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Summary 

 

The numbers of allergic patients are on the rise worldwide. Also food related 

hypersensitivity reactions are spreading in industrialized countries. Despite intensive 

research efforts mechanisms which could support sensitization against food still 

remain unclear. In chapter 1 of this PhD thesis, we concentrated on factors which 

may contribute to specific sensitization against food proteins in the gastrointestinal 

tract. The peanut allergen Ara h 2 in combination with the human intestinal epithelial 

cell line Caco-2/TC7 was used as model system. We purified recombinant and 

natural Ara h 2 and determined its binding pattern to Caco-2/TC7 intestinal epithelial 

cells. Furthermore the influence of food processing was investigated. These studies 

showed that treatment by heat alone significantly increases Ara h 2 binding to Caco-

2/TC7 cells. Structural investigations revealed that heating induces permanent 

changes in the tertiary structure of Ara h 2 and increased oligomer formation. 

Furthermore, heated Ara h 2 exhibited increased immunogenic potential in vivo in a 

oral food allergy mouse model. We finally incubated Caco-2/TC7 cells with untreated 

and heated Ara h 2 and discovered that the enterocytes respond to allergen 

incubation with altered expression of genes involved in different immune response 

associated signalling pathways.  

Epidemiological studies revealed a gender bias of allergic patients towards females 

after puberty especially in food allergy. In thesis chapter 2, we investigated the 

impact of hormone treatment on mast cell activation. Using different mouse mast cell 

models, we addressed the influence of the female sex hormone, estrogen, on 

degranulation and de novo cytokine production. Our experiments showed that 

estrogen does not impact degranulation but seems to increase cytokine production. 

We concluded that this effect of estrogen is genomic and achieved by stimulation of 

estrogen receptor 1, which is expressed in mast cells and can act as transcription 

factor.  

Originally intending to investigate the presence of immune cells expressing the high 

affinity IgE receptor, FcεRI, in different gastrointestinal diseases, we discovered that 

FcεRI can be expressed by human intestinal epithelial cells. Further we show in 

thesis chapter 3 the presence of FcεRI in human intestinal epithelial cell lines at the 

RNA and protein level. The functionality of the receptor was confirmed by passive 
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IgE binding experiments. Given the large area of the intestinal epithelium, this novel 

FcεRI-IgE axis could contribute to gastrointestinal diseases like food allergy.  

Taken together, this PhD thesis gathers novel information on different aspects of 

allergic disease: from the interaction of food allergens with the intestinal epithelium 

and the impact of food processing, the influence of hormones on mast cell activation, 

to the detection of the high affinity IgE receptor in intestinal epithelial cells where it 

may play a novel role in gastrointestinal immunology.  
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Zusammenfassung 

 

Die Zahl an Allergikern wird weltweit stetig größer und auch allergische Reaktionen 

gegen Nahrungsmittel werden vor allem in Industrieländern immer häufiger. Trotz 

intensiver Forschung sind viele grundlegende Mechanismen der Sensibilisierung 

gegen Nahrungsmittelproteine weitgehend unklar.  

Im ersten Kapitel dieser Doktorarbeit untersuchten wir mögliche Faktoren, die zur 

allergischen Sensibilisierung gegen Nahrungsmittelproteine beitragen könnten. Dafür 

verwendeten wir aufgereinigtes rekombinantes und natürliches Ara h 2, eines der 

bedeutendsten Erdnussallergene. In einem in vitro Modell basierend auf der 

humanen Intestinalzelllinie Caco-2/TC7 überprüften wir die Bindung von Ara h 2 an 

Darmzellen und wie diese Interaktion durch Nahrungsmittelprozessierung beeinflusst 

werden kann. Im Zuge dieser Studien konnten wir zeigen, dass Erhitzen die Bindung 

von Ara h 2 an Caco-2/TC7 Zellen signifikant erhöht. Die anschließenden 

strukturellen Analysen zeigten, dass die Behandlung mit Hitze die räumliche Struktur 

anhaltend verändert und vermehrte Protein-Aggregierung verursacht. Weiterführende 

Untersuchungen in einem Maus Nahrungsmittelallergiemodell enthüllten eine erhöhte 

Immunogenizität von erhitztem Ara h 2. Abschließend stimulierten wir Caco-2/TC7 

Zellen mit unbehandeltem und erhitztem Ara h 2 und entdeckten, dass die 

Darmepithelzellen mit einer veränderten Expression von Genen reagieren, die mit 

verschiedenen Signaltransduktionswegen des Immunsystems assoziiert sind.  

Umfassende Bevölkerungsstudien enthüllten, dass die Wahrscheinlichkeit einer 

allergischen Erkrankung nach der Pupertät für Frauen größer ist als für Männer. Dies 

gilt besonders für Nahrungsmittelallergie. Im zweiten Dissertationskapitel 

untersuchten wir daher den Einfluss des weiblichen Geschlechtshormons Östrogen 

auf die Aktivierung von Mastzellen. Unsere Experimente zeigten dass Östrogen 

keinen Einfluss auf die Degranulierung von Mastzellen hat, dafür aber anscheinend 

auf die Synthese und Ausschüttung von Zytokinen. Hauptverantwortlich für diesen 

Effekt ist mit hoher Wahrscheinlichkeit der Östrogenrezeptor-alpha, der in Mastzellen 

exprimiert ist und als Transkriptionsfaktor wirken kann.  

Für das dritte Dissertationskapitel wollten wir ursprünglich die Anwesenheit von 

Zellen mit dem hoch-affinen IgE Rezeptor, FcεRI, in verschiedenen Erkrankungen 

des Gastrointestinaltraktes untersuchen. Dabei bemerkten wir, dass dieser Rezeptor 

auch im intestinalen Epithelium exprimiert ist. Im Rahmen dieser Studie konnten wir 
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erstmals die Expression von FcεRI in Enterozyten in verschiedenen 

Krankheitsbildern mittels immunohistologischer Analysen nachweisen. Außerdem 

zeigten wir die Präsenz des Rezeptors auf RNA- und Protein Ebene in humanen 

Intestinalzelllinien. Zusätzlich konnten wir die Funktionalität von FcεRI in Enterozyten 

durch passive IgE Antikörper Bindungsstudien bestätigen.  

Zusammenfassend beinhaltet diese Doktorarbeit neue Erkenntnisse zu 

unterschiedlichen Bereichen allergischer Erkrankungen: der Interaktion von 

Nahrungsmittelallergenen mit dem intestinalen Epithel und deren Beeinflussung 

durch Nahrungsmittelprozessierung, der Auswirkung von Hormonen auf die 

Aktivierung von Mastzellen und schließlich der Gegenwart des hochaffinen IgE 

Rezeptors in intestinalen Epithelialzellen wo dieser eine neue immunologische Rolle 

spielen könnte.  
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Abbreviations/Symbols 

 

Adj.  Adjuvant 

AGE  Advanced glycation end product 

BSA  Bovine serum albumin 

BMCMC Bone marrow derived cultured mast cell 

cAMP  Cyclic adenosine-monophosphate 

CT  Cholera toxin 

CTL  Cytotoxic T-lymphocytes 

Co-IP  Co-immunoprecipitation 

CDC  Cleavage and detection construct 

CV  Column volume 

DC  Dendritic cell 

DNA  Desoxyribonucleic acid 

DMP  Dry milk powder 

DNP  Dinitro-phenyl 

E. coli  Escherichia coli 

ER  Estrogen receptor 

ERE  Estrogen responsive element 

Estr.  Estrogen 

FcεRI  Fc Epsilon Receptor 1 

Gor  Glutathione oxioreductase 

HRP  Horse radish peroxidase 

IgG  Immunoglobulin G 

IgE  Immunoglobulin E 

IL  Interleukin 

ip.  Intraperitoneal 

IPTG  Isopropyl-β-D-thiogalactopyranosid 

kDa  Kilo Dalton 

LB  Luria Bertani 

MHC II Major histocompatibility complex class 2 

MS  Mass spectrometry 

M cell  Microfold cell 

mRNA messenger ribonucleic acid 

Abbreviations/Symbols
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nat.  natural 

NFκB  Nuclear Factor “Kappa-light-chain-enhancer” of activated B cells 

NiNTA Nickel nitrilotriacetic acid 

NMR  Nuclear magnetic resonance 

PBS  Phosphate buffered saline 

PDB  Protein data bank 

PDCD4 Programmed cell death protein 4 

PE  Peanut extract 

PMSF  Phenylmethylsulfonylfluorid 

rec.  recombinant 

RNA  Ribonucleic acid 

RT  Room temperature  

SDS-PAGE Sodium dodecyl sulfate poly acrylamide gel electrophoresis 

TBS  Tris buffered saline 

TBST  TBS buffer containing Tween 20 

Th1  T helper cells, type 1 

Th2  T helper cells, type 2 

TSLP  Thymic stromal lymphopoietin 

TLR  Toll like receptor 

Tregs  Regulatory T cells 

TrxB  Thioredoxin B 

untr.  Untreated 
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Thesis Background 

 

Hypersensitivity Reactions and Allergy 

 

The adaptive immune system can accidentally react against otherwise harmless 

antigens which may originate from the environment, for instance from plant seeds, 

food or medication (1). These hypersensitivity reactions are classified into four 

different types depending on the involved immune components and effector 

mechanisms (Fig. 1): In contrast to the antibody mediated types 1 – 3, type 4 

hypersensitivity reactions are characterized by the direct participation of cytotoxic 

and helper T cells. Type 2 and 3 reactions are both IgG dependent and involve 

complement activation. In type 2 reactions antibodies are directed against matrix or 

cell associated antigens and receptors. Immunoglobulins in type 3 reactions 

recognize soluble antigens. The most widespread hypersensitivity reactions are of 

type 1 and are commonly referred to as allergy.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1: Types of Hypersensitivity Reactions. (from Reference (1)) 

 

Type 1 reactions are defined by the participation of antigens which activate mast 

cells and other effector cells by cross-linking of surface bound, antigen specific IgE 

antibodies. Such antigens are termed allergens. The degree of allergenicity of a 
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protein can be modified by exogenous physical or chemical factors (discussed in 

thesis chapter 1). 

At the very beginning of the development of allergy, a bias towards Th2 lymphocytes 

seems to be crucial. This differentiation bias of naïve CD4 T cells strongly depends 

on secondary signals such as IL-4, -5, and -13 in addition to the antigen presentation 

by dendritic cells (DCs) (4;5). In contrast, co-stimulation with cytokines like IL-12, -23, 

and -27 supports the differentiation into a Th1 phenotype. The absence of these pro-

inflammatory signals again favours Th2 lymphocyte development. Th2 cells are 

believed to play an essential role during the allergy sensitization phase by releasing 

IL-4 and -13 and presenting CD40 ligand. These factors induce on the one hand 

class switching of B lymphocytes to produce IgE antibodies and on the other hand, in 

concert with IL-5 and -9, the differentiation of additional naïve CD4 T cells towards 

the Th2 phenotype (1).  

 

 

Allergy Effector Mechanisms 

 

Eosinophils, basophils and most importantly mast cells are the major effector cells in 

IgE-mediated type 1 hypersensitivity reactions. The most relevant characteristics for 

allergic reactions are the presence of cytoplasmic granules containing preformed 

mediators and the expression of the high affinity IgE receptor, Fc epsilon Receptor I 

(FcεRI).  

Mast cells are of haematopoietic origin and circulate as immature progenitor cells in 

the blood. Final maturation takes place in the tissue of destination, for example 

underneath skin, intestinal and lung epithelium where they may reside for months 

and seem to act as gate keepers against invading pathogens or antigens (1;6;7). 

Mast cells can be activated via various routes involving Toll like receptors (TLRs), 

complement, or FcεRI crosslinking (8;9). In allergic individuals, allergen specific IgE 

antibodies are bound to FcεRI on mast cells. Cross-linking of the receptor associated 

IgE by allergens induces a signalling cascade which finally leads to Ca2+ influx from 

the extracellular space, mobilization of intracellular Ca2+ reservoirs as well as protein 

kinase C (PKC) and phospholipase A2 activation (10). Mast cells immediately 

respond to these stimuli with degranulation and the release of lipid mediators like 

prostaglandins and leukotriens (Fig. 2) (11). During degranulation, cytoplasmic 
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granules containing preformed mediators like histamine or TNFα fuse with the cell 

membrane and release their content (12).  

In addition to these immediate effects, the transcription of a broad panel of cytokines 

is induced (6;11). Many of the compounds which are released by stimulated mast 

cells contribute actively to the inflammatory response associated with allergic 

symptoms.  

For many years, mast cells were best known for their paramount role in allergic 

reactions but recent reports reveal little by little the numerous contributions of mast 

cells to immune regulation and defence (13;14).  

Different co-stimulants can orchestrate and trim the response of mast cells (11). In 

chapter 2 of this thesis, the impact of hormones, particularly the female sex hormone 

estrogen on different aspects of mast cell activation will be presented.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: Mediators Released by Activated Mast Cells. (from Reference (1)) 

Eosinophils can be identified by eosin stain which labels their basic, arginine-rich 

granular proteins intensively orange. Only minute amounts of these bone marrow 

originating cells are circulating in the blood. Similar to mast cells, they are mainly 

found in connective tissue lining the epithelium of respiratory, gastrointestinal and 

urogenital tract (1). Eosinophils can be activated by IgA or IgG, but not IgE receptor 

crosslinking (15). The role and the even the presence of FcεRI in these cells is 

therefore still unclear (16). Stimulated eosinophils synthesize and secrete 
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prostaglandins, leukotrienes and cytokines. In an immediate response they release a 

panel of mediators including toxic granule proteins like major basic or eosinophil 

cationic protein as well as free radicals (Fig. 3) (17). These powerful defensive 

instruments are normally directed against invading microorganisms but may also 

harm self tissue in allergic reactions. Consequently, eosinophil activation is tightly 

regulated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: Mediators Released by Activated Eosinophils. (from Reference (1)) 

Basophils share many features with mast cells. In contrast, they mature in the bone 

marrow and slightly differ in the composition of released mediators (11). They seem 

to enter tissues several hours after antigen exposure during the delayed late-phase 

of allergic inflammation (18). Being a rich source of IL4, basophils are important 

inducers of Th2 cell differentiation (19). In addition, basophils are suggested to be 

major effector cells in helminth infections as they are recruited to tissues affected by 

parasite infestation (20-22). Basophils are activated by Fc-receptor crosslinking by 

IgE or IgG, complement, cytokines or TLRs (20). IgG-mediated basophil stimulation 

by FcγRIII was reported to be essential in IgG-dependent anaphylactic reactions 

(23;24).  
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IgE and FcεRI 

 

The original biological role of Immunoglobulin E is still a matter of debate. One major 

immunological function seems to be the defense against mucosal pathogens 

including helminths and other parasites (25-27). Based on epidemiological studies 

which reported an inverse correlation between allergy and certain types of cancer, 

our group recently introduced the novel concept of Allergooncology (28). In this 

model, tumor antigen specific IgE antibodies direct allergy effector cells against 

cancer (29). Such a mechanism could be an important tool of anti cancer immune 

surveillance but also represents an interesting option for future therapies. 

The molecular structure of IgE antibodies is mostly homologous to that of IgG. One 

major difference is the additional unique domain in the IgE constant heavy chain 

which was shown to cause a strongly bent conformation of IgE compared to the 

extended Y-like shape of other immunoglobulin subclasses (Fig. 4A) (3;30). This 

bend is a prerequisite for proper binding to the high affinity IgE receptor FcεRI (Fig. 

4B).  

IgE related effects are mainly dependent on the presence of its cellular receptors 

FcεRI, the low affinity receptor CD23 (FcεRII) and galectin-3 (ε binding protein).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4: The Domain Structures of IgE and IgG and the Structure of IgE in Complex with 
FcεRI. (adapted from Reference (3)). (A) Schematic representations of the polypeptide and domain 
structures of human IgE and IgG1. The antibody subtypes differ in the number of constant domains, 
intramolecular and inter-domain disulphide bridges and the glycosylation pattern. (B) Schematic 
representation of IgE in complex with FcεRI, according to the structural informations of the complex 
and the bent IgE structure. The whole FcεRI consisting of one α-, one β-, and two γ-chains (known 
as α1β1γ2 conformation) is shown.  

The FcεRI complex consists of up to three different membrane anchored 

components: the extracellular IgE binding α-chain, the ß-chain and the γ-chain 

homodimer which are both associated with the cytoplasmic face of the membrane 
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and required for signal transduction (Fig. 4B). Depending on the presence or 

abcence of the ß-chain, two different compositions of FcεRI, α1β1γ2 or α1γ2, on the 

surface of various cell types exist which may be involved in cell activation or antigen 

uptake and presentation, respectively (31).  

In chapter 3 of this thesis, more details on IgE-receptor interaction will be highlighted 

and the presence of FcεRI in the intestinal epithelium is reported. In this cellular 

context the high affinity IgE receptor could contribute to novel immunologic 

mechanisms in the intestine.  

 

 

Factors of Allergy Development 

 

Extensive studies on allergies and their etiopathology revealed that genetic and 

environmental factors, the structural features of the allergen itself, exposure levels as 

well as its route of uptake can determine the type and severity of IgE-mediated 

hypersensitivities (1).  

 

Allergen Characteristics 

In everyday life, we are confronted with millions of proteins and compounds by 

ingestion, inhalation or skin contact. It is therefore a remarkable fact that only a small 

proportion of these encountered proteins have the potential to cause allergies. The 

list of attributes that make a protein an allergen is still not complete but some general 

characteristics could have been revealed (1): most allergens are small of size and 

highly soluble. Dry particles like pieces of pollen or mite excrements may serve as 

carriers which release the associated allergenic proteins upon contact with the body 

mucosa. Further it has been found that most allergens induce hypersensitivity when 

they get in contact with the immune system at very low dosages. These minute 

amounts of allergen in context with its presentation across a mucus covered 

epithelium seem to strongly favour the induction of Th2 responses and subsequently 

the production of specific IgE antibodies (1;32).  

Enzymatic activity is another feature shared by many allergens. The major house 

dust mite allergen Der p 1 has for instance proteolytic activity. It is a constituent of 

mite feces and as an exception, higher exposure levels of this allergen increase the 

likelihood for sensitization. The reason for this is that Der p 1 can cleave tight junction 
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proteins of the lung epithelium (33). The resulting barrier leak then facilitates the 

entry of Der p 1 itself and other potential allergens. In this context it is interesting that 

some gastrointestinal parasites secrete proteolytic enzymes which are strong Th2 

response promoters (34-36). Proteases could therefore have a stronger impact to 

cause allergy than other proteins.  

A novel structure based adjuvant mechanism has been recently described for the 

second major house dust mite allergen Der p 2. It is a lipid binding protein and 

structural homologue of MD-2, the LPS binding component of TLR 4 and facilitates 

TLR 4 signalling in the absence of MD-2 (37). Such an intrinsic adjuvant activity 

could be featured by other allergens and would be of major importance in the 

development of allergic disease (38). 

 

Atopy and Genetic Predisposition 

The genetic background of an individual can have strong impact on the development 

of type 1 hypersensitivities. In around 40% of inhabitants of Western industrialized 

countries, genomic factors increase the probability of IgE mediated overreaction of 

the immune system against many environmental allergens (39). This state is called 

atopy. Studies on genetic susceptibility loci for different allergic diseases like asthma 

or atopic dermatitis revealed a number of gene clusters which seem to be associated 

with an increased risk of allergy (40).  

One example for correlation of genetic variation and the tendency to develop asthma 

or atopic dermatitis is a set of gene clusters located on chromosome 5. One of them 

includes several Th2 cytokine genes, another cluster contains the ß-chain of the high 

affinity IgE receptor FcεRI or the gene for the ß-adrenergic receptor which can 

influence the proper control of smooth musculature and thereby the severity of 

asthmatic reactions (40;41).  

 

Environmental Factors 

Many studies provide strong evidence that environmental factors like air pollution, 

nutrition, or exposure to infections during childhood may affect allergy development 

(42). Though it could not yet been proven that pollution itself directly influences 

allergy risk, some allergens have been shown to interact with pollution. Allergen 

contact with diesel exhaust for instance was shown to increase IgE production and 

induce a Th2 response (6;43;44). Very recent studies of our lab indicate that nitration 
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of food allergens may lead to changes in their IgE epitopes structure and allergenicity 

(unpublished results).  

The challenge of the immune system with microbial infections during early childhood 

is regarded as another important factor which may strongly influence the 

development of type 1 hypersensitivity reactions. In this context, the hygiene 

hypothesis was proposed in the late 1980s (45). It refers to the theory that the Th2 

response initially pre-dominates over Th1 in children. Bacterial infections during first 

years of life are suggested to shift the balance towards the allergy disadvanting Th1 

milieu. Although there are many reports and studies supporting this theory, the 

hygiene hypothesis is still a matter of debate due to contradictory observations (46-

48).  

Most food that is consumed in Westernized countries nowadays is processed to 

improve food qualities like flavor, taste and color but also the storage durability. 

Roasting, cooking or smoking belong to the most relevant techniques of food 

processing (49). The effects of processing on the allergenic potential of food were 

consequently in the scope of extended efforts in allergy research during the last 

years. Recent data from a food allergy mouse model suggest for instance that milk 

pasteurization leads to protein aggregates which are taken up by M-cells of the 

intestinal epithelium, further increasing the allergenic potential of milk constitutents 

(50).  

Different methods of food processing may strongly influence the tertiary structure of 

proteins (51). Unfolding, aggregation but also chemical modifications are reported to 

be the most common alterations. The effect of food processing on a certain protein is 

highly related to the type of protein, especially its conformational stability and the 

occurrence of amino acids with side chains that represent modification targets. The 

plant food allergens with cross reactivity to the birch pollen allergen Bet v 1 represent 

important examples of food allergens being labile against food processing (52). The 

protein scaffold of group members like Pru av 1 from cherry, is not stabilized by 

disulphide bridges and most IgE epitopes of Bet v 1 homologues are conformational 

(53). It is therefore not surprising that protein unfolding upon heat treatment leads to 

decreased allergenicity. Nevertheless it should be noted that the thermostability 

between the group members differs (52).  

In contrast, other protein groups including the prolamin superfamily exert high 

stability to food processing (54). Prolamins like Ber e 1 from Brazil nut are 
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characterized by high proline and glutamine content and three to four intramolecular 

disulfide bridges, which grant high stability under denaturizing conditions like low pH, 

high temperature and pressure (52;54).  

Food processing can induce chemical modifications of amino acid side chains. 

Heating of proteins in presence of sugars results in the Maillard reaction (55). In this 

thermal reaction, aldhyde or ketone groups of carbohydrates are joined to free amino 

groups of proteins. Further modifications and rearrangements of these products add 

more complexity and lead to advanced glycation end products (AGEs) or so called 

Amadori products (Fig. 5).  The generation of AGEs can be affected by the type of 

present carbohydrates and the pH milieu.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5: General Scheme for the Maillard Reaction and Subsequent Formation of Advanced 
Glycation Endproducts (AGEs) (adapted from Reference(2)). Advanced glycation end products 
(AGEs) arise from the decomposition of Amadori products (AGE-1), the glycolysis intermediate 
product glyceraldehyde (AGE-2), the Schiff base and glucose fragmentation product glycolaldehyde 
(AGE-3), the triose phosphate and the Amadori product fragmentation product methylglyoxal (AGE-
4), the glucose autoxidation product glyoxal (AGE-5), and decomposition product of Amadori 
products and fructose-3-phosphate to 3-DG (AGE-6). CML, N-(carboxymethyl)lysine; CEL, N-
(carboxyethyl)lysine; P-NH2, free amino residue of protein. AR, aldose reductase; SDH, sorbitol 
dehydrogenase; F-3-PK, fructose-3-phosphokinase. 

