analyzed by the Mann-Whitney U 

test. Significance was concluded for values of p<0.05. 
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Results 

Purification of TLP members from different foods and pollens.  

Considering these associations, 16 TLPs were purified, from both foods and 

pollens, according to previously described methods (Table 1). Some of these food-

related TLPs have been previously identified as allergens (www.allergen.org, IUIS; 

www.allergome.com): Act d 2 37, Cup a 3 68, Mal d 2 69, Mus a 4 75, Pru av 2 76, Pru p 

2.0101 35, Pru p 2.0201 35, a wheat TLP   and olive TLP  77. The purified wheat TLP 

in this study proved to be different from that associated with baker’s asthma. In 

this paper, the allergenic activities of the other purified TLPs (the proteins from 

mugwort, birch and plane pollens, and from hazelnut, chestnut, cabbage, lettuce 

and olive) have been studied for the first time (Table 1). Unfortunately, no TLP 

from grass pollen could be purified, even being one of the most frequent pollen 

associated with peach allergy.  

Other allergens included in the microarray were: Pru p 3 (LTP, peach 

allergen), Art v 3 (LTP, mugwort allergen), Act d 1 (cysteine protease, kiwi 

allergen), Ana c 2 (pineapple allergen and marker of carbohydrate cross-reactive 

determinants (CCD)), Bet v 1 (PR10 from birch pollen), Cuc m 2 (melon fruit 

profilin), Pers a 1 (avocado latex-fruit allergen) and Pho d 2 (palm-pollen profilin). 

 

Frequency of recognition of TLPs by allergic patients 

Seven regions in Spain were chosen on the basis of their characteristic 

major pollens (Table 2, pollen count average for the previous 10 years), and two 

groups of patients were included in the study (Table 3): fruit allergic (FAG) 

patients and non-food pollen-allergic (PAG) patients. An additional group of food-
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tolerant volunteers without pollinosis (n = 35; five per region) was recruited as a 

negative control. 

Each protein of the TLP array was recognized by at least one serum, but 

none of them gave a positive response with sera from the healthy control group 

(data not shown). 

Generally, TLPs were not highly prevalent in the allergic populations 

examined in this study (Figure 1). Most of the TLPs were recognized by fewer than 

10% of the patients. Despite this, they were mainly associated with fruit allergy. 

The fruit-allergic patients recognized more TLPs than pollinic food -tolerant 

subjects (2 versus 0.5 on average, respectively).  

 

Figure 1. Frequency of sensitization obtained by the TLP microarray using sera from both fruit-
allergic patients (FAG), and non-food pollen allergic subjects (PAG). Odds ratios are presented in 
parentheses (95% CI; p<0.001). 
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Inhibition assays using the peach TLP (Pru p 2.0201), the chestnut- and the 

plane-pollen TLPs as inhibitors confirmed the cross-reactivity between the 

members of this family (Figure 2). The three TLP allergens were chosen due to 

their recognition frequency over 20%. Pru p 2.0201 seemed to be the starting 

point for TLP sensitization since it was able to inhibit IgE binding to the other 

allergens tested (Figure 2).  

Food allergic group (FAG) was more likely to have a positive response to 

Pru p 2.0201, chestnut and plane TLP than patients from PAG group, who were 

pollinic subjects but plant-food tolerant (Figure 1, 41% vs. 15%, 24% vs. 15% and 

22% vs. 8%; χ2=0.002, 0.017 and 0.003, respectively). Individuals affected by fruit 

allergy and pollen sensitization more frequently recognized TLP than those 

without respiratory allergy (data not shown). In the case of Pru p 2.0201, 41% of 

pollen fruit-allergic patients had a positive response, in contrast to 33% of 

individuals without pollen sensitization. This allergen was the most prevalent, 

yielding a positive response in 32% of study patients (FAG+PAG). A close 

association between sensitization to Pru p 2.0201 and to Pru p 3 was observed 

(χ2=0.005) (data not shown).  
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Figure 2. IgE binding inhibition of the TLP microarray, when serum pool (n = 21; three per area) or 
individual sera were preincubated with increasing amounts of Pru p 2.0201, chestnut- and plane-
pollen TLPs for 3h at room temperature. 

 

 

Response pattern by geographical area   

The analysis of prevalence by geographical area revealed some specific 

features about recognition frequencies in FAG patients (Figure 3). Curiously, 

patients from Barcelona were significantly different, showing higher poly-
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sensitization to these allergens (4 TLPs on average) than did subjects from the 

other regions (Mann-Whitney U: p=0.0010). 

 

 

Figure 3. Frequency of sensitization in the different geographical areas using the homemade 
microarray and sera from fruit-allergic patients (FAG), and non-food pollen-allergic subjects (PAG).  
Only TLPs with more than 10% positive response were represented: Pru p 2.0201, Pru p 2.0101, 
chestnut, plane, lettuce and cabbage TLPs. 

 

Significant differences were observed in response to Pru p 2.0201 

(χ2<0.0001), ranging from 18-23% in patients from Alicante/Orense to 70% in 

those from the Canary Islands. These results contrasted with the prevalences of 
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Pru p 2.0101, the other peach TLP, whose prevalence was lower than 20% in every 

region, except for the FAG patients from Bilbao (35%; χ2= 0.012). The frequencies 

of both peach TLPs (Pru p 2.0201 and Pru p 2.0101) were especially high in 

patients with pollen sensitization but with plant food tolerance (PAG) from Bilbao. 

The same pattern was observed for lettuce TLP. This allergen was recognized by 

40% of PAG people from Bilbao, although almost no recognition was detected in 

FAG patients (<5%) in this region. This raises the possibility that respiratory 

allergies affect the recognition of TLP allergens. However, this suggestion needs 

more experimental evidence.  

Chestnut TLP and plane TLP were found to be important in fruit 

sensitizations. The former proved to be a significant allergen in fruit-allergic 

patients from Barcelona and Bilbao, with frequencies over 50%, and from the 

Canary Islands, with almost 40% recognition. In Barcelona, 48% of pollen-allergic 

patients with plant-food tolerance presented a positive response to chestnut TLP. 

In all other study areas, limited recognition was observed. The case of the plane 

TLP was quite different. The most striking recognition level (around 30%) was 

exhibited by fruit-allergic patients from Alicante, Barcelona, Bilbao and the Canary 

Islands. This allergen was the only pollen TLP that appeared to be relevant in fruit 

allergy.  

 

Graph-based analysis of the TLP microarray immunoassay 

Graph analysis is a simple and useful way to represent the TLP microarray 

immunoassay data, and help us to gain insight about co-sensitization patterns of 

the TLP allergens in the selected population (Figure 4)  
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The co-sensitization graph has resulted to be totally connected (i.e., all 

allergens are connected with all allergens). This means that there exists at least 

one serum that reacts positively to any pair of allergens, or in other words, that 

there are no incompatible pairs of co-sensitizations. Therefore, there are (23 x 22) 

/ 2 =253 links in the graph, but only the 25 links with weight over 0.50 were 

plotted in Figure 4.  

 

Figure 4. Co-sensitization graph of TLP allergens. Each node represents one allergen (TLP as 
white ellipses, non-TLP allergens as blue square nodes, and LTP-allergen Pru p 3 as a green 
diamond) and the links represent co-sensitization of one or more sera for the linked allergens. The 
weight of each link, defined between 0 and 1, measures the degree of such co-sensitization. For the 
sake of clarity, only the 25 links of weight over 0.50 out of the total 253 existing links were plotted. 
 
 
 

The TLP allergens connected with the highest weights were cabbage-TLP/ 

Lac s 2, the lettuce TLP (0.69), and Hazelnut-TLP/Mus a 4 (0.67). However, the 

strongest link connected the non-TLPs allergens Cuc m 2 and Pho d 2 (0.80), both 

belonging to the same family, profilins. The lowest co-sensitizations were found 
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between Mal d 2/Pru p 2.0201 (0.12), wheat-TLP/ Pru p 2.0101 (0.14), and wheat-

TLP/ Mal d 2 (0.16). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Table 4. Average weight of the allergens included in the co-sensitization graph. 

 

 

The average weights shown in Table 4 were a measure of the average 

degree of co-sensitization that an allergen shows with the rest of allergens in the 

graph. Pru av 2, cabbage TLP and Lac s 2 show the highest average weights (all 

above 0.4), meaning that their co-sensitizations with the rest of the network are 

especially relevant. The case of the non-TLP allergens is remarkable, as they have 

Protein Family 
Average 
weight 

Pru av 2 TLP 0.43 

Cabbage-TLP TLP 0.42 

Lac s 2 TLP 0.40 

Ana c 2 Cysteine proteinase 0.38 
Plane- pollen 

TLP TLP 0.37 

Cup a 3 TLP 0.36 

Pers a 1 Class I chitinase 0.35 

Act d 1 Cysteine protease 0.35 

Mus a 4 TLP 0.34 

Hazelnut-TLP TLP 0.34 

Pho d 2 Profilin 0.34 

Chestnut-TLP TLP 0.33 
Birch- pollen 

TLP TLP 0.33 

Cuc m 2 Profilin 0.33 

Mal d 2 TLP 0.33 

Pru p 2.0201 TLP 0.32 
Mugwort- 
pollen TLP TLP 0.32 

Bet v 1 PR10 0.31 

Wheat-TLP TLP 0.30 

Act d 2 TLP 0.30 

Pru p 2.0101 TLP 0.30 

Pru p 3 LTP 0.29 

Olive-TLP TLP 0.29 
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relatively large average weights (especially Ana c 2, CCD marker, with a value of 

0.38), even when they were used as control proteins in the experiments. Finally, 

we should mention the case of olive TLP and Pru p 3, the allergens linked with the 

lowest average weight (both 0.29).  
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Discussion 

The study of cross-reactivity in allergy using protein-microarray strategies 

is a powerful method that has advantages over other immunological approaches 16, 

17. A large number of allergens and sera from many patients can be tested in the 

same assay, with the additional advantages of lower costs and the more rapid 

processing of samples 20,  78, 79. 

In Spain, fruit allergy is clearly associated with LTP sensitization, especially 

to Pru p 3 14, 30, peach major allergen. However, LTPs are not the only proteins 

involved in fruit/food sensitization. Other families of allergens, such as profilins, 

have been described as relevant in the development of food allergy in this area 80-

82. 

Members of TLP family have been described as allergens in a wide panel of 

plant food and several pollens, although with little experimental evidence in plant 

foods and/or pollen cross-reactivities 35, 36.  

In this paper, we tried to establish the role of this protein family in plant 

food allergy and their role in cross-reactivity between foods and pollen. A large 

number of patients were selected and a representative panel of TLPs was obtained 

on the basis of the most frequent sensitizations associated with peach allergy 30 

using a protein microarray.  

In order to study the association between the different allergens in a visual 

and intuitive manner, we have plotted our results in a co-sensitization graph. In 

this graph, the nodes represent the different allergens, and the weight of the link 

that connects two allergens measures whether or not the sera that reacted 

positively to one allergen also gave a positive reaction to the other allergen. 
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Therefore, the weight of each link gives us a quantitative idea of the co-

sensitization of sera for every pair of allergens.  

The analysis of the recognition profiles revealed that fruit-allergic subjects 

(FAG, independent of their respiratory sensitization) showed a strong positive 

response to several TLPs, although this response tended to be more frequent in 

patients with pollinosis. However, people with isolated pollen allergy (PAG) 

showed no predominant recognition pattern. They had a low level of positive 

responses to TLPs.  

Only six of the 16 TLPs studied (both of peach, the chestnut, the plane, the 

lettuce and the cabbage TLPs) yielded recognition frequencies over 10%. Of 

particular interest is the significantly small number of responders we obtained 

with Mal d 2 and Pru av 2 (5%), which are both important allergens in Central and 

Northern Europe 36. This low response may be related to the allergic profile of the 

patients included in this work, who are mainly sensitized to peach.  

The peach TLP, Pru p 2.0201, showed more than 40% of positive responses 

in fruit-allergic patients, with values up to 50% in areas, such as Barcelona, Bilbao, 

the Canary Islands, and Madrid. This protein seems to act as the gateway to 

sensitize members of this family.  

An unexpected pattern of association between the two LTP allergens (Pru p 

3 and Art v 3) and the TLP Pru p 2.0201 was observed. The recognition of Pru p 3 

and Pru p 2.0201 was closely correlated (2=0.005), and the weight of its co-

sensitization link was 0.61.  

While most of the patients sensitized to this peach TLP (Pru p 2.0201) 

showed a positive response to Pru p 3, the opposite was observed for Pru p 3 

versus the other peach TLP, Pru p 2.0101, whose weight was low (0.35). This  
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allergen showed a low frequency of positive responses (<15%), with the exception 

of FAG patients from Bilbao (35%). Both peach TLPs are linked with a low co-

sensitization weight (0.40), whereas they share more than 94% of amino acid 

identity, with only eight different residues 36, 83. Thus, a different mode of 

sensitization may be operating, which would be interesting to study in more detail.  

The chestnut TLP yielded a high positive response in patients from 

Barcelona and Bilbao, mainly in the FAG group. The plane TLP was the only pollen 

included in this work that could be associated with fruit allergy, especially in 

Alicante, Barcelona, Bilbao and Madrid. The other pollen TLPs yielded low 

responses in our population, although patients sensitized to these proteins were 

included. 

Patients from Barcelona, Bilbao and the Canary Islands showed a higher 

positive response to these allergens than subjects from the other areas. In contrast, 

patients from Alicante and Orense presented the lowest frequency of TLP 

recognition (around 20%, with the exception of plane TLP in Alicante). The 

patterns of TLP recognition, related to the different geographical areas, suggest a 

possible influence of local pollen in TLP sensitization. 

 Studies with large protein and serum panels are needed to clarify the role of 

cross-reactive allergens, and give experimental evidence to clinical observations. 

In this work, it has been shown that few members of the TLP family present a 

relevant role in fruit/ pollen allergy in the studied areas, even if they would play as 

modifiers of sensitization profiles.  
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Abstract  

Baker’s asthma is one of the most common types of occupational asthma 

and its prevalence is increasing in the last years. Subjects with baker´s asthma 

recognize several allergens identified in the water/salt-soluble fraction of wheat 

flour. Diagnosis of occupational asthma is complex. In this work, we use 

microarray technology to characterize the allergenic profiles of baker's asthma 

patients from three regions in Spain and to analyze the influence of environmental 

allergens on the sensitization pattern. Forty five patients from 3 regions in Spain 

(Madrid n=17, Malaga n=10, Valladolid n=18) with a consistent history of baker´s 

asthma, positive results to skin-prick test and bronchial challenge with wheat flour 

were recruited. Twelve wheat allergens (WDAI-0.19 and WDAI-0.53, WTAI-CM1, 

WTAI-CM2,WTAI-CM3,WTAI-CM16,WTAI-CM17, Tri a 14, profilin, ω-5-gliadin, Tri 

a Bd 36 and Tri a TLP) were purified and printed on epoxy-activated glass using a 

MicroGrid II TAS arrayer. WTAI-CM16 and Tri 14 were defined as the most 

prevalent allergens (54 and 45% on average, respectively) covering a total of 64% 

of the baker’s asthma population. On the other hand, ω-5-gliadin and Tri a Bd36 

were recognized by less than 10% of the baker´s population. Although 

geographically different environmental allergenic load existed in the three regions, 

baker’s asthma sensitization profiles were comparable. In conclusion, baker’s 

asthma is a disease associated with the daily handling of wheat flour, regardless of 

local aeroallergens. 

 

Keywords: Baker’s asthma, microarray, purified allergen Tri a 14, prevalence  
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Introduction  

Exposure to wheat proteins through different routes and affect several 

populations and age groups worldwide 84, 39.  

The respiratory form of wheat allergy, known as baker’s asthma (BA), is one 

of the most common types of occupational asthma and its prevalence does not 

seem to be declining 38. Exposure to grain and flour dust is the second most 

common reported cause of occupational asthma in France (4), the UK 84 and 

Norway 85. The incidence of baker’s asthma among young bakers has been 

reported to range from 0.3 to 2.4 cases per 1000 person-year 86, and an increasing 

number of asthma cases are being reported among supermarket bakery workers 

87.  

Current diagnosis of BA has several limitations. The poor predictability and 

specificity of all currently known diagnostic approaches may be associated with 

the insufficient purity of wheat extracts used in specific IgE assays or with the lack 

of inclusion of all major allergens in these extracts. Lack of standardization of 

allergen extracts for diagnosing contributes to increased variability among 

laboratories, and the diversity of high molecular weight substances and low 

diagnoses require different approaches 88. Skin prick tests (SPTs) are used for the 

diagnosis of baker’s asthma, but not of atopic dermatitis 88. In contrast, basophil 

activation tests are considered to be a reliable in vitro diagnostic technique 89.  

The specific bronchial inhalation has been defined as the last and definitive 

test for the diagnosis of BA. However, it can be performed only in a limited number 

of centers with specialized equipment and trained personnel. Moreover, specific 

inhalation tests are time consuming and potentially dangerous for the patient 17, 88, 
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90-92. Finding an allergen marker to BA for in vitro assays would be a good 

alternative to avoid dangerous exposure to the patient. 

The introduction of microarray techniques featuring a large panel of 

purified allergens has been a major advance in the diagnosis of allergic diseases 16, 

93, 94. Simultaneous measurements of IgE specific to many allergens using minimal 

quantities of protein and sera are now possible. This allows many samples to be 

screened at a reasonable cost. The huge amount of information generated by these 

microarrays also demands more powerful analytical strategies to identify 

associations within the obtained data 15,16, 93 . 

In this work, we use the microarray technology to study the allergenic 

profile in BA patients and to compare it with wheat ingestion and seasonal rhinitis 

patients, as reported previously 93, 94. Constantin C et al 42 and more recently,  

Olivieri et al 95 referred the use of a microarray assay with recombinant wheat seed 

and grass pollen allergens to distinguish between baker’s asthma, wheat-induced 

food allergy and grass pollen allergy. 

The aim of our study was to characterize the allergenic profiles of baker's 

asthma patients from three different regions in Spain and analyze the influence of 

other environmental allergens on the pattern of sensitization. To this end, a panel 

of wheat allergens was purified from natural sources and printed on a protein 

microarray.  
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Materials and methods 

Characteristics of the allergic population included in this study 

Bakers with respiratory symptoms (nasal and bronchial) due to 

occupational exposure to wheat flour, and with confirmed diagnosis of 

occupational asthma by positive SPT and positive specific inhalation challenge 

with an in-house wheat extract participated in the study. Forty five patients were 

recruited from 3 different regions in Spain (Madrid n=17, Malaga n=10 and 

Valladolid n=18).  

Additionally, two control groups from the same 3 regions were recruited for 

the study: a) patients with seasonal rhinitis (confirmed by positive SPT to pollen 

allergens), no respiratory sensitization to wheat (no symptoms and negative SPT 

to wheat), and with good tolerance to wheat ingestion (n=41 patients: Madrid 

n=21, Malaga n=10, Valladolid n=10) and b) patients with allergy to wheat through 

ingestion demonstrated by a clear clinical history of food allergy and confirmed by 

positive SPT to wheat allergens, but with no symptoms of seasonal rhinitis (n=9). 

The Ethics Committee of each hospital approved the study. Patients and control 

volunteers gave their written informed consent for their participation. 

 

Skin prick tests 

Skin prick test (SPT) with in-house wheat extracts, with purified wheat 

allergens (see Selection and purification of allergens) and with a battery of common 

aeroallergens and foods were performed according to standard procedures, over 

the volar side of the forearm and following the recommendations of EAACI 96. One 

sterile device was used for each test. Histamine phosphate (10 mg/ml) and sterile 

0.9% saline were used as positive and negative controls, respectively. A mean 
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diameter of 3 mm or greater than the negative control and a mean area of 7 mm2, 

15 minutes after puncture, was considered a positive response. The battery of 

common aeroallergens (ALK-Abello, Spain) included grass pollen, olive tree pollen, 

dust mites and moulds, and food included dry fruits, barley (beer), fruits (kiwi, 

apple, peach) and spices.  

 

Bronchial challenge tests 

Specific bronchial challenge tests (BCT) were done in all participants with 

respiratory symptoms due to exposure to wheat, following the procedure 

proposed by Chai et al, with modifications 45. An in-house wheat extract with a 

concentration of 5 mg/ml was used performing an end point titration. Spirometry 

was carried out using a Spirobank spirometer (RDSM, Hasselt, Belgium) following 

guidelines 90. All the tests were done in a blinded fashion. Aerosolized particles 

generated by a continuous pressurized De Vilbiss 646 nebulizer were inhaled for 2 

minutes at normal breathing volume, starting with control PBS solution, and 

followed - at 10 minutes intervals - by progressive concentrations of the extract. 

Pulmonary function tests were obtained 30 and 60 seconds after each dose. A 

positive response was defined as a greater than 20% fall from basal FEV1. After 

specific BCT, hourly peak expiratory flow (PEF) measurements were recorded for 

9 hours. Bronchial challenges were performed with the same extract in 5 healthy 

controls showing negative responses. 

 

Selection and purification of allergens 

Twelve wheat allergens were purified from natural sources in Diaz-Perales’ 

laboratory following a previously published method 97, 98 (Table 1). The proteins 
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were chosen on the basis of their previously described allergenic properties and 

their relationship with baker’s asthma 39. All purified proteins were identified by 

N-terminal amino acid-sequencing and mass spectrometry (MALDI-TOF-TOF 

Autoflex, Bruker, Bremen, Germany) in the Proteomic Service of CIB, CSIC (Madrid, 

Spain). In addition, every purified protein (5μg) was visualized on Silver-stained 

SDS-PAGE (Figure 1.A).  

 

Short or 
abbreviated name 
of wheat protein 

Name of wheat protein Allergen (IUIS*) 

WDAI-0.19 
Wheat dimeric α-amylase 

inhibitor 0.19 
Tri a 28.0101 

WDAI-0.53 
Wheat dimeric α -amylase 

inhibitor 0.53 
Tri a 28.0101* 

WTAI-CM1 
Wheat tetrameric α -amylase 

inhibitor CM1 
Tri a 29.0101* 

WTAI-CM2 
Wheat tetrameric α -amylase 

inhibitor CM2 
Tri a 29.0201 

WTAI-CM3 
Wheat tetrameric α -amylase 

inhibitor CM3 
Tri a 30.0101* 

WDAI-CM16 
Wheat tetrameric α -amylase 

inhibitor CM16 
- 

WTAI-CM17 
Wheat tetrameric α -amylase 

inhibitor CM17 
- 

nsLTP 
Non-specific lipid-transfer 

protein type I 
Tri a 14.0201* 

Wheat TLP Thaumatin-like protein Tri a TLP 

Tri a Bd 36 Peroxidase Tri a Bd 36 

Profilin Profilin Pho d 2** 

ω-5-Gliadin Omega-5-gliadin Tri a 19 

Table 1. Purified proteins included in the wheat allergen microarray. 
*Name accepted by IUIS 
** The profilin used in this work was Pho d 2, the pollen palm profilin. 

 

 

Production of allergen microarray and immunoassay  

The allergen microarray for baker’s asthma was produced as previously 

described 93, 94. Purified proteins (0.25 mg/ml and 0.125 mg/ml in 1X Protein 
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Binding Buffer (GE Healthcare, Uppsala, Sweden) containing 0.02% Tween 20) 

were applied on epoxy-activated glass slides (TeleChem International, Sunnyvale, 

CA, USA) with 16 microarrays per slide, using a MicroGrid II TAS arrayer 

(BioRobotics, Genomic Solutions, Ann Arbor, MI, USA). Each array well was 

incubated for 1 hour at room temperature with blocking solution (Sigma, St. Louis, 

CO, USA) and then incubated overnight with 80 µl undiluted serum at 4°C. To 

detect bound IgE antibodies, the slides were incubated for 1 hour at room 

temperature with diluted 1:100 anti-human IgE PE-DY 647-labeled (Thermo 

Scientific, Rockford, IL, USA). Three spots from every sample were included in each 

array, and two replicates of each assay were performed (Pearson correlation 

=0.955; p < 0.0001). 

The IgE binding of each allergen spot was calculated as the final 

fluorescence intensity, obtained by subtracting the local background (B) from the 

observed value and the fluorescence intensity from the blank control, measured by 

GenePixTM software (Molecular Devices, St.Grégoire cédex, France) by applying the 

equation: I = (F645 – B)sample – (F645 – B)blank. Fluorescence intensity levels >200 

units were considered to be positive (highest value of mean +3 x SD of negative 

control spots, those containing only blocking solution). 

 

Statistical analysis  

The clinical and demographic data were compared with Chi-square test and 

Mann–Whitney U-test, and data were expressed as median and range. 

Fluorescence levels obtained from each patient’s serum were analyzed using 

contingency tables and the Chi-square test. Differences in the quantitative 

variables were analyzed by the non-parametric Mann-Whitney U, Kruskal-Wallis 

87



Component-resolved diagnosis in Baker’s Asthma 1 

 
 

and two-way ANOVA tests, when appropriate. Values of p < 0.05 were considered 

significant for all tests. 
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Results 

Clinical characterization of the BA patients 

Forty five bakers from 3 regions in Spain with confirmed diagnosis of 

baker’s asthma (Madrid n=17, Malaga n=10, Valladolid n=18) were selected for the 

study. Clinical characteristics of patients are summarized in Table 2.  

STUDY 
SITE 

Median 
Age 

(years) 
(range) 

Sex 
(M/F) 

SPT 
Wheat 
extract 

(positive) 

Bronchial 
Provocation 

Test 
(positive) 

Aeroallergen 
Sensitization 

(SPT) 

Food  
Allergy 
(SPT) 

Madrid 
n=17 

39.2 
(28-64) 

16/1 17/17 17/17 + Any SPT      88% 
Olive 35% 
Grass 29% 

Dust mites     35% 
Alternaria  11, 7% 

no   53% 
yes  47% 

dry nuts 18% 
barley       6% 
egg            6% 
kiwi           6% 

Málaga 
n=10 

38 
(19-60) 

8/2 10/10 10/10 + Any SPT      75% 
Olive 37,5% 
Grass 37.5% 

Dust mites62,5%* 
Alternaria  12,5% 

60% no 
40% yes 

50% peach 
25% dry fruits 

25% spices 
25% barley 

Valladolid 
n=18 

31 
(19-66) 

14/4 18/18 18/18 + Any SPT     89 % 
Olive 50 % 
Grass 70 %* 

Dust mites    20 % 
Alternaria  10  % 

62% no 
38% yes 

50% barley 
25% apple 
25% peach 

Table 2. Demographic characteristics of bakers (n=45). 

 

Sex distribution was similar among centers, with a similar median age and 

range. Sensitization to aeroallergens was tested by means of SPT in all participants, 

with a similar percentage of atopy among groups (Madrid 88%, Malaga 75%, 

Valladolid 89%, p<0.05). In terms of specific sensitization, the most common 

allergens in Madrid and Valladolid were pollens, with a sensitization to grass 

pollen in Valladolid up to 70% and significantly higher than in the rest of 

participant places (Chi-square, p<0.05). In contrast, dust mites were the most 

prevalent aeroallergens in Malaga and significantly higher than the rest of places 

(Chi-square, p<0.05). Regarding food allergy, less than half of the patients had 
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sensitization measured by SPT and clinical history, and the most common 

sensitizations were barley, dry fruits and fruit (peach).  

 

WTAI-CM16 and Tri a 14 are the most prevalent allergens in BA 

 The 12 purified wheat allergens were characterized on SDS-PAGE by Silver 

staining (Figure1A).  

Individual sera from the 45 patients from three regions in Spain (Madrid, 

Malaga and Valladolid) included in the study were incubated with the wheat 

allergen microarray.  

WTAI-CM16 and Tri 14 were defined as the most prevalent allergens (54 

and 45% on average, respectively) covering a total of 64% of the baker’s asthma 

population. On the opposite side, omega-5-gliadin and Tri a Bd36 were recognized 

by less than 10% of the same patients (Figure1B).  

 

 

Figure 1. Wheat allergens associated with baker’s asthma. A. Wheat allergens included in the 
homemade array were separated by SDS-PAGE and stained with Silver nitrate. B. Global prevalence 
of wheat allergens associated with baker’s asthma in the Spanish population of this study. No 
significant differences were reported (p-value>0.05). The name of the proteins corresponds to 
Table 1.  
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Patients with seasonal rhinitis (SR) are not sensitized to wheat allergens 

When comparing the wheat allergens recognized by patients with BA with 

those patients with wheat food allergy (WFA) or seasonal rhinitis (SR), statistically 

significant differences could be observed for patients with SR (U Mann-Whitney p 

<0.0001, Figure 2), but not for those presenting WFA when compared to BA group 

(U Mann-Whitney p=0.1728, Figure 2). The latter could be due to the small number 

of patients recruited for WFA group (n=9). The main difference was the response 

to Tri a 14, the wheat LTP, which was only recognized by BA patients (45%) (Two-

way ANOVA p=0.0379). Likewise, WTAI-CM16 was mostly recognized by BA 

patients (Two-way ANOVA p=0.0093 for BA vs SR, p=0.0251 for BA vs WFA). WDAI 

0.53, ω-5 gliadin, Tri a TLP and Tri a Bd 36 were either not recognized by SR or 

FWA patients, although no significant differences were found according to the 

clinics of the patients’ groups (Figure2).  

 

 

Figure 2. Comparison of prevalence of wheat allergens in baker's asthma (BA) patients with 
patients with seasonal rhinitis (SR) or wheat food allergy (WFA).  Prevalence of individual 
wheat allergens in BA patients versus RA patients and WFA patients. The recognition frequencies, 
shown as percentage of positive response (%), were obtained by incubating the wheat allergen 
microarray with single sera from allergic patients. Significant differences were reported for p-
values<0.05. 
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Geographically different environmental allergenic load does not affect BA 

sensitization 

When we analyzed the prevalence of wheat allergens for BA patients from 

the three regions, no statistical differences were found neither in the global of BA 

allergens (Kruskal-Wallis p=0.6477) nor by individual allergens (Two-way ANOVA 

p=0,2509, Figure 3).  

 

Figure 3. Comparison of prevalence of wheat allergens in baker's asthma (BA) patients from 
the three different regions. Prevalence of individual wheat allergens in BA patients from Madrid, 
Malaga and Valladolid. No significant differences were found (p-value>0.05) 
 
 
 

The three different areas could be recognized as a consequence of the 

response to environmental allergens, mainly Phl p 1, which yielded significant 

differences among the three regions (Two-way ANOVA p=0.0251, Figure 4).  
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Figure 4. Prevalence of aeroallergens in the asthmatic population from different regions.  
Comparison of prevalence of aeroallergens in the three regions in study by the baker’s asthmatic 
population (BA patients). The recognition frequencies, shown as percentage of positive response 
(%), were obtained incubating the wheat allergen microarray with single sera from allergic 
patients. Significant differences were reported for p-values<0.05. 
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Discussion 

In this manuscript, twelve wheat allergens associated with baker's asthma 

were purified and printed on an allergen microarray to study the sensitization 

profile of patients with baker’s asthma. Over 80% of these patients recognized 

some of the printed allergens. The highest prevalence of IgE binding were 

observed for WTAI-CM16 (54% positivity) and Tri a 14 (45% positivity). 64% of 

patients with baker's asthma recognized at least one of these markers. Baker's 

asthma accounts for 5-10% of all cases of asthma in adults and is the leading cause 

of occupational respiratory disease in Western countries 39, 99. Such allergies are 

often misdiagnosed with significant legal, economic and health impacts for affected 

patients 88, 46. 

In recent years, there has been some works aimed to determine the panel of 

wheat allergens to diagnose patients with baker's asthma, avoiding bronchial 

challenge. Constantin et al 42 selected five recombinant allergens from wheat seed 

(thioredoxin H, glutathione-transferase, cis-peroxiredoxin, profilin and dehydrin), 

and four grass pollen allergens (Phl p 1, Phl p 5, Phl p 7 and Phl p 12) and analyzed 

their IgE binding capacity using an allergen microarray. In this case, they covered 

64% of the patients studied, suggesting that the panel of allergens was not 

complete.  