Additional characteristics directly based on physicochemical attributes of the protein 

sequence or structure might contribute to the allergic potential of a protein. We 

suggest that such properties may allow allergens to specifically shuttle across 

epithelial barriers.  

A major aim of this PhD thesis was consequently to investigate whether food 

allergens can specifically interact with the intestinal luminal epithelial surface. 

Further, we addressed whether protein modifications induced by food processing 

could influence the extent of interaction and the resulting immune response. We 

follow these hypotheses in chapter 1 of this thesis.
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Thesis Aims 

 

The overall aim of the current PhD thesis was to gain further insight into different 

aspects of allergy on a molecular level and to exemplarily investigate several factors 

which may critically determine development of allergic reactions (Fig. 6).  

The first project (thesis chapter 1) tries to answer the question whether food 

allergens, in our particular case the peanut allergen Ara h 2, can interact with 

epithelial surfaces of the gastrointestinal tract and whether this contact can be 

influenced by food processing (Fig. 6A).  

The second project (thesis chapter 2) was inspired by reports on a gender bias, 

especially in food allergy, towards increased numbers of allergies in females after 

puberty. As the change in hormone levels could be a possible explanation for this 

observation, we investigated the action of the female sex hormone estrogen on mast 

cell activation (Fig. 6B).  

In the last project of this PhD thesis (chapter 3), we analyzed the presence of the 

high affinity IgE receptor FcεRI in cells of the human intestinal epithelium. We 

intended to find out whether and under which circumstances of health and disease 

the receptor is expressed and which role it might play (Fig. 6C).  

Taken together this PhD thesis investigates different, but equally important aspects 

of type 1 allergy:  

• the existence of a putative, specific food allergen-enterocyte interaction 

mechanism;  

• the influence of gender related factors on allergy effector cells;  

• the novel role of FcεRI in enterocytes, that may be connected with new 

immunological functions;  
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Figure 6: Schematic Overview of Thesis Topics. (A) Putative specific interaction mechanism of 
food allergens with the intestinal epithelium: Potential food allergens could interact with the intestinal 
epithelium in a specific manner. Non digested allergens might interact with surface structures 
exposed on the apical membrane of polarized intestinal epithelial cells. This contact could lead to a 
subsequent cellular response or traffic across the epithelium followed by the encounter of dendritic-, 
mast-, and B cells initiating allergic sensitization or an allergic response at a later disease stage. (B) 
Hormone influence on mast cell activation: Mast cells express receptors to sense exogenous factors 
like endotoxins or hormones. Stimulation of mast cells with hormones could influence the activation 
of mast cells, thereby importantly contributing to the severity of allergic responses. (C) Intestinal 
epithelial cells expressing the high affinity IgE FcεRI: Uptake of luminal antigens via IgE and 
subsequent MHCII associated antigen presentation could be an important antigen sampling 
mechanism of gastrointestinal immune surveillance. 
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Experimental Tools and Selection of Model Allergens 

 

Purified Allergens for Molecular Investigations 

Two main sources of allergens are used in current research: (1) extracts prepared 

from original allergen sources like fruits, vegetables or fish; (2) recombinant allergens 

which are produced in artificial expression systems like bacteria or yeast (56).  

Important advantages of extracts are the in most cases high amounts of properly 

folded and post-translationally modified allergen. On the other hand, recombinant 

proteins are often superior in terms of purity and allow the application of single 

allergens for molecular studies. It should be emphasized that the purity of allergens 

from extracts may be improved with increased technical efforts like additional 

chromatography steps. At the same time, several recombinant expression models 

yielding properly folded and processed allergens have been established (57-59).  

For our studies on food allergen uptake which are documented in chapter 1 of this 

thesis, we decided to work with a combination of these approaches. We used 

recombinantly produced allergens with affinity and epitope tags to investigate 

molecular interactions with cells probably involved in allergen uptake. When 

technically possible, the results achieved with recombinant allergens were then 

verified with allergens purified from their natural source.  

 

Principles of Recombinant Protein Expression and Choice of 

Allergens 

In recombinant protein expression, DNA fragments (e.g. antibiotic resistance, coding 

information of a gene of interest) from different sources are re-combined to an 

artificial molecule. This recombinant DNA is introduced into a host organism which 

starts to produce the respective protein.  

We chose major fish and peanut allergens for our studies because they contribute to 

the most widespread and important type-1 food hypersensitivities. Both allergies 

cause numerous deaths worldwide due to anaphylactic reactions every year (60;61). 

The allergens we used here were Ara h 2 from peanut (Arachis hypogaea) and Cyp c 

1, the parvalbumin from carp (Cyprinus carpio).  

Ara h 2 is a seed storage protein and belongs as 2S albumin to the prolamin 

superfamily of allergens. The N-terminus of the unprocessed peptide contains a 

signal sequence which is removed in the mature protein. Two Ara h 2 isoforms have 
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been reported which mainly differ in the presence of an intramolecular fragment of 11 

amino acids. Sera of allergic patients recognize consequently a double band of Ara h 

2 at 16 and 18kDa in immunoblots of peanut extracts (62).  

Cyp c 1 is a small protein of approximately 12kDa. It is abundantly expressed in the 

white muscle of carp and shows the structural characteristics known for 

parvalbumins: three EF-hand Ca2+ binding domains. 

Ara h 2 and Cyp c 1 both lack posttranslational modifications which renders them 

candidates for recombinant production in bacteria (59;63). Indeed, bacteria have 

been shown to be suitable hosts for recombinant expression of for both allergens, 

comparable to their natural counterparts (58;59).  

While x-ray crystallography could be performed for Cyp c 1 (Fig. 7B), only homology 

modelling of Ara h 2 to the NMR structure of the minor peanut allergen Ara h 6 was 

possible (Fig. 7A) (63). These studies revealed that an additional loop region present 

in Ara h 2 probably leads to higher flexibility in its structure thereby complicates 

crystallization attempts.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7: Structure of (A) Cyp c 1 and (B) the Ara h 2-Homologue, Ara h 6. source: Protein data 
bank (http://www.rcsb.org/pdb): Cyp c 1: ID 4CPV; Ara h 6: ID 1W2Q 
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Bacterial Expression System  

We decided to use the pET bacterial expression system for our studies (Fig. 8A) (64). 

This system is based on the use of plasmids where the gene of interest is under 

control of the highly efficient promoter of the T7 phage. The pET plasmid is 

transformed into genetically modified bacteria which express the T7 polymerase 

under control of the lac promoter. Stimulation of the bacteria with the galactose 

analogue isopropyl-ß-thiogalactopyranosid (IPTG) leads to the expression of the T7 

polymerase and the translation of gene of interest encoded on the plasmid.  

We transferred Cyp c 1 and Ara h 2 cDNA from source vectors (59;65) into a 

modified pET26b vector (pET26b plain, see material and methods of chapter 1 for 

details) for the expression of the protein with a c-terminal 6x His affinity tag (Fig. 8B). 

In addition to the allergens with plain 6x His tag, we designed a cleavage and 

detection construct (CDC) and introduced it between the protein C-terminus and the 

affinity tag. The CDC consists of a c-myc epitope tag that is flanked on the N-

terminus by a thrombin cleavage site and on the C-terminus by a Tobacco Etch Virus 

(TEV) protease cleavage sequence (Fig. 8C).  

Depending on protein attributes like presence of disulphide bridges, toxicity or codon 

usage, different bacterial expression strains are available. As Cyp c 1 contains only 

one cysteine residue and hence no disulphide bridges and furthermore no toxicity to 

bacteria was reported, the standard strain for T7 based protein expression BL21 

(DE3) was chosen. Ara h 2, in contrast, is expected to contain 4 disulphide bridges 

and a considerable number of its amino acid sequence is encoded by codons which 

are rarely present in bacteria (58). We therefore decided to use the even more 

sophisticated E. coli strain Rosetta Gami 2 for the production of Ara h 2. Rosetta 

Gami 2 bacteria contain a thioredoxin B/glutathione oxioreductase (trxB/gor) mutation 

which strongly supports the cytoplasmic formation of disulphide bridges. In addition, 

this strain carries a plasmid which encodes for 6 rare E. coli tRNAs some of which 

are necessary for efficient Ara h 2 cDNA translation.  
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Figure 8: Schematic Overviews of Bacterial Expression System, the Expression Vector 
Containing the Coding Sequence for Ara h 2 CDC, and the Allergen Fusion Construct. (A) 
Principle of the pET bacterial expression system (from reference (63)): pET vectors are used in 
combination with genetically engineered bacteria which have the coding sequence T7 RNA 
polymerase under control of the lac promoter and the lac repressor gene (lac I) inserted in the 
genome. Induction of T7 RNA polymerase expression and inhibition of the lac repressor by IPTG 
leads to the production of the gene of interest under control of the T7 promoter on the pET plasmid. 
(B) The expression vector pET26b plain Ara h 2: The bacterial expression vector pET26b plain was 
used for the recombinant production of Ara h 2 CDC; ori: origin of replication; lacI: lac repressor; 
AraH2: Ara h 2 coding sequence; TEV CS: TEV protease cleavage site; Gly Kinker: Glycine Kinker 
(=spacer); c-myc: human c-myc epitope tag; Thrombin CS: Thrombin cleavage site; 6x His: 6x 
Histidine affinity tag; T7 term: transcriptional terminator; f1 origin: origin of replication of the F1 
phage for production of single strand DNA; kan: Kanamycin resistance; (C) Allergen-CDC scheme: 
translation of the allergen CDC coding sequence results in the production of a fusion protein made 
up of the N-terminal protein/allergen, sequentially joined at the C-terminus by a TEV protease 
cleavage site, a human c-myc epitope tag, a Thrombin cleavage site and a 6x His affinity tag which 
can be used for purification by a Ni-NTA agarose matrix. Spacer regions are present on both sides 
of the c-myc tag (as shown in (B)) to support efficient protease cleavage and epitope access. TEV: 
TEV protease cleavage site; c-myc: human c-myc epitope tag; Thrombin: Thrombin protease 
cleavage site; 6x His: 6x Histidine affinity tag; NiNTA: Nickel nitrilotriacetic acid; 
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Recombinant Production of Ara h 2 and Cyp c 1 

pET26b plasmids containing plain Cyp c 1 or Ara h 2 cDNA (Fig. 8B) were 

transformed into the respective bacteria. Single cell clones were picked, expanded, 

stimulated and screened by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and Western blot for successful protein production. 

We expanded the clones with high expression to 2L cultures and subsequently 

purified the 6x His tagged protein by a NiNTA affinity matrix using a fast pressure 

liquid chromatography (FPLC) system (Fig. 9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9: NiNTA Purification Chromatograms of Recombinant (A) Ara h 2 and (B) Cyp c 1 
Produced in E. coli; blue line: UV 280nm absorption; brown line: electrical conductance; green line: 
concentration of elution buffer; 

Next we tested the functionality of the introduced cleavage construct by treatment of 

purified allergens with thrombin or TEV protease. Fragment analysis by SDS-PAGE 

and subsequent Coomassie staining confirmed the expected band shift after 

protease treatment (Fig. 10A). Furthermore we verified the allergenicity of the 

recombinantly produced allergens by immunoblots using sera of human allergic 

patients (Fig. 10B).  

Detailed descriptions of cloning and procedures for recombinant protein production 

can be found in the methods sections and supplementary information of chapter 1 of 

this thesis.  
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Figure 10: Characterization of Recombinant c-myc Fusion Allergens by SDS-PAGE and 
Western Blot.  
(A) SDS-PAGE of untreated and protease cleaved recombinant allergens: Ara h 2 (lanes 1-4) and 
Cyp c 1 (lanes 5-6) were produced in bacteria and purified by NiNTA affinity chromatography. Crude 
bacterial lysate (lanes 1, 5) was compared to purified untreated (lanes 2, 6), thrombin (lanes 3, 7) 
and TEV protease treated (lanes 4, 8) recombinant allergen. The protein size was analyzed by SDS-
PAGE and subsequent staining with Coomassie brilliant blue. (B) Anti-c-myc/human patient IgE 
Western blot: The recombinant allergens with c-terminal cleavage and detection construct (CDC) 
were produced in bacteria and subsequently purified by NiNTA affinity chromatography. Next, Ara h 
2 (lanes 1, 3, 5) and Cyp c 1 (lanes 2, 4, 6) were analyzed by western blot with anti-c-myc antibody 
(lanes 1, 2), or sera of peanut (lanes 3, 4) or fish (lanes 5, 6) allergic patients. 
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1.1 Abstract 

 

Background: Recent studies have indicated that i) the specific molecular properties 

of proteins determine their allergenicity and ii) that their interaction with the epithelia 

as the first contact site may be decisive for the resulting immune response. While 

most recent efforts in food allergy research are focussing on strategies for curing and 

prevention of allergic reactions, fundamental questions of allergic sensitization and 

allergen uptake are still unanswered. Taking the major peanut allergen Ara h 2 as a 

model, we demonstrate here that thermal processing impacts the protein’s molecular 

interactions with cells of the intestinal epithelium, subsequent cellular signalling 

response, and immunogenic potency.  

Methodology/Principal Findings: Heating of Ara h 2 led to significantly enhanced 

binding to Caco-2/TC7 human intestinal epithelial cells.  

Circular dichroism (CD) spectroscopy and dynamic light scattering (DLS) indicated 

that heating caused persistent structural changes and led to the formation of Ara h 2 

oligomers in solution.  

In a food allergy model of BALB/c mice based on oral allergen gavage with cholera 

toxin as mucosal adjuvant, the heated protein exhibited a significantly higher 

immunogenic potential as determined by serum levels of allergen specific IgG and 

IgE antibodies. Accordingly, splenocytes of mice immunized with heated Ara h 2 and 

adjuvant released increased levels of IL-2 and IL-6 upon allergen stimulation.  

In human Caco-2/TC7 cells, Ara h 2 incubation led to a response in immune- and 

stress signalling related pathway components at the RNA level, whereas heated Ara 

h 2 induced a stress-response only. 

Conclusion/Significance: We conclude from this peanut allergen example that food 

processing may change the molecular allergenicity and modulate the interaction 

capacity of food allergens with the intestinal epithelium. Increased binding behaviour 

to enterocytes and initiation of intracellular signalling pathways upon cell contact 

could contribute to the sensitization capacity of food proteins by triggering a response 

of the epimmunome.  

 

Keywords: peanut allergen Ara h 2, food processing, intestinal epithelium, oral 

mouse immunization; 
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1.2 Introduction 

 

The mechanisms leading to allergic symptoms, including the activation of effector 

cells by interaction of IgE and a triggering allergen have been described in detail (1-

3). In contrast, explanatory concepts for sensitization upon the very first allergen 

encounter are largely missing. Whereas much attention today is given to dendritic cell 

function enabling polarization of the immune response, the actual largest primary 

contact site, epithelia, has been more or less neglected. Only recently the concept of 

the epimmunome has been suggested (4).  

Allergy is a rapidly spreading worldwide disease. It is estimated that 5% of children 

and 4% of adults in the United States suffer from food allergy (5). Ingested food 

components are commonly denatured by low gastric pH, digested by a variety of 

gastrointestinal enzymes and subsequently taken up as short, non-immunogenic 

peptides by enterocytes. Food proteins which resist degradation can lead to 

sensitization and allergic reactions (6;7). Vice versa, hindered digestion contributes to 

sensitization and lowering of threshold levels of food allergy development (7-9). 

Recent studies raised evidence that food processing may influence the protein 

stability in gastric digestion (10;11).  

Among all food allergies, allergy against peanut (Arachis hypogaea) is one of the 

most dangerous and frequent type 1 food allergies with ~1% of children affected in 

the United Kingdom and United States (12). So far, 8 allergens from peanut termed 

Ara h 1 – 8 have been identified, with Ara h 1 and 2 being of major importance (13-

20). Homology screening of amino acid sequences revealed that all peanut allergens 

but Ara h 5 are seed storage proteins (21).  

The molecular attributes of Ara h 1 and 2 have been investigated for several years. 

Ara h 1, the major glycoprotein in peanuts, was found to interact specifically with 

dendritic cell (DC)-specific ICAM grabbing nonintegrin (DC-SIGN) (22). The same 

study could show that this interaction is sufficient to activate DCs and consecutively T 

cells and skew a Th2 phenotype.  

It is conceivable that also secondary chemical or physical modification of peanut 

allergens may affect their capacity to interact with antigen presenting cells or other 

immune cells. This assumption is supported by recent studies showing the influence 

of the formation of advanced glycation endproducts (AGEs) by the Maillard reaction 

on the immunogenicity of the model allergen ovalbumin. The glycosylated ovalbumin 
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was favourably recognized by scavenger receptors expressed by DCs, leading to 

increased MHC II associated antigen presentation and CD4+ T-cell activation (23). 

Another group investigated the impact of food processing on the allergenic potential 

of peanut extract and revealed that sera of allergic patients bind significantly better to 

extract of roasted vs. untreated peanuts (24). Furthermore, also IgE binding to 

purified peanut allergens was enhanced after heat treatment, particularly upon 

roasting (10;25;26).  

In addition, oligomerization of Ara h 1 upon heating in the presence of carbohydrates, 

mimicking the Maillard reaction, was reported. Interestingly, the same group 

demonstrated that Ara h 2 acts as a weak trypsin inhibitor and that this function is 

increased in roasted peanuts (10;24). This feature of Ara h 2 could also contribute to 

the high incidence of peanut allergy by preventing tryptic digestion and, thereby, 

enhancing its gastrointestinal stability (7).  

Still, neither the exact place, nor the involved cells or mechanisms for the initiation of 

specific hypersensitivity against food allergens are known. Recent studies 

investigated the uptake of the birch pollen allergen Bet v 1 in allergic compared to 

healthy individuals during pollen and winter season (27;28). The group could reveal 

that Bet v 1 enters via lipid rafts and was transported more efficiently over the nasal 

epithelium of allergic patients. Though the scientists could not provide an explanation 

for these observations, one could speculate that the proteome of nasal epithelial cells 

in allergic patients differs from healthy individuals. It might be noteworthy in this 

respect that besides respiratory epithelia, also intestinal epithelial cells express the 

high affinity IgE receptor FcεRI (29;30). In this cellular context, the receptor could 

serve as a shuttle for allergens or participate in facilitated antigen presentation which 

would have implication in the effector phase of type I allergy (31).  

Anecdotal evidence exists that the specific molecular features of allergens may be 

decisive in the sensitization phase. The allergen papain, for instance, exhibits a 

protease activity which indirectly leads to stimulation of DCs via pathogen-recognition 

receptors and production of thymic stromal lymphopoietin (TSLP) in skin epithelial 

cells, thereby leading to a Th2 dominated immune response (32). The major house 

dust mite allergens Der p 1 and Der p 2 would be other examples for direct 

contribution of molecular properties to allergic sensitization. Der p 1 facilitates the 

entry of respiratory allergens by cleavage of tight junction proteins between lung 

epithelial cells (33). Der p 2 has been shown to interact with the Toll-like receptor 
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(TLR) 4 complex to activate the NFΚB signalling cascade in macrophages and 

dendritic cells (34).  

For the initiation of food hypersensitivity we hypothesized that the interaction of food 

proteins with the intestinal epithelium as the very first checkpoint upon ingestion 

could be crucial for the subsequent immune response.  

Therefore, taking Ara h 2 as a model allergen, we studied its interactions with human 

intestinal epithelial cells and subsequent cellular responses as well as its 

immunogenicity in vivo in a food allergy mouse model. We report here that besides 

its molecular properties also food processing influences the consecutive immune 

response.  
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1.3 Results  

 

1.3.1 Heating and the Maillard Reaction only Slightly Influence 

Food Allergen – IgE Interaction 

Peanut allergy represents one of the most severe hypersensitivities against food. We 

therefore decided to use the major peanut allergen Ara h 2 for our molecular studies 

on food allergen/enterocyte interaction and the influence of food processing. Due to 

its lack of post-translational modifications, properly processed and folded Ara h 2 can 

be produced in bacteria (35).  

We established a recombinant expression system for the production of His tagged 

Ara h 2 in the Escherichia coli strain Rosetta Gami II and set up the purification of 

natural Ara h 2 from peanut based on a previously published protocol (35). 

We characterized the purified recombinant as well as natural Ara h 2 by circular 

dichroism (CD) analysis (Fig. S1). Our results from these studies are consistent with 

previous reports (35;36) and confirm proper folding of purified recombinant and 

natural Ara h 2, indicating that our food allergens were suitable tools for further 

studies.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S1: Characterization of Purified Ara h 2 by Circular Dichroism. 
Circular dichroism spectroscopy analysis of purified Ara h 2: (A) Recombinant (rec.) Ara h 2 and (B) 
natural (nat.) Ara h 2 was purified as described and protein folding was analyzed using a CD 
spectropolarimeter. The measured spectrum is expressed as mean residue ellipticity (θ) (=y-axis) at 
a given wave length (=x-axis) and confirms proper allergen folding as compared to previous reports. 

Peanuts are mostly consumed in roasted form. Previous studies have shown that IgE 

of human allergic patients binds with significantly higher affinity to extracts from 

roasted compared to untreated peanuts (10). Furthermore it could be revealed that 

IgE binding to Ara h 1 and Ara h 2 purified from peanuts is increased upon heat 

treatment in the presence of sugars which may attach to free amino groups of the 
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allergens in a process known as Maillard reaction (10;37). The Maillard reaction was 

moreover reported to cause structural changes in these proteins which lead to Ara h 

1 oligomerization and increased stability against gastric digestion of both peanut 

allergens. Another study using recombinant Ara h 2 could show similar effects of the 

Maillard reaction on IgE binding (26), emphasizing that especially heat treatment of 

Ara h 2 in presence of the sugar breakdown products glyoxal and methyl-glyoxal 

increased the IgE binding capacity.  