In the same way, years later, Sander and colleagues 46 produced a panel of 

17 recombinant allergens associated with baker's asthma. In this case, some 

allergens were also included in our manuscript. However, the frequencies 

observed by Sander et al. were far from those we have found. These differences 

may be due to the recombinant allergens used by Sander and colleagues as 
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recognized by the authors in the manuscript. This study demonstrated the 

difficulty of obtaining active allergens for diagnosis of BA. 

Trying to solve this problem, Sotkovsky and colleagues 100, 100 studied the 

IgE binding of wheat allergens using natural forms. In this occasion, over 20 

allergens were identified but only Tri a 14, the wheat TLP and tritin were 

recognized by more than 50% (64%, 100%, 100% respectively). Hence, they could 

be considered as major allergens. 

In this manuscript, the recognition profiles of the studied patients were 

very homogeneous independently on their origin. The differences observed were 

due to environmental allergens. This would suggest that occupational asthma is 

associated with the work environment, regardless of the region of origin of the 

patients. 

Notably, Tri a 14 was only recognized by patients with baker’s asthma (BA) 

but not by those who were diagnosed as allergic by ingestion (WFA), or seasonal 

rhinitis (SR). In earlier studies by our group, Tri a 14 presented a positive 

response, both in vitro and in vivo, in over 60% of BA patients tested in a Spanish 

population 45. Similarly, in the work by Sotkovsky et al. 100, the 64% of BA patients 

showed IgE binding to Tri a 14 in a Czechoslovakian population. These data 

confirm that Tri a 14 is a major allergen implicated in the development of asthma 

to wheat.  

By contrast, in food allergy to wheat, Tri a 14 seems to have a minor role. In a 

recently published work 
101

 studying wheat allergic pediatric patients without celiac 

disease, none of them presented positive response to wheat LTP. Similarly, adult 

patients with allergy to plant foods exhibited less than 10% of positive response to Tri a 
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14 by a similar method to that used in this work 
94

. All these data suggest that Tri a 14 

may have predictive value for baker’s asthma diagnosis.  

The reason why Tri a 14 is a minor allergen in wheat food allergy remains 

to be elucidated, as being a nsLTP could reach the gut in an intact form, as reported 

previously for other LTPs 102. 

Summarizing, baker asthma is a disease associated with the daily handling 

of wheat flour, which is not influenced by local environmental allergens (pollen) 

and it would be associated with a specific allergen profile, different to wheat 

allergy ingestion.  
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3. GENERAL DISCUSSION 
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Cross-reactivity is one of the most important clinical problems associated to 

allergy. The unknown profiles of food allergy evolution imply a reduction in the 

quality of life of the patient. Therefore, the understanding of the molecular 

mechanisms and environmental factors implicated in cross-reactivity is essential 

to determine the treatment for a specific patient. However, such studies have been 

always very limited due to their high costs 9-11. 

The study of cross-reactivity in allergy using protein-microarray strategies 

is a powerful method that shows advantages over other immunological approaches 

16, 17, as several research groups have obtained relevant results with this technique 

20, 65 for a variety of pathologies. A large number of allergens and sera from many 

patients can be tested in the same assay, with lower costs and a faster processing 

of samples 17. 

In Spain, the most prevalent fruit allergy is clearly associated with LTP 

sensitization, the so-called LTP syndrome, especially to Pru p 3 14, 30, peach major 

allergen. In order to study cross-reactivity, a representative panel of LTP allergens 

was produced, based on the most frequent sensitizations associated with plant 

food allergy in our area 28, 30, 49, 50.  

LTPs are important food allergens often involved in many plant food and 

food/pollen cross-reactivities 14. In our study, the observed prevalence were 

consistent with previously published results concerning one of the most frequent 

cross-reactivities with peach observed in the routine clinical milieu 28, 30, 50. By 

contrast, Tri a 14, the wheat LTP responsible for baker’s asthma 33 was seldom 

recognized in the population studied. The low response to Tri a 14 obtained in this 

work could be explained by the patients’ profile, suggesting no relevance of Tri a 

14 in food allergy.  

98



Discussion 1 
 

 
 

These results represent the first experimental evidence of the LTP 

syndrome with a large number of allergens. Our model then illustrates the cross-

reactivity degree between LTP members and the probability of patients allergic to 

a LTP to be sensitized to others. In our study, food-allergic patients from Spain 

were usually polysensitized to multiple members of LTP family, being the 

sensitizations to peach, apple, tangerine, cabbage, mustard and nuts, the most 

noteworthy. LTP recognition profiles may be modulated by local pollen patterns, 

especially by the pollen LTPs from mugwort and plane 31, 32.  

To confirm the utility of array technologies in allergy diagnosis and cross-

reactivity, we seek another family of panallergens, less clinically studied, but that 

turned out to have great significance in food allergy, the thaumatin like proteins 

(TLPs) 35, 36.  These proteins have been described as allergens in a wide panel of 

plant foods and several pollens, although little experimental evidence exists about 

plant foods and/or pollen cross-reactivities among them 35, 36. 

We established the role of this protein family in plant food allergy and their 

role in cross-reactivity between foods and pollen. A representative panel of TLPs 

was obtained on the basis of the most frequent sensitizations associated with 

peach allergy 30, the most prevalent allergy in Spain. Comparing the results 

obtained by the TLP microarray with the SPT response using the same purified 

allergens and patients, a high correlation between the in vitro and the in vivo tests 

was observed.  

The analysis of the recognition profiles revealed that food-allergic subjects 

showed a strong positive response to several TLPs, although this response tended 

to be more frequent in patients who also presented pollinosis. However, patients 

with isolated pollen allergy showed a lower level of positive response to TLPs. An 
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unexpected pattern of association between two LTP allergens (Pru p 3, from peach, 

and Art v 3, from mugwort) and the TLP Pru p 2.0201, from peach, was observed. 

The recognition of Pru p 3 and Pru p 2.0201 was closely correlated.  

While most patients sensitized to this peach TLP (Pru p 2.0201) showed a 

positive response to Pru p 3, the opposite was observed for Pru p 3 and the other 

peach TLP, Pru p 2.0101, whose co-sensitization levels were very low. Hence, a 

different mode of sensitization may be operating for these peach TLPs, which 

would deserve further study 12, 36.  

In contrast to the studied food allergy models, the value of microarrays as a 

diagnostic technique was also studied in patients with a respiratory allergy. 

Baker's asthma (BA) model was chosen because it accounts for 5-10% of all cases 

of asthma in adults and is the leading cause of occupational respiratory diseases in 

Western countries 99. Such respiratory allergies are often misdiagnosed with 

significant health impacts for the affected patients 46, 88. 

In our work, over 80% of BA patients recognized some of the BA-related 

allergens printed on the microarray. The highest prevalence of IgE binding was 

observed for WTAI-CM16 (54% positivity) and Tri a 14 (45% positivity). 64% of 

patients with BA recognized at least one of these markers.  

The recognition profiles of the studied patients coming from different 

regions in Spain were homogeneous notwithstanding their origin. This suggests 

that occupational asthma is associated with the work environment, regardless of 

the region of origin of the patients. 

Notably, Tri a 14 was only recognized by patients with BA but not by those 

who were allergic to wheat by ingestion (WFA), or presented seasonal rhinitis 

(SR). In earlier studies by our group, Tri a 14 positive response was detected, both 
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in vitro and in vivo, in over 60% of BA patients tested in a Spanish population 45. 

Similarly, in the work by Sotkovsky et al. 100, 100, the 64% of BA patients showed IgE 

binding to Tri a 14 in a Czechoslovakian population. These data confirm that Tri a 

14 is a major allergen implicated in the development of asthma to wheat.  

In conclusion, studies with large protein and serum panels are needed to 

clarify the role of cross-reactive allergens and give experimental evidence to 

clinical observations. The array approach and the application of graph theory have 

proved to be useful tools in this type of studies. These results and the possibility of 

analyzing other routes of sensitization obtained from the graph analysis represent 

a promising line of future work. 
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1. IMMUNOLOGICAL BASIS OF ALLERGY. SENSITIZATION VERSUS 

EFFECTOR PHASE. 

Allergies are type I immune-mediated hypersensitivity reactions that 

most commonly affect mucosas of skin, airways, and gut (eg, the interface 

between organism and environment)1, when antigens able to induce 

immunoglobulin type E (IgE) synthesis come into contact with the human 

facing. In these type of diseases, clinical symptoms are caused by massive 

release of inflammatory mediators induced by specific IgE bound to high affinity 

receptors (FcεRI) on the membrane of mast cells or basophils2. 

Two phases are distinguised in the development of allergy: sensitization 

and effector phase. D u r i n g  the past decades, innumerable information 

regarding the effector phase of allergic diseases has been produced, but little is 

known about the previous phase. 

In the sensitization phase, antigen-presenting cells (APCs) internalize 

and process allergens, producing peptides that are transported to the plasma 

membrane associated with the major histocompatibility complex II (MHC-II). 

The complexes on APCs are recognized by T-cells,which differentiate into a Th2 

subset 3-5. The specific recognition of the allergen on APCs and an appropriate 

cytokine environment (i.e. IL4, IL5, IL13) are essential for Th2-cell responses.  

T-cells are also responsible for the proliferation of B lymphocytes that 

synthesize specific IgE antibodies 1, which bind to high-affinity receptors (FcRI) 

on the membrane of mast cells and basophils 6,  7 

In the effector phase, every subsequent encounter with the allergen leads 

to cross-linking of two IgE molecules binding to FcεRI on the membrane of 

effector cells (mast cells and basophils), resulting in cellular activation or 
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degranulation, and release of proinflammatory mediators, such as histamine, 

leukotrienes and prostaglandins responsible for the symptoms 6-8. 

 

 

Mechanisms of allergic reactions. A) Sensitization to allergens and development of specific B-
cell and T-cell memory. Differentiation and clonal expansion of allergen-specific T helper 2 
(Th2) cells leads to the production of cytokines (interleukin-4 (IL-4) and IL-13), which induce 
immunoglobulin class switching to IgE and clonal expansion of naive and IgE+ memory B-cell 
populations. IgE at the surface of allergen-specific IgE+ B cells and other IgE sensitized antigen-
presenting cells facilitates antigen presentation. T-cell activation in the presence of IL-4 
increases differentiation into Th2 cells. B) Type 1 hypersensitivity reaction (immediate phase of 
the allergic reaction). Crosslinking of mast-cell and basophil cell-surface FcεRI (high-affinity 
receptor for IgE)-bound IgE by allergens leads to the release of vasoactive amines (such as 
histamine), lipid mediators (such as prostaglandin D, platelet-activating factor, leukotriene C4 
(LTC4), LTD4 and LTE4), chemokines (CXC-chemokine ligand 8 (CXCL8), CXCL10, CC-chemokine 
ligand 2 (CCL2), CCL4 and CCL5) and other cytokines (such as IL-4, IL-5 and IL-13), and to the 
immediate symptoms of allergic disease 9.  

 

2. ALLERGENIC PROTEINS. 

The most important sources of allergens are wind-dispersed pollen 

grains from trees, grasses, and weeds, followed by excretions of house dust 

mites and cockroaches, fungal spores and animal dander and insect venoms. 

The route of exposure, dose and function of the allergen are crucial to mount an 

allergic response. But what is considered ‘high’ and ‘low’ dose? 10-13. 

The development of an allergic Th2 cell and IgE-dominated immune 

response crucially depends not only on the concentration of the antigen but also 

110



Introduction 2 
 

 
 

on the strength of the T cell–activating signal 11, 14. 

A protein is characterized as an allergen when it causes a specific IgE 

antibody response in at least 5 individuals 1. However, no biochemical 

characteristics have been found that define a protein to be an allergen. Why one 

protein and not other from the same family produces an immunological 

response leading to allergy remains to be elucidated 15-21. 

A large number of allergens have intrinsic biologic functions (proteases, 

trypsin inhibitors, calcium-binding proteins, lipid transfer proteins, etc). Some 

of these activities can contribute to allergenicity by increasing the tissue 

distribution of the allergen through digestion of extracellular matrix 

(eg,degradation of cellular adhesion molecules or direct toxic effects) 22-24. 

Others, such as the major birch pollen allergen Bet v 1, act as membrane-

binding proteins 25, which might help to cross the mucosal barrier and facilitate 

access to antigen-presenting cells 25.  

The identified plant food allergens mostly belong to a reduced number of 

protein families (Table 1) 26, 27. Functionally, the majority of them are included 

e i t he r  in t h e  reserve or in the defence protein families 15. Storage proteins 

accumulate mainly in mature seeds and they are mobilized during germination 

to provide a source of nitrogen and carbon skeletons for the embryo and t h e  

plant in the early stages of development. These families of storage proteins 

described as allergens are vicilins, legumins, 2S albumins and prolamins15.  

In contrast, plant defence proteins are involved in response to pests, 

pathogens and abiotic stresses, such as high salinity or drought. This group 

includes enzyme inhibitors, thaumatins, lipid transfer proteins (LTPs) and 

chitinases, among others. Eight out of 14 families of defence proteins include 
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members described as allergens 28. 

 

Classification of plant and animal food allergen protein families18 

 

3. CO-ADJUVANT MOLECULES. 

Nonetheless, allergenicity cannot be determined based on structural 

features alone. Much of the research on allergen immunogenicity has 

traditionally focused on structural properties of the proteins contributing to the 

activation of immune cells . In fact, there are several examples of homologous 

proteins, which display different allergenic activity 29, 30. 

After many efforts trying to identify amino acid sequences characterizing 

an allergen, it seems increasingly clear that the sensitization cannot be only 

explained by the protein itself. 
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The attention has lately been directed to examine whether associated 

molecules exhibit immunomodulatory properties. Actually, allergens encounter 

the human immune system as part of complex mixtures of proteins, 

carbohydrates and lipids. Most plant allergens have been characterized as lipid- 

transporting proteins (Bet v 1, Pru p 3) 31, 32. These molecules co-liberated from 

the allergen carrier might influence the host response to the allergen 33. They 

are not recognized as an allergen strictly, but they can act as potent inducers of 

IL4-producing eosinophils and basophils, which might then facilitate the 

development of an IgE-dominated immune response 34-37 

 

Hypothetical model of a TH2 dominated adoptive immune response and local TH2 
promoting micromilieu induced by pollen-associated lipid mediators. When pollen grains 
are hydrated on the respiratory epithelia, they release allergens and eicosanoid lipids, the so-
called pollen-associated lipid mediators (PALMs). Leucotrien-like PALMs have the potential to 
attract and activate innate cells like neutrophils and eosinophils, while prostaglandin-like 
PALMs, the phytoprostanes, and possibly other pollen-derived factors, can modulate the 
migratory and T helper cell polarizing capacities of resident dendritic cells. In addition, DCs 
exposed to PALMs might be induced to secrete chemokines which preferentially recruit further 
Th2 cells to the site of pollen exposure. Taken together, the possible effects of PALMs on both 
cells of the innate and the adoptive immune system might lead to a local microenvironment 
favoring Th2 responses. IFNγ = interferon-γ; IL = interleukin; PC = plasma cell.38 
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In the case of respiratory allergic diseases, it is known that pollen grains 

release bioactive, pollen-associated lipid mediators (PALMs), which have pro-

inflammatory and immunomodulatory effects on the immune cells. 

Proinflammatory PALMs (eg, oxylipins) attract and activate eosinophils and 

neutrophils independently of the sensitization status of the donor. They act as 

an adjuvant enhancing the inflammatory process 34-36.  

Another example of Th2- inducers are E1 phytoprostanes. They are 

autoxidation products of α-linolenate that are present in all plant tissues 39. E1 

phytoprostanes compose the most prominent group in aqueous pollen extracts 

(APE), and seem to be involved in plant host defense 40. These compounds can 

inhibit dendritic cells (DCs) production of IL-12 and Th1-type chemokines and 

increase the capacity of DCs to induce Th2 cell differentiation and recruitment. 

41, 42.  

Classic adjuvants are bacterially derived molecules, such as LPS. It has 

been demonstrated that there is a dose dependence in the induction of Th1 or 

Th2 responses 10, 13, 43, 44. 

In this sense, chitin, a biopolymer of N-acetyl-β-D-glucosamine present in 

insects, mites and fungal spores, has previously been shown to induce Th1 

responses 45, 46.  

Probably the most studied molecules as Th2 inducers are N-enriched 

mannose glycans, which are common in plant, but not mammalian glycoproteins 

47-52. N-glycans possess the capacity of IgE binding and can induce maturation of 

activated APCs, with the production of proinflamatory cytokines such as IL6, IL8 

and IL10 53, 54. 
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4. THE ROLE OF FUNGAL PATHOGENS AS Th2 ENHANCERS. 

In addition to molecules co-released with the allergen, many plant 

allergens are plant defence proteins that up-regulate in response to pathogen 

infections. Alternaria alternata is one of the most usual fungal pathogens in 

many crops 55. It has been found in most fruits and vegetables in warm and 

humid regions, especially in autumn when it reaches its maximum sporulation 

levels 55.  

Alternaria alternata has been described as the most important fungus 

associated to respiratory allergies 56 57-59. 30% of the asthmatic patients is 

sensitized to A. alternata 60, 61 and present symptoms associated with severe 

rhinitis and asthma 62 

Alt a 1 is its major allergen 60, 63-65 and it is recognized by 90% of the 

allergic population 66. It is contained in Alternaria spores until its release during 

the germination process 64, 67, when allergen release has been described to 

increase 68. 

The presence of a necrotrophic fungus in fruits has been described to 

induce the expression of pathogenesis-related (PR) proteins 69, 70. However, few 

studies have addressed the impact of fungal infection on food allergies 71.  
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OBJECTIVES 

The aim of this was to characterize the role of some molecules 

transported by allergens (taking Pru p 3, the peach nsLTP as a model) and the 

effect of fungal  up-regulation of plant food allergens (taking Alternaria 

alternata as a model) in the development of fruit allergic sensitization (being 

kiwi our model). For this, specific objectives have been drawn: 

1. To study the effect of Pru p 3-ligand on immune and epithelial 

cells by in vitro techniques. 

2. To study the impact of Alternaria alternata on kiwifruit 

allergenicity and the role of Alt a 1, Alternaria major allergen, 

as a food allergen. 

3. To characterize the interaction of Alt a 1 and a defence protein 

from kiwifruit, Act d 2 PR5-thaumatin, in the plant. 
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2. RESULTS  
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- Characterizing the immunological role of Pru p 3-ligand 

 

- Alternaria alternata impact on kiwifruit sensitization and Alt a 1 as a 

food allergen  

 
 

- The role of Alt a 1 in kiwifruit infection by Alternaria alternata

118



Immunological role of Pru p 3-ligand 2 
 
 

 
 

Characterizing the immunological role of Pru p 3-ligand 

 

Cristina Gómez-Casado Msa, María Garrido-Arandia Msa, Amaya Murua-García 

Bsa, Leticia Tordesillas PhDa, Luis F. Pacios PhDa, Javier Cuesta-Herranz MD PhDb, 

Franziska Roth-Walter PhDc, Erika Jensen-Jarolim MDc, Araceli Díaz-Perales PhDa 

 

aCentre for Plant Genomics and Biotechnology (UPM-INIA), Pozuelo de Alarcon, 

Madrid, Spain;  

bIIS-Allergy Service, Jimenez Diaz Foundation, Madrid, Spain;  

cDepartment of Comparative Medicine, Messerli Institute, Veterinary University of 

Vienna & Medical University of Vienna, Austria. 

119



Immunological role of Pru p 3-ligand 2 
 
 

 
 

Abstract 

Peach allergy is the most prevalent plant food allergy in the Mediterranean 

area, being a non specific lipid transfer protein (nsLTP), Pru p 3, the most relevant 

allergen. Plant nsLTPs bind a variety of lipids, which presumably allows them to 

perform disparate functions. However, little is known about the contribution of 

these carried molecules to allergy. We aimed to characterize the role of Pru p 3-

ligand in Pru p 3 allergenicity. Pru p 3 with and without ligand was used for 

transport studies across Caco-2 intestinal epithelial cells. Additionally, the ligand 

effect on the cytokine production was assessed measuring their expression by 

quantitative RT-PCR assay for Caco-2-PBMCs co-cultures. Murine dendritic cells 

maturation assays were carried out by flow cytometry in the presence of the 

mentioned fractions. It was observed that both Pru p 3 alone and Pru p 3-ligand 

were transported across the intestinal epithelial monolayer maintaining their 

immunogenic capacity by inducing a pro-inflammatory cytokine production 

pattern. Moreover, the allergenicity of Pru p 3 ligand was TLR4-dependent. 

Summarizing, Pru p 3 ligand contributes to Pru p 3 allergenicity in a TLR4-

dependent manner. 

 

Keywords  

Peach allergy, Lipid Transfer Proteins, Pru p 3, ligand, maturation, Th2 shift 
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Introduction 

Peach allergy is the most prevalent plant food allergy in the Mediterranean 

area, and its major allergen, the non specific lipid transfer protein (nsLTP) Pru p 3, 

is the most important plant food allergen in this region 72, 73. B- and T-cell epitopes 

have been characterized in Pru p 3, as well as the presence of common epitopes in 

other nsLTPs 74-76. They are basic proteins of about 9 kDa (92-94 residues) with 

aminoacid sequence identities ranging between 25 and 95%. Despite the great 

heterogeneity in the primary structure, all of them share an α-helical compact fold 

composed of four α-helices connected by short loops and a non-structured C-

terminal tail. This fold is stabilized by eight cysteine residues, conserved in all 

plant nsLTPs, which form four disulfide bridges 77-79. The inner space left within 

the helices forms a characteristic tunnel-like cavity that follows the long axis of the 

protein. Hydrophobic side chains line the surface of this cavity which is large 

enough to accommodate ligands with long chains. 

Although there is a large literature on these proteins and their possible 

functions have been largely debated over the years 72, new roles for nsLTPs are 

still being proposed. Recent reports on the functions of nsLTPs in cuticular wax 

deposition 80 or the suggestion that they should be multifunctional in plant growth 

and organ development 81 have posed new questions on their roles in plants. 

However, little is known about the contribution of their ligands to human 

allergy. It has been extensively described that molecules co-liberated from the 

allergen carrier or exposed together with the allergen might influence the host 

response to the specific allergen. The most studied examples of these co-allergenic 

molecules may be the pollen-associated lipid mediators (PALMs) 1, 82, 83, which are 
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bioactive and may display pro-inflammatory and immunomodulatory effects on 

the immune cells. In the same way, carbohydrate complex determinants (N-glycans 

47, 50, 84) have been characterized as enhancers of Th2 PAMPs 85-87. They are 

attractive candidates as non-self structures recognized by the innate immune 

system for inducing the Th2-skewed responses that contribute to allergy in 

susceptible individuals 54. 

In this work, we aimed to characterize the chemical nature of Pru p 3-

ligand, as well as its role in Pru p 3 allergenicity.  
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Methods 

Patients and sera 

Blood samples were obtained from 2 healthy donors at the Transfusion 

Centre (Madrid, Spain), to perform PBMCs isolation. The study was approved by 

the ethics committees of the Transfusion Centre (Madrid, Spain) and the Technical 

Ethical Comitee (UPM, Madrid, Spain). 

 

Animal models 

 TLR4-/- mice (S. Akira (Hoshino et al., 1999) were obtained from the 

Institute of Animal Breeding and Genetics (University of Veterinary Medicine 

Vienna, Vienna, Austria) and bred at the Institute for Laboratory Animal Science 

and Genetics (University of Vienna, Himberg, Austria). Wild-type C57BL/6 mice 

were obtained from Charles River, Germany. Experiments were conducted 

according to the European Community rules for animal care with the permission 

number BMWF-66.009/0123-II/10b/2008 of the Austrian Ministry of Science. 

 

Isolation and characterization of Pru p 3, Pru p 3-ligand and ligand fraction 

Natural Pru p 3 was isolated by using the chromatographic methods and 

conditions previously described 88. Pru p 3– ligand was purified from peach peel 

extract (ALK-Abelló, Denmark) by affinity chromatography with a specific anti-Pru 

p 3 antibody, kindly provided by Carlos Pastor (Jimenez Diaz Foundation Madrid, 

Spain) on a CNBr-activated sepharose 4B (GE Healthcare, Uppsala, Sweden) home-

made column and eluted with glycine 0,1 M pH 2,7 (Applichem, Darmstadt, 
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Germany). After dializing and freeze-drying, purified protein was quantified by 

means of the commercial bicinchoninic acid test (Pierce, Cheshire, UK) and purity 

was measured by SDS-PAGE, N-terminal amino acid sequencing with an Applied 

Biosystems 477A gas-phase sequencer (Applied Biosystems, Foster City, CA, USA), 

mass spectrophotometric analysis with a Biflex III Spectrometer (Bruker-Franzen 

Analytik, Bremen, Germany), and by fingerprinting after tryptic digestion, using 

standard methods. 

Ligand was separated from affinity purified Pru p 3 on a LH-20 (GE 

Healthcare, Uppsala, Sweden) home-made column and checked by Thin Layer 

Chromatography (TLC) with a solvent phase of ethanol: formic acid: water 

(50:30:25) at pH 3.5 and subjected to the following staining: dichlorofluorescein 

for saturated and unsaturated lipids (Sigma-Aldrich, Steinheim, Germany); 

ninhydrin to detect ammonia, primary and secondary amines, amino acids and 

amino-sugars (Merck, Darmstadt, Germany); p-aminobenzoic acid for saccharides, 

(Applichem, Darmstadt, Germany) and general staining (vanillin, Sigma-Aldrich, 

Steinheim, Germany). Fractions containing the ligand were pooled. Ligand fraction 

was characterized by TLC and mass spectrophotometric analysis with a Biflex III 

Spectrometer (Bruker-Franzen Analytik, Bremen, Germany), using standard 

methods. 

 

Immunodetection assays 

Fractions were electroblotted to PDVF membranes, blocked (Sigma-Aldrich, 

Steinheim, Germany) and incubated with a specific anti-Pru p 3 polyclonal 
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antibody (1:1000, Carlos Pastor, Jimenez Diaz Foundation) and detected with anti-

IgG-alkaline phosphatase (1:5000, Sigma, St Louis, MO, USA), respectively, and 

ECL-system (Thermo Scientific, 34080, Waltham, MA 02454) or 5-bromo-4-chloro-

3-indolyl phosphate/nitroblue tetrazolium (Sigma, St Louis, MO, USA). 

 

CD analysis 

Samples were desalted using MicroSpin G25 Columns (GE Healthcare 27-

5325-01, HP8 4SP, United Kingdom). Circular dichroism measurements of nPru p 3 

and nPru p 3-ligand were performed in water on JASCO Spectropolarimeter J-180 

(Jasco, Victoria, Canada) using 1mm path-length quartz cells equilibrated at 20°C. 

Spectra were recorded from 190 to 260nm with 0,5nm resolution at a scan speed 

of 50nm/min. The final spectra were baseline-corrected by subtracting the 

corresponding solvent spectra obtained under identical conditions. The data were 

fitted by using Dichroweb analytical tool 89, 90. Results were expressed as the mean 

residue ellipticity (Ɵ) for a given wavelength 90. 

 

MALDI/GC-MS  

Ligand solution (1mg/mL) was added (1µl droplet) on a MALDI AnchorChip 

sample slide (Bruker Daltonics, Bremen, Germany) and air-dried. A 

dihydroxibenzoic acid (DHB) matrix saturated in 50% acetonitrile and 50% water 

with 0.1% trifluoroacetic acid (0.5 µl) was added over the dried sample. A peptide 

calibration standard (Bruker Daltonics, Bremen, Germany) was deposited for 

external calibration. MALDI analyses were performed in a Kratos MALDI AXIMA 
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PSR (Shimadzu, Kyoto, Japan) mass spectrometer with a nitrogen laser (337 nm) 

operating in linear mode. 

 

Endotoxin quantitation 

The presence of endotoxin in the samples was checked by Pierce LAL 

Chromogenic Endotoxin Quantitation Kit (Thermo Scientific, MA, USA), following 

manufacturer’s instructions. 

 

NF-κB/ AP-1 activation 

The transfected cell line THP1-XBlue™ (Invivogen, Toulouse, France) 

derived from the human monocytic THP-1 cell line was used following 

manufacturer´s instructions. In brief, THP1-XBlue cells were seeded at a density of 

1x106 cells/ml in cRPMI medium (RPMI 1640, 2 mM L-glutamine, 10 mM HEPES, 

10% heat-inactivated fetal bovine serum, PenStrep cocktail (50 U/ml-50 μg/ml) 

and 200μg/ml of Zeocin). 1μg of sample/per well (5 μg/μl) were added to the cells 

for 24h. LPS (sigma?) and PBS were used as positive and negative controls, 

respectively. 20 μl of cell suspension (~200,000 cells) per well were added to a 

flat-bottom 96-well plate containing 180 μl of QUANTI-Blue™ per well and 

incubated for 18-24 h. Soluble Embryonic Alkaline Phosphatase (SEAP) levels were 

determined using a spectrophotometer at 620 nm.  
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Transport studies across epithelial cells 

The Caco-2 cell line was purchased from the American Type Culture 

Collection (ATCC; Manassas, VA, USA) and grown following manufacturer’s 

instructions. Cells were seeded in 24-well Transwell® culture plates 0.4 mm pore 

diameter, Corning Inc., NY, USA) at a density of 8 x104 cells per well and grown for 

18-21 days, replacing the medium every 2 days. The integrity of the Caco-2 cell 

monolayer was checked by measuring the transepithelial electrical resistance 

(TEER) using a Millicell-ERS device (Millipore, Bedford, MA, USA). Cell monolayers 

were used in transport studies when values of TEER reached a plateau exceeding 

300Ωcm2. Pru p 3 and Pru p 3-ligand were added to the apical side of the 

Transwell® inserts at increasing concentrations in culture medium (5, 10, 25 

µg/ml). After 2, 4, 8 and 24 h, basolateral supernatants and apical supernatants 

(24h) were collected and Pru p 3 content was determined by ELISA with specific 

anti-Pru p 3 polyclonal antibody (1:1000, Carlos Pastor, Jimenez Diaz Foundation) 

and ImmunoPure antibody fluorescein conjugated goat anti-rabbit IgG (Thermo 

Scientific, Rockford, IL 61101), using a fluorescence microplate reader (TECAN, 

Männedorf, Switzerland) at 535nm. All tests were performed twice in triplicate. 

The integrity of the cell monolayer was monitored by measuring TEER 

throughout the experiment.  

 

Cocultures with PBMCs 

Caco-2 cells were also cultured with peripheral blood mononuclear cells 

(PBMCs) from two healthy donors recovered by Transfusion Centre (Madrid 
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Health Service Madrid, Spain), as previously described 75. PBMCs were then seeded 

in the basolateral compartment of the Transwell® inserts (2x106 cells/well) and 

Pru p 3 with or without ligand (5µg/mL) was added in the apical chamber, as 

described above. The co-culture was maintained for 24h, after when apical and 

basolateral supernatants were recovered. The TEER was also measured at the end 

of the experiment. Each experiment was done at least twice in duplicate. 

 

Maturation assays of murine wild type and TLR4-/- BMDCs 

Bone marrow of wild type female C57BL/6 N6 (n=5; Charles River 

Laboratories, New York, NY) and TLR4-/- C57BL/6 mice (n=6; Veterinary Medicine 

University Vienna, Austria) were obtained by flushing out the leg bones with 

RPMI-1640 without Fetal Bovine Serum (FBS). After centrifugation, red blood cells 

were lysed with lysis buffer (0.83% NH4Cl in 10mM Tris buffer, pH 7.2). The 

reaction was stopped by adding medium containing FBS. Cells were plated in 

75cm2 cell culture flasks at a density of 1x106 cells/ml in RPMI containing 20 

ng/ml GM-CSF. On day 6, immature BMDCs in supernatant were collected and 

seeded at 6x105 cells/ml in 48-well plates in RPMI containing 20ng/ml GM-CSF. 