Using recombinant and purified natural Ara h 2, we attempted to investigate whether 

the Maillard reaction also influences the adhesion and binding of the allergen to 

intestinal epithelial cells. We therefore mimicked the Maillard reaction in vitro (26) and 

heated Ara h 2 in the absence or presence of fructose, ribose, maltose, glucose and 

the sugar breakdown products, glyoxal and methyl-glyoxal. The impact of protein 

modifications on recombinant as well as purified natural Ara h 2, was analyzed first 

by SDS-PAGE and subsequent silver stain (Fig. 1A). Heating of the proteins, 

especially in the presence of glyoxal and methyl-glyoxal, caused smearing of protein 

bands. We further performed immunoblots (Fig. 1B) and ELISA (Fig. 1C) with the 

processed proteins and serum pools of allergic patients. In these experiments the 

Maillard reaction products of recombinant and natural Ara h 2 revealed a marginally 

better IgE-binding capacity than the untreated proteins. The serum specificity was 

tested using recombinant mouse programmed cell death protein 4 (PDCD4) and Cyp 

c 1 as controls (immunoblot data not shown). Cyp c 1 is a food allergen originally 

isolated from carp (Cyprinus carpio) (36) while PDCD4 was selected from an in-silico 

search for control proteins with similar structural features as Ara h 2 but without 

reported allergenic potential. Of note, this tumor suppressor protein has been 

recently reported to participate in and enable TLR 4 signalling (38). Remarkably and 

in contrast to previous reports (26), in our patient collective, we observed reduced 

IgE-binding to recombinant and natural Ara h 2, which were heated in the presence 

of the sugar breakdown products glyoxal and methyl-glyoxal. We were not able to 

detect these allergens in the blot (Fig. 1B) and only with decreased signal levels in 

ELISA (Fig. 1C). Taken together, we observed only minor binding differences of IgE 

to Maillard products of Ara h 2 apart from the treatment with glyoxal and methyl-

glyoxal. 
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Figure 1: The Maillard Reaction only Marginally Affects the IgE-binding of Human Sera to the 
Peanut Allergen Ara h 2.(A) SDS-PAGE analysis: Recombinant (rec.) and natural (nat.) Ara h 2 
were heated in the presence or absence of carbohydrates and subsequently separated by SDS-
PAGE under non reducing conditions. Subsequent silver staining revealed smearing of protein 
bands, especially after heating in the presence of glyoxal and methyl-glyoxal. (B) Western blot 
analysis: SDS-PAGE separation of processed proteins was performed followed by Western blot. 
Bound IgE antibody from serum pools of human peanut allergic patients was detected. Slightly 
increased IgE binding to allergens heated in presence of carbohydrates apart from glyoxal and 
methyl-glyoxal was observed. These two Maillard reaction products were not detected at all. (C) IgE 
ELISA: Heat processed recombinant and natural Ara h 2, and recombinant control proteins Cyp c 1 
and PDCD4 were coated on ELISA plates and bound IgE of patient serum pools was detected. 
Again, heating in presence of glyoxal and methyl-glyoxal decreased the IgE binding signal.  
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1.3.2 Heating and the Maillard Reaction Impact the Food Allergen – 

Enterocyte Interaction Axis 

We next tested whether the Maillard reaction might influence the binding of our model 

allergen to intestinal epithelial cells. The clone TC7 of the widely used parental Caco-

2 human intestinal epithelial cell line represents a suitable model of the small 

intestinal epithelial barrier (39). We therefore chose these cells for our allergen 

interaction experiments in a cell ELISA setup.  

Differentiated Caco-2/TC7 cells were incubated with thermally processed 

recombinant Ara h 2 and the amount of cell bound allergen was detected by an anti-

His-tag antibody. Interestingly, we observed a significantly higher enterocyte binding 

signal with Ara h 2 treated by heat alone (Fig. 2A). Heating of the control allergen  

Cyp c 1 did not cause comparable changes in intestinal epithelial cell binding.  

To verify these data, fluorescently labelled untreated and heated recombinant and 

natural Ara h 2, the structurally related protein PDCD4 and bovine serum albumin 

(BSA) as control protein were incubated on Caco-2/TC7 cells. The subsequent 

analysis by fluorescence microscopy confirmed our findings from the cell ELISA and 

showed a trend of increased binding of heated Ara h 2 in recombinant as well as 

natural form (Fig. 2B). We also observed slightly increased fluorescence signal with 

heated PDCD4 but no detectable signal with labelled control protein BSA.  

Being pointed at the impact of heating on the cellular interaction capacity of Ara h 2, 

we decided to have another closer look at the IgE binding pattern. ELISA 

experiments with individual human patient sera revealed, that heat treatment of 

natural Ara h 2 only slightly increases the binding of the majority of tested sera (Fig. 

2C). We did not observe this effect with recombinant Ara h 2.  
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Figure 2: Heating Enhances the Binding of Ara h 2 to Caco-2/TC7 Intestinal Epithelial Cells.  
(A) Human enterocyte allergen binding ELISA: Differentiated human Caco-2/TC7 cells were 
incubated with heat processed recombinant allergens. The amount of bound allergen was detected 
with anti-His-antibodies. Ara h 2 treated with heat alone exhibited significantly increased binding to 
enterocytes. (B) Binding of labelled allergens to Caco-2/TC7 cells: Untreated and heated 
recombinant and natural Ara h 2, recombinant PDCD4 and BSA were fluorescently labelled and 
incubated with differentiated Caco-2/TC7 cells. The binding pattern and the amount of bound protein 
were visualized by fluorescence microscopy and confirmed the trend of increased enterocyte 
binding of heated Ara h 2 and PDCD4 but not BSA. (C) Human IgE patient ELISA screening: 
Untreated and heated recombinant and natural Ara h 2 were screened with individual sera of human 
allergic patients for differences in IgE binding. Only minor IgE binding differences between untreated 
and heated Ara h 2 were observed. *: P-value 0.01 – 0.05;  
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1.3.3 Heating Induces Changes in the Tertiary Structure of Ara h 2 

From the cell ELISA studies above, we concluded that heating of Ara h 2 per se 

influenced the binding of the allergen to Caco-2/TC7 cells. The processing did only 

marginally affect IgE binding (Fig. 1B, C; 2C), therefore we postulated that heating 

could rather impact the sensitization than the effector phase. As structural alterations 

of Ara h 2 caused by the heat treatment could be the reason behind the increased 

epithelial adsorption, we conducted CD spectroscopy of heat processed Ara h 2. 

These studies revealed that heating of recombinant as well as natural Ara h 2 led to 

conformational changes (Fig. 3A, C). The native tertiary structure of Ara h 2, which is 

mainly comprised of α-helices (35), seems to unfold upon heating and turn into a 

mostly random coil structure.  

In contrast to Cyp c 1 (Fig. 3B), recombinant (Fig. 3A) as well as natural (Fig. 3C) Ara 

h 2 did not refold into its original structure upon temperature decrease but remained 

in this at least partially unfolded state.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: Heating Persistently Disturbs the Tertiary Structure of Ara h 2. 
(A-C) CD analysis of heated food allergens: Untreated and heated (C) natural purified and (A) 
recombinant Ara h 2 and (B) recombinant Cyp c 1 were analyzed by CD spectroscopy. The spectra 
of untreated (solid lines) and heated (dashed lines) proteins were compared and revealed an at 
least partially unfolded state of recombinant and natural Ara h 2 upon heating in contrast to Cyp c 1 
which folded back into its native conformation. (D) Ara h 2 heat treatment kinetics: Natural purified 
Ara h 2 was heated for 5, 10, 15, 30, 45, 60, or 90 minutes. The CD spectra of Ara h 2 after heat 
treatment were compared with the untreated protein. Untreated (black) and 90min heated (blue) Ara 
h 2 are represented as solid lines, the other heating time points as coloured dashed lines according 
to the legend. Accordingly, Ara h 2 unfolding starts after 15 min of heating and seems to be 
accomplished after 45min.  
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We performed kinetic analysis of this structural change and compared the CD curves 

of untreated natural Ara h 2 with those after heating for 5 – 90 minutes (Fig. 3D). Our 

data indicate that the irreversible transformation of Ara h 2 tertiary structure started 

after 15 minutes of heating and was mostly accomplished by 45 minutes with only 

minor additional changes.  
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1.3.4 Heating Induces Changes of the Quaternary Structure of    

Ara h 2 

Previous studies on the impact of heat treatment on peanut allergens using SDS-

PAGE analysis reported the formation of intermolecular aggregates of Ara h 1, but 

not Ara h 2 (10). At the same time and in contrast to the here presented CD data, no 

permanent structural changes in Ara h 2 upon thermal processing were found. We 

therefore conducted dynamic light scattering (DLS) analysis to investigate the 

occurrence and formation of protein aggregates in solution.  

The DLS experiment revealed a significantly increased proportion of protein 

oligomers in samples containing heated compared to untreated natural Ara h 2 (Fig. 

4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4: Ara h 2 Aggregates upon Heating. 
Dynamic light scattering analysis: The occurrence of protein oligomers in solutions of untreated and 
heated natural Ara h 2 was analyzed by DLS. Significant increase of oligomers was observed for 
heat treated protein solution. (A) depicts the results as heat diagrams of untreated (left) and heated 
(right) Ara h 2. In (B), the averaged radius distributions of untreated (green curve) and heated (red 
curve) Ara h 2 are shown as overlay.  
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We conclude from these structural investigations that heat processing of Ara h 2 

induced structural changes which lead to a mostly random coil composition of the 

protein and, additionally, an increase of allergen aggregates and oligomerization. Of 

note, the heat induced alterations of the tertiary structure of Ara h 2 seem to be 

stable as the original three-dimensional conformation could not be achieved upon 

cooling down.  
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1.3.5 Heated Ara h 2 Exhibits Increased Immunogenicity in vivo 

Considering the influence of heating on structural changes and enterocyte binding of 

Ara h 2 in vitro, our next aim was to investigate the relevance of our observations in 

vivo. We therefore set up an oral food allergy model based on previous studies (40). 

BALB/c mice were orally immunized with untreated or heated natural Ara h 2. We 

further compared the impact of the mucosal Th2 adjuvant Cholera toxin (CT) on a 

possible immune response against the peanut allergen. We fed the mice with 

untreated and heated natural Ara h 2 adding optionally CT and regularly screened for 

induction of antigen specific serum-antibodies (see immunization scheme, Fig. S2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S2: Mouse Immunization Scheme. 
For the duration of 6 weeks, BALB/c mice were weekly immunized intraperitoneally or orally by 
intragastric gavage with purified natural Ara h 2 which was either untreated (untr.) or heat-
processed. Cholera toxin (CT) was optionally co-applied as mucosal adjuvant (Adj.) in orally 
immunized groups. Blood samples were taken weekly for determination of antigen specific serum 
antibody levels. After 6 weeks, immunization was stopped to prevent tolerance induction. One last 
oral immunization was exhibited 7 days prior to the sacrifice after 12 weeks of treatment.  

Mice which were orally immunized with heated Ara h 2 exhibited increased levels of 

antigen specific IgG and IgE levels as compared to the littermates fed with untreated 

allergen (Fig. 5A, B). The co-application of CT increased the levels of specific IgG for 

both, untreated and heated Ara h 2, but increased IgE only in mice immunized with 

heated Ara h 2. Of note, we observed alopecia in 7 out of 8 mice being orally 

immunized with heated Ara h 2 in combination with CT (data not shown). The 

phenotype appeared in week 7 and persisted until the end of the immunization 

regimen (week 12). Such a barbering behaviour has been previously reported and 

could be caused by the single not affected mouse by plucking the whiskers of the 

other animals (41). 
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Prior to sacrifice, the mice were challenged first percutaneously via the skin- and 

subsequently by oral application of Ara h 2 and monitored for possible type 1 allergic 

reactions and anaphylactic symptoms. No significant abnormalities could be 

observed in any of the groups in terms of symptom score, skin reactivity, body 

temperature, or blood cell count (data not shown).  

To evaluate the cellular immune response, mouse splenocytes were isolated and 

stimulated in vitro with untreated and heated Ara h 2, concanavalin A (Con A), or 

medium (Fig. 6). We investigated the cell supernatant and found that splenocytes 

originating from mice which were orally immunized with heated Ara h 2 in 

combination with CT secreted more IL-2 upon stimulation with both, untreated (Fig. 

6B), and heated (Fig. 6C) Ara h 2.  

 
Figure 5: Splenocytes of Mice Immunized with Heated Ara h 2 Release more IL-2 and IL-6. 
Mouse IL-2 and IL-6 ELISA: Mice were immunized and sacrificed as described. The splenocytes 
were harvested, seeded in triplicates and stimulated with growth medium containing (A, D) 
concanavalin A or (B, E) untreated or (C, F) heat processed natural Ara h 2. Subsequent 
investigation of the supernatant for (A-C) IL-2 and (D-F) IL-6 content by ELISA revealed increased 
cytokine release of splenocytes from mice immunized with heated Ara h 2/CT as compared to 
untreated Ara h 2/CT application. Background cytokine secretion of cells stimulated with plain 
growth medium was subtracted. **: P-value 0.001 – 0.01; *: P-value 0.01 – 0.05; 

Analysis of IL-6 production revealed a similar pattern with highest cytokine levels 

released by splenocytes of mice treated with heated Ara h 2/CT .  

Unspecific activation by the lymphocyte stimulant Con A resulted in the secretion of 

higher levels of IL-2 (Fig. 6A) but similar amounts of IL-6 (Fig. 6D) compared to Ara h 

2 stimulation (Fig. 6B, C and 6E, F, respectively).  
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We conclude from these in vivo studies that heated Ara h 2 exhibits increased 

immunogenicity compared to the untreated allergen. This effect could be associated 

with the observed enhanced in vitro enterocyte binding (Fig. 2A, B) and the 

alterations of tertiary and quaternary structure caused by the heat treatment (Fig. 3, 

4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6: Splenocytes of Mice Immunized with Heated Ara h 2 Release more IL-2 and IL-6. 
Mouse IL-2 and IL-6 ELISA: Mice were immunized and sacrificed as described. The splenocytes 
were harvested, seeded in triplicates and stimulated with growth medium containing (A, D) 
concanavalin A or (B, E) untreated or (C, F) heat processed natural Ara h 2. Subsequent 
investigation of the supernatant for (A-C) IL-2 and (D-F) IL-6 content by ELISA revealed increased 
cytokine release of splenocytes from mice immunized with heated Ara h 2/+ Cholera Toxin (CT) as 
compared to untreated Ara h 2/+CT application. Background cytokine secretion of cells stimulated 
with plain growth medium was subtracted. **: P-value 0.001 – 0.01; *: P-value 0.01 – 0.05; 
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1.3.6 Intestinal Epithelial Cells Respond to Ara h 2 Incubation with 

Altered Gene Expression 

Previous studies on direct cell/allergen interactions involved primarily professional 

antigen presenting cells like dendritic cells (22;42;43). Although DCs have been 

reported to actively and directly sample content of the gastrointestinal lumen (44), 

intestinal epithelial cells normally have first contact with food proteins and potential 

allergens in the digestive tract. Enterocytes furthermore have been suggested to 

actively participate in intestinal immune regulation in terms of the formation of the 

epimmunome (4). We could show that Ara h 2 interacts with intestinal epithelial cells 

and that the binding is increased upon heat treatment (Fig. 2). We next aimed to 

investigate whether enterocytes have the capacity to respond to incubation with Ara 

h 2 and whether heat treatment leads to changes in these potential responses. We 

incubated differentiated Caco-2/TC7 cells for time spans between 1h and 48h with 

untreated and heat processed Ara h 2 or buffer containing LPS equivalent to the 

protein samples (250pg/ml). Next we used real-time PCR to screen for gene 

signatures which would allow the identification of active cellular response pathways. 

A set of representative genes involved in immune signalling [NFκB- (Fig. 7A), TLR- 

(Fig. 7B), and JAK-STAT signalling (Fig. 7C)] cell differentiation [p38 (Fig. 7G), 

Akt/PI3K (Fig. 7H) (45)], cellular stress response [Stress pathway (Fig. 7F)], and 

furthermore cytokines known to be expressed by intestinal epithelial cells and/or may 

induce or influence immune responses [il-1ß, il-18, il-25, il-33, tslp (Fig. 7D), il-2, il-8 

(Fig. 7E)] (4) were investigated (see also Table S1, Material and Methods section).  

We observed an up-regulation of ikbkb, representing an NFΚB signalling component, 

respectively, after treatment with untreated but not with heated Ara h 2 (Fig. 7A). 

Both, untreated and heated allergens stimulated the expression of il-6 and irf1 (Fig. 

7B). The investigation of genes associated with JAK-STAT signalling revealed a 

profound up-regulation of inducible nitric oxide synthase (nos2a) in both treatment 

settings (Fig. 7C). 

Cytokines known to be expressed by epithelial cells, il-25, il-33 and tslp were 

detected on a low expression level (CT35). Nevertheless, a differentiated regulation 

of il-33 upon cell contact with untreated and heated Ara h 2 was observed (Fig. 7D). 

Further, incubation with untreated Ara h 2 slightly increased TSLP expression (Fig. 

7D). The investigation of inflammatory cytokines revealed a marginal up-regulation of 

il-1ß and il-18 in cells treated with either of the allergen preparations (Fig. 7E). 
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Figure 7: Intestinal Epithelial Cells Respond to Ara h 2 Incubation with Differential Gene 
Expression. 
(A-G) Gene expression analysis of pathway gene signatures: Caco-2/TC7 cells were stimulated for 
1h, 3h, 6h, 12h, 24h or 48h with untreated or heated Ara h 2. The gene expression of representative 
signalling pathway components of (A) NFΚB-, (B) TLR-, (C) JAK-STAT signalling, (D) epithelial cell 
(Ep.) and (E) pro-inflammatory and T-cell cytokines, (F) stress response, (G) p38- as well as (H) 
Akt/PI3K signalling (see also Table S1) were analyzed by real-time PCR. The gene expression fold 
change is related to the level in cells stimulated with equivalent LPS amounts for the respective time 
spans. Response to allergen incubation could be observed for several representative genes 
involved in NFΚB, TLR, JAK-STAT, and stress signalling as well as epithelial cell and pro-
inflammatory cytokines.  

We furthermore found increased expression of the stress related gene fos after cell 

treatment with untreated and heated allergen with slightly higher levels in case of the 

heat processed protein (Fig. 7F). Altered transcription levels for tested genes 

involved in p38- (Fig. 7G) or Akt/PI3K-signalling (Fig. 7H) were not observed.  

These data indicate that Caco-2/TC7 human intestinal epithelial cells may directly 

respond to allergen contact by changes at the genomic level. We propose that such 

alteration of expression patterns of signalling pathway components could, when 
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reflected on the protein level, influence the immune balance of the gastro-intestinal 

tract.  
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1.4 Discussion 

 

The factors contributing to food allergy development are only partly understood. In 

addition to genetic predisposition, it becomes more and more clear that 

environmental factors and structural features of the allergenic proteins are of major 

importance (11;46;47). In accordance with recent literature (4), we think that specific 

interaction of intact food allergens with the intestinal epithelium might have an impact 

on the course of allergic sensitization. In the current study, we examined such food 

allergen/enterocyte interactions and investigated whether food processing could 

influence it. Due to its great clinical importance, the peanut allergen Ara h 2 was 

chosen. Purified natural Ara h 2, recombinantly produced Ara h 2 (Fig. S1) and 

control proteins were exposed in vitro to a panel of carbohydrates under heat 

treatment (Fig. 1) according to previously reported conditions (26) to mimic the 

Maillard reaction. Heat-associated processing led in our study to only marginal 

effects on the quality of IgE-binding in solid phase assays (Fig. 1B, C, 2C). 

However, processing could still impact biological events apart from direct IgE-binding 

in the allergy effector phase, such as allergen/enterocyte interaction, subsequent 

allergen uptake and sensitization capacity. Therefore, we next investigated whether 

heat treatment or the formation of advanced glycation endproducts as result of the 

Maillard reaction impacts allergen binding to human intestinal epithelial cells. Indeed, 

cell ELISA experiments using in vitro differentiated Caco-2/TC7 cells indicated that 

heating of Ara h 2 in the absence of carbohydrates increased its adsorption to the 

cells (Fig. 2A). The cell ELISA results were confirmed by immunofluorescence 

microscopy analysis using directly labelled food allergens on Caco-2/TC7 cells (Fig. 

2B). Interestingly, the structurally similar protein PDCD4, but not the unrelated control 

(BSA), showed similar behaviour as Ara h 2.  

We hypothesized at this stage that the heat treatment could cause structural changes 

in Ara h 2 leading to the altered binding pattern. Subsequent structural investigations 

by circular dichroism spectroscopy revealed that thermal processing indeed leads to 

the conversion from a primarily α-helical conformation towards mainly random coil 

elements (Fig. 3A, C). Remarkably, this partially unfolded state of Ara h 2 sustained 

after cooling down the protein while the control allergen Cyp c 1 refolded into its 

original structure (Fig. 3B). Kinetic analysis suggests that this stable structural 
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transformation of Ara h 2 starts at ~15 minutes of heating and is mostly accomplished 

~30 minutes later (Fig. 3D).  

However, besides the three-dimensional conformation, heating might also affect the 

quaternary protein structure. This is of special interest as aggregation seems to be a 

common feature of allergens (48;49). Recent studies on the impact of heat treatment 

on peanut allergens reported increased intermolecular aggregation of Ara h 1 but not 

of Ara h 2 using SDS-PAGE (10). Gel electrophoresis, however, may dissociate non-

covalent intermolecular bonds. Therefore, we performed dynamic light scattering to 

compare untreated and heated Ara h 2. These experiments revealed that heat 

treatment significantly enhances the proportion of Ara h 2 oligomers in solution (Fig. 

4). The aggregation of heated Ara h 2 is probably non-covalent as, it was neither 

detectable by SDS-PAGE in our hands (Fig. 1A).  It has been shown recently that 

aggregation of milk allergens upon pasteurization contributes to increased uptake 

from the intestinal lumen by microfold cells and enhanced allergenic potential (50). A 

similar mechanism for aggregated Ara h 2 might exist but this hypothesis needs 

further investigations.  

Next, we intended to test the effect of heat treatment on the immunogenic and 

allergenic potential of Ara h 2 in vivo. We adapted a previously published, 

standardized oral peanut allergy mouse model based on the use of cholera toxin as 

mucosal Th2 adjuvant (Fig. S2) (40). The mechanism behind the adjuvant activity of 

CT was a matter of debate for many years but it has also been successfully used for 

other mouse models apart from peanut allergy (51-54).  

Our mouse immunization experiment provided evidence of higher immunogenicity of 

heated Ara h 2. We found increased levels of antigen specific IgG and IgE 

antibodies, especially in combination with cholera toxin as mucosal Th2 adjuvant (Fig. 

5A, B). The Th2 bias was, however, not sufficient to cause immediate type reactions 

upon antigen challenge at sacrifice. The mice did not exhibit allergic or anaphylactic 

symptoms upon antigen challenge (data not shown), probably due to rather low IgE 

levels (Fig. 5B).  

When supernatants of mouse splenocytes were stimulated by untreated or heated-

only Ara h 2, enhanced IL-2 secretion from cells originating from mice fed with heat 

processed Ara h 2 and CT was observed (Fig. 6C, D). This finding provides evidence 

that Ara h 2 specific T cells were induced more efficiently upon oral treatment with 

heated Ara h 2, especially if co-applied with CT.  
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The mouse splenocytes secreted IL-6 in a similar pattern as IL-2 (Fig. 6E, F). IL-6 is 

produced in response to signals inducing adaptive and innate immune mechanisms 

as well as upon stimulation by other pro-inflammatory cytokines. The structural 

relation of Ara h 2 to PDCD4 could play a role in enhanced IL-6 secretion: PDCD4 

was originally reported to act as tumor suppressor but recent studies revealed a role 

as pro-inflammatory molecule which contributes to TLR-4 signalling (38;55). As a 

result, the immune response gets Th2 biased and besides other molecules, IL-6 is 

produced. Interestingly, an intrinsic adjuvant activity of the house dust mite allergen 

Der p 2 based on structural mimicry of the TLR-4 signalling complex component MD-

2 was recently reported (34). Further studies are required to prove whether heated 

Ara h 2 might exert a similar function.  

Epithelial cells normally have first contact with ingested food allergens. We therefore 

intended to test whether Ara h 2 has an impact on the activation state of intestinal 

epithelial cells. The gastrointestinal tract is populated by myriads of commensal 

bacteria. As a consequence, intestinal epithelial cells are permanently exposed to 

endotoxins (56). It was therefore our intention to incubate the enterocytes with 

samples containing defined levels of LPS as its absence would reduce the 

physiological relevance of our in vitro model. Differentiated Caco-2/TC7 cells were 

incubated with untreated and heated Ara h 2 or buffer containing equivalent LPS 

amounts. We analyzed the mRNA levels of genes representing either components or 

transcription targets of signalling pathways which may shape immune responses or 

participate in cell differentiation.  

Our real-time PCR analysis revealed a genomic response of intestinal epithelial cells 

to incubation with untreated and heated Ara h 2 (Fig. 7). In relation to LPS 

stimulation, Caco-2/TC7 cells exhibited higher expression of ikbkb (Fig. 7A) upon 

contact with untreated Ara h 2 as compared to heated allergen. We observed 

increased il-6, irf1, and nos2a transcription after cell incubation with untreated and 

heated Ara h 2 with a slightly higher response to untreated allergen (Fig. 7B, C). The 

up-regulation of these three genes has been reported in context of cell stimulation via 

TLRs (57-60). The observed effect should not be dependent on LPS presence alone 

as the expression levels were compared to buffer controls containing the same LPS 

concentration as the allergen sample. However, an adjuvant effect by (structurally) 

native Ara h 2 contributing to enhanced LPS signalling would be a possible 

explanation for the observed cell response.  
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Screening of inflammatory cytokines revealed a marginal up-regulation of il-1ß and il-

18 in enterocytes upon treatment with both forms of Ara h 2.  Whether the IL-1ß pro-

peptide is converted to the active form by caspase-1 cleavage remains to be 

determined (61). Interestingly, heat treated Ara h 2 induced higher expression of the 

stress related gene fos as compared to untreated allergen (Fig. 7F).  

The Th2 cytokines il-25, il-33 and tslp are potentially expressed by epithelial cells (4). 

We observed altered gene expression of il-33 upon treatment with both, untreated 

and heated Ara h 2, and of tslp when incubation with untreated allergen only (Fig. 

7D). These genes were detected only at a low expression level of ~35CT in Caco-

2/TC7 cells. The question whether the observed regulation pattern of these cytokines 

upon allergen treatment is representative would therefore require further 

investigations with more sensitive techniques.  

Gene expression analysis of components involved in cell differentiation pathways like 

Akt/PI3K (Fig. 7F) or p38 did not reveal any effect of allergen treatment (Fig. 7G).  

The results from these gene expression studies do not allow the identification of a 

particular pathway that is activated upon Ara h 2 treatment of intestinal epithelial cells 

as none of the chosen gene signatures was conclusively regulated as a whole. 

However, Caco-2/TC7 cells seem to respond to the allergen contact with altered 

expression of genes (ikbkb, irf1, il-6, nos2a, and possibly il-25, il-33, tslp, il-1ß, and il-

18,) associated with immune regulation. The up-regulation of genes involved in 

NFΚB, TLR and JAK-STAT signalling provides evidence that the native allergen 

could be sensed via pattern recognition receptors. In a putative basic model (Fig. 

8A), untreated Ara h 2 could induce a stimulation of epithelial cells, leading to a pro-

inflammatory and anti-allergic milieu. Heated Ara h 2 in contrast, seems to exhibit a 

more stress-related pattern of signalling (Fig. 8B). However, a possible in vivo 

relevance of the observed effect and its relation to co-stimulation with endogenous 

endotoxin remains to be elucidated. A confirmation of these experiments, also 

involving cell stimulation with other food allergens could reveal a novel role of 

enterocytes in directing sensitization and hypersensitivity reactions against food 

proteins.  

We conclude from our molecular studies on Ara h 2/enterocyte interaction that food 

processing may modify the structural features of food proteins and, thereby, the 

interaction capacity with diverse cell types with immunomodulatory properties 

throughout the body.  
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Figure 8: Putative Model of Interaction of Human Enterocytes with the Peanut Allergen Ara h 
2. 
Intestinal epithelial cells have earliest contact to food proteins but also different immunostimulatory 
factors of the gastro-intestinal tract like commensal bacteria. These cells express a broad panel of 
surface receptors which participate in nutrient uptake and immune surveillance. (A) Interaction with 
the peanut allergen Ara h 2 in its native form leads to initiation of cellular response pathways which 
finally results in the production of mediators like cytokines and nitric oxide (NO) driving the 
epimmunome to a pro-inflammatory state. (B) Ara h 2 is persistently defolded and aggregated upon 
heat treatment affecting its epithelial interaction. Enhanced epithelial binding results in altered 
signalling and activation state of the cells, primarily inducing a stress-related immune response. 
Furthermore, the observed increase of aggregates upon heating (see also Fig. 5) could favour 
another gastro-intestinal uptake route in vivo, for instance via microfold cells.  

In our experiments, heating of Ara h 2 rendered increased binding to human 

intestinal epithelial cells in vitro, and enhanced in vivo immunogenicity in an oral food 

allergy mouse model. 

Further, the observed genomic response of human intestinal epithelial cells elicited 

by untreated and heated Ara h 2 differed substantially. The reported modifications on 

Ara h 2 structure by simple heating could contribute to the initiation and severity of 

peanut hypersensitivity. Collectively, our data implicate that food processing may 

have significant effect on the tolerability of food. 

 

Chapter 1: Heating Influences the Structure, Immunogenicity and Enterocyte Interaction of Ara h 2

73

______________________________________________________________________________________________________



 

 

74

______________________________________________________________________________________________________Molecular Allergology: Studies on Allergen-Enterocyte Interaction, Sensitization and Effector Mechanisms



1.5 Materials and Methods 

 

1.5.1 Cloning 

The coding sequences of Ara h 2 and the control fish allergen Cyp c 1 were amplified 

from source vectors (36;62) by PCR using the High Fidelity PCR enzyme mix 

(Fermentas, St. Leon-Rot, Germany) inserting a Nco I restriction site 5’ and a HindIII 

restriction site 3’ of the gene. NcoI in combination with HindIII was used for insertion 

into a modified pET26b (Novagen, Madison, Wisconsin) backbone from which the n-

terminal PelB signal peptide had been removed (pET26b plain).  

We used the DALI online structural homology search engine 

(http://ekhidna.biocenter.helsinki.fi/dali_server/) to identify potentially non allergenic 

structural control proteins (63). This tool requires structural information of a protein of 

interest which is used for structural homology search within the deposited structural 

information of the protein data bank (PDB). Instead of the still unknown crystal 

structure of Ara h 2, the parameters of the minor peanut allergen Ara h 6 were used 

as template. Due to its sequence similarity to Ara h 2, the structure of Ara h 6 was 

previously used for homology modelling of Ara h 2 (21).  

After re-comparison of the obtained candidates with respective target structure using 

PyMOL software (www.pymol.org), mouse programmed cell death protein 4 (PDCD4) 

with similar structural attributes as Ara h 2 was chosen. The cDNA source vector 

(clone IMAGp998L1512389Q) was obtained from Imagenes (Berlin, Germany). An 

NcoI restriction site was introduced at the 5’ end, a 3’ HindIII restriction site was 

inserted 3’ of the coding sequence by PCR. The cDNAs were then used for the 

replacement of Ara h 2 in the expression plasmid.  

For propagation, plasmids were transformed by electroporation into DH5α E. coli 

bacteria. Plasmid DNA preps were performed using the GeneJET mini prep kit 

(Fermentas) and the PureLink HiPure Midiprep Kit (Invitrogen, Carlsbad, California). 

All constructs were sequenced at Microsynth (Balgach, Switzerland).  

 

1.5.2 Protein Production and Purification 

The pET26b plain expression vector constructs for Ara h 2, Cyp c 1, and PDCD4 

were transformed into chemo competent E. coli bacteria according to the 

manufacturer’s instructions. The strain Bl21 (DE3) (Novagen) was used for the 

expression of Cyp c 1 and PDCD4. Due to the high frequency of rare E. coli codons 
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in the Ara h 2 coding sequence, Rosetta Gami II (DE3) cells (Novagen) were used for 

the production of the recombinant peanut allergen. Single cell colonies were picked 

from Luria Bertani (LB) agar plates containing antibiotics (30 µg/ml kanamycin and 

for Rosetta Gami II in addition 34 µg/ml chloramphenicol) and amplified overnight in 

LB liquid selection media. The overnight cultures were then diluted 1:100 in 2 L (for 

BL21 cells) or 1:50 in 4 L (for Rosetta Gami II) LB medium, grown at 37°C to an 

OD600 between 0.5 – 1, and stimulated with 1mM (BL21) or 100 µM (Rosetta Gami 

II) final concentration of isopropyl-β-D-thiogalactopyranosid (IPTG, Gold 

Biotechnology, St. Louis, Missouri) for 4h at 37°C or overnight at 30°C.  

Stimulated cells were pelleted, snap frozen in liquid nitrogen and stored at -80°C until 

further processing.  

For purification of 6x His tagged recombinant proteins from bacteria under native 

conditions, the frozen cell pellet was resuspended in lysis buffer (50 mM Tris,        

250 mM NaCl, 5% Glycerol, 5 mM ß-Mercaptoethanol, 20 mM Immidazole, pH 7.5) 

and phenylmethylsulfonylfluorid (PMSF) to a final concentration of 1mM was added 

for inhibition of protease activity. After brief homogenization of the suspension on ice 

with an Ultra Thurrax, bacteria were lysed by 4 runs of French Press treatment at 

4°C. The lysate was then cleared by 35min ultra centrifugation at 100000 g at 4°C 

and subsequently loaded on a 1 ml NiNTA superflow column (Qiagen, Hilden, 

Germany) using an ÄKTA FPLC system (GE Healthcare, Waukesha, Wisconsin). 

Bound protein was eluted with a gradient of elution buffer (50 mM Tris, 250mM NaCl, 

5% glycerol, 5 mM ß-mercaptoethanol, 250 mM immidazole, pH 7,5). Protein 

containing fractions were subsequently analyzed by sodium dodecylsulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) followed by staining with Coomassie 

Brilliant Blue. Samples containing recombinant protein were then dialysed 2x against 

5 L PBS, snap frozen in liquid nitrogen, and stored at –80°C. Protein concentration 

was calculated based on the absorbance at 280nm using a Biophotometer 

(Eppendorf, Hamburg, Germany).  

Next, we confirmed the purity of the affinity tagged protein by SDS-PAGE analysis 

and investigated the antigenicity in Western blot experiments by specific detection 

with sera of human allergic patients compared to recombinant Cyp c 1 (data not 

shown). 

Natural Ara h 2 was purified from 20 g raw, unshelled peanuts (obtained from a local 

market, originally imported and distributed by Heuschen & Schrouf, Landgraaf, The 
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Netherlands) based on a previously published protocol (35). Briefly, peanuts were 

ground with mortar and pestle and subsequently incubated for 2 hours in 100 ml 

extraction buffer (20 mM Tris, pH 8.2) under constant agitation at room temperature 

(RT). Crude peanut extract (PE) was pre-cleared by centrifugation for 15 min at   

3000 g and RT, the supernatant was then further centrifuged at 100000 g for 30 min 

at RT in an Ultra centrifuge and finally filtered using a folded filter (Whatman, 

Maidstone, United Kingdom). The cleared PE was subsequently loaded on a 5 ml    

Q Sepharose Fast Flow anion exchange column (GE Healthcare) using the ÄKTA 

FPLC system. Bound protein was subsequently eluted by application of a three step 

gradient of elution buffer (20 mM Tris, 1 M NaCl, pH 8.2): 1-20% over 20 column 

volumes (CV); 21-50% over 15CV; 51-100% over 5CV. The majority of the two Ara h 

2 isoforms was eluted in the first gradient section between 5% – 20% with minor 

amounts of (presumably) Ara h 6 (64). After SDS-PAGE analysis, Ara h 2 containing 

fractions were pooled and dialyzed against distilled water overnight using SnakeSkin 

dialysis membrane with 3.5 kDa cut-off (Pierce). The sample was snap frozen and 

subsequently lyophilized.  

 

1.5.3 SDS-PAGE and Western Blot 

Recombinant and purified proteins were separated by SDS-PAGE and either stained 

by Coomassie Brilliant Blue or further processed for Western blotting using a Trans-

Blot SD Semi-Dry system (Bio-Rad, Hercules, California).  

For detection of 6x His tagged proteins, the nitrocellulose membrane (Whatman) was 

subsequently blocked for 1 hour at RT with 5% dry milk powder (DMP) in TBS buffer 

including 0.1% Tween 20 (TBST). After washing, the blot was incubated for 1 hour 

with Penta His Horse Radish Peroxidase (HRP) conjugate (Qiagen) diluted 1:2500 in 

TBST. Bound antibody was detected after incubation with SuperSignal West Pico 

Chemiluminescence substrate (Pierce, Rockford, Illinois).  

In immunoblots with human sera of peanut allergic patients, the membrane was 

blocked with 1% DMP in TBST and incubated overnight with serum pools diluted 1:10 

in TBST 0.1% DMP. HRP labelled monoclonal mouse anti-human IgE antibody clone 

HP6029 (Southern Biotech, Birmingham, Alabama) diluted 1:2000 was used for 

detection. The collection of patient sera was approved by the Ethical Committee of 

the Medical University of Vienna and performed according to ethical guidelines. 

Informed consent was obtained from all participants.  
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SDS-PAGE of processed proteins was performed under non reducing conditions. 

Subsequent silver staining of gels was performed according to the protocol of Blum et 

al. (65). 

 

1.5.4 In vitro Thermal Processing 

Recombinant food allergens were thermally processed in vitro (26). Proteins were 

incubated at 200 µg/ml in 20% PBS in the presence or absence of 50 mM maltose, 

ribose, fructose, sucrose, D-glucose or the sugar breakdown products glyoxal or 

methyl-glyoxal (all from Sigma Aldrich) in Safe Lock tubes (Eppendorf) in a 

Thermomixer Comfort (Eppendorf) for 90min at 99°C under constant shaking at  

1200 rpm. Samples were subsequently cooled down to RT and stored at -80°C for 

further analysis. Before use, frozen Ara h 2 was warmed to room temperature or up 

to 37°C and shortly mixed for dissolving of cryo-precipitates.  

For oral immunization experiments, lyophilized natural Ara h 2 was resuspended in 

10 mg/ml in 20% PBS and processed as described above.  

 

1.5.5 ELISA 

Untreated or thermally processed protein was diluted in coating buffer (40 mM 

Na2CO3, 60 mM NaHCO3, pH 9.6) and coated overnight at 4°C at 200 ng/well in a 

MaxiSorp 96 well flat-bottom plate (Nunc, Rochester, New York). After 1h blocking at 

room temperature with 200 µl 1% BSA in TBS + 0.05% Tween 20 (TBST), wells were 

incubated with 100µl of single patient sera or serum pools diluted 1:15 in 0.1% BSA 

in TBST in duplicates overnight at 4°C. Horse radish peroxidise (HRP) labelled goat 

anti-human IgE antibody (Kierkegaard & Perry, Gaithersburg, Maryland) diluted at     

1 µg/ml in TBST was used as detection antibody. 2,2′-Azino-bis(3-

ethylbenzthiazoline-6-sulfonic acid) diammonium salt (ABTS) at 1 mg/ml citric acid 

buffer (70 mM Citric acid, 125 mM Na2HPO4, pH 4.0) was used as substrate to detect 

bound HRP labelled antibodies. The optical density at dual wavelengths 405/490 nm 

was measured using a SpectraMax Microplate Reader (Molecular Devices, 

Sunnyvale, California). Antibody concentration was calculated based on a human IgE 

standard (Biopur, Bubendorf, Switzerland). The collection of patient sera was 

approved by the ethics committee of the Medical University of Vienna and performed 

according to ethical guidelines.  
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For testing of specific IgG or IgE antibody content in the sera of orally immunized 

mice, untreated and heated natural Ara h 2 was coated for ELISA as described 

above. After blocking, sera, diluted 1:50 for IgG and 1:5 for IgE, were aliquoted in 

duplicates into the wells and incubated overnight at 4°C. Bound IgE was detected 

using 0.5 µg/ml diluted rat anti-mouse IgE antibody (BD Pharmingen, San Jose, 

California) in combination with 1:2000 diluted HRP labelled ECL goat anti-rat IgG 

antibody (GE Healthcare). IgG levels were determined with a 1:2000 diluted HRP 

labelled goat anti-mouse IgG antibody (Abcam). Antigen specific antibody 

concentration was calculated based on a mouse IgG (Southern Biotech) or IgE (BD 

Pharmingen) standard. 

 

1.5.6 Cell Culture 

Human Caco-2/TC7 cells were a kind gift of Monique Rousset (INSERM, Paris, 

France). Cells were grown in Dulbecco modified minimal essential medium (DMEM) 

with GlutaMAX-II and high glucose (4500 mg/ml) supplemented with 1% non-

essential aminoacids, 10mM HEPES (all from Gibco – Invitrogen), and antibiotics. 

For all experiments, cells were maintained at least 10 days in confluent stage to allow 

differentiation and used below passage 70.  

 

1.5.7 Enterocyte Cell ELISA 

Caco-2/TC7 cells were seeded at 5x 10e4 cells/well in a 96 well flat bottom plate 

(Corning, Amsterdam, The Netherlands) and allowed to differentiate for at least       

10 days after confluence.  

Cells were then kept 15min on ice and washed thrice with ice cold PBS containing    

1 mM Ca2+ and 0.5 mM Mg2+. After blocking the cells with 1% BSA in PBS for 1 hour 

on ice, 50µg recombinant, optionally thermally processed food allergen was added 

onto the cells in triplicates and incubated on ice for 90min. Cells were then washed 

again with ice cold PBS and incubated with biotinylated Penta His conjugate 

(Qiagen) 1:2500 in PBS 1h on ice followed by washing and incubation with 1 µg/ml 

HRP conjugated streptavidin (Jackson ImmunoResearch, West Grove, Pennsylvania) 

for 30 min on ice. After washing, bound allergen was detected by TMB substrate 

(R&D Systems, Minneapolis, Minnesota) following the manufacturer’s instructions. 

The absorption was measured at dual wavelengths 450/630 nm using a SpectraMax 

Microplate Reader (Molecular Devices).  
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1.5.8 Fluorescent Allergen Binding Analysis 

Proteins were fluorescently labelled using the DyeLight 488 Antibody Labelling Kit 

(Pierce) following the manufacturer’s instructions.  

Successful protein labelling was verified by analysis of PAGE separated proteins 

under UV light. Caco-2/TC7 cells were seeded at 5x10e4 cells/well in 8 well 

TissueTek Chamber slides (Nunc) and differentiated for at least 10 days after 

confluency. For allergen binding analysis, cells were cooled on ice for 15 min, and 

washed twice with ice cold PBS containing Ca2+ and Mg2+.  

Cells were then incubated with 10µg labelled protein/chamber for 90min on ice in the 

presence of 200 µg BSA for reduction of unspecific background binding. Cells were 

next washed and fixed with 3.7% formaldehyde in PBS for 20 min at RT. After 

washing, cells were incubated for 30 min at RT with 1:5000 Hoechst dye for nuclear 

staining. Cells were finally washed, chambers were removed from the slide and the 

staining was mounted using Mowiol (Carl Roth, Karlsruhe, Germany). Binding 

patterns of labelled proteins were analyzed by fluorescence microscopy using an 

Axio Observer.Z1 inverted microscope and AxioVision software (both from Zeiss, 

Jena, Germany).  

 

1.5.9 Structural Analysis 

Dynamic light scattering (DLS): Frozen untreated and heated Ara h2 was thawed and 

incubated in a Thermomixer Comfort (Eppendorf AG, Germany) at 37°C for 

dissolving of cryoprecipitates. After centrifugation at 16100 g for 15 minutes, 2 µL of 

solution were pipetted into two wells of a MRC Crystallization Plate (96-well SBS 

format, Swissci AG, Switzerland) and the wells were sealed with SmartSeal (Greiner 

Bio-One, Kremsmünster, Austria). DLS measurements within these droplets were 

carried out using Spectro Light 500 (Molecular Dimensions, Newmarket, United 

Kingdom), a plate reader for UV/VIS-imaging and in situ DLS (66). For evaluation of 

measurements and generation of images the software Spectro (Nabitec, Lüneburg, 

Germany) was used. Spectro interprets the autocorrelation function (ACF) (67) using 

the CONTIN-algorithm (68) to obtain the distribution of particle radii. 

Circular dichroism (CD) spectroscopy was performed as previously described (36). 

Briefly, measurements were performed with a J-715 spectropolarimeter (Jasco, 

Gross-Umstadt, Germany) with protein concentrations between 0,1 and 0,2mg/ml 

10% PBS using a 1mm path length quartz cuvette (Hellma, Müllheim, Germany) 
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equilibrated at 20°C. The spectra were measured at a scan speed of 50 nm/min with 

a resolution of 0.2nm. The average of three scans was taken as result after 

subtraction of the baseline spectrum. The results are shown as mean residue 

ellipticity (θ) at the respective wavelengths. 

 

1.5.10  Mouse Immunization 

Female BALB/c mice, 6 weeks of age, were obtained from Charles River 

Laboratories (Willmington, Massachusetts) and treated according to European Union 

rules of animal care with the permission of the Austrian Ministry of Sciences (BWMF-

66.009/01870-II/10b/2009). The mice were orally immunized by intragastric gavage 

with 500 µg of untreated or heated natural Ara h 2 in PBS optionally containing 10 µg 

of cholera toxin (Sigma) in 100 µl total volume in the regimen described in figure S2. 

In oral immunization control groups, the protein amount was replaced by PBS. As 

positive control, mice were intraperitoneally immunized with 5 µg of untreated Ara h 2 

mixed with Alum (Sigma) in a 5:1 ratio. All animals were starved for two hours before 

immunization. Immune sera were collected from the tail vein 1 day prior to 

immunization (Fig. S2). On day 83, mice were challenged by skin and oral 

application. For assessment of skin hypersensitivity, mice were shaved on the back 

and 100 µg of untreated or heated Ara h 2 or PBS was applied. The animals were 

screened for skin reddening or irritation 1h and 24h after the challenge. The same 

mice were challenged orally with 500 µg of untreated or heated Ara h 2 and 

monitored for allergic or anaphylactic symptoms for 1 hour. All monitoring was done 

by volunteers who were not included in the experiment and were not informed about 

the treatment of the groups. Body temperature measurements using a rectal 

thermometer (Bioseb, Vitrolles, France) were conducted before oral challenge and    

1 hour after treatment. Mice that did not show anaphylactic symptoms were left for  

24 hour to assess late phase reactions. Body temperature was measured again and 

the animals were subsequently sacrificed by CO2 application. Cheeks, spleen, 

duodenum, jejunum and ileum were harvested and prepared for histological and 

gene expression analysis.  