Stimulus were added in increasing concentrations and incubated for 24h. 20ng/ml 

TNF- was used as a positive control. Maturation was assessed by CD80, CD86 

upregulation in CD11c+ cells on a FACS Canto II (Immunology Department, 

Veterinay Medicine University of Vienna, Vienna, Austria). 
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Cytokine production measurements in Caco-2, mBMDCs cultures, and Caco-2-PBMCs 

co-cultures 

Levels of TSLP, IL25 and IL33 were quantified by real time-PCR. mRNA from 

Caco-2 cells was isolated according to the Qiagen-RNeasy protocol (Qiagen, 

Valencia, CA, USA) and stored at -80ºC. RT-PCR was performed as previously 

described 30, 91. cDNA was amplified using the Power SYBR Green PCR Master Mix 

(Life technologies, Paisley PA4 9RF, UK) according to the manufacturer’s 

recommendations and ran on an Applied Biosystems 7300 real-time detection 

system (Life technologies, Paisley PA4 9RF, UK), using previously described 

primers 92-94 The amount of the target mRNA expression was normalized with 

endogenous control EF-1 95 and relative quantification was performed using the 

comparative threshold cycle method (2-Ct), as described by Livak and Schmittgen 

96. The changes in gene expression were calculated with respect to untreated Caco-

2 cells. All amplifications were carried out in triplicate from three different 

experiments. 

Levels of cytokines produced by Caco-2 cells/ PBMCs co-cultures were 

quantified with the Quantibody® Human Inflammation Array 1 (Raybiotech, 

Norcross GA 30092), according to the manufacturer’s instructions. Co-cultures 

containing non stimulated cells served as negative controls.  

Levels of IL6, IL12 and IL10 were quantified using 50 µl of mBMDCs 

supernatants, by means of matched antibody pairs according to the manufacturer’s 

instructions (eBioscience, San Diego, CA, 92121). Cultures containing non 

stimulated mBMDCs served as negative controls.  
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Statistical analysis 

Statistical analysis was performed using SPSS 17.0 and and GraphPad 6. t-

test, Kruskall-Wallis, One-way ANOVA and Two-way ANOVA with corrections for 

multiple comparisons were used, when applicable. Values of p<0.05 were 

considered to be significant.  
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Results 

Characterization of the immunological activity of Pru p 3-ligand  

The immunological activity of Pru p 3 was not affected by the presence of 

the ligand, as the protein was recognized by a specific anti-Pru p 3 antibody on a 

immunoblot assay (Figure 1.A). By contrast, the structure of Pru p 3 was found to 

be altered by the binding of the ligand, as shown in the far UV spectrum region 

determined by CD measurements and the Dichroweb online analytical tool (Figure 

1.B). Pru p 3 yielded 51% of regular helix fraction, 17% distorted helix fraction, 4% 

of regular sheet fraction, 8% of distorted sheet fraction, 8% of turns and 13% of 

unordered residues. However, Pru p 3-ligand secondary structure was found to be 

enriched in sheet (17% regular and 12% distorted) and unordered structures 

(22%) to the detriment of the helix fraction (37% regular and 7% distorted) (data 

not shown).  

Regarding its chemical composition, the fractions eluted after LH-20 

chromatography, were subjected to TLC and stained with vanillin, ninhydrin, 

dichlorofluorescein and p-aminobenzoic acid. Fraction correspondent to the eluted 

ligand was found to be positive for vanillin (general staining) and 

dichlorofluorescein (lipidic compounds) (data not shown). This fraction was also 

analyzed by MALDI-TOF, and rendered two peaks of 367 and 384 Da (m/z) 

exclusives of the Pru p 3-ligand (Figure 1.C).  
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Figure 1. Characterization of the three fractions. A) Coomassie staining and immunoblot with 
anti-Pru p 3 antibody of the 3 isolated fractions (Pru p 3, Pru p 3-ligand and ligand alone). B) Far-
UV (190–260 nm) CD spectrum of purified proteins (Pru p 3 and Pru p 3-ligand) analyzed by web 
analytical tool Dichroweb. C) Maldi GC/MS spectrum of ligand fraction.  

 

Pru p 3-ligand is transported across the intestinal epithelial monolayer  

Transport studies with Caco-2 cells showed that both Pru p 3 alone and Pru 

p 3 carrying the ligand were able to pass across the intestinal monolayer without 

disturbing its structure (Figure 2.A). Pru p 3 crossed the intestinal barrier in a 

concentration dependent manner, as previously described 30 (Figure 2.B and C). 

Thus, the ligand did not interfere in the interaction and the transport of the 

allergen across the epithelial barrier. 
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Figure 2. Caco2 culture with Pru p 3 and Pru p 3-ligand. A). TEER evolution along the 
experiment with increasing concentrations of the tested proteins. B) Transported amounts of Pru p 
3 and Pru p 3-ligand quantified by fluorescence in a ELISA assay.  

 

Pru p 3 maintained its immunogenic capacity after crossing the epithelial monolayer 

by inducing pro-inflammatory cytokine production, even when transporting its 

ligand 

The effect of the ligand on intestinal epithelial cells was investigated by 

quantifying the expression of epithelial cytokines, TSLP, IL33 and IL25 at RNA 

level by qPCR (Figure 3.A). However, no significant differences were observed for 

any of the epithelial cytokines tested when comparing Pru p 3 alone versus Pru p 

3-ligand (p-value=0.4).  
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Co-cultures with PBMCs from healthy donors were performed by adding 

these cells into the basolateral chamber of Transwell® inserts. Although there was 

a great variation in the levels of cytokines from different donors, production of IL6 

was favoured when stimulating PBMCs with Pru p 3. In co-culture with Caco-2 

cells, there was a shift towards IL1a, IL1b and IL10. In contrast, IL1b, IL10 and 

TNFα production was observed for PBMCs incubated with Pru p 3-ligand. Co-

culture of PBMCs with Caco-2 cells reverted this trend significantly (p-value<0.01) 

for IL10 and TNFα (Figure 3.B).  

When comparing the expression of these cytokines, significant differences 

were obtained in IL10 and TNFα production for PBMCs cultures (p-value<0.01). 

No significant differences were found in co-culture, although cells in the presence 

of Pru p 3 were more prone to produce IL1a, IL1b and IL10, as stated before; 

whereas cells stimulated with Pru p 3-ligand produced more pro-inflammatory 

cytokines, such as IL6, IL10 and TNFα (data not shown). 

 

Figure 3. Cytokine production by Caco-2 cells (A) and Caco-2/PBMCs co-cultures. A) 
Expression of the epithelial cytokines (TSLP, IL25 and IL33) was assessed by qPCR. B) Cytokine 
production in the co-culture was measured by means of the specific cytokine microarray 
Quantikine. 
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The allergenicity of Pru p 3 ligand is TLR4-mediated 

Endotoxin content of the samples was assessed with Pierce LAL 

Chromogenic Endotoxin Quantitation Kit. Only the fractions containing the ligand 

presented negligible levels of endotoxin (Figure 4.A). 

Immunogenic capacity of the ligand was assessed by testing its ability to 

activate NFkB/AP1 transcription on a human monocyte-derived cell line (THP1-

Xblue) transfected with a reporter expressing a secreted embryonic alkaline 

phosphatase (SEAP) gene under the control of a promoter inducible by the 

transcription factors NF-κB and AP-1. The transcription of NF-κB and AP-1 was 

detected upon stimulation with Pru p 3-ligand and the ligand fraction, but not with 

Pru p 3 alone, which yielded significantly lower activation as compared with the 

positive control, LPS (Figure 4.B, p-value= 0.010). 

mBMDCs from C57BL/6 N6 mice were used for studying the effect of the 

ligand in their maturation, by measuring the expression of CD80 and CD86 

coestimulatory molecules. When BMDCs were stimulated with the ligand, an up-

regulation of both CD80 and CD86 was observed. This up-regulation was 

concentration-dependent and statistically significant when comparing Pru p 3 

alone versus Pru p 3-ligand and the ligand fraction, for all the concentrations 

tested (p-value < 0.001, data not shown).  

By contrast, no differences among Pru p 3, Pru p 3-ligand and the ligand 

fraction were observed in CD80 and CD86 up-regulation when TLR4-/- mice were 

used (Figure 4.C, p-value<0.01). This result suggests that the lack of TLR4 impairs 

Pru p 3- ligand immunogenicity. 
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Additionally, the levels of the IL6, IL10 and IL12 cytokines were measured 

by ELISA using the supernatants of mBMDCs cultures. IL6 production was induced 

by the presence of the ligand, both in wild type and TLR4-/- mice (One-way 

ANOVA with Tukey multiple comparisons correction, p<0.01, Figure 4.D). By 

contrast, no differences were found for IL10 and IL12 production for the tested 

variants (One-way ANOVA with Tukey multiple comparisons correction, p=0.1016) 

(Figure 4.E and F). 

 

Figure 4. A) LAL quantification endotoxin. Tests were performed in duplicate. B) THP1 NFkB 

activation. All tests were performed in triplicate. C-F) BMDCs and CK production by BMDCs. 
Significant differences between the antigens and untreated culture are indicated. CKs production 
(n=6). The results are expressed in fold change comparing non-stimulated with stimulated 
conditions, and statistical significance is indicated (p<0.05) after performing a Wilcoxon test for 
paired samples. Medians (-) and range (bars) are represented. 
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When comparing wild type and TLR4-/- mice, the ligand fraction induced the 

production of IL6 regardless of the presence of TLR4. In addition, IL6 levels 

produced by the cells incubated with Pru p 3-ligand in low concentrations (2 and 5 

µg/mL) were significantly different in both mice groups (Two-way ANOVA with 

Sidak’s multiple comparisons correction, p<0.0001). 
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Discussion 

Pru p 3 is nsLTP, characterized by an α-helical compact fold which forms a 

tunnel-like hydrophobic cavity along the axis of the protein for carrying molecules 

32, 79, 97. Despite much research aimed to elucidate the role of LTPs in the plant and 

their possible ligands, a clear picture has not been proposed yet. To our 

knowledge, this is the first study characterizing Pru p 3-ligand and its role in 

immunogenicity and allergy development.  

Pru p 3 structure was found to be altered by the binding of its ligand. This 

molecule produced a distortion in the protein spectrum in the region of vacuum 

UV (190-200 nm) meaning that the C-terminal region with random coil 

conformation acts as a lid in the ligand accomodation incide the cavity 32.  

To elicit an allergic response, food allergens must reach the immune system 

passing across the intestinal epithelial barrier that prevents the passage of harmful 

microorganisms, toxins and antigens 98-100. Caco-2 cell line is widely used to study 

drug transport and microorganisms interaction with gut epithelium. It is derived 

from human colon adenocarcinoma cells 101, which spontaneously differentiate, 

leading to the formation of a polarizad cell monolayer. In our experiment, the 

TEER was maintained along the whole experiment, for both with Pru p 3 alone and 

its counterpart containing the ligand, indicating that the monolayer was not 

affected by the allergen addition. This means that this allergen follows a 

transcellular route, as previously described 30. In addition, Pru p 3 transport 

seemed to follow a Michaelis-Menten kinetic, which pointed to a receptor-

mediated transport 30, 102. Furthermore, both variants were able to induce 

comparable levels in the expression of the epithelial pro-inflammatory cytokines, 
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TSLP, IL33 and IL25 30, 103-109.  

Co-cultures with PBMCs from healthy donors confirmed that the 

transported allergens were able to induce an immune response The production of 

inflammatory cytokines, such as IL1α, IL1β, IL6, IL10 and TNFα, was confirmed as 

previously described 30. Although no significant differences were found when 

comparing the two variants, cells in the presence of Pru p 3 were more prone to 

produce IL1α, IL1β and IL10, whereas cells stimulated with Pru p 3-ligand 

produced other pro-inflammatory cytokines, such as IL6, IL10 and TNFα. 

However, the ligand actively participated in the antigen presenting cells 

activation. The ability to activate the expression of NFκB and AP1 transcription 

factors in THP1-XBlue™ cells was only observed in the presence of the ligand. 

According to the manufacturer, these effects are responses mediated by TLR2, 

TLR1/2, TLR2/6, TLR4, TLR5 and TLR8.  

To identify the TLR mediating Pru p 3-ligand effects, mBMDCs maturation 

was then tested in wild type and TLR4-/- C57BL/6 N6 mice. In this case, the Pru p3-

ligand fraction caused a significantly higher up-regulation of CD80 and CD86 in 

wild type mice than in those lacking TLR4.  

Concerning the cytokine production, the ligand of Pru p 3 induced a high 

expression of IL6 and IL 12 mediated by TLR4. However, this effect was not 

observed in IL10 production. IL-6 upregulation is thought to limit the Th1 

response while promoting the Th2 andTh17 pathways 1, whereas expression of 

IL12 differentiate towards Th1. The observation that the same antigen can have 

opposite effects on dendritic cells has been described for other cofactors, such as 
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LPS 1. Thus, at low concentrations, LPS could induce a Th2 response in opposition 

to a Th1 way facing a high concentration. It is possible that Pru p 3-ligand acts in a 

similar way.  

It can be then claimed that the observed effect on immune system cells 

produced by Pru p 3-ligand could be due to the presence of LPS. However, this can 

be discarded based on the evidence. First of all, endotoxin levels were negligible110. 

Second, the purification method of Pru p 3-ligand and the ligand itself, used in this 

manuscript, made very difficult to think of a possible contamination with LPS. 

Thirdly, the purity analysis of both samples by mass-spectrometry rendered 

different molecular weight for the ligand and LPS, but the same for the ligand 

bound to Pru p 3. Thus, although Pru p 3-ligand and LPS could induce TLR4 

activation, they are different molecules.  

Taking into account all these data, it could be inferred that the ligand 

carried by Pru p 3 could act as an adjuvant factor with the ability to modulate the 

immune system toward a Th2 response, as described before for other molecules 47, 

82, 83, 111. 
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Abstract 

Alternaria alternata is one of the most common fungal pathogens in our 

crops. Its presence has been described in the majority of fruits and vegetables. It 

has been traditionally associated to respiratory allergies; however, little is known 

about its impact on food allergies. The presence of this fungus can induce the 

expression of pathogenesis-related (PR) proteins in the plant, many of which have 

been described as allergens. In this work, we assessed the impact of Alternaria 

infection in the development of food allergy, taking kiwifruit as a model, as well as 

the role of Alt a 1 as food allergen. It has been observed that most patients allergic 

to Alternaria were also sensitized to kiwifruit showing specific IgE against Act d 2, 

TLP and one of the kiwifruit major allergens, although they were not clinically 

reactive to kiwifruit ingestion. The presence of Act d 2- specific IgE in A. alternata-

allergic patients was not a consequence of cross-reactivity. When A. alternata 

spores were incubated with epithelial cells from the intestine (Caco-2 cell line was 

used as a model), no alteration was observed on the monolayer integrity. 

Moreover, Alt a 1 was detected in the basolateral supernatant, which means that it 

crossed the epithelial monolayer retaining its allergenicity. Besides, the culture of 

A. alternata spores with Caco-2 cells induced the production of epithelial 

cytokines, such as TSLP, IL 33 and IL25, further modifying the response of T cells. 

Therefore, the consumption of infected kiwifruits by A. alternata-allergic patients 

would increase the likelihood of sensitization to this fruit. In conclusion, Alt a 1 

could act as a co-stimulator of Th2 response in fruits infected by A.alternata.  

 

Keywords: Fungi allergy; allergic co-sensitization; food allergy; allergy enhancers. 
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Introduction 

 

Alternaria alternata is one of the most common fungal pathogens in our 

crops 112. Its presence has been described in the majority of fruits and vegetables 

in warm and humid regions, but it has also been detected in cereal fields, 

especially, in autumn, when it reaches its maximum sporulation levels in those 

areas 112. 

Alternaria alternata has been described as the most important fungus 

associated to respiratory allergies, although its role is still open to debate. The 

diagnosis of Alternaria allergy is difficult to carry out mainly because of the low 

quality of the fungal extracts. This is due to the great variability of strains, different 

culture conditions and extraction protocols, as well as the allergens degradation by 

fungal proteases 56 57-59.  

In Spain, an aerobiological study showed an increase in the A. alternata 

spores in the atmosphere during late summer and early autumn 113. Over 20% of 

the population with a history of respiratory allergy showed sensitization to A. 

alternata 61. This prevalence is twice as high as the average sensitization incidence 

of 9.5% to respiratory allergies in Europe 60, 114. The sensitization to this 

ascomycete is closely linked with severe rhinitis and asthma 62. Moreover, 30% of 

the asthmatic patients are sensitized to some Alternaria allergens 60. 