 

1.5.11  Splenocyte Stimulation 

Single cell suspension was prepared immediately from one third of the spleen. Tissue 

was minced and filtered through a 70 µm nylon mesh (BD Biosciences, San Jose, 
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California) and resuspended in RPMI 1640 medium (Gibco) containing glutamine and 

antibiotics. Erythrocytes were then lysed by ACK cell lysis buffer (10 mM Tris, pH 7.4, 

0.83% NH4Cl). Lysis reaction was stopped by addition of complete growth medium, 

RPMI 1640 supplemented with glutamine, antibiotics and 10% foetal calf serum. 

Splenocytes were counted and 100 µl of cell suspension (4x10e6 cells/ml) were 

seeded in triplicates in 96-well round bottom plates (Corning). Next, 100 µl of 

stimulant (plain complete growth medium or medium containing 5µg/ml concanavalin 

A (Con A), 50 µg/ml untreated or heated-only natural Ara h 2) were applied. Cell 

supernatant was harvested after 72 hours of incubation at 37°C and stored at -80°C 

until further investigations. 

Splenocyte supernatants were analyzed by ELISA using anti-mouse IL-2 (Bender 

Med Systems, Vienna, Austria) and IL-6 (eBioscience, San Diego, California) 

antibody sets according to the manufacturer’s instructions. The cytokine release upon 

stimulation with medium alone was subtracted from the other treatment groups as 

background.  

 

1.5.12  Statistical Analysis 

Statistical comparison between groups in mouse experiments was performed by the 

Mann Whitney U test (two tailed), using the software GraphPad Prism (version 5.0 for 

Windows, GraphPad Software, La Jolla, California). Cell ELISA results were 

statistically analyzed by paired t-test (two tailed). Differences were considered 

statistically significant at P-values ≤ 0.05. Thresholds: ***: P-value ≤ 0.001; **: P-

value 0.001 – 0.01; *: P-value 0.01 – 0.05;  

 

1.5.13  Enterocyte Stimulation and Gene Expression Analysis 

Lyophilized natural Ara h 2 was resuspended with endotoxin free Na-phosphate 

buffer (Hyglos, Regensburg, Germany) treated with EndoTrap Red columns (Hyglos) 

for reduction of endotoxin levels. 

Endotoxin levels of purified allergens were determined using the PTS cartridge based 

LAL assay (Charles River Analytics, Wilmington, Massachusetts).   

Subsequent steps were performed using pyrogen free materials.  

Caco-2/TC7 cells were seeded in 6-well plates (Corning) and differentiated for at 

least 10 days after confluency. Cells were then incubated with 100 µg/ml culture 

media of untreated or heated natural Ara h 2  or Na-phosphate buffer containing LPS 
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(Sigma, type L2880) at levels equivalent to the protein samples (250 pg/ml final 

concentration). Cells were harvested after 48, 24, 12, 6, 3, and 1 hour of incubation 

and RNA was immediately isolated using the RNeasy Kit (Qiagen). RNA 

concentration was measured using a NanoDrop 2000 (Peqlab, Erlangen, Germany). 

2 µg RNA was transcribed into cDNA using the High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Vienna, Austria). Real-time PCR was 

conducted on a 7900HT Fast Real-Time PCR System (Applied Biosystems) using the 

Power SYBR Green PCR Master Mix (Applied Biosystems). Real-time PCR primers 

(see Table S1 for primer sequences and an overview of the pathway involvement of 

the investigated targets) were synthesized by Sigma and were checked for specificity 

using the Primer Blast tool (www.ncbi.nlm.nih.gov/tools/primer-blast). At least one 

primer of each pair spans an exon/exon boundary.  

Real-time PCR was conducted in duplicates. The ΔCT values of each gene were 

calculated based on the expression of the house keeping gene large ribosomal 

protein P0 (RPLP0) (69). The relative gene expression levels in cells stimulated with 

allergen and LPS alone for the respective time spans was compared using the ΔΔCT 

method. Displayed data represent mean values of two experiments.  
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Table S1: Primer Sequences and Signalling Pathway Involvement of Investigated Genes. 

     pathway involvement 

gene symbol full name/synonyms NCBI ID 
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yt
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kt
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rplp0 ribosomal protein, large, P0 NM_001002.3 fwd cctcatatccgggggaatgtg         

      rev gcagcagctggcaccttattg         

ccl20 chemokine (C-C motif) ligand 20 NM_004591 fwd gcgaatcagaagcagcaagca *        

      rev tgtgtgaaagatgatagcattgatgtca         

ikbkb inhibitor of kappa light polypeptide  NM_001556 fwd agatccagatcatgagaaggctga *        

  
gene enhancer in b-cells, kinase 
beta   rev gcagaccacagcagttctca 

 
       

tnf tumor necrosis factor/TNFa M10988.1 fwd tgacaagcctgtagcccatgt * *       

      rev acctgggagtagatgaggtaca         

ifng interferon gamma NM_000619.2 fwd aagagtgtggagaccatcaagga  *       

      rev ttggacattcaagtcagttaccgaata         

il-6 interleukin 6 NM_000600 fwd ccctgagaaaggagacatgtaaca  *   *    

      rev tcctcattgaatccagattggaag         

irf1 interferon regulatory factor 1 NM_002198 fwd acctgaggacatcatgaagctcttg  * *      

      rev acagctaaagtctccatagacagag         

cxcl9 chemokine (C-X-C motif) ligand 9 NM_002416 fwd tgggagaaacaggtcagccaa   *      

      rev tggtgaagtggtctcttatgtagt         

mmp10 matrix metallopeptidase 10/ NM_002425 fwd tcttttgcagttaaagaacatggagact   *      

  stromelysin 2   rev gaggaataaattggtgcctgatgc         

nos2a nitric oxide synthase 2, inducible/ NM_000625 fwd ctacaacatcctggaggaagtg *  *      

  iNOS, NOS2   rev gtcacattctgcttctggaaacta         

il-25 interleukin 25 NM_022789 fwd aggtggagcactgtgcctgt    *     

      rev caagtctctgtccaactcatatctc         

il-33 interleukin 33 NM_001164724 fwd cacattgagcatccaaggaacttca    *     

      rev acagattggtcattgtatgtactcag         

tslp thymic stromal lymphopoietin NM_033035 fwd ctgattacatatatgagtgggaccaaa    *     

      rev tgaaggttaggctctggatttcagt         

il-1ß interleukin 1 beta NM_000576  fwd caatcttcattgctcaagtgtctga         *      

      rev ctggaaggagcacttcatctgt                

il-2 interleukin 2 NM_000586 fwd atgcccaagaaggccacagaa *    *    

      rev actattacgttgatattgctgattaagtc         

il-8 interleukin 8 NM_000584 fwd agctctgtgtgaaggtgcagt  *   *    

      rev gtccactctcaatcactctcagt         

il-18 interleukin 18 NM_001562 fwd ctgattctgactgtagagataatgca     *    

      rev ctcacacttcacagagatagttaca         

fos FBJ murine osteosarcoma viral  NM_005252 fwd atacactccaagcggagacaga      *   

  oncogene homolog   rev agctgccaggatgaactctagt         

hsbp1 heat shock factor binding protein  NM_001537 fwd tcacctcggtggtgcagaca      *   

  1/HSP27   rev tcatcaatgcgactactcatatcatca         

hspca heat shock protein 90kDa alpha/ NM_001017963 fwd acatatctattatatcacaggtgagacca      *   

  HSP90   rev agctgttggacacagtactcatca         

elk1   NM_001114123 fwd ggtactactatgacaagaacatcatc       *  

      rev catggtggaggtaacagacac         

map2k3 mitogen-activated protein kinase  NM_031168 fwd ggagattgctgtgtctatcgtg       *  

  kinase 3   rev gcttcacatctctgtggatcac         

bcl2 b-cell CLL/lymphoma 2 NM_000633 fwd ataacggaggctgggatgcctt        * 

      rev actgagcagagtcttcagagaca         

fn1 fibronectin 1 NM_212482 fwd ctggagtctttaccacactgca        * 

      rev cttcctgagtctgaagtcacttct         

mmp7 matrix metallopeptidase 7/ NM_002423 fwd ggaacaggctcaggactatct        * 

  matrilysin, uterine   rev caacatctggcactccacatct         
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1.9 Supplementary Information 

 

 

1.9.1 Results: Intestinal Cell Lysate – Food Allergen Co-

Immunoprecipitation  

 

Our previous experiments revealed that heat treatment of Ara h 2 leads to increased 

in vitro binding to intestinal epithelial cells (Fig. 2) and enhanced in vivo 

immunogenicity (Fig. 5, 6). Furthermore, we reported permanent changes in the 

tertiary structure (Fig. 3) and an increased proportion of protein aggregates (Fig. 4) 

upon thermal processing which may be associated with the observed enterocyte 

binding pattern.  

Our next aim was to investigate whether specific enterocyte molecule(s) might 

interact with heated Ara h 2.  

We therefore established a Co-Immunoprecipitation (Co-IP) protocol using the c-myc 

epitope tag present in the double tagged recombinant proteins.  

Lysates of differentiated Caco-2/TC7 cells were generated and used for Co-IPs in 

combination with untreated and processed recombinant Ara h 2 and the control 

proteins PDCD4 and Cyp c 1. Eluted proteins were subsequently separated by SDS-

PAGE and visualized by silver staining (Fig. S3).  

We observed the enrichment of a band at ~19kDa in the pull down of heated Ara h 2 

(Fig. 3A, arrowhead), especially as compared to the bait protein control (Fig. S3B). Of 

note, among the intracellular interaction partners of the structural Ara h 2 homologue 

PDCD4 is a protein with similar size, RPS13 with 17kDa (http://www.string-db.org). 

We cut out the respective band and are going to perform analysis by mass 

spectrometry.  

It should be noted that in accordance with the analysis of the respective Maillard 

reaction products (Fig. 1A), PDCD4 was probably degraded during heat treatment.  
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Figure S3: Caco-2/TC7 Anti-c-myc Co-IP With Untreated and Heated Ara h 2, PDCD4, and Cyp c 
1. 
(A) SDS-PAGE analysis of allergen - Caco-2/TC7 Co-IP: Untreated and heat treated recombinant Ara 
h 2, PDCD4, and Cyp c 1 fused to the CDC were coupled to anti-c-myc agarose beads and incubated 
with lysates of Caco-2/TC7 cells. Pulled down proteins were eluted, separated by 15% SDS-PAGE, 
and visualized by silver stain. The arrowhead indicates the band of interest. (B) Co-IP bait protein 
control: recombinant proteins were processed as under (A) but were not incubated with lysates from 
Caco-2/TC7 cells to identify the protein bands originating from bait proteins and unspecifically pulled 
down background. The arrowhead indicates the respective position of the band of interest labelled in 
(A). 
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1.9.2 Methods: Additional Cloning 

The coding sequences of Ara h 2 and the control allergen Cyp c 1 were amplified 

from source vectors (36;62) by PCR using the High Fidelity PCR enzyme mix 

(Fermentas, St. Leon-Rot, Germany) inserting a Nco I restriction site 5’ and a Xba I 

restriction site 3’ of the gene. A cleavage and detection construct (CDC) was 

synthesized (Integrated DNA technologies, Coralville, Iowa) with a 5’ Xba site 

followed by the coding sequence for a TEV protease cleavage site, a glycine linker, a 

c-myc epitope tag, another linker and a thrombin protease cleavage site and finally a 

SacI (Cyp c 1) or SalI (Ara h 2) restriction site at the 3’ end. Both fragments (allergen 

and CDC) were ligated via XbaI (all used restriction enzymes were purchased from 

Fermentas). The resulting fragment was amplified by PCR and cloned via NcoI in 

combination with SacI (Cyp c 1) or SalI (Ara h 2) into the pIVEX 2.3 (Roche Applied 

Science, Penzberg, Germany) plasmid backbone adding a c-terminal 6x His tag 

flanking the CDC. After testing the whole construct of allergen, CDC and 6x His tag 

was cloned via NcoI and EcoRI into a modified pET26b (Novagen, Madison, 

Wisconsin) backbone from which the n-terminal PelB signal peptide has been 

removed (pET26b plain).  

An additional control protein with similar structural attributes as Ara h 2 was required 

for certain experiments. We used the DALI online structural homology search engine 

(http://ekhidna.biocenter.helsinki.fi/dali_server/) to identify potentially non allergenic 

structural control proteins (63). After re-comparison of the obtained candidates with 

respective target structure using PyMOL software (www.pymol.org), rat PDCD4 was 

chosen. The cDNA source vector (clone IMAGp998L1512389Q) was obtained from 

Imagenes (Berlin, Germany). An NcoI restriction site was introduced at the 5’ end, a 

3’ XbaI restriction site was inserted 3’ of the coding sequence by PCR. The cDNAs 

were then used for the replacement of Ara h 2 in the expression plasmid.  

 

1.9.3 Methods: Co-Immunoprecipitation 

Prior to co-immunoprecipitation (Co-IP), Caco-2/TC7 cells were differentiated for at 

least 10 days after confluence. Cells were then washed twice with ice cold PBS and 

harvested by scraping, and pooled at 2x10e8 cells. Pelleted cells were snap frozen in 

liquid N2 and kept at -80°C until further processing. For each Co-IP attempt, 1 frozen 

cell pellet (2x10e8 cells) was resuspended with 5ml ice cold lysis buffer (50 mM Tris, 

pH 7.4, 5% Glycerol, 1.5 mM MgCl2, 25 mM NaF, 100 mM NaCl, 0.2% NP-40) 
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including Complete Mini Protease Inhibitor Cocktail (Roche Applied Science) and 

incubated on ice for 30min. After centrifugation for 15 min at 4000 g and 4°C, 

supernatant was harvested and cleared by ultra centrifugation at 100000 g for 45 min 

and 4°C. For reduction of unspecific binding, the lysate was then incubated with    

500 µl 50% slurry of Anti-c-Myc Agarose Conjugate (Sigma Aldrich) for 1 hour at 4°C 

under gently shaking. In parallel, 1nmol of recombinant protein containing the CDC 

and therefore the c-myc tag was coupled to 500 µl 50% slurry of Anti-c-Myc Agarose 

Conjugate in lysis buffer under gentle shaking for 1 hour at 4°C. Uncoupled 

recombinant protein was washed out with lysis buffer. About 1/3 of coupled beads 

were now separated and kept for control purposes. Next, the cleared cell lysate was 

added to the remaining bead coupled recombinant protein and incubated for 3 hours 

at 4°C under constant inversion on a vertical rotor. Supernatant was then discarded 

and the beads were washed with lysis buffer. Bound protein was subsequently eluted 

by addition of 6 column volumes of 0.1 M formic acid over 20 min. pH was 

immediately neutralized by addition of 1/10 of total elution volume of 1 M 

triethylammonium bicarbonate buffer (Sigma Aldrich). The eluates were pooled, snap 

frozen in liquid nitrogen, lyophilized overnight and stored at -80°C until further 

analysis. For SDS-PAGE, lyophilized samples were directly resuspended with non 

reducing sample buffer. Separated proteins were visualized by silver stain as 

previously described (65).  
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2.1 Abstract 

 

Background: In childhood more boys than girls are affected by respiratory and food 

allergies, but this situation changes after girls undergo menarche. Besides a general 

female predominance, it is well known that the prevalence and severity of allergic 

symptoms increases with levels of estrogen, such as during menstruation, 

pregnancy, or use of contraceptive or hormone replacement therapies.  

Estrogen mediates its effects on cells by interacting with one of three different 

receptors, which are present in the nucleus, cytoplasm or at the cell membrane.  

Mast cells, major allergy effector cells, were shown to express the estrogen receptor-

alpha (ERα) at the mRNA level. Recent studies reported increased degranulation of 

mast cells in vitro following treatment with estrogen alone or as a co-stimulator of 

IgE-antigen dependent activation.  

Methodology/Principal Findings: We investigated the action of estrogen on mouse 

mast cells in further detail by performing in vitro experiments. Our results confirm the 

expression of estrogen receptors in mouse mast cells at the mRNA as well as protein 

level. In contrast to previously published data, we did not observe any increase in 

mast cell degranulation upon estrogen treatment.  

Conclusions/Significance: We conclude from our gene expression analysis that 

mast cells are able to respond to physiologic hormone concentrations on a genomic 

level by differential expression of cytokines.  

 

Keywords: mast cells, estrogen receptor alpha, degranulation, IgE, de novo cytokine 

expression 
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2.2 Introduction 

 

In addition to environmental influences and genetic predisposition (1-3), gender 

related factors seem to play an important role in the development but also severity of 

allergic reactions.  While allergies are diagnosed more often in male adolescent 

patients (4;5), population studies revealed that this ratio is shifted towards a female 

predominance after puberty (6-8). Reports on the association of pregnancy, 

menstruation and hormone therapies with the incidence and severity of allergic 

symptoms led to the hypothesis that presence and levels of sex hormones could be 

responsible for these observations (9-12).  

The female sex hormone estrogen can interact with three different receptors. The 

“classical” estrogen receptors (ER) α and β are known to be expressed throughout 

many cells in intra- and extranuclear (plasma membrane, endoplasmatic reticulum 

and mitochondria) compartments (13). On the one hand, cytoplasmic ERα and ERβ 

can form homo- or heterodimers upon estrogen binding, leading to nuclear 

translocation (14). The nuclear localized receptors subsequently cause genomic 

estrogen effects by regulating the expression of a variety of target genes known as 

estrogen response elements (ERE) (15;16). On the other hand, membrane bound ER 

variants may participate in rapid estrogen signalling by interacting with components 

of heterotrimeric G proteins (17;18).  

The third receptor for estrogen is the G-protein coupled receptor, GPR30. This 

recently discovered receptor is primarily expressed on the membrane of the 

endoplasmic reticulum, but can also be found on the cell membrane (19;20). 

Estrogen binding to GPR30 affects the activation of multiple effector molecules such 

as adenylyl cyclase (leading to cAMP production), sphingosine kinase or Src 

(17;19;21).  

Mast cells are best known for their participation in allergic reactions. In allergic 

individuals, allergen specific IgE antibodies are bound to the high affinity IgE 

receptor, FcεRI, expressed on the mast cell plasma membrane. IgE-crosslinking by 

the allergen induces a signalling cascade that finally results in degranulation, 

associated with the release of cytoplasmic vesicles containing preformed, bioactive 

mediators, and the secretion of de novo synthesized cytokines (22;23).   

Besides their negative contribution to allergic reactions, mast cells also have been 

ascribed beneficial roles in numerous biological settings during recent years (24-26).  
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Given the gender bias in allergic patients mentioned above, one might propose that 

sex hormones could influence effector cells involved in allergic reactions. Indeed, 

numerous research groups, using mostly in vitro cell based assays and a small 

number of in vivo disease models, have reported diverse, yet sometimes 

contradictory results, on the effects of the female sex hormone estrogen on mast cell 

function. These included both increased and decreased cell activation, degranulation 

and release of bioactive mediators like histamine, leukotrienes or ß-hexosaminidase 

in the presence of estrogen  (27-31). 

The aim of our study was to increase our understanding of estrogen’s influence on 

mast cell degranulation and activation with an emphasis on mechanisms of signal 

transduction and gene transcription of newly synthesized mediators.  

The experiments of our current study confirm the presence of ERα at the mRNA level 

in different mouse mast cell models while the protein could be detected only at a low 

level compared to an estrogen responsive cancer cell line. In contrast to previous 

observations (28;29) we did not detect enhanced IgE/allergen-induced mast cell 

degranulation upon (co-) stimulation with estrogen in any of our three different in vitro 

mouse mast cell models. Our functional analysis of estrogen related effects supports 

the evidence that the ERα present in mouse mast cells may have a regulatory 

influence on gene transcription. We found that estrogen treatment of mouse mast 

cells leads to changes in the mRNA level of estrogen responsive elements. Further, 

we observed a slight increase in de novo cytokine or chemokine synthesis after 

hormone application. 
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2.3 Results 

 

2.3.1 Primary Mouse Mast Cells and Mouse or Rat Mast Cell Lines 

Express Estrogen Receptor α at the RNA and Protein Level 

We investigated the expression of the three different known estrogen receptors in 

three types of rodent mast cells in vitro. In accord with previous publications, our 

realtime PCR analysis revealed the expression of the gene for ERα (ESR1) but not 

ERß (ESR2) at the mRNA level in mouse bone marrow-derived cultured mast cells 

(BMCMCs), in the mouse mast cell line C57, and in the rat basophilic leukaemia cell 

line RBL-2H3. GPR30 was present in BMCMCs in very low amounts (~CT 36) (Fig. 

1A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: Estrogen Receptor Expression in Mouse Mast Cells. 
(A) Gene expression analysis by semi-quantitative realtime PCR of estrogen receptor alpha (ERα), 
ERß and GPR30 in mouse ovary tissue (positive control), mouse bone marrow derived cultured 
mast cells (BMCMC), the mouse C57 mast cell line and rat RBL-2H3 cells. The fold expression in 
comparison to levels in C57 cells (ERα) or BMCMCs (GPR30) is displayed. ERß was not expressed 
in any investigated mast cell type. (B) Detection of ERα by Western blot of lysates of MCF-7 cells, 
mouse BMCMCs, C57 and RBL-2H3 cells. Expression levels were quantified by densitometric 
analysis and normalized to the respective ß-actin signal. (C) Immunofluorescence staining of 
cytospin samples of BMCMCs and C57 cells with anti ERα antibody (upper panel) or isotype control 
(lower panel). 
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We also detected ERα by Western blot, which identified a band at approximately the 

same size as the functional receptor in our positive control MCF-7 human breast 

cancer cells (Fig. 1B). Notably, the level of expression of ERα protein in rodent mast 

cells as compared to MCF-7 cells was between 1/5 in RBL-2H3 cells and 1/20 in 

BMCMCs. However, the obtained band for ERα provides evidence for a full length, 

therefore potentially functional, estrogen receptor in these cell lines. By 

immunofluorescence microscopy of cytospins of BMCMCs and C57 mast cells, we 

found immunoreactive ERα distributed in the cells’ cytoplasm and nucleus (Fig. 1C).  

These experiments confirm prior reports of ERα mRNA and protein expression in 

different mouse mast cells in vitro (29). 
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2.3.2 Estrogen Treatment of Mouse Mast Cells Does not Enhance 

Degranulation 

A recent study reported increased release of Leukotriene C4 from the rat mast cell 

line RBL-2H3 after treatment with estrogen (29). We searched for possible effects of 

estrogen treatment on the degranulation of BMCMCs, C57 cells and RBL-2H3 cells 

by analysis of the effects of estrogen incubation on the IgE- and specific antigen-

induced release of ß-hexosaminidase , an enzyme stored preformed in the cells’ 

cytoplasmic granules.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: Lack of Effect of Estrogen Co-Stimulation on ß-Hexosamindase Release of 
Activated Mast Cells. Mast cells cultured in growth media with a low content of estrogen were 
sensitized with Epsilon-26 anti-DNP IgE and subsequently stimulated in duplicate with 1000, 100, 
10, 1 or 0 ng/ml DNP, or with A23187/PMA, in the presence of 0, 10 fM, 1 pM, 100 pM, 10 nM or 1 
µM estrogen (Estr.). Release of ß-hexosaminidase (ß-hex) from (A) BMCMCs, (B) C57 or (C) RBL-
2H3 cells was measured after 1 h of stimulation. The results shown are from one of three 
independent experiments, each of which gave similar results.  
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Estrogen-starved cells were sensitized with monoclonal Epsilon-26 anti-DNP IgE and 

then simultaneously treated with concentrations of estrogen between 100 fM and      

1 µM in the presence or absence of varying amounts of DNP-BSA. We did not 

observe any significant differences in the IgE- and specific antigen-induced release 

of ß-hexosaminidase during these dose response experiments (Fig. 2). Our results 

were reproducible in at least 3 independent experiments with each cell type and 

using two different lots of 17-ß-estradiol, and additionally the estrogen derivative 17-

α-ethynylestradiol (data not shown).  