A. alternata has been extensively described in fungal polysensitization 57, 

115; however, only few studies have addressed its impact on co-sensitization in 

regard to Alternaria and food-pollen allergies. Herrera-Mozo et al. 71 established 

the relationship between allergy to A. alternata and unrelated foods, such as 
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spinach and mushroom. The study revealed that allergic patients who suffered 

symptoms with A. alternata also reacted to both foods and mainly recognized a 

fungal protein of 30 kDa, corresponding to dimerized Alt a 1.  

Alt a 1 has been established as the major allergen among the 9 allergens 

described in A. alternata 60, 64, 65. 90% of the sensitized patients recognize this 

allergen 66. Alt a 1 is a dimer of 30 kDa, which resolves in two bands of 16.4 and 

15.3 kDa in SDS-PAGE under denaturing conditions 64. Alt a 1 is contained in 

Alternaria spores suggesting that it might participate in the germination process 64, 

67. 

Since A. alternata is a common fungus in different crops, its presence 

induces the expression of pathogenesis-related (PR) proteins in fruit crops, many 

of which have been described as allergens. Therefore, it is likely that Alternaria spp 

could increase the probability of allergic sensitization to the vegetables it 

colonizes. In this work, we assessed the role of Alternaria allergy in the 

development of food sensitization, taking kiwifruit as a model. 
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Methods 

Subjects 

Sera from patients allergic to A. alternata were kindly provided by the 

Allergy Service of the Clinical Hospital of Barcelona (Table 1, numbers 1-18) and 

the Immunology Service of the Clinical University of Navarra (Table 1, numbers 

19-83). All patients showed positive response to A. alternata by Skin Prick Test 

(ALK-Abello, Madrid, Spain)116 and had IgE against Alt a 1 by ImmunoCAP ® ISAC 

(Phadia AB, Uppsala, Sweden). Food tolerance to kiwifruit was confirmed in 9 

patients from Barcelona (Table 1, numbers 1-9) by open oral challenge following a 

previously reported method 117. 

Written informed consent was obtained from all patients and the ethics 

committees of the corresponding hospitals and universities approved the study 

(Clinical Hospital of Barcelona; Clinical University of Navarra; Technical University 

of Madrid, Spain). 

 

Extracts and purified proteins 

A mixture of spores and mycelia of A. alternata (ALK-Abello, Madrid, Spain) 

and lyophilized kiwifruit were extracted with phosphate-buffered saline (0.1M 

sodium phosphate, pH 7.0 and 0.5mol/L NaCl; 1:5 (w/v), 1 h, 4ºC). After 

centrifugation (12000 g, 30 minutes, 4 ºC), the supernatant was dialyzed (cut-off 

point 3.5 kDa) and freeze-dried. Protein concentration was quantified according to 

Bradford method 118. 
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The kiwifruit Thaumatin-Like Protein (TLP), Act d 2, was purified as 

previously described 119. Recombinant Alt a 1 was purchased from Bial Aristegui 

(Bilbao, Spain). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Clinical characteristics of the patients included in the present study 
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Immunodetection assay 

Samples (15 µg of protein from A. alternata and kiwifruit extracts and 5 µg 

of the isolated allergens Alt a 1 and Act d 2) were separated on SDS-PAGE under 

reducing conditions (Invitrogen, Life Technologies Ltd, Paisley, UK). Proteins were 

electroblotted to polyvinylidene difluoride (PVDF) membranes. After blocking, 

membranes were incubated with a pool of 67 sera from patients with A. alternata 

allergy (1:5 dilution; overnight), following incubation with goat anti-human IgE-

peroxidase conjugate (1:3000 dilution, Biosource, Camarillo, CA, USA;) and 

detection by chemiluminiscence (Amersham Biosciences, Little Chalfont, UK).  

Inhibition of IgE binding was performed by pre-incubating the sera pool 

with Alternaria spp extract (30 µg/mL) or kiwifruit extract (30 µg/mL) for 3 hours 

before further processing. 

 

Specific immunoglobulin E determination and enzyme linked immunosorbent 

inhibition assays   

Specific IgE-binding to Act d 2 and Alt a 1 (5 µg/mL as solid phase) of 20 

individual sera (1:3 dilution for Act d 2; 1:5 dilution for Alt a 1) was measured by 

ELISA as previously described 120. Blocking solution (Sigma, St. Louis, MO, USA) 

was used as a negative control and specific IgE levels over 0.042 OD units [mean 

(OD) + 3 SD of the negative control value] were considered positive. All samples 

were tested in triplicate. 
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Allergenic capacity after simulated gastric digestion. 

150 µg of A. alternata extract and 15µg of Alt a 1 were subjected to 

simulated gastric digestion following the method by Yagami et al 121. Proteins were 

suspended in SGF 4X (simulated gastric fluid) (0,4M HCl 0,12M NaCl pH 1,2) 

containing pepsin 0,32% (p/v) (Pepsin, Porcin Stomach Mucosa, 2000 units/mg 

protein, Calbiochem®, Merck KGaA, Darmstadt, Germany) at 37°C under shaking. 

Enzymatic reactions at different time points were stopped by freezing the samples 

in liquid N2. Allergenic capacity post-digestion was assessed by ELISA with a pool 

of sera from A. alternata- allergic patients, as previously described. 

 

Culture of the epithelial cell line  

The epithelial cell line Caco-2 was purchased from the America Type 

Culture Collection (ATCC; Manassas, VA, USA). Caco-2 cells were used between 47 

and 60 passages. The growth medium contained DMEM (Lonza, Basel, 

Switzerland) with 2% L-glutamine, 10% heat-inactivated fetal bovine serum 

(Invitrogen, Life Technologies Ltd, Paisley, UK), 0.01 mg/ml human transferrin 

(Sigma St. Louis, MO, USA) and 100 mg/ml antibiotics (streptomycin and penicillin, 

Invitrogen, Life Technologies Ltd, Paisley, UK). The cells were maintained in a 

humidified atmosphere containing 5% CO2 at 37ºC and were passaged weekly 

upon reaching confluence. The cells were then seeded in 24-well Transwell® 

inserts (Corning Inc., Tewksbury MA, USA) at a density of 8 x 104 cells/well and 

grown in complete culture medium for 18-21 days, following manufacturer´s 

instructions. Medium was replaced every 2 days.  
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The monolayer integrity of the epithelial culture was checked measuring 

the transepithelial electrical resistance (TEER) with a Millicell-ERS device 

(Millipore, Bedford, MA, USA). Cell monolayers were used in transport studies 

when values of TEER reached a plateau exceeding 300 Ωcm2. Caco-2 cells were 

incubated for 2h, 4h, 8h and 24h with A. alternata spores (106spores/ ml) for 

transport studies. Basolateral and apical supernatants and cells were separated by 

SDS-PAGE on Bio-Rad Miniprotean III System gels after 24h of culture (15% 

polyacrylamide) (Bio-Rad Laboratories, Hercules, CA, USA), and electroblotted 

onto a polyvinylidene difluoride (PVDF) membrane.  After blocking, the membrane 

was incubated with a pool of 67 sera from A. alternata- allergic patients, as 

described above.  

 

Epithelial cytokine production measurements by real time-PCR 

The expression of the epithelial cytokines TSLP, IL33 and IL25 in the 

presence of 106 spores of A. Alternata spores was determined by real time-PCR. 

Polarized Caco-2 cells were recovered from the Transwell® inserts (Corning Inc., 

Tewksbury MA, USA) after 12 hours and mRNA was isolated as previously 

described. cDNA was amplified using the following primers: TSLP (F: 5’-

GCTATCTGGTGCCCAGGCTAT-3’; R: 5’-CGACGCCACAATCCTTGTAAT-3’; 92), IL25 (F: 

5’-CGGAGGAGTGGCTGAAGTGGAG-3’; R: 5’-ATGGGTACCTTCCTCGCCATG-3’; 94), 

IL33 (F: 5’-CACCCCTCAAATGAATCAGG-3’; R: 5’-GGAGCTCCACAGAGTGTTCC-3’; 93) 

and elongation factor EF1 as an endogenous control (F: 5’-

CTGAACCATCCAGGCCAAAT-3’; R: 5’-GCCGTGTGGCAATCCAAT-3’; 95). 
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Statistical analysis 

 For statistical analysis SPSS 17.0, Statgraphics Centurion XVI and GraphPad 

Prism 6.01 software were used. Results were compared by applying the non-

parametric Kruskal-Wallis with Dunn´s correction for multiple comparisons, 

contingency tables and Spearman correlation when appropriate. p-values lower 

than 0.05 were considered significant in all the analyses.  
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Results 

Patients with A. alternata allergy showed specific IgE to Act d 2, a kiwifruit allergen. 

As routine diagnosis, we examined the sensitization profile of patients with 

a clear history of A. alternata allergy to a wide panel of allergens (n= 83; Table 1) 

by immunoCAP ISAC (Phadia AB, Uppsala, Sweden). All patients showed a positive 

response to Alt a 1. Surprisingly, 75% of them had IgE against the kiwifruit TLP, 

Act d 2, one of the major kiwifruit allergens. These results were confirmed by 

ELISA assay in 20 sera, chosen in a random fashion (Figure 1.A -Alt a 1- and B -Act 

d 2-). 

The positivity to Alt a 1 and Act d 2 was statistically correlated by Spearman 

coefficient (0.578, p-value=0.01). The same was not true for other fruit allergens 

highly prevalent in the study area as Pru p 3, the peach major allergen belonging to 

the LTP family, or Phl p 12, profilin and major allergen of timothy grass (data not 

shown).  

 

Figure 1. Specific IgE of a randomly selected group of 20 patients with A. alternata allergy against 
Alt a 1 (A, dilution sera 1:5), and Act d 2 (B, dilution sera 1:3). Values higher than 0.042 (negative 
control mean + 3SD) were considered to be positive. 
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By contrast, the presence of specific IgE to Act d 2 was not correlated with 

the response by skin prick test (Table 1). The lack of sensitization to kiwifruit was 

confirmed in a selected group (n=9) by an open oral challenge. Only two of these 

patients suffered from mild symptoms (OAS).  

The association between A. alternata allergy and the presence of Act d 2- 

specific IgE could not be explained as a consequence of cross-reactivity. Protein 

extracts from A. alternata and kiwifruit were separated by SDS-PAGE, and 

Coomassie- stained (Figure 2, Coomassie). Replicas were electroblotted to PVDF 

and incubated with a sera pool from A. alternata-allergic patients, with an in vitro 

positive response to Alt a 1 and Act d 2 (n = 62), (Figure 2, Sera Alt a 1 + Act d 2 +). 

Reactive bands were recognized in both extracts. By contrast, patients allergic to A. 

alternata, but without specific IgE to Act d 2 by ISAC, did not show reactive bands 

in the kiwifruit extract (data not shown). When the sera pool was pre-incubated 

with A. alternata (+A. alternata) or kiwifruit extract (+A. deliciosa), only self-

inhibition of IgE binding was observed. A great reduction in the IgE binding was 

observed for the A. alternata extract when sera were pre-incubated with the fungal 

extract. Although, there was not total inhibition, a similar result was obtained 

when the sera pool was pre-incubated with kiwifruit extract (+A. deliciosa). 

Therefore, a cross reactivity phenomenon between kiwifruit and A. alternata was 

excluded.  
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Figure 2. Protein extracts from A. alternata spores and A. deliciosa (kiwifruit) were separated by 
SDS-PAGE and Coomassie- stained. Replicas were electroblotted and incubated with a pool of sera 
positive to both Alt a 1 and Act d 2: without inhibitor (Sera Alt a 1+, Act d 2+); pre-incubated with A. 
alternata extract (+A. alternata 30 µg/mL); and pre-incubated with A. deliciosa (kiwifruit) extract 
(+A. deliciosa 15 µg/mL). 

 

Allergenic capacity of Alt a 1 was conserved after simulated gastric digestion. 

As A. alternata has been traditionally considered to be a respiratory 

allergen, we also wanted to characterize its allergenicity as food allergen. 

Allergenic capacities of A. alternata extract and Alt a 1 were checked by ELISA with 

a pool of sera from 67 allergic patients after simulated gastric fluid (SGF) digestion. 

30 minutes of digestion altered A. alternata extract allergenicity. However, Alt a 1 

allergenicity was maintained even after 3 hours of treatment (Figure 3). 

153



Alternaria impact on kiwi sensitization. Alt a 1 as a food allergen 2 
 
 

 
 

 

Figure 3. Allergenic capacity of A. alternata extract (A) and Alt a 1 (B) after SGF digestion for 2, 30 
and 180 minutes was tested by ELISA with a pool of 67 sera from A. alternata- allergic patients. 
Mean values and SD (bars) are shown (n=5). p-value < 0,05. 

 

A. alternata induces a Th2 response in epithelial cells. 

Polarized Caco-2 cells, as a model of intestinal epithelium, were incubated 

with A. alternata spores and Alt a 1. The integrity of the monolayer of intestinal 

epithelial cells was not affected as confirmed by TEER measurements (Figure 4.A).  

Furthermore, A. alternata allergen was transcytosed from Caco-2 cells, 

maintaining its allergenic capacity (Figure 4.B and C). Indeed, IgE-reactive bands 

were observed in both the cellular fraction and the basolateral supernatant (Figure 

4.B). Its transport was cuantified by ELISA with a pool of sera from A. alternata- 

allergic patients.  

 

A B 

* 
* 
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Figure 4. Culture of A. alternata with epithelial cell monolayer (Caco-2 cells). (A) TEER evolution 
(mean values (n=4) are shown) in the presence of A. alternata spores (106) and Alt a 1 (5 µg/mL 
and 1 µg./mL). (B) Apical and basolateral supernatants from Transwell® inserts and lysed Caco-2 
cells treated with A.alternata spores for 24 hours were loaded on a SDS-PAGE and incubated with a 
pool of 67 sera from A. alternata allergic patients. (C) ELISA plates were coated with basolateral 
supernants and incubated with a pool of 67 sera from A. alternata- allergic patients. Mean values 
are shown (n=2).  

 

Finally, the presence of A. alternata spores induced the production of Th2 

cytokines by intestinal epithelial cells, inducing the expression of genes encoding 

for IL33, IL25 and TSLP, but not IL4, taken as negative control (Figure 5). 

 

Figure 5. TSLP, IL33 and IL25 relative gene expression levels for Caco-2 cells incubated with A. 
alternata spores (106) for 12h were measured at the apical chamber of Transwell® inserts. The 
results are expressed in fold change compared to control wells without antigen.  
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Discussion 

Allergy prevalence has increased over the last decades 122, 123 even though 

the reason is enigmatic to date. Most studies focus on the presence of specific IgE 

and on the effector mechanisms. Little is known of the immunological pre-

conditions necessary for allergenic sensitization. 

In this work, we have evaluated the role of A. alternata in allergic 

sensitization to kiwifruit. Most patients allergic to this fungus were also sensitized 

to kiwifruit having specific IgE against Act d 2, the TLP and one of the major 

allergens of kiwifruit, but were not clinically reactive to kiwifruit ingestion. 

Alternaria spp. is a group of fungi frequently found in crops in our region 57, 

58, 62. In this work, A. alternata could be isolated from apparently healthy kiwifruits 

without having a detrimental effect as in melon or peach 124-126. 

The presence of specific IgE against Act d 2 in A. alternata-allergic patients 

seemed to be specific, as this effect is not shown in other fruit allergens very 

frequently associated with food allergy in the Mediterranean area, such as Pru p 3 

and Cuc m 2 124, 125. This association could not be explained by a cross-reactivity 

phenomenon. In controlled infection assays of kiwifruit with A. alternata spores, 

the expression of Act d 2 was specifically induced, but not other kiwifruit allergens, 

such as Act d 1, other major kiwifruit allergen (data not shown)119. 

Allergy to A. alternata has been described as a respiratory allergy 

associated to asthma 60, 62, 127, 128. The immunological mechanisms are still elusive. 

In fact, when A. alternata spores were incubated with A549, a bronchial epithelial 
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cell line, apoptosis was induced after a short time, likely due to the protease 

activity of the infective fungus, as previously published 129. Alt a 1,. 