IgE/antigen-induced mast cell degranulation occurs rapidly. To investigate whether 

estrogen treatment might influence the kinetics of this response, we performed time 

course experiments and assessed whether 100 pM of estrogen, the concentration 

with reportedly the highest effect on the degranulation of IgE/antigen stimulated mast 

cells (29). We found that estrogen co-administration did not make any significant 

difference in either the extent of mast cell degranulation detected at any of the 

measured time points (Fig. 3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: Time Course of IgE- and Antigen-Dependent Mast Cell Degranulation in the 
Presence or Absence of Estrogen. Estrogen starved (A) BMCMCs, (B) C57 or (C) RBL-2H3 cells 
were sensitized with Epsilon-26 anti-DNP IgE, and then stimulated in duplicate with 10 ng/ml DNP in 
the presence or absence of 100 pM estrogen. Degranulation was stopped after 0, 5, 10, 15, 30, 45 
or 60 minutes and the amount of released ß-hexosamindase (ß-hex) was measured. The results 
shown are from one of three independent experiments, each of which gave similar results.  

 

We also assessed whether estrogen-induced signalling could influence IgE/antigen-

induced mast cell degranulation in the presence of suboptimal concentrations of 
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cross linking antigen. We stimulated Epsilon-26 anti-DNP IgE-sensitized and 

estrogen-starved C57 mouse mast cells with either optimal (10 ng/ml) or suboptimal 

(1 ng/ml) concentrations of antigen in the presence or absence of various 

concentrations of estrogen, added either at the time of addition of antigen or 1 or 2 h 

before antigen challenge.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4: Impact of Estrogen Pre-Stimulation on Mast Cell Degranulation. C57 mast cells 
cultured in growth media with a low content of estrogen were sensitized with Epsilon-26 anti-DNP 
IgE and then vehicle (equivalent to the volume in stimulants containing 1µM or 100µM estrogen) or 
different concentrations of estrogen (from 1 pM to 100 µM) were added in duplicate (A) 
simultaneously or (B) 1 h before or (C) 2 h before the addition of a suboptimal concentration of DNP 
(1 nM), an optimal concentration of DNP (10 nM) or A23187/PMA. ß-hexosaminidase was measured 
in the cell supernatants after 1 h of stimulation at 37°C. The results shown are from one of three 
independent experiments, each of which gave similar results. **: P-value 0.001 – 0.01; *: P-value 
0.01 – 0,05.  
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Cells were stimulated with the protein kinase C activator PMA and the calcium 

ionophore A23187 as a control. These experiments revealed no significant 

enhancement of degranulation by estrogen in any of our conditions. By contrast, we 

detected a reproducible and statistically significant, albeit modest (~10%) reduction in 

ß-hexosaminidase release when IgE/antigen-stimulated mast cells were treated with 

super-physiological estrogen concentrations of 100 µM (Fig. 4). Such an effect of 

high concentrations of estrogen on rat mast cells has been reported (31).  
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2.3.3 Mouse Mast Cells Respond to Estrogen Treatment at the 

Genomic Level 

In addition to direct, non-genomic effects of estrogen (17;18), the binding of this 

hormone to ERα or ERß results in cellular translocation of the receptor from the 

cytoplasm into the nucleus where it may act as a transcription factor and regulate the 

expression of various target genes (15;16;32). We performed semi-quantitative 

realtime PCR analysis to test whether estrogen treatment causes upregulation of 

mRNAs of known estrogen responsive genes. To confirm the potency of the estrogen 

used in our experimental systems, MCF-7 cells were treated with estrogen; realtime 

PCR analysis revealed an upregulation of the known estrogen responsive gene, 

growth regulation by estrogen in breast cancer 1 (GREB1) (33), in hormone-treated 

cells (data not shown). Next, we found that mast cells also responded to estrogen 

treatment by increased expression of the mouse ortholog of greb1 (Fig. 5A). It should 

be mentioned that while greb1 was hardly detectable in unstimulated mast cells, the 

estrogen-stimulated cells did express the gene, albeit at levels that were quite low 

(~CT 35) as compared to MCF-7 cells (~CT 21). This difference in greb1 induction 

may reflect the much lower level of ERα protein expression in C57 mast cells 

compared to MCF-7 cells (Fig. 1B). Nevertheless, this finding provides strong 

evidence that estrogen treatment can have genomic effects via ERα in C57 mouse 

mast cells.  
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Figure 5: Gene Expression Analysis of Estrogen-Stimulated C57 Mast Cells. (A) The fold 
change in gene expression relative to the non-estrogen-stimulated condition is displayed for the 
known estrogen-responsive gene GREB1 (B) A panel of cytokines, chemokines and potentially 
estrogen-responsive genes was investigated by realtime PCR to quantify changes in expression of 
mRNA after 3 h of DNP-BSA stimulation of anti-DNP IgE-sensitized C57 mouse mast cells. The 
figure shows fold change compared to sensitized cells not stimulated with antigen. (C) C57 mast 
cells were starved of estrogen for 72 h and then sensitized overnight with 2 µg/ml Epsilon-26 anti-
DNP IgE and stimulated with 10 nM estrogen (Estr.) for 4, 6, 9, 15 or 27 h before harvest of RNA. 
The expression of all genes included in the screening panel (B) was then analyzed by realtime PCR. 
Chemokine and cytokine expression was compared to that in cells not treated with estrogen. Only 
those genes of the panel which demonstrated a trend towards estrogen responsiveness are 
displayed. (D) Cells were treated as in (C), but with addition of 10 ng/ml DNP 3h before RNA 
harvest. The results shown in (A) and (B) are from one of three independent experiments of each 
type, each of which gave similar results. For (C) and (D), gene expression was analyzed in duplicate  
and the results shown are the average of the mean fold changes in the two independent 
experiments. *: P-value 0.01 – 0.05. 
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2.3.4 Estrogen Treatment Influences Mast Cell Cytokine mRNA 

Levels 

The stimulation of IgE-sensitized mast cells by antigen results not only in the release 

of preformed mediators but also in the de novo synthesis and secretion of a broad 

range of cytokines and chemokines (22). Considering that estrogen receptors may 

act as transcription factors regulating the expression of numerous genes upon ligand 

binding (15), and having confirmed that estrogen treatment can influence gene 

expression in mast cells, we next investigated whether physiologic levels of estrogen 

can alter levels of cytokine and chemokine gene expression in mast cells.   

Estrogen-starved C57 mast cells were sensitized with Epsilon-26 IgE and then 

incubated with a physiologic concentration (10 nM) of estrogen for different time 

periods before antigen stimulation. We first used realtime PCR to investigate the 

extent to which IgE/antigen stimulation of C57 mast cells altered levels of transcripts 

of a panel of cytokines (IL-1α, -1ß, -3, -4, -6, -10, -13, -31, TNFα, IFNγ, the IFNα and 

ß transcription factor IRF1, and TSLP), chemokines (MIP1α, CCL24/eotaxin-2), and 

the estrogen-signalling-associated genes ERα (ESR1) and ERß (ESR2), GREB1 and 

protein kinase c δ (PRKCD) (32).  

We observed increased gene expression upon IgE/antigen stimulation of all 

investigated cytokines, with the exception of irf1 (which was highly expressed in both 

unstimulated and stimulated cells). Il-6, il-13 and il-31 had the highest fold changes 

as compared to IgE-sensitized cells not stimulated with specific antigen (Fig. 5B).  

We next investigated whether estrogen influenced the expression of the different 

transcripts we analyzed in C57 mast cells. In cells that were sensitized with IgE but 

not stimulated with specific antigen, we observed a trend towards increased 

expression levels of il-1α, -3, -4, -6, -13, mip1α, ifnγ and ccl24 in response to 

treatment with 10 nM of estrogen alone (Fig. 5C). The estrogen-induced upregulation 

of these genes peaked 6 to 9 hours after stimulation with estrogen and was 

statistically significant for ifnγ and ccl24. However, with the possible exception of ifnγ, 

such estrogen treatment had little or no effect on the levels of these transcripts in 

antigen-activated C57 mast cells, irrespective of whether estrogen exposure was 

initiated 1-24 h before antigen challenge or was begun simultaneously with the 3 h 

antigen challenge (Fig. 5D).  

Our data thus show that C57 mouse mast cells can respond to estrogen treatment on 

the genomic level but that treatment of mast cells for up to 27 h with physiological 
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levels of estrogen has little or no effect on the changes in levels of transcripts that are 

upregulated by stimulation of the cells with IgE and specific antigen, at least under 

the conditions tested in this report.  
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2.4 Discussion 

 

Mast cells were recently suggested to directly contribute to the reported gender bias 

towards female allergic patients. Several publications reported an influence of 

estrogen on mast cell activation and mediator release alone but also when co-

administered with antigen to IgE sensitized mast cells (27-31). The study of Zaitsu et 

al. provided evidence of a possible mechanism involving increased extracellular 

Ca2+-influx induced by the interaction of estrogen with a membrane bound form of the 

ERα (18;29). Our study aimed to increase the knowledge of estrogen’s influence on 

mast cell activation and degranulation.  

As a first step, we were able to confirm the expression of ERα at the mRNA and 

protein levels by realtime PCR (Fig. 1A), Western blot (Fig. 1B) and 

immunofluorescence microscopy (Fig. 1C) in mast cell in vitro models including the 

rat basophilic cell line RBL-2H3, the mouse mast cell tumour cell line C57 and 

primary bone marrow derived cultured mast cells (BMCMCs). Western blot 

experiments revealed that the amount of ERα protein was considerably lower in mast 

cells as compared to human MCF-7 breast cancer cells (Fig. 1B). We performed a 

variety of experiments to verify the direct effect of estrogen leading to increased 

degranulation reported by Zaitsu et al. Based on dose response experiments of IgE 

sensitized mast cells which were co- or pre-treated with varying concentrations of 

antigen and estrogen, we were unable to detect a direct effect of estrogen on the 

degree of ß-hexosaminidase release, a marker of mast cell degranulation (Fig. 2). In 

addition, time course analysis of degranulation after estrogen co-stimulation did not 

reveal a difference in either of our tested mast cell models (Fig. 3). BMCMC 

maturation can be influenced by the composition of the cell culture media. IL-3 is 

sufficient to induce differentiation of bone marrow stem cells towards a mast cell 

phenotype in vitro, but other, more sophisticated protocols exist. The co-culture with 

fibroblast feeder cells or additional stimulants like stem cell factor (SCF) for instance, 

can further increase the maturation stage of BMCMCs (34). Although we confirmed 

the presence of ERα in our BMCMCs which were grown in Wehi-3 conditioned 

media, SCF addition to the growth media as in the protocol used by Zaitsu et al. 

could contribute to the differing observations on the effect of estrogen on BMCMC 

degranulation. However, we neither saw an estrogen influence on degranulation of 

RBL-2H3 cells which were cultured under identical conditions.  
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Interestingly, our results confirm previous reports of decreased mast cell 

degranulation upon treatment of C57 mast cells at super-physiological estrogen 

concentrations (31) (Fig. 4). We suggest that this effect could reflect the response of 

the cell to a potentially toxic hormone concentration.   

Knowing the well-studied function of ERα as transcription factor, we performed semi-

quantitative realtime PCR analysis to investigate a possible impact in mast cells on 

the gene expression of one potential estrogen responsive gene and a panel of 

bioactive molecules. The upregulation of the estrogen responsive gene GREB1 in 

C57 cells represents the first evidence of an estrogen related genomic effect on mast 

cells (Fig. 5A). The reduced GREB1 induction observed in C57 mast cells as 

compared to MCF-7 cells in response to estrogen may simply reflect the lower ERα 

protein level in C57 cells (Fig. 1B). Furthermore, we report a trend towards increased 

mediator mRNA transcription following the treatment of mast cells with physiologic 

levels of estrogen only (Fig. 5C). This increase appears to occur in a time-dependent 

manner, with a peak at estrogen treatment for 9 h for il-1α, il-4, il-6, il-13, mip1α, ifnγ 

and ccl24 or at 6h for il-3. The upregulation of ifnγ and ccl24 was statistically 

significant 9 h post-stimulation. Of note, previous studies provide evidence that 

physiological estrogen concentrations induce IFNγ production in primary human T 

cells (35), lymphocyte cell lines and activated mouse spleen cells (36).  

Interestingly, we observed a less pronounced estrogen associated effect on cytokine 

transcription in DNP-stimulated cells (Fig. 5D). This difference could be explained by 

the already strong induction of cytokine expression by FcεRI signalling. Nevertheless, 

the observed increase in basal cytokine production in the presence of physiologic 

estrogen levels (Fig. 5C) could impact the immunological balance and bias the 

development of inflammation associated diseases in general.  

Whether long-term estrogen treatment of mast cells has an effect on cytokine 

expression remains to be determined.  

We conclude from our experiments that estrogen does not have an increasing effect 

on mast cell degranulation in vitro. However, our gene expression analysis provides 

evidence that estrogen treatment has an impact on mRNA levels of different 

bioactive molecules. This genomic estrogen effect could lead to increased production 

and release of mediators. Due to the potent effects of mast cells on their environment 

in allergy, any attenuation of amplification of their function can have dramatic 

consequences. Our finding that treatment with physiological estrogen concentrations 
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increases mast cell mediator transcription and may increase ERE expression could 

importantly influence the role of mast cells in allergy.  

Considering our results and the long list of sometimes contradictory reports on the 

effects of estrogen on mast cell mediator release, it is important to note that the in 

vitro environment likely does not recapitulate in vivo conditions due to the missing 

tissue microenvironment and the introduction of new, artificial factors.  

In light of our work and that of others, it is evident that in vivo studies will play an 

important role in defining estrogen’s roles on allergic diseases. For example, it would 

be interesting to conduct in vivo experiments with allergy mouse models in wild type 

and estrogen receptor knockout animals. Similarly, studies in mast cell knock out 

mice reconstituted with BMCMCs from estrogen receptor knock out animals or wild 

type female and male mice differentiated in presence and absence of estrogen would 

have great potential to reveal the impact of sex hormones on allergy.  
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2.5 Materials and Methods 

 

2.5.1 Cell Culture 

Bone marrow-derived cultured mast cells (BMCMCs) were generated from femoral 

and tibial bone marrow cells of C57BL/6 mice by culture of cells for 4-6 weeks in IL-3-

supplemented media (DMEM containing 10% heat inactivated FBS (Sigma), 20% 

WEHI-conditioned media (37), glutamine, ß-mercaptoethanol and antibiotics). Only 

cell cultures containing >95% mature mast cells according to May-Grünwald-Giemsa 

staining and FACS analysis of FcεRI α-chain expression were used for further 

experiments.  

The C1.MC/C57.1 (C57) mouse mast cell line was originally derived from the bone 

marrow of BALB/c mice and its growth is independent of IL-3 (38;39). These cells 

were cultured in DMEM media containing 10% heat inactivated FBS, glutamine, ß-

mercaptoethanol and antibiotics.  

The rat basophilic leukaemia cell line RBL-2H3/CRL-2256 was originally derived from 

the tumor of a male Wistar rat and finally generated by subculture of one of originally 

four lines (40;41). We obtained the cell line from the American Type Culture 

Collection (ATCC) and maintained it in DMEM media containing 10% heat inactivated 

FBS, glutamine, and antibiotics.  

The human breast cancer cell line MCF-7 was kindly provided by Dr. Euan Slorach 

from the lab of Dr. Zena Werb, Department of Anatomy, University of California San 

Francisco. Cells were maintained in DMEM media containing 10% heat inactivated 

FBS, glutamine, and antibiotics. 

For the investigation of estrogen related effects, cells were washed 2x with PBS, 

resuspended in medium containing low levels of estrogen. (phenol red-free DMEM 

(Gibco) containing 10% heat inactivated, charcoal/dextran treated FBS 

(Hyclone/Thermo Scientific or PAA), glutamine, antibiotics, and (for BMCMCs) 10 

ng/ml recombinant murine IL-3 (Peprotech) and (for BMCMCs and C57 cells) ß-

mercaptoethanol and cultured for at least 48 h before estrogen treatment.  

 

2.5.2 Immunocytofluorescence 

Cells were washed and resuspended in PBS at 5 x 105 cells/ml; 100 µl of cells were 

centrifuged in a cytospin centrifuge (5 min at 500 rpm) to make cytospin 

preparations. Slides were air dried and cells subsequently fixed with formalin. After 
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washing with PBS, cells were permeabilized with 0.5% Triton X-100 in PBS for at 

least 10 min, and blocked 1 h at room temperature (RT) with blocking solution (PBS 

+ 4% goat serum + 2% BSA). Cells were washed and then incubated overnight at 

4°C with primary rabbit antibodies (all from Santa Cruz Biotechnology) specific for 

estrogen receptor α (clone MC-20) or -ß (clone H-150), GPR30 (clone K-19) or an 

isotype control antibody at 400 ng/ml in 50% blocking solution. Cells were washed 

and incubated with 2 µg/ml Alexa 488 labelled anti-rabbit antibody (Invitrogen) for 1 h 

at RT under light protection. After final washing, cells were mounted with Fluoro-Gel 

mounting medium (Electron Microscopy Science) containing DAPI (Sigma) and 

analyzed by immunofluorescence microscopy.  

 

2.5.3 Realtime PCR 

RNA was isolated from cells and tissue using TRIzol reagent (Invitrogen) according 

to manufacturer’s instructions. cDNA from 2 µg of RNA was generated using the High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Either or Fast SYBR 

Green Master Mix or Power SYBR Green Master Mix (both Applied Biosystems) was 

used in combination with a 7500 Fast Real-time PCR system or a StepONE Plus 

realtime PCR system (both Applied Biosystems), respectively, for semi-quantitative 

gene expression analysis. Samples were analyzed in duplicates.   

Target gene specific primers span exon/exon boundaries if possible and were tested 

for specificity using the Primer Blast online tool 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast). Gene expression levels were 

normalized against the house keeping genes GAPDH, EeF1b2 or RPLP0. Primer 

sequences (all in 5’  3’ direction):   

 

2.5.4 Protein Expression 

Cell lysates were prepared using RIPA buffer, separated by PAGE and subsequently 

blotted on a PVDF membrane (Millipore) using a wet blot system (BioRad) (43). The 

membrane was blocked 1 h at RT with 5% dry milk powder in TBS + 0.1% Tween 20. 

After blocking, the membrane was incubated with primary rabbit antibodies (all from 

Santa Cruz Biotechnology) specific for estrogen receptor α (clone H-184) or -ß (clone 

H-150), GPR30 (clone K-19) or ß-actin N-terminal (Sigma) diluted at 1µg/ml 

(estrogen receptor antibodies) or 0.5µg/ml (ß-actin antibody) in blocking solution 

overnight at 4°C. The membrane was subsequently incubated with horse 
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radishperoxidase labelled sheep-anti rabbit antibody (GE Healthcare) at 0.2µg/ml for 

1 h at RT. Bound antibody was then detected by SuperSignal West Pico 

Chemoluminescent Substrate (Pierce).  

Densitometric analysis was carried out using the free ImageJ software 

(http://rsbweb.nih.gov/ij). Equivalent areas of bands were blotted into representative 

peaks. The area under the curve was calculated and normalized against the amount 

of ß-actin in the same sample.  

 

2.5.5 Statistics 

Statistical comparison between vehicle-treated and 100 µM estrogen-treated mast 

cells (Fig. 4), as well as the analysis of fold change in gene expression, was 

performed by the Student’s t-test (two tailed), using the software GraphPad Prism 

(version 5.0 for Windows, GraphPad Software). Differences were considered 

statistically significant at P-values ≤ 0.05. Thresholds:  ***: P-value ≤ 0,001; **: P-

value 0,001 – 0,01;  *: P-value 0,01 – 0,05;  
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Table S1: Primer Sequences    

gene symbol species Orientation sequence 5' - 3' 

gapdh mouse fwd TGTGCAGTGCCAGCCTCGT 
  rev AGTGGAGTCATACTGGAACATGTA 
eef1b2 mouse fwd AGAGCTACATTGAGGGGTACGT 
  rev GACTTGATGTGATTATACCAACGTAG 
esr1 mouse fwd ACTTGCTCCTGGACAGGAATCA 
  rev CCAAGGGGTACATACTGGAGTT 
esr2 mouse fwd AAGAGTGCTGTCCCAAGGGAT 
  rev CCAAGGGGTACATACTGGAGTT 
gpr30 mouse fwd TCAACACTCACACACTCTGGGT 
  rev TGGACAGGGTGTCTGATGTCT 
il-1α mouse fwd CATGATCTGGAAGAGACCATCC 
  rev TGCCTGACGAGCTTCATCAGTT 
il-1ß mouse fwd GCTTCCTTGTGCAAGTGTCTGAA 
  rev GAACAGGTCATTCTCATCACTGTCA 
il-3 mouse fwd CAGCTCTATTGTCAAGGAGATTATAG 
  rev TCTCCGAAAGCTCTTATTCCTCAGA 
il-4 mouse fwd GTCCTCACAGCAACGAAGAACACCA 
  rev CTCATTCATGGTGCAGCTTATCGA 
il-5 mouse fwd TGTTGACAAGCAATGAGACGATGA 
  rev GGACAGTTTGATTCTTCAGTATGTC 
il-6 mouse fwd GAAGTTCCTCTCTGCAAGAGAC 
  rev GTATCCTCTGTGAAGTCTCCTCT 
il-10 mouse fwd CTTATCGGAAATGATCCAGTTTTACC 
  rev ATCACTCTTCACCTGCTCCACTG 
il-13 mouse fwd TATTGAGGAGCTGAGCAACATCAC 
  rev TCTGGGTCCTGTAGATGGCA 
il-31 mouse fwd CATGATCTTCCACACAGGAACAAC 
  rev CACCGAAGGACAAGCTGCAG 
ifnγ mouse fwd TGAGGTCAACAACCCACAGG 
  rev TTCCGCTTCCTGAGGCTGGA 
irf1 mouse fwd AGGGACATAACTCCAGCACTG 
  rev CCTCGTCTGTTGCGGCTTC 
mip1α mouse fwd CTCTGTACCATGACACTCTGCA 
  rev CTCTTAGTCAGGAAAATGACACCTG 
ccl24 mouse fwd ACCCCAGCTTTGAACTCTGA 
  rev AAGGACGTGCAGCAAGATG 
tslp mouse fwd GGACTGTGAGAGCAAGCCAG 
  rev CCTGGGCAGTGGTCATTGAG 
tnfα mouse fwd CTCCCTCTCATCAGTTCTATGG 
  rev CTCCACTTGGTGGTTTGCTAC 
greb1 mouse fwd AGCAACACGTTCTGAAACTAGACAC 
  rev GATGTTATGAACAGCACTGCTCAC 
prkcd mouse fwd AGGCTACAAATGCAGGCAATGCAA 
  rev AGCGTTCTTTCTGGAAGATGGTGT 
eef1b2 rat fwd TACATTGAGGGGTACGTGCCAT 
  rev GGTGGACCAGAGATTGCTTCA 
esr1 rat fwd CTAACTTGCTCTTGGACAGGAATC 
  rev TGGATAGAAATGTGTACACTCCAGA 
esr2 rat fwd TGATCCTCCTCAACTCCAGTATG 
  rev CGTTCAGTAGGTGTGTCAGCTT 
rplop0 (42) human fwd CCTCATATCCGGGGGAATGTG 
  rev GCAGCAGCTGGCACCTTATTG 
esr1 human fwd CACCAACCAGTGCACCATTGAT 
  rev TTCGGTCTTTTCGTATCCCACCT 
esr2 human fwd GATGCTTTGGTTTGGGTGATTGC 
  rev TTGTTACTCGCATGCCTGACGT 
greb1 (33) human fwd ATCAGCTGCTCGGACTTGCTG 
  rev TGAGCTCCGGTCCTGACAGATG 

 

 

Chapter 2: The Response of Mast Cells to Estrogen

125

______________________________________________________________________________________________________



 

2.5.6 Mast Cell Activation 

Suspension grown BMCMCs or C57 cells, or trypsinized RBL-2H3 cells, were 

washed twice with PBS and placed in 96well plates, 2x10e4 cells/well) in low 

estrogen containing media for at least 48 h before stimulation. Mast cells were 

sensitized either overnight with 2 µg/ml of mouse monoclonal anti-dinitro-phenyl 

(DNP) IgE clone Epsilon-26 (generously provided by Prof. Fu-Tong Liu, University of 

California, Davis) or for 1 h with 100 ng/ml of clone SPE-7 monoclonal IgE (Sigma). 

Excess IgE was removed by washing twice with Tyrode’s buffer (100 mM HEPES, 

130 mM NaCl, 1.8 mM CaCl2, 5 mM KCl, 2 mM MgCl2, 5.5 mM Glucose, 1 g/l bovine 

serum albumin; pH 7,4). BMCMCs and C57 cells were subsequently placed at 

5x10e4 cells/well in 96 well plates (Corning). Next, cells were stimulated with 

different concentrations of DNP coupled to BSA (10 haptens/molecule BSA, 

Biosearch Technologies) or a combination of 25 ng/ml PMA and 5 µM compound 

A23187 (both from Sigma) diluted in Tyrode’s buffer in presence or absence of 17-ß-

estradiol or 17-α-ethynylestradiol (both from Sigma and resuspended as stock in 

100% ethanol) for 1 h at 37°C. Estrogen-starved cells were either co-stimulated or 

pre-treated with estrogen for the indicated time periods. Supernatants of cells and 

lysates of the corresponding centrifuged cells (by 0.1% Triton X-100 in Tyrode’s 

buffer) were harvested and incubated with 4 mM p-Nitrophenyl-N-acetyl-ß-D-

glucosaminide (Sigma) in Na-phosphate/citrate buffer, pH 4,5 for 1 h at 37°C. The 

reaction was stopped by addition of 0.2 mM Glycine pH 10.7. ß-hexosaminidase 

content was then analyzed by absorbance measurement at 405 nm using an 

SpectraMax microplate reader (Molecular Devices). The results were calculated as 

percentage of total release (% degranulation = O.D.supernatant/[O.D.supernatant + 

O.D.lysate]).  

For time course experiments, cells were aliquoted into 96-well plates and sensitized 

as described above. Tyrode’s buffer containing DNP-BSA (10 ng/ml final 

concentration) and estrogen (100 pM final concentration) was added to the cells at 

60, 45, 30, 15, 10 or 5 min before harvest of supernatants.   

For gene expression analysis of activated mast cells, C57 cells were placed at 3x 

10e5/well in low estrogen containing growth media (see above) in a 6-well cell culture 

plate. After 72 h of culture, cells were sensitized with 2 µg/ml anti-DNP IgE over night 

and pre-treated with 10 nM of estrogen for the indicated time spans before RNA 
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harvest. Sensitized cells were washed twice with PBS and then stimulated with 10 

ng/ml DNP-BSA and estrogen. RNA was harvested after 3 h of stimulation.   

Reverse transcription of RNA and realtime PCR was carried out as described above.  

The results of the gene expression experiments represent the mean values of two 

independent experiments. Statistical analysis was performed calculating the fold 

change duplicates of each experiment.  
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Abstract

Background: IgE antibodies play a paramount role in the pathogenesis of various intestinal disorders. To gain insights in
IgE-mediated pathophysiology of the gut, we investigated the expression of the high affinity IgE receptor FceRI in human
intestinal epithelium.

Methodology/Principal Findings: FceRI a-chain, as detected by immunohistochemistry, was positive in epithelial cells for
eight of eleven (8/11) specimens from colon cancer patients and 5/11 patients with inflammation of the enteric mucosa. The
FceRIa positive epithelial cells co-expressed FceRIc, whereas with one exception, none of the samples was positive for the b-
chain in the epithelial layer. The functionality of FceRI was confirmed in situ by human IgE binding. In experiments with
human intestinal tumor cell lines, subconfluent Caco-2/TC7 and HCT-8 cells were found to express the a- and c-chains of
FceRI and to bind IgE, whereas confluent cells were negative for c-chains.

Conclusions/Significance: Our data provide the first evidence that the components of a functional FceRI are in vitro
expressed by the human intestinal epithelial cells depending on differentiation and, more importantly, in situ in epithelia of
patients with colon cancer or gastrointestinal inflammations. Thus, a contribution of FceRI either to immunosurveillance or
pathophysiology of the intestinal epithelium is suggested.
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Introduction

Although immunoglobulins are important constituents of host

defense in mucosal compartments [1], they have been ascribed

opposing functions in various intestinal diseases. Increased levels of

immunoglobulin E (IgE) have been found during parasite infection

with a putative beneficial host defense function [2,3]. In contrast,

IgE plays a documented detrimental role in allergy. Significantly

increased levels of IgE and anti-IgE autoantibodies might

contribute also to the pathophysiology in Crohn’s disease (CD)

[4]. Interestingly, it has been suggested that food allergic reactions

might be triggered as a consequence of gastrointestinal inflam-

mation [5,6]. Additionally, growing evidence points towards a

participation of IgE in antibody-dependent tumoricidal activities

[7–9].

IgE function depends on its interaction with effector cells via

specific surface-receptors. The high affinity IgE receptor (FceRI) is

a multimeric cell-surface receptor, which binds the Fc domain of

IgE with an affinity of 1010 M21 [10]. The conformational change

of the IgE constant region that occurs upon binding to FceRI was

proposed to contribute to the remarkably slow dissociation rate of

receptor-bound IgE [11]. FceRI has been so far detected on

human mast cells, basophils, neutrophils, monocytes, macrophag-

es, dendritic cells, Langerhans cells, eosinophils and platelets [12].

While the extracellular domain of the receptor a-chain carries the

IgE binding site [13], the b- and c-chains are involved in signal

transduction [14,15]. The abc2 tetramer is expressed in effector

cells such as mast cells and basophils, and ligand-engagement leads

to cell activation by a defined signaling cascade. In contrast, the

ac2 trimer participates in antigen presentation [16].

The low affinity IgE receptor (FceRII/CD23) is a single chain

glycoprotein with a molecular weight of 49 kDa [17]. In contrast

to FceRI, CD23 binds IgE with a significantly lower affinity

(107 M21). CD23 was initially identified on B-lymphocytes [18]

but subsequently also detected on various other cell types such as

monocytes, macrophages, eosinophils and Langerhans cells

[17,19,20]. Interestingly, CD23 is also expressed on intestinal

epithelial cells where it is elevated in inflammatory conditions such
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as CD and food allergies [21]. An IgE/CD23-dependent,

transepithelial shuttle mechanism, regulated by interleukin (IL)-

4, has been described, which mediates transport of intact food

antigens [22–24].

Besides FceRI and FceRII/CD23, the IgE-binding protein

(eBP, Galectin-3) also specifically interacts with IgE [25]. Due to

its wide tissue distribution and expression on various cell types

[26], a multifunctional role in cell growth regulation, cell adhesion

and tumor metastases, among others, was suggested [27–29]. The

intestinal distribution pattern of eBP is well established and it has

been shown that it is downregulated in inflammation, whereas an

elevated expression in colon cancer influences the neoplastic

progression [30,31].

The presence of CD23 and eBP on intestinal epithelia is well

documented, and functional studies have supported their biolog-

ical importance. However, since no data were available concern-

ing expression of FceRI on enterocytes to date, we screened the

intestinal mucosa of patients with gastrointestinal pathologies and

controls, as well as intestinal epithelial cell lines for FceRI

expression. Herein, we report that both FceRI a- and c-chains are

expressed by intestinal epithelial cells, while FceRI b-chain could

only be detected in the subepithelial stroma. The IgE binding

found in a- and c-chain positive tissues indicates the presence of a

functional trimeric receptor FceRIac2 in human intestine, which

could contribute to IgE-mediated pathophysiology of the gut.

Results

The High Affinity IgE Receptor FceRI a- and c-Chains Are
Expressed on the Epithelium of Human Intestinal Tissue

Immunohistochemical (IHC) analysis revealed positive stain-

ing for FceRI a-chain in the intestinal epithelium in eight of

eleven (8/11) (73%) colon cancer patients and in 5/11 (45%)

patients with gastrointestinal inflammation. In most cases, both

small intestine and colon were positive for FceRI a-chain.

However, one patient per group (No. 24 and 12, respectively)

was positive only in the colon, and two tumor patients (No. 21

and 26) expressed FceRI a-chain only in the small intestinal

epithelium. The four control samples from patients without

gastrointestinal disorders were negative for FceRI a-chain,

suggesting that receptor expression might be observed only with

gastrointestinal pathology (Table 1). Figure 1 shows IHC analysis

of tissue sections from a representative colon cancer (A–F) and a

gastrointestinal inflammation patient (G–L). In the specimen

from the tumor patient (No. 16), the FceRI a-chain was

expressed in membrane and cytoplasm of the small intestinal

epithelial cells throughout the entire intestinal villus and crypt. At

the basal side of crypt cells, the positive staining was found also in

the supranuclear region, most likely the Golgi apparatus

(Figure 1A). Staining serial sections with the Paneth cell marker

defensin-5 identified FceRI a-chain positive cells in the small

intestinal crypts as Paneth cells (Figure 1D). The observed

staining in the patient with colon cancer was comparable to that

seen in the small intestine of the CD patient (No. 8, Figure 1G, J).

Interestingly, we observed a positive correlation between FceRI

staining in the epithelial cells of the ileum and colon: the majority

of patients expressing the receptor in the small intestine

(Figure 1A, G) had positive staining also in the colon

(Figure 1B, H). In addition, we found FceRI a-chain positive

cells in the tumor samples of colon cancer patients (6/11) and in

the lesion areas of three patients with gastrointestinal inflamma-

tions (3/11) (Table 1; Figure 1C, I).

Surface membrane localization of FceRI a-chain on small

intestinal epithelial cells was observed in tissue samples from 4/11

of cancer patients and in 4/11 of patients with gastrointestinal

inflammations (one small intestine, two small intestine + colon, one

colon). The IHC analysis as indicated in Table 1 was validated by

immunofluorescence (IF) staining.

We further confirmed that FceRI a-chain is expressed in small

intestinal, colonic and lesion/tumor epithelial cells by IF

double-staining with the epithelial cell marker cytokeratin 8

(Figure 2).

In addition to the a-chain subunit, a functional FceRI complex

requires the presence of a c-chain subunit, with or without a b-

subunit. Therefore, we conducted IF analysis to determine

whether the FceRIa-chain was co-expressed with either the b-

or c-chains. These experiments revealed a double-staining for a-

and c-chain along or at the top of the villi in all seven FceRIa
positive small intestinal tissue samples from tumor patients, as well

as in 3/4 FceRIa positive small intestinal tissue samples from

patients with gastrointestinal inflammation (Table 2; Figure 3A,

D). In addition to the small intestine, co-expression of the a- and c-

chain was observed in 4/6 FceRIa positive colon samples from

tumor patients and in 2/3 colon sections from gastrointestinal

inflammation patients (Table 2; Figure 3B, E). A correlation of c-

chain with a-chain co-expression was found in 4/6 FceRIa
positive tumor samples as well as in all lesional tissues (Table 2;

Figure 3C, F). Nevertheless, no positive staining for the FceRI c-

chain was observed in Paneth cells at the base of the crypts (data

not shown). In contrast to a- and c-chain co-expression, the b-

chain of FceRI could be detected, with one exception, only in cells

of the subepithelial stroma, but not in the intestinal epithelial layer

(Table 2; Figure 3G). The exception was colonic epithelial cells in

tumor patient No. 25 (Table 2), where FceRI b-chain was detected

exclusively in the supranuclear region, most likely the Golgi

apparatus.

Analysis of various clinical parameters, including patients’ age,

sex and pathological disease classification showed no association

with staining results for FceRI expression.

Epithelial FceRI Exhibits IgE Binding Properties
To determine whether the FceRIac2 expressed in the intestinal

epithelium had specific antibody binding capacity, we performed

IgE binding experiments on paraffin-embedded intestinal tissue

sections. Samples positive for FceRIa on the apical cellular

membrane (Figure 4A) showed specific binding of human serum

IgE or humanized anti-4-hydroxy-3-nitrophenylacetyl (NiP)-spe-

cific IgE (Figure 4B), with indistinguishable binding patterns. No

epithelial binding was seen with unspecific human IgG antibodies

or FITC-labeled dextran used as controls (data not shown). The

observed IgE-FceRI interactions correlated with the FceRI a-

chain expression in the epithelium, being expressed on the

epithelial membrane as well as in the cytoplasm (Figure 4A, B).

The IgE binding was not inhibited by anti-CD23 preincubation or

by lactose, indicating protein- rather than carbohydrate-mediated

IgE binding.

High Levels of FceRI a- and c-Chain mRNA Expression Are
Detected in Intestinal Epithelial Cell Lines

To analyze the expression of the FceRI complex on the

transcriptional level in human intestinal epithelial cells, total

RNA was isolated from subconfluent and confluent Caco-2/TC7

and HCT-8 cell lines. Human HMC-1 mast cells and transfected

RBL-SX38 cells were used as positive controls, because they are

known to abundantly express FceRI a-, b- and c-chains. Real-

time PCR analysis revealed the presence of the FceRI a-chain

mRNA in all four intestinal cell lines, with highest expression in

confluent HCT-8 cells (Figure 5A). The expression level was
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approximately half that observed in the HMC-1 positive control

cells (data not shown). The c-chain mRNA also was found in all

four intestinal cell samples, with highest levels detected in

confluent Caco-2/TC7 cells (Figure 5B). In this case, the mRNA

expression level of c-chain was 80-times higher in the HMC-1

cells (data not shown). None of these intestinal epithelial cell lines

expressed detectable FceRI b-chain mRNA (data not shown). In

the second positive control cell line, high mRNA levels of all three

FceRI chains were observed, reflecting that these transfected

RBL-SX38 cells over-express FceRI (data not shown). Together,

these findings verify the presence of FceRI a- and c-chain

mRNA, the components of the trimeric FceRIac2 complex, in

human intestinal epithelial cells.

Highest Expression of FceRI a- and c-Chains Is Observed
in Undifferentiated, Subconfluent Intestinal Cell Lines

To screen intestinal epithelial cell lines for FceRI a-, b- and c-

chain protein expression we performed IF staining. We observed

abundant a-chain expression in undifferentiated, subconfluent

Caco-2/TC7 (Figure 6A, B) and HCT-8 cells (Figure 6E, F). To

exclude intracellular staining signals for FceRIa, we confirmed

membrane integrity by comparing Triton-X-100 permeabilized

cells with untreated controls using lamin A/C staining (Figure 6I,

J). The total (Figure 6A) and surface-membrane expression

(Figure 6B) were comparable in Caco-2/TC7 cells, whereas in

subconfluent HCT-8, the surface expression of FceRIa was less

pronounced (Figure 6F) compared to the staining observed in the

Table 1. Patients’ characteristics and staining results.

Small intestine Colon Lesion/tumor

Pat. No. Sex Age Pathology (Tumor staging) FceRI-a Def. 5 FceRI-a Def. 5 FceRI-a Def. 5

1 f 41 –(obese patient) 2 + n.d. n.d. n.a. n.a.

2 f 39 –(obese patient) 2 + n.d. n.d. n.a. n.a.

3 f 19 –(biopsy, diarrhea, meteorism) 2 + 2 2 n.a. n.a.

4 f 50 – 2 + n.d. n.d. n.a. n.a.

5 m 47 Crohn’s disease, active phase + Pc, M, sV + + + + +

6 f 35 Crohn’s disease, active phase 2 + 2 2 2 +

7 f 27 Crohn’s disease, active phase 2 + 2 + 2 +

8 f 37 Crohn’s disease, active phase + Pc, M, V + + M + + +

9 m 19 Crohn’s disease, active phase 2 + 2 2 2 +

10 f 61 Crohn’s disease, active phase 2 + 2 2 2 +

11 m 28 Crohn’s disease, active phase 2 + 2 2 2 +

12 f 29 Crohn’s disease, active phase 2 + + M 2 2 +

13 m 50 Diverticulitis and Peridiverticulitis 2 + 2 2 2 +

14 f 82 Inflammation + Pc, M, V + + M + + +

15 f 30 C-Gastritis (biopsy) + Pc + n.a. n.a. n.a. n.a.

16 m 66 Invasive, moderately well differentiated adenocarcinoma,
ascending colon (G2, pT3, pN2, pM1, Dukes D)

+ Pc M, V + + + + +

17 f 78 Invasive, moderately well differentiated adenocarcinoma,
ascending colon (G2, pT2, pN1, Dukes C1)

2 + 2 2 2 2

18 f 69 Invasive, moderately well/moderately differentiated
adenocarcinoma, Cecum (G2/G3, pT3, pN1, Dukes C)

2 2 2 2 2 +

19 f 67 Invasive, low differentiated adenocarcinoma, ascending
colon (G3, pT3, pN0, pM1)

+ Pc + + 2 + 2

20 m 76 Invasive, low differentiated adenocarcinoma, ascending
colon (G3, pT3, pN0, pMX, V1)

+ Pc, M, V + + 2 2 2

21 m 84 Invasive, well differentiated adenocarcinoma, ascending
colon (G1, pT2, pN0, pMX, Dukes B)

+ Pc, sV + 2 + + 2

22 m 70 Invasive, moderately well/moderately differentiated
adenocarcinoma, ascending colon (G3, pT3, pN2, pMX,
Dukes C1)

2 + 2 2 2 2

23 m 68 Invasive, moderately well differentiated adenocarcinoma,
Cecum (G2, pT3, pN0, pMX, Dukes B)

+ Pc, M 2 + 2 + 2

24 m 57 Invasive, moderately well differentiated adenocarcinoma,
Cecum (G2, pT4, pN0, V1, Dukes B)

2 + + + 2 2

25 m 79 Invasive, moderately well differentiated adenocarcinoma,
ascending colon (pT3, pN0, pMX, Dukes B)

+ Pc, M + + 2 + 2

26 f 86 Invasive, moderately well differentiated adenocarcinoma,
ascending colon (pT4, pN2, pM1, V1, L1, Dukes D)

+ Pc, V + + + + +

n.d., not determined; n.a., not applicable; Pc, Paneth cell staining; M, Membrane staining; sV, single cell staining in villi; V, all villus epithelium.
doi:10.1371/journal.pone.0009023.t001
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permeabilized cells (Figure 6E). The expression levels decreased

with confluency, as only a faint staining could be detected in the

cytoplasma of confluent Caco-2/TC7 (Figure 6C) and HCT-8

cells (Figure 6G). No FceRIa positive staining was observed on the

membrane of confluent Caco-2/TC7 cells (Figure 6D). In the

HCT-8 cells grown as multilayers with the new cells revealing a

more immature phenotype, a scarce positivity was seen

(Figure 6H).

We could not detect FceRIb in any intestinal epithelial cell line

irrespective of the state of confluence (Figure 7A, D, G, J). In

Figure 1. Positive staining for FceRI a-chain and defensin-5 is observed in serial sections from intestinal tissue. (A) FceRI a-chain is
detected on the membrane, as well as in the cytoplasm of epithelial cells in small intestine of cancer patient No. 16. FceRI a-chain positive cells are
also found in (B) the colon and (C) a tumor sample from the same patient. (D) Staining with anti-defensin-5 antibodies confirmed that FceRIa
expressing cells at the basis of the small intestinal crypts are Paneth cells. Defensin-5 is expressed also in (E) colon and (F) tumor sample in same
areas, but to a lesser extend when compared with FceRI a-chain staining. Similar staining pattern are observed also for the CD patient No. 8, as FceRI
a-chain positive cells are detected in (G) the epithelium of small intestinal tissue, (H) colon and (I) lesional region. Defensin-5 positive cells are located
at (J) the crypt basis of small intestine, (K) along the colon crypt, as well as in (L) the lesional region. Original magnification 610, inset 640.
doi:10.1371/journal.pone.0009023.g001

Figure 2. FceRI a-chain is expressed in epithelial cells. Co-staining with anti- FceRI a-chain (red) and anti-keratin 8 antibodies (green) verifies
the epithelial expression of FceRI in (A) the crypts of small intestinal section, where FceRIa is found primarily in the supranuclear region, in (B) colon
tissue and in (C) tumor sample of cancer patient No. 16. (D) Negative control with mouse IgG2b and rabbit IgG. The blue fluorescence DAPI staining
indicates the nuclei. Original magnification 640.
doi:10.1371/journal.pone.0009023.g002
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contrast, a prominent FceRI c-chain expression was seen in

subconfluent Caco-2/TC7 (Figure 7B) and HCT-8 cells

(Figure 7H), but not after confluence (Figure 7E, K). Consistent

with these results, binding of IgE was high in the subconfluent

Caco-2/TC7 (Figure 7C) and HCT-8 cells (Figure 7I), whereas

only a background staining was seen in confluent Caco-2/TC7

(Figure 7F) and HCT-8 (Figure 7L) cells. The IgE binding was not

inhibited by anti-CD23 preincubation.

The IF staining of Caco-2/TC7 and HCT-8 cells was

confirmed by western blot analysis with cell lysates obtained from

subconfluent and confluent cells. We observed a 45-kDa protein

band of FceRI a-chain in all cell lysates, with a stronger signal in

Table 2. FceRI b- and c-chain staining results in FceRI a-chain expressing intestinal tissue.

Small intestine Colon Lesion/tumor

Pat. No. FceRI-a FceRI-b FceRI-c FceRI-a FceRI-b FceRI-c FceRI-a FceRI-b FceRI-c

5 + 2 + + 2 + + 2 +

8 + 2 + + 2 + + 2 +

14 + 2 + + 2 2 + 2 +

15 + 2 2 n.a. n.a. n.a. n.a. n.a. n.a.