However, in this work, we characterized A. alternata and Alt a 1, the major 

allergen that is recognized by 80% of the patients sensitized to this fungus and 

closely related to bronchial asthma 60, as a food allergens. In fact, when A. alternata 

spores were incubated with epithelial cells from the intestine (Caco-2 cell line was 

used as a model), no alteration was observed on the cell junctions and therefore, 

on the monolayer integrity. Actually, Alt a 1 was detected in the basolateral 

chamber after 2 hours of culture. This means that Alt a 1 was able to cross the cell 

monolayer retaining its allergenicity. Moreover, the culture of A. alternata spores 

with Caco-2 cells induced the production of Th2 cytokines, such as TSLP, IL 33 and 

IL25, further modifying the response of T cells. Therefore, Alt a 1 could act as a co-

stimulator of Th2 response as it has been described for other molecules, such as 

LPS or PALMs 38, 130, 131. Furthermore, other spore components, like some toxins, 

132 might be considered to act as a co-stimulatory signal for the allergen to mediate 

the allergic response. 

The epithelial Th2 cytokine production induced by A. alternata would play a 

immunomodulatory role in the immune response. Uptake of Alt a 1 via intestinal 

epithelial cells would skew the immune system towards Th2-driven response, 

thereby providing an environment for subsequent sensitization to Act d 2. 

Consequently, the consumption of infected kiwifruits by A. alternata-allergic 

patients would increase the likelihood of sensitization to kiwifruit and would 

explain that 85% of the patients allergic to A. alternata and with positive skin prick 
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test to Alt a 1, showed specific IgE to Act d 2 in vitro. In addition, two patients had 

OAS, indicating that over time allergic manifestation to kiwifruit is possible. 

In conclusion, the model of Alt a 1 and Act d 2 described in this work could 

explain the presence of specific antibodies in patients without symptoms, observed 

in vitro. The importance of these observations must be defined with time and 

monitoring of these patients. 
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Abstract  

Alternaria spp. is one of the most common diseases in our crops, apart from 

being one of the most important causes of chronic asthma. Alt a 1 is the major 

allergen associated with this pathology, and seems to be related to fungal virulence 

and pathogenicity. In this work, Alternaria spores have been isolated from infected 

kiwifruits. It was observed that their presence induced expression of resistance 

genes (PR), especially PR5, although no hyphal development was detected. Alt a 1 

was contained in the spore, and one of the first proteins to be secreted being still 

detected in the infected fruits some days after infection (7 dpi). In fact, we 

observed that Alt a 1 interacted with kiwi PR5, Act d 2, by immunoprecipitation. 

This interaction was confirmed in silico and in vivo by immunohistochemistry. Both 

Alt a 1 and Act d 2 immunolocalized in infected kiwifruit (7 dpi). Therefore, Alt a 1 

would partially hamper fruit response against Alternaria alternata infection. These 

results are not only important at plant level, but also on human health provided 

that both Alt a 1 and Act d 2 have been described as relevant allergens.  

 

Keywords: Alt a 1, fungal infection, PR5-thaumatin like protein, Act d 2 
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Introduction  

Fungal pathogens of plants are routinely classified based upon whether 

they obtain nutrients from living or dead host tissues 133. Those that feed on living 

tissues are referred to as biotrophs, while those killing plant tissues in order to 

retrieve nutrients are considered to be necrotrophic (or necrotrophs). In between 

these extremes, there are many filamentous fungal pathogens that have an 

extended period of symptomless host colonization, prior to a more rapid invasive 

growth and asexual reproduction associated with the death of host tissues. These 

pathogens might deploy specialized proteins during determined phases of plant 

infection that facilitate their particular nutritional and reproductive lifestyle. They 

would act either as infection phase-specific suppressors of plant defence 

responses, or alternatively as activators, depending on the lifestyle of the fungus 

134-139. Their putative function, proven in some cases, is to enable colonization by 

the pathogen via interfering with a variety of plant encoded virulence targets to 

effectively suppress (or activate) defence responses that might otherwise hinder 

pathogen colonization.  

 Plant defence responses are normally triggered through the recognition of 

various pathogen-derived signals collectively described as pathogen-associated 

molecular patterns (PAMPs);140 141 in a process referred to as PAMP triggered 

immunity (PTI) 142 143. This has led plants to evolve disease resistance proteins 

able to detect perturbations to virulence targets that then activate a second line of 

defence described as effector-triggered immunity (ETI) targeted by pathogen 

effectors 144. 

Alternaria spp. is a very common fungal pathogens in crops in a great 
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variety of fruits and vegetables in warm and humid regions, especially in autumn 

when its sporulation levels are the highest 55. The physiological and molecular 

mechanisms underlying the interactions between these phytopathogenic fungi and 

their respective host plants are largely unexplored, with the exception of 

phytotoxin studies 145-147. 

Alternaria species are considered some of the most important fungi 

responsible for allergenic morbidity in humans. The Alternaria protein that elicits 

the most intense allergic reaction in humans is Alt a 1, whose biological function 

has not been identified yet 63. Recently, germination of A. alternata spores was 

shown to increase allergen release. Preliminary data also suggests that this protein 

has phytotoxic properties and it is a putative virulence factor 68. A. brassicicola 

expresses Alt b 1, a highly conserved homologue of Alt a 1 that highly up-regulates 

during pathogenesis of Arabidopsis 63. This study was the first to show that this 

major allergen gene was present in other species of Alternaria (over 52 species).  

In the present work, the role of Alt a 1 in fruit infection was characterized 

taking kiwifruit (Actinidia deliciosa) as a model. The presence of Alternaria spores 

was confirmed in kiwifruits although no infection signals could be observed. The 

release of Alt a 1 from spores was observed in early stages of infection. Indeed, Alt 

a 1 was found in plant tissue despite hyphal development was not detected. Alt a 1 

could be considered a virulence factor because it can induce the plant response. 

Moreover, Alt a 1 would play its role by interacting with Act d 2, the thaumatin-like 

protein, or kiwi PR5, and thereby partially stopping the plant response.  
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Materials and methods 

Plant material and fungus growing conditions 

Alternaria spores were isolated from kiwifruits by scraping the surface and 

cultured on PDA medium (potato dextrose agar; Difco ™ Becton Dickinson and 

Company, Sparks, MD, USA) with cefotaxime (200μg/ml) (Calbiochem ®, Merck 

KGaA, Darmstadt, Germany). After one week, isolated fungi were re-cultured 

separately on PDA. Isolated fungi were identified by 18S rDNA. For this, genomic 

DNA was extracted using a Plant DNA Preparation Kit (Jena Bioscience GmbH, Jena, 

Germany). Regions of interest were amplified with Internal Transcribed Spacer 

ITS1F and ITS4 by PCR using the following oligonucleotides: ITS1F 5’-

CTTGGTCATTTAGAGGAAGTAA-3’; ITS4 5’-TCCTCCGCTTATTGATATGC-3’ 148. 

Subsequently, the amplified sequences were sent for identification of the fungi by 

alignment to NCBI. After 8 days, identified Alternaria spores were recovered with 

sterile water and stored at -80°C in 20% glycerol.  

 

Controlled infection of kiwifruits with Alternaria spores  

Kiwifruits (Actinidia deliciosa commercial variety Hayward) were infected 

by spotting 108 Alternaria spores in one drop (20μl) onto the fruit surface. The 

fruit was covered with plastic film and incubated at 24°C. To quantify Act d 2 and 

Alt a 1 expression levels by Real Time PCR, samples were collected at days 1-4 

post-infection, homogenized and lyophilized. RNA was extracted by using a RNeasy 

® Mini Kit (Qiagen GmbH, Hilden, Germany) and quantified by NanoDrop ® 

(NanoDrop Technologies, Wilmington, DE, USA). cDNA was obtained and amplified 

163



Alt a 1 in kiwi infection 2 

 
 

with Power SYBR Green PCR Master Mix (Applied Biosystems, Life Technologies 

Ltd, Paisley, UK) according to the manufacturer´s recommendations and run on an 

Applied Biosystems 7300 Real-Time detection system (Applied Biosystems, Life 

Technologies Ltd, Paisley, UK), using the following primers: Act d 2 (5’-

AATTGGATCATCAATCCTGGTG-3’; 5’-TTGGTTTAGGGCATATTCAGCTA-3’), Alt a 1 

(5’-AGGAACCTACTACAACAGCC-3’; 5’-GTACCACTTGTGGTCCTCAA-3’) and 18S 

rRNA (5’-GTCGTAACAAGGTTTCCGTAGGT-3’; 5’-CAAAGGGAAGAAAGAGTAGGGTT-

3’) as endogenous control, as described by Li et al 149. The fold change of the 

corresponding mRNA of these genes was normalized with the endogenous control 

18S and relative quantification was performed using the comparative threshold 

cycle method (2-ΔCt), as described by Livak and Schmittgen 96. The amplification 

was carried out in quadruplicate. 

 

Extracts and purified proteins 

A mixture of spores and mycelia of Alternaria (ALK-Abello, Madrid, Spain) 

and lyophilized kiwifruit were extracted with phosphate-buffered saline (0.1M 

sodium phosphate, pH 7.0 and 0.5mol/L NaCl; 1:5 (w/v), 1 h, 4°C). After 

centrifugation (12000 g, 30 minutes, 4oC), the supernatant was dialyzed (cut-off 

point 3.5 kDa) and freeze-dried. Protein concentration was quantified according to 

the Bradford method. Thaumatin-like proteins included in this study (Act d 2, Pru 

p 2.0202, and Mus a 4) were purified as previously described 150. Recombinant Alt 

a 1 was purchased from Bial Aristegui (Bilbao, Spain)65. 
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Immunohistochemistry assays  

Pieces of infected kiwifruits were fixed with 4% formaldehyde in PBS pH 

7.4 at 4°C overnight. After PBS washing, the tissues were cut into 30-40 µm 

sections with a vibratome under water and dried onto APTES-coated multiwell 

slides. The sections were permeabilized by dehydration in a series of methanol 

(30, 50, 70 and 100%, 5 minutes/ each) and re-hydration (methanol 70, 50 30 %, 

PBS, 5 minutes/ each). After washing with PBS, tissue sections were incubated 

overnight at 4ºC with specific antibodies (polyclonal anti-Alt a 1-Alexa 550-

conjugated (for Alt a 1 detection in kiwi fruits and spores) monoclonal anti-Alt a 1- 

Alexa 488 conjugated, 1:50 (Bial Aristegui, Bilbao, Spain) and polyclonal anti-TLP- 

Alexa 550 conjugated, 1:50, 151). Sections were mounted with glycerol: PBS (1:1) 

and observed on a Leica TCS-SP8 confocal microscope, under the laser excitation 

lines of 488 and 561 nm. Collection of stacks was optimized to the maximum Z 

resolution.  

 

Immunoprecipitation assays  

Dynabeads M-280 Tosylactivated (107 Dynabeads; approximately 20 

μg/mL; Invitrogen, Oslo, Norway) were resuspended by vortexing and washed 

with PBS 10 mM pH 7,4. Protein (20-50 μg/mL) were incubated overnight with the 

activated Dynabeads at 37°C with slow rotation. After incubation, the excess of 

protein was recovered in the supernatant fraction. Then, the coated beads were 

washed four times alternatively with PBS pH 7.4 BSA 0,1%; (2x), 0,1M borate 
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buffer pH 9.5 (1x) and again PBS pH 7.4. After that, protein extract (100 μg/mL) or 

purified protein (20 μg/mL) was incubated with the coated beads in PBS pH 7.4 

overnight at 4°C with slow rotation. After extensive washing, coated beads were 

resuspended in Laemmli buffer and separated in 15% SDS-PAGE, following the 

protocol explained below (Immunodetection assays section). 

 

Immunodetection assays 

Coated beads incubated with protein extract or isolated proteins were 

separated by 15% SDS-PAGE and replica gels were electrotransferred onto 

polyvinylidene difluoride (PVDF) membranes. After blocking (Sigma-Aldrich, St. 

Louis, MO, USA), membranes were immunodetected with rabbit polyclonal 

antibodies to chestnut-TLP (anti-TLP; 1:10.000, Carlos Pastor, Madrid, Spain) or to 

Alt a 1 (anti-Alt a 1, 1:100.000; Bial Aristegui, Bilbao, Spain), and then treated with 

the detection antibody anti-rabbit IgG- alkaline phosphatase conjugated (1:5000, 

Sigma, St Louis, MO, USA) and developed with 5-bromo-4-chloro-3-indolyl 

phosphate/nitroblue tetrazolium (Sigma, St Louis, MO, USA). 

 

Endo-β-1,3-glucanase activity  

Endo-β-1,3-glucanase activity was assayed by the method described by 

Menu-Bouaouiche et al. 152, with minor modifications, using carboxy-methylated 

Pachyman (CM-Pachyman, Megazyme, Wicklow, Ireland) as substrate. Proteins (5 

µg) were incubated for 2, 24 and 72h in 75 μL of 0.5% (w/v) CM-Pachyman in 50 

mM sodium acetate, pH 5.0, 100 mM NaCl containing 0.05% (w/v) sodium azide. 
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One millilitre of 0.1% (w/v) tetrazolium blue, 50 mM NaOH, and 0.5 M sodium 

potassium tartrate was added to 12.5 μL of samples and heated in boiling water. 

The quantity of liberated D-glucose equivalents was estimated by absorbance at 

660 nm. Assays were performed in triplicate. Results are expressed as nkat/mg of 

protein (1 kat corresponds to the formation of 1 mol of D-glucose equivalent/s). 

 

Statistical analysis 

SPSS 17.0, Statgraphics Centurion XVI and GraphPad Prism 6.01 software 

were used for statistical analysis. Results were compared by applying the non-

parametric Kruskal-Wallis (with Dunn´s correction), contingency tables and 

Spearman correlation, when appropriate. p-values lower than 0.05 were 

considered significant in all the analyses.  

 

Molecular modelling of the Act d 2– Alt a 1 complex 

The crystal structure recently determined for Alt a 1 protein was used 153. 

For Act d 2, a model structure was constructed upon homology modelling using the 

SwissModel server (swissmodel.expasy.org). The crystal structure of banana fruit 

TLP 154 with which Act d 2 has a 77% sequence identity was selected as template 

protein. A QMEAN Z-score = -0.444 assesses the quality of the model structure. 

Poisson-Boltzmann electrostatic potentials using AMBER atomic charges and radii 

assigned with PDB2PQR 155 were computed with the APBS program 156 to solve the 

nonlinear Poisson-Boltzmann equation in sequential focusing multigrid 

calculations. The potentials were obtained at 3D grids made of 1613 points with 
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step size about 0.5 Å at 298.15 K and 0.150 M ionic concentration with dielectric 

constants 4 for proteins and 78.54 for water. Numerical output was processed in 

scalar OpenDX format and mapped onto the protein molecular surfaces and 

rendered with PyMOL.  

Protein-protein docking model structures for the Act d 2 – Alt a 1 complex 

were obtained with RosettaDock (rosettadock.graylab.jhu.edu/docking and 

PatchDock (bioinfo3d.cs.tau.ac.il/PatchDock/) servers. In both cases, the best-score 

and lowest-energy models were selected. 
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Results  

Alt a 1 was observed in kiwifruits infected by Alternaria, without apparent symptoms 

of disease.  

Spores of Alternaria spp. isolated from kiwifruits (Actidinia deliciosa variety 

Hayward) and confirmed by 18S intergenic region sequencing were used to carry 

out controlled infection assays. Kiwifruits were inoculated with 108 spores of 

Alternaria in 20µl drops (Figure 1A). The presence of Alt a 1 in the infected 

kiwifruits was confirmed by immunohistochemistry (IHC) with fluorescent specific 

antibodies. Alt a 1 (in red) was localized in kiwifruit pulp (Figure 1B).  

Besides, five days post inoculation, the expression of the PR5-thaumatin-

like protein, Act d 2, was observed to be increased. Accordingly, Alt a 1 mRNA 

levels were found to increase (Figure 1C), although the presence of hyphae was not 

observed when inoculated fresh tissue was stained with methylene blue (data not 

shown). Other plant defence proteins were tested but not found to increase their 

expression (data not shown).  
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Figure 1.A. Appearance of kiwifruits infected with Alternaria spores (108) at different days post 
infection, compared with control fruits B. Immunolocalization of Alt a 1 in kiwifruits after 7 days of 
infection with Alternaria spores (108). C. Act d 2 and Alt a 1 relative gene expression levels for 
kiwifruit infected with Alternaria spores for 1 to 5 days. The results are expressed in fold change 
compared to the expression of 18S, used as housekeeping gene. Mean values and SD (bars) are 
shown (n=3). p-value < 0.05.  
 