16 + 2 + + 2 + + 2 +

19 + 2 + + 2 2 + 2 2

20 + 2 + + 2 2 2 2 2

21 + 2 + 2 2 2 + 2 2

23 + 2 + + 2 + + 2 +

25 + 2 + + + + + 2 +

26 + 2 + + 2 + + 2 +

n.a., not applicable;
doi:10.1371/journal.pone.0009023.t002

Figure 3. Co-expression of FceRI a- and c-chain, but not FceRI a- and b-chain is observed in epithelial cells of intestinal tissue. In
sections from cancer patient No. 23 FceRI c-chain (green) is found to be co-expressed in FceRIa (red) positive epithelial cells of (A) the small intestine,
as well as in (B) colon tissue and (C) tumor sample. In addition, sections from CD patient No. 8 are double-positive for FceRI a- and c-chain in (D) the
small intestinal, (E) colon and in (F) lesional tissue. (G) Only in the subepithelial tissue FceRI b-chain (green) positive cells are detected as shown here
in the crypts of small intestinal tissue. (H) Negative control with mouse IgG2b and goat IgG isotype control antibodies. The blue fluorescence DAPI
staining indicates the nuclei. Original magnification 664.
doi:10.1371/journal.pone.0009023.g003
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the subconfluent cells (Figure 8A). The band was rather sharp,

even though FceRI a-chain is known to be glycosylated. In

contrast, we could detect the 10 kDa protein band of FceRI c-

chain only in subconfluent Caco-2/TC7 and HCT-8 cells

(Figure 8B). Both the a- and c-chains were detected in the

positive control RBL cell line over-expressing the human FceRI

(Figure 8B). High amounts of expressed FceRI a- and c-chain

proteins were seen in the human mast cell line HMC-1 (data not

shown). Thus, our data indicate that a functional high affinity IgE

receptor is expressed by these cell lines when they are subconfluent

and not after confluence.

Discussion

In the present study, we investigated the expression of FceRI in

the human intestinal epithelium and analyzed the role of cell

growth or confluency on receptor expression in intestinal epithelial

cell lines. We observed pronounced FceRI a-chain expression in

73% of colon cancer patients and in 45% with gastrointestinal

inflammations. In vitro experiments revealed only undifferentiated,

subconfluent intestinal epithelial cells to express the a- and c-

chains of FceRI. The functionality of the receptor was evident by

the specific binding of IgE to the FceRI a-chain.

It is easy to speculate that IgE antibodies might contribute to

gastrointestinal inflammatory disorders [4–6]. The expression of

the IgE high affinity receptor in cancer patients could have

beneficial or detrimental effects. On the one hand, IgE antibodies

have been suggested to participate in tumor immunosurveillance

[9]. However, other facts could argue for a role of FceRI in

tumorigenesis. IgE binding to FceRI was previously reported to

both stabilize the receptors on the surface leading to receptor

accumulation [32], but also to enhance survival of FceRI bearing

mast cells by autocrine cytokine secretion and induction of an anti-

apoptotic protein [33]. Additionally, FceRI signaling induces Ras

activity, which in mast cells is associated with cell growth,

differentiation and survival. Similarly, Ras initiates neoplastic cells

proliferation via the inositol (1,4,5) triphosphate 3-kinase and ERK

signaling [34,35]. Therefore, our data on FceRI expression in

colon tumor specimens, as well as in subconfluent, proliferating

cell lines, might reflect a role for this receptor in tumor cell growth

and survival.

It is well known that intestinal epithelial cells express HLA class

II antigens on their surface and therefore are able to function as

antigen presenting cells [36,37]. Interestingly, the cross-linking of

trimeric FceRIac2 expressed on professional antigen presenting

cells [12] by IgE and bound antigen was shown to induce

endocytosis of the complex and uptake into MHC class II-rich

compartments [16]. In this context, in IgE mediated disorders

such as allergy a more enhanced efficiency of antigen-presentation

to T cells was reported [38,39]. Thus, expression of FceRI might

contribute to the antigen presenting function of intestinal epithelial

cells.

It is also possible that intestinal epithelial expression of FceRI

could exert a shuttle function for specific IgE through the intestinal

epithelium. In diseases with elevated levels of IgE antibodies an

increased intestinal transepithelial transport of IgE antibodies has

been demonstrated, resulting in detectable amounts of IgE

antibodies in feces [40]. From animal experiments, it is known

that this IgE transport to the lumen occurs through intact

Figure 4. FceRI positive tissue reveals IgE binding activity. Immunofluorescence staining of serial sections from patient No. 8 revealed IgE
binding in (A) FceRI a-chain (red) positive epithelial cells being incubated with (B) monoclonal NiP-specific humanized IgE antibodies (green). (C)
Negative control with PBS. The blue fluorescence DAPI staining indicates the nuclei. Original magnification 640.
doi:10.1371/journal.pone.0009023.g004

Figure 5. Expression of FceRI a- and c-chain but not b-chain
mRNA in human intestinal epithelial cells. The expression pattern
of the FceRI complex was analyzed by real-time PCR analysis using
specific primers for detection of (A) FceRI a-, b- (not shown), and (B) c-
chain. Target gene expression levels were normalized to the average of
housekeeping genes and are depicted relative to the value of
subconfluent Caco-2/TC7 cells. The values are presented as means +/2
SD (n = 3) from one experiment. The results are representative of two
independent experiments.
doi:10.1371/journal.pone.0009023.g005
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epithelial barrier [41]. To date, only scant information is available

regarding the mechanisms of this transepithelial IgE transport,

even though antibody-binding structures seem to play a defined

role. So far, only CD23 has been implicated in enhanced IL-4

dependent antibody shuttling through the intestinal epithelium

[22,23]. The same IgE/CD23 shuttle mechanism seems to be

responsible for transepithelial food allergen uptake and protect the

antigens from degradation during this transport [24]. Based on the

data presented here, FceRI on enterocytes could contribute to IgE

transfer through the gut epithelium. As no inhibition of IgE

binding was seen in our experiments using anti-CD23 antibodies,

the higher affinity of FceRI to the Fc domain of IgE [10] could

possibly enhance IgE transport.

Upon screening of the intestinal epithelium for FceRI we found

FceRI a- but not c-chain expression at the base of the crypts at the

level of Paneth cells, as suggested by previous work of our group

[42]. Interestingly, intracellular expression and cellular release of

FceRIa was reported for other cell types such as eosinophils [43]

and soluble IgE receptors were found to exert distinct biological

functions such as regulation of IgE production, T cell and

granulocyte maturation and macrophage migration [44]. Thus,

Paneth cells might be of special interest as they contribute

substantially to innate immunity in the intestine [45]. Further,

Paneth cells appear to have a central role in some forms of

inflammatory bowel disease [46]. Paneth cells are primarily present

in small intestinal tissue in healthy individuals. However, metaplas-

tic defensin-5 positive cells were found in the upper gastrointestinal

tract and the diseased colon, and are considered an early marker of

epithelial dysplasia and cancer development [47,48]. In contrast to

the absorptive epithelial cells, which migrate from the crypts to the

top of the villi during their 4–6 days lifespan [49], Paneth cells are

found adjacent to the rapidly dividing pluripotent stem cells. Thus,

alternative maturation signals are crucial for Paneth cell differen-

tiation [50]. Even though real-time PCR analysis revealed the

presence of the FceRI a- and c-chains mRNA in confluent intestinal

cells, only undifferentiated proliferating cells expressed a functional

FceRIac2 as detected by cellular IF staining and Western blot

experiments. This expression was decreased in confluent, differen-

tiated cells. Thus, protein expression of FceRI a- and c-chain in

intestinal epithelial cells might be mainly regulated on the

translational level.

Our data demonstrate that the FceRI a- and c-chains, which

are crucial components of the heterotrimeric FceRIac2 isotype,

are expressed in intestinal epithelial cells of patients with colon

cancer or gastrointestinal inflammation. Although these data do

not elucidate the precise function of FceRI in the intestinal

epithelium, the novel findings suggest that FceRI may contribute

to immunosurveillance or pathophysiology at the intestinal

mucosa.

Materials and Methods

Patient Samples
Four-micron sections of formalin fixed (buffered formalin,

pH 7.5) paraffin-embedded tissue of small intestinal and colon

specimens were investigated. The samples were obtained from

eleven patients with gastrointestinal inflammations and eleven

patients with colon cancer. In each case, mucosa with pathological

changes as well as regular mucosa without any histological signs of

abnormality was investigated. Additionally, sections of biopsies

Figure 6. Abundant surface and cytoplasmatic FceRI a-chain expression only in subconfluent human intestinal tumor cell lines.
Immunofluoresence staining for (A–H) FceRIa is performed in (A, B) subconfluent and (C, D) confluent Caco2/TC7 as well as in (E, F) subconfluent and
(G, H) confluent HCT-8. Triton-X-100 permeabilized (A, C, E, G) and untreated cells (B, D, F, H) were compared. (I–L) Representative control staining in
subconfluent Caco2/TC7 with the (I, J) anti-lamin A/C or (K, L) unspecific murine IgG2b, (I, K) permeabilized or (J, L) untreated. The blue fluorescence
DAPI staining indicates the nuclei. Original magnification 640.
doi:10.1371/journal.pone.0009023.g006
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from four patients without gastrointestinal diseases served for

control purposes. Patient characteristics are summarized in

Table 1. The inclusion of human specimens for the present study

was approved by the ethic’s committee of the Medical University

Vienna (number: 317/2007). The protocol permitted only usage of

numerically coded human tissue sections from therapeutical

interventions. The authors of the study had no access to patients’

data except the information given in Table 1. Thus, the ethic’s

committee of the Medical University Vienna waived informed

consent.

Antibodies
We used the following anti-human primary antibodies in this

study: mouse monoclonal anti-FceRI a-chain (clone CRA1)

purchased from Cosmo Bio (Co., Tokyo, Japan), rabbit polyclonal

anti-FceRI a-chain purchased from Upstate (Lake Placid, NY),

mouse monoclonal anti-defensin-5 (clone 1G11) generated by C.

L. Bevins [47], goat polyclonal anti-FceRI b-chain, goat

polyclonal anti-FceRI c-chain, mouse monoclonal anti-CD23

(clone BU38) and goat polyclonal anti-lamin A/C purchased from

Santa Cruz Biotechnology Inc. (Santa Cruz CA), rabbit

polyclonal anti-FceRI c-chain purchased from Abcam (Cam-

bridge, UK), rabbit anti-keratin 8 purchased from NeoMarkers

Inc (Fremont, CA), mouse monoclonal anti-actin purchased from

Chemicon International, (Millipore, Billerica, MA); human serum

IgE purchased from Alpha Diagnostic Intl. Inc. (San Antonio

TX), humanized murine anti-NiP IgE antibody purchased from

Serotec (Oxford, UK). Non-specific mouse IgG1 and IgG2b

(Jackson ImmunoResearch Laboratories, West Grove, PA), non-

specific goat IgG (Zymed Laboratories San Francisco, CA) and

non-specific rabbit IgG (Serotec, Oxford, England) served as

negative controls. Specific binding of antibodies was detected

using the following secondary antibodies or detection reagents:

goat anti-mouse AlexaFluor 568-conjugated and goat anti-rabbit

AlexaFluor 488-conjugated purchased from Molecular Probes

(Invitrogen, Carlsbad, CA), biotinylated rabbit anti-goat and

FITC-Streptavidin purchased from Dako (Carpinteria, CA),

FITC-labeled donkey anti-goat (Jackson ImmunoResearch Lab-

oratories), FITC-labeled goat anti-human IgE purchased from

Vector Laboratories (Burlingame, CA); HRP-conjugated anti-

rabbit purchased from Amersham Biosciences (GE Healthcare,

UK), HRP-conjugated anti-mouse purchased from Jackson

Immunoresearch Laboratories. 4-hydroxy-3-nitrophenylacetyl

Figure 7. Abundant FceRI c-chain expression and IgE binding in subconfluent human intestinal tumor cell lines. Immunofluorescence
staining of (A, D, G, J) FceRI b- and (B, E, H, K) FceRI c-chain are performed in (A–C) subconfluent and (D–F) confluent Caco2/TC7 and in (G–I)
subconfluent and (J–L) confluent HCT-8. (C, F, I, L) According to the expression pattern of FceRI in the subconfluent cells, IgE binding is observed
exclusively in subconfluent, non-mature intestinal cells. The blue fluorescence DAPI staining indicates the nuclei. Original magnification 640.
doi:10.1371/journal.pone.0009023.g007
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coupled in a ratio of 15:1 to bovine serum albumin (NiP-BSA) was

purchased from Biosearch Technologies (Novato, CA). FITC

labeling of NiP-BSA was performed with the EZ-Label FITC

protein labeling kit (Pierce, Rockford, IL) following the manu-

facturer’s instructions.

Immunohistochemical Staining of Intestinal Tissue
Sections

The IHC staining procedure is described elsewhere [51].

Briefly, sections were deparaffinized and rehydrated. After antigen

retrieval with 10 mM citrate buffer pH 6, the endogenous

peroxidase activity was quenched by exposure to 3% H2O2 in

methanol. Sections were permeabilized with PBS/0.2% Tween,

and unspecific antibody binding was blocked with 5% horse

serum. The primary antibodies used were mouse monoclonal anti-

FceRI a-chain (Cosmo Bio), and mouse monoclonal anti-defensin-

5 (clone 1G11) [47]. Murine IgG1 and IgG2b served as negative

controls. After washing, the sections were further processed with a

Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA)

following the manufacturer’s instructions. Color reaction was

developed with a DAB+ chromogen kit (Dako). After counter-

staining with hematoxylin the sections were dehydrated and

mounted with Eukitt, and then analyzed using a Nikon Eclipse

E400 microscope (Nikon, Vienna, Austria).

Immunofluorescent Double-Staining
Sections were treated as described above with slight modifi-

cations. After antigen unmasking with 10 mM citrate buffer

pH 6 and permeabilization with PBS/0.2% Tween, the sections

were blocked with 5% goat serum. For the FceRI a-chain/

cytokeratin 8 double staining, the first primary antibody applied

was mouse anti-FceRI a-chain (Cosmo Bio) overnight at 4uC.

Mouse IgG2b served as negative control. After washing goat anti-

mouse AlexaFluor 568 was applied for 1 h. After washing and

blocking again with 5% goat serum, the second staining was

performed using rabbit anti-keratin 8 as the second primary

antibody (or rabbit IgG as negative control) for 1 h. After

washing, goat anti-rabbit AlexaFluor 488 secondary antibody

was applied for 1 h. For the double-staining of FceRI a-chain

with FceRI b- or c-chain the first primary antibody applied was

goat anti-FceRI b- or c-chain overnight at 4uC after blocking

with 5% rabbit serum. Goat IgG was used as negative control.

After washing the sections were incubated with biotinylated

polyclonal rabbit anti-goat Ig for 30 min at 37uC. The sections

were again washed and incubated with FITC-Streptavidin for

30 min at room temperature. After washing and blocking again

with 5% goat serum, the second staining was performed using the

mouse anti-FceRI a-chain as the second primary antibody (or

mouse IgG2b as negative control) for 1 h. After washing goat

anti-mouse AlexaFluor 568 was applied for 1 h. The sections

were washed and counterstained with 49,6-Diamidino-2-pheny-

lindole 0.1 mg/ml (Molecular Probes). Afterwards, sections were

mounted in Vectashield medium (Vector Laboratories) and

investigated in a Zeiss Axioplan 2 microscope (Carl Zeiss

Göttingen, Germany).

Human IgE Binding in Intestinal Tissue Sections
For IgE binding experiments, human intestinal sections were

cleared in xylene, rehydrated and subjected to heat-mediated

antigen retrieval as described above. Residing antibodies were

stripped by low pH treatment, and unspecific binding sites were

blocked with 5% BSA/PBS for 30 min. To block IgE binding to

Galectin and CD23, a-Lactose 25 mM and anti-CD23 (clone

BU38) were applied overnight at 4uC. Thereafter, slides were

incubated with 10 mg/ml NiP-IgE, serum IgE or PBS for 2 h at

37uC. For controls, either 5 mg/ml FITC-labeled IgG or dextran

in PBS/1% BSA were incubated overnight at 4uC under light

protection. The sections were then incubated with either FITC-

labeled NiP-BSA (NiP-IgE) or goat anti-human IgE (NiP-IgE and

serum IgE). The sections were further processed for IF or IHC

analysis as described above. Only the results generated with NiP-

IgE/FITC-labeled anti-human IgE are shown.

Cell Culture
All cell culture media were supplemented with 10% heat

inactivated FCS (PAA Laboratories, Pasching, Austria), 4 mM

glutamine, 100 IU/ml penicillin and 100 mg/ml streptomycin if

not explicitly stated. The human adenocarcinoma cell line HCT-8

(originating from the ileocecal region) (kindly provided by Gerhard

Hamilton, Department of Surgery, Medical University Vienna,

Vienna, Austria) was grown in RPMI 1640 supplemented with

10% FCS (PAA Laboratories, Pasching, Austria) and 4 mM

glutamine. The human colon adenocarcinoma cell line Caco-2

clone TC7 (Caco-2/TC7) (kindly provided by Monique Rousset,

INSERM, Paris, France) was grown in Dulbecco modified

Figure 8. Western blot analysis reveals FceRI in human
intestinal tumor cell lines. (A) FceRI a-chain and (B) FceRI c-chain
expression is investigated in Caco2/TC7 and HCT8 subconfluent and
confluent cell lines. In all experiments RBL cells transfected with the
human FceRI receptor served as positive controls and the protein
expression signal was normalized to the expression of house-keeping
protein actin.
doi:10.1371/journal.pone.0009023.g008
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minimal essential medium + GlutaMAX-II with high glucose

(4500 mg/ml), supplemented with 1% non-essential aminoacid,

10 mM HEPES. Cells were used at subconfluent stage (60%

confluence) or 10 days after confluency. For all experiments RBL-

SX38 cells which are transfected with the complete human FceRI

(kindly provided by Jean-Pierre Kinet, Harvard Institute of

Medicine, Boston, MA) and human HMC-1 mast cells (kindly

provided by Joseph H. Butterfield, Mayo Clinic, Rochester, MN)

served as a positive control. RBL-SX38 cells were cultured in

RPMI 1640 medium, HMC-1 cells were grown in IMDM.

RNA Isolation, Reverse Transcription and Real-Time PCR
Analysis

Total RNA was isolated from subconfluent and confluent

human Caco-2/TC7 and HCT-8 intestinal cell lines by using the

RNeasy RNA isolation Kit (Qiagen, Vienna, Austria), including

on-column DNase digest following the manufacturer’s instruction.

RNA integrity was analyzed by agarose gel electrophoresis. RNA

concentration and purity was determined using a Biophotometer

(Eppendorf, Hamburg, Germany). RNA isolated from HMC-1

and RBL-SX38 cells was used as a positive control for evaluation

of target gene (human FceRI a-, b-, and c-chain) expression. Two

mg of total RNA were transcribed into cDNA using the High

Capacity cDNA Reverse Transcription Kit (Applied Biosystems,

Vienna, Austria).

Expression analysis was performed by real-time PCR on a

StepOne Plus real-time PCR system (Applied Biosystems). The

analysis was carried out with a two step protocol starting with 20

seconds at 95uC, followed 40 cycles of 1 second at 95uC and

subsequent 20 seconds at 60uC. In all experiments triplicates were

set up containing the POWER SYBR Green PCR Master Mix

(Applied Biosystems) reagent. Primers were designed using

‘‘Primer Express 2.x’’ software (Applied Biosystems) and span,

when possible, exon–intron boundaries to avoid signals from

contaminating genomic DNA. The forward (fwd) and reverse (rev)

primers consist of the following sequences: beta Actin fwd:

tggctcccgaggagcac, rev: ccttaggtttctgagggactgcta; RPLP0 fwd:

cctcatatccgggggaatgtg, rev: gcagcagctggcaccttattg; FceRIa fwd:

catggaatcccctactctactgtgt, rev: ccttaggtttctgagggactgcta; FceRIb
fwd: gagaaatgcaacatatctggtgagag, rev: aggttgatgatcaggatggtaattc;

FceRIc fwd: caagtgcgaaaggcagctataa, rev: tgctcaggcccgtgtaaac.

Based on melting curve analysis no primer–dimers were

generated during the PCR amplification. For relative quantifica-

tion, data were analyzed by DDCT method using ‘‘StepOne

software 2.0’’ (Applied Biosystems). Expression levels of target

genes were normalized to the average of house keeping genes,

beta-actin and RPLP0, and are shown relative to the value of

subconfluent Caco-2/TC7.

Cell Immunostaining
Cells grown on glass cover slips were fixed for 20 min in 3%

paraformaldehyde. After washing, the cells were incubated for

15 min with 50 mM NH4Cl to reduce spontaneous fluorescence.

Unspecific binding sites were subsequently blocked by incubating

cells with 5% goat serum. Cells were treated with mouse

monoclonal anti-FceRI a-chain (clone CRA1), goat polyclonal

anti-FceRI b-chain or goat polyclonal anti-FceRI c-chain (Santa

Cruz Biotechnology Inc.) overnight at 4uC. Unspecific Mouse

IgG2b or goat IgG were used as negative control. After washing

the cells incubated with anti-FceRI a-chain were treated with goat

anti-mouse AlexaFluor 568 for 1 h. The cells incubated with anti-

FceRI b-chain or anti-FceRI c-chain were treated with biotiny-

lated polyclonal rabbit anti-goat Ig for 30 min at 37uC followed by

FITC-Streptavidin for 30 min at room temperature. For the

cellular IgE binding assay a blocking step with anti-CD23

antibodies (clone BU38) applied overnight at 4uC was followed

by incubation with 10 mg/ml NiP-IgE, serum IgE or PBS for 2 h

at 37uC. The cells were then incubated with either FITC labeled

NiP-BSA (NiP-IgE) or anti-human IgE antibodies (NiP-IgE and

serum IgE). The cells were further processed for immunofluores-

cence analysis as described above. Only the experiments

conducted with NiP-IgE/FITC labeled anti-human IgE are

shown.

To analyze for membranous or total expression of FceRI a-

chain, cells were either permeabilized with 0.2% Triton-X-100 for

30 min, or left with PBS. Goat anti-lamin A/C antibody was used

as positive control.

Cell lysate and Western Blotting Analysis
Total protein cell extract and western blot analysis was

performed as described before [52]. Briefly, after washing cells

were homogenized in 1 ml lysis buffer (10 mM TRIS pH 7.4

containing 1% SDS). The lysate was boiled for 5 min, centrifuged

at 1000 g, and then stored at 280uC. Equal amounts of protein

were separated by 12% SDS-PAGE and blotted to a nitrocellulose

membrane. Nonspecific binding sites were blocked with dried

milk powder in PBS/0.1% Tween. The antibodies used were

rabbit polyclonal anti-FceRI a-chain (Upstate), rabbit polyclonal

anti-FceRI c-subunit (Abcam), or mouse monoclonal anti-actin.

As secondary antibodies HRP-conjugated anti-rabbit antibody

(Amersham Biosciences) or HRP-conjugated anti-mouse antibody

(Jackson Immunoresearch Laboratories) were used. Bands were

detected with the SuperSignal CL-HRP Substrate system (Pierce,

Rockford, IL) and quantified by densitometry (EasyWin, Herolab,

Wiesloch, Germany).
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