 

Alt a 1 was not exclusively found in the spore cell wall  

Alt a 1 was one of the first proteins to be secreted by spores in germinating 

conditions (data not shown). Before the germination, Alt a 1 seemed to be stored 

into spores, apparently in vesicles, although the most intense signal was detected 

in the spore wall (Figure 2). Immediately after germination, Alt a 1 was released 

out of the spores (data not shown), presumably for preparing plant tissue for 

fungal colonization.  

B 

A 

C 

C 
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Figure 2. Immunolocalization of Alt a 1 in spores before germination. Alt a 1 was detected by 
specific monoclonal antibody and secondary Alexa 550 labelled antibodies (Red). 
 

 

Alt a 1 was capable of interacting with a kiwi PR5-thaumatin- like protein (Act d 2) 

In the search for potential plant receptors for Alt a 1, immunoprecipitation 

assays were carried out. Dynabeads ® M-280 Tosylactivated (Invitrogen, Oslo, 

Norway) were coated with Alt a 1 (Bial Aristegui, Bilbao Spain) and incubated with 

a kiwifruit protein extract. A band around 26 kDa was observed when the 

immunoprecipitated proteins were separated by SDS-PAGE and stained with 

Coomassie (Figure 3A). The identity of this band was assessed by mass 

fingerprinting as PR5-thaumatin like protein (P81370), also known as Act d 2. This 

result was confirmed by incubating the Alt a 1-coated beads with purified Act d 2 
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(Figure 3A). The identity of the retained protein was further supported by 

immunodetection using specific antibodies (Figure 3B) 

To validate the specificity of this interaction, Act d 2 was purified and used 

to coat dynabeads ® M-280 Tosylactivated. Act d 2-coated beads were incubated 

with Alternaria protein extract and Alt a 1. When the retained proteins were 

separated by SDS-PAGE, a unique band of 14 kDa was observed confirming that Alt 

a 1 was the unique immunoprecipitated protein (Figure 3C). As a consequence, 

when enzyme assays of TLP β-glucanase activity were conducted in the presence 

of Alt a 1, no activity could be detected (Figure 3D). 

 

Figure 3. A. Dynabeads ® M-280 Tosylactivated were coated with Alt a 1 and incubated with 
kiwifruit extract or with Act d 2, kiwi TLP. Coomassie staining of a 15% SDS-PAGE is shown. B. 
Replicas of SDS-PAGE shown in A were electrotransferred and incubated with polyclonal antibodies 
against TLP (dilution 1:104). C. Dynabeads ® M-280 Tosylactivated were coated with Act d 2 and 
incubated with Alt a 1 or Alternaria extract. Immunoprecipitated proteins were run on a 15% SDS-
PAGE and Coomassie-stained. D. Inhibition of enzymatic activity of Act d 2 in the presence of Alt a 1. 
Endo-β-1,3-glucanase test using a carboxy-methylated Pachyman as substrate. Generated D-glucose 
equivalents were estimated by measuring the absorbance at 660 nm. Results are expressed as the 
mean of assays performed in triplicate in nkat mg-1 of protein.  
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Alt a 1 ability to bind PR5 proteins is not restricted to kiwifruit  

Attempting to assess if the ability of Alt a 1 to bind Act d 2 was extended to 

other TLPs, additional pull-down assays were performed using other members of 

this protein family, such as Pru p 2.0101, peach TLP 157 and Mus a 4, banana TLP 

151. In both cases, it was confirmed that Alt a 1 was able to bind TLPs, as shown by 

Coomassie (Figure 4A) and immunodetection with specific antibodies (Figure 4B).  

 

Figure 4. Alt a 1-coated Dynabeads ® M-280 Tosylactivated were further incubated with other 
TLPs, such as Mus a 4 (banana TLP) and Pru p 2.1 (peach TLP). A. Coomassie staining of a 15% SDS-
PAGE is shown. B. Replicas of the SDS-PAGE shown in A were electrotransferred and incubated 
with polyclonal antibodies against TLP (dilution 1:104). 

 

Alt a 1 and Act d 2 co-localized in infected kiwifruits. 

The interaction of Act d 2 and Alt a 1 was characterized by 

immunochemistry in infected kiwifruits. Alt a 1 was observed co-localizing with 

Act d 2 in kiwifruits, suggesting that both proteins may interact (Figure 5). 
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Figure 5. Immunolocalization of Alt a 1 (Alexa 488, Green) and Act d 2 (Alexa 550, Red) in 
kiwifruits after 7 days of infection. A. Overlay of the general structure as revealed by DIC, and the 
fluorescence signals detected by Alexa 488, and Alexa 550. B and C. Overlay of Alexa 488 and Alexa 
550 signals on axis x, y (B) and y (C). 

 

 This interaction was supported by molecular modelling. By using the 

experimental structure of Alt a 1 and a homology-modelled structure of Act d 2, 

distinct protein-protein docking calculations were performed. The best complex 

candidates revealed the formation of Alt a 1-Act d 2 aggregates in which the 

electrostatically negative cleft of Act d 2, where the antifungal enzymatic activity 

occurs, is blocked with Alt a 1 protein which faces an electrostatically positive 

prominent region (Figure 6). This structural feature provides the fungal protein 

with an electrostatically driven affinity for TLPs that results in the inhibition of 

their enzymatic activity. 
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Figure 6. Model structure of the Act d 2 - Alt a 1 complex. A. Ribbon diagram of the best 
RosettaDock docking structure (PatchDock provides a qualitatively similar docking model and is 
not shown). Alt a 1 is coloured pale yellow, Act d 2 is coloured green, and acidic residues in the 
catalytic cleft are shown as sticks with C atoms in violet and O atoms in red. These residues were 
identified in the model structure of Act d upon superposition with the crystal structure of banana 
fruit TLP template (PDB code 1Z3Q [33], RMSDbackbone = 0.10 Å). B. and C. Poisson-Boltzmann 
electrostatic potential mapped onto the molecular surface of Alt a 1 (B) and Act d 2 (C) at the 
geometry of the complex in A. The scale bar at the bottom refers to electrostatic potential values in 
units of kT per unit charge (k, Boltzmann's constant and T, absolute temperature). Images rendered 
with PyMOL [36]. 
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Discussion  

Up to date, the role of Alt a 1 is unknown, although it seems to be related to 

virulence and pathogenicity 146. Alt a 1 is the most representative secreted protein 

at the beginning of the germination process, as previously described by other 

authors 65. In this manuscript, the presence of Alternaria alternata induced the 

plant response by shooting the expression of plant defence proteins, such as PR5 

or thaumatin-like proteins, in a model of kiwifruit. The interaction between Alt a1 

and PR5 inhibited the enzymatic activity of the latter, partly disarming its defence 

programme. In the case of our plant system, kiwifruit, hyphae development was 

not observed over 21dpi.  

Alt a 1 may participate in the pathogenicity of Alternaria. Its function would 

be to modulate host physiology, through suppression of host defence, or to protect 

the pathogen from host defence responses employed to halt pathogen growth. Alt a 

1 expression was induced upon host colonization 137, 138. In our model, the 

expression of resistance proteins (PRs) that reside either inside the plant cell or on 

plasma membranes 138, 158, 159, specifically TLPs, was induced. The thaumatin-like 

family includes plant defence proteins (PR-5) with molecular masses around 20-30 

kDa and a very stable three-dimensional structure that is maintained by 8 

disulphide bridges 160. Their expression is induced by pathogen attacks, especially 

against fungal infections thanks to their β-glucanase activity that takes place at a 

characteristic cleft rich in acidic residues which produce a strongly negative 

electrostatic potential in the active site 150, 151, 157, 160, 161. The inhibition of their 

activity, according to our results, would occur upon Alt a 1 binding driven by the 
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electrostatic complementarity of a blocking surface region, which leads to plant 

defence arrest and facilitate the fungus colonization in plant. 

Surprisingly, the presence of Alt a 1 was detected several days after 

infection, despite the absence of hyphae development. Thus, although spores do 

not germinate, they seem to be still producing Alt a 1, denoting the importance of 

this protein for the development of the fungus. In kiwifruit, Alt a 1 directly 

interacted with PR- proteins presumably contributing to the arrest of the fruit 

defence response until it enters into senescence and allows the fungal 

development. 

From the point of view of human health, the meaning of the presence of Alt 

a 1 in apparently healthy kiwis is highly relevant. Alt a 1 and Act d 2 (kiwi PR-5, 

thaumatin-like protein) have been characterized as major allergens. Thus, the 

results presented in this manuscript suggest that Alternaria-allergic patients may 

experience allergic crises after eating infected kiwis. More experimental evidence 

would be necessary to prove this statement to be true. 

Summarizing, Alt a 1 has revealed as an important protein interacting with 

PR5-TLP family, and it may have a relevant significance in both the fungal infection 

and in the development of human allergies. 
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Specific recognition of the allergen on APCs and an appropriate cytokine 

enviroment are essential for T-cell responses, as it has been pointed out before 1.  

In this work, we have evaluated the role of the molecule carried by a nsLTP, 

Pru p 3, peach major allergen, on the protein allergenicity. Despite much research 

aimed to elucidate the role of LTPs in the plant and their possible carried ligands, a 

general function has not been proposed yet 32, 79, 97, preventing us from 

characterizing the role of these associated molecules on the allergen 

immunogenicity.  

In the experiment with Pru p 3, both the protein alone, Pru p 3, and the 

complex with the ligand, Pru p 3-ligand, were able to pass across the polarized 

epithelial monolayer, simulated with the Caco-2 cell line 101, and to induce the 

expression of epithelial pro-inflammatory cytokines, TSLP, IL33 and IL25 as 

previously described 30, 103-109. The transport of Pru p 3 seemed to follow a 

Michaelis-Menten kinetics, which pointed to a receptor-mediated transport 30, 102. 

It has to be determined whether the ligand of Pru p 3 drives the interaction with 

epithelial cells towards one receptor or other. 

In addition, co-cultures of Caco-2 cells with PBMCs from healthy donors 

confirmed that the transported allergens were able to induce the production of 

inflammatory cytokines, such as IL1α, IL1β, IL6, IL10 and TNFα, as previously 

described 30, 162.  

Moreover, the ligand actively participated in the activation of monocytes 

and dendritic cells by a mechanism mediated by TLR4. Although the involvement 

of other TLRs, such as TLR2, cannot be ruled out and may be the reason for further 

studies 163. Concerning the cytokine production, the ligand of Pru p 3 induced a 
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high expression of IL6. IL-6 upregulation is thought to limit the Th1 response while 

promoting the Th2 andTh17 pathways 1. 

It has been extensively described that molecules of different nature can act 

as adjuvant factors with the ability to modulate the immune system towards a Th2 

response 47, 82, 83, 111.  

In addition to the described adjuvant factors, it is well established that 

many plant allergens that are plant defence proteins are found to up-regulate in 

response to pathogen infections. In this sense, it has been also addressed in this 

study whether the presence of Alternaria alternata on kiwifruits increase their 

allergenic activity. 

Alternaria can be located on many crops in our area 55. In the case of 

kiwifruit, Alternaria only developed when the fruit entered senescence behaving as 

a saprophytic fungus. However, the presence of the major allergen Alt a 1 was 

detectable in the flesh of the fruit in the early days of the inoculum.  

From the point of view of human health, the presence of Alt a 1 in 

apparently healthy kiwis is highly relevant. In fact, Alternaria has been described 

to be one of the principal causes of severe asthma 61, 62. Thus, the results presented 

in this manuscript suggest that Alternaria-allergic patients may experience allergic 

crises after eating infected kiwis. It would take more experimental evidence to 

demonstrate the authenticity of this statement. 

But also the presence of spores of Alternaria induces the expression and 

production of defense proteins, such as thaumatin PR5-like proteins, which have 

been characterized as allergens.  
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In fact, it has been demonstrated in this work by several experimental 

approaches that there is a physical interaction between Alt a1 and PR5-thaumatin 

Act d 2, the major allergens of Alternaria spp and kiwifruit, respectively. In this 

case, Alt a 1 would work as specific inhibitor of the enzymatic activity of PR5 

proteins. Up to date, the role of Alt a 1 was unknown, although it seemed to be 

related to virulence and pathogenicity 65, 146. 

Allergy to A. alternata has been always described as a respiratory allergy 

associated to asthma 60, 62, 127, 128. However, in this work, we characterized Alt a 1 as 

a food allergen. To be a true food allergen, a molecule must be able to pass across 

the intestinal epithelial barrier and elicit an immune response. When A. alternata 

spores and Alt a 1 were incubated with the Caco-2 cell line, as a model of intestinal 

epithelial cells, the monolayer integrity was maintained and Alt a 1 was detected in 

the basolateral supernatant after 2 hours of culture. Moreover, the culture of A. 

alternata spores with Caco-2 cells induced the production of Th2 cytokines, such 

as TSLP, IL 33 and IL25. This means that Alt a 1 was able to cross the cell 

monolayer retaining its allergenicity and could act as a co-stimulator of Th2 

response, such as LPS or PALMs 38, 130, 131. This means that the epithelial Th2 

cytokine production induced by A. alternata plays an immunomodulatory role in 

the immune response.  

In conclusion, Alt a 1 has revealed as an important protein interacting with 

PR5-TLP family, and it may have a relevant significance in both the fungal infection 

and in the development of human allergies. The model of interaction of Alt a 1 and 

Act d 2 described here could explain the presence of specific antibodies observed 

in vitro in patients without symptoms. 
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CONCLUSIONS 

 

1. Allergen microarray and the analysis of graph theory have been 

demonstrated to be useful tools in the allergy diagnosis and the study of 

crossreactivity.  

2. Fruit-allergic patients from Spain are usually sensitized to multiple lipid 

transfer proteins (LTPs). Pru p 3, peach-LTP, is the primary sensitizer in the 

majority the patients studied. In addition, LTP recognition profiles are 

modulated by local pollen patterns.  

3. Thaumatin-like proteins (TLPs) show a relevant role in the fruit allergy in 

our region. Some TLPs are associated to LTP allergy, such as Pru p 3 and 

Pru p 2.0102 and Cas s 8 and chesnut-TLP. 

4. Baker’s asthma (BA) is associated with the presence of specific IgE to CM16 

and Tri a 14 in over 65% of patients. Tri a 14 can be considered a marker of 

asthma, because it is a minor allergen in wheat food allergy and wheat 

allergy induced by exercise. The allergen profile of baker’s asthma is not 

influenced by local environmental allergens (pollen). 

5. The capacity of Pru p 3 to induce a Th2-response is partly mediated by the 

ligand it transports. This ligand presents a molecular weight over 800 Da. 

However, the presence of Pru p 3 ligand does not influence their transport 

across a polarized CaCo-2 cell monolayer cultures. Nevertheless, Pru p 3-

ligand can modify the cytokine profile produced by peripheral blood 

mononuclear cells (PBMCs) from healthy volunteers grown in co-culture 

with epithelial cells. 
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6. Pru p 3-ligand induces the activation of murine dendritic cells via TLR4. 

Dendritic cells derived from TLR4-/- mice do not show up-regulation in the 

maturation markers in the presence of Pru p 3 ligand.  

7. Alternaria-sensitized patients present specific IgE to Alt a 1, major allergen 

of this fungus and marker of severe asthma, and specific IgE to kiwi-TLP or 

PR5, Act d 2. However, these patients refer no symptoms after ingestion of 

kiwi. The presence of specific IgE to Alt a 1 and to Act d 2 can not be 

explained by a cross-reactivity mechanism. 

8. Alternaria spores are found on kiwifruit, although hyphae development is 

not observed. The presence of Alternaria spores induces gene enhanced 

expression of kiwi-TLP or the PR5 Act d 2 . 

9. Alt a 1 is co-located with Act 2 in the kiwi pulp. Indeed, Alt a 1 is capable of 

interacting with PR5-TLPs from kiwi, peach and banana, inhibiting their 

enzymatic activity. Alt a 1 is immunologically active after a simulated 

gastrointestinal digestion treatment, suggesting that it can reach the 

intestinal mucosa without modification of its activity. Alt a 1 is able to cross 

the polarized monolayer of a Caco-2 cell culture, maintaining its allergenic 

activity and inducing the production of a Th2 cytokine profile. 
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