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Abbreviations 

 

BFB bromophenol blue 

BSA bovine serum albumin 

CCD cross-reactive carbohydrate determinant 

DTT  dithiothreitol 

EDTA  ethylenediaminetetraacetic acid 

ELISA  enzyme linked immunosorbent assay 

HRP  horseradish peroxidase 

IAA  iodoacetamide 

IgE  immunoglobulin E 

LMW  low molecular weight 

MALDI-TOF   matrix assisted laser desorption/ionization – time-of-flight 

PMT  photo multiplier tube 

SDS-PAGE sodium dodecyl sulfate – polyacrylamide gel electrophoresis 

TBS  Tris-buffered saline 

WHO  World Health Organization.  
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Abstract 

 

 

Cross-reactions between IgE against grass pollen and foods are a cause of major concern in 

the diagnosis and treatment of allergic reactions. Those reactions can be caused by both 

proteins and sugar residues sitting on the proteins. This study aims to illuminate homologic 

allergens between timothy grass pollen and wheat flour. Thirty allergic patients from Spain 

and Italy were selected according to their allergy profiles: allergic to timothy pollen, allergic 

to timothy pollen and sensitized to wheat flour, or allergic to wheat flour. Sera from these 

patients were tested with the ImmunoCAP system. Selected sera from wheat sensitized 

patients were tested for cross-reactivity by performing Western blots on a two-dimensionally 

separated wheat extract. Spots emerged in a unique consistent pattern not shared by wheat 

allergic patients. Spots were analyzed by MALDI-TOF MS. Alpha-amylase inhibitor, beta-

amylase, beta-glucosidase, methionine synthase, globulin 3 and beta-D-glucan exohydrolase 

were identified. Three of these, globulin 3, beta-glucosidase and methionin synthase were not 

previously reported to have allergenic properties. This might prove useful in establishing the 

mechanisms of allegen cross-reactivity. 
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Introduction 

Allergies, or type I hypersensitivity reactions, are common disorders of the immune system.  

In many cases of allergy, a massive inflammatory response is caused by activated mast cells 

and basophiles. These cells are activated by immunoglobulin E (IgE) which recognizes and 

binds to a normally harmless molecule. This allergy causing agent is called an allergen, and 

the region bound by the antibody is called an epitope. The inflammation can manifest itself as 

a variety of symptoms, such as asthma, rhinoconjuctivitis, oral allergy syndrome, dermatitis, 

abdominal pain or even anaphylactic shock [1]. It is believed that IgE antibodies are 

responsible for combating parasitic infections [2]. This is corroborated by the observation that 

while people from developing countries have high levels of total IgE, they are rarely allergic. 

On the other hand, improved hygiene and advanced healthcare in the West have almost 

completely eradicated such parasites. Having their main target removed, IgE antibodies are 

left idling and can sometimes react strongly to something relatively harmless. This, among 

other risk factors, would account for the rising of allergies in the industrialized countries [3]. 

 

Clinical tests have established that many people with complaints about a certain allergy are 

often allergic or have elevated IgE levels against other allergens as well [4]. For example, 

allergy towards timothy grass (Phleum pratense) pollen is often accompanied by sensitivity to 

wheat flour [5]. This is probably caused by cross-

reactions, i.e. by an antibody binding to similar 

epitopes in different allergens. Such cross-reactions 

can be helpful in establishing which components 

and which epitopes are involved in the allergic 

response [6]. Sometimes the cross-reaction does not 

target the proteins themselves, but involves glycans 

[7] (Figure 1). It is debatable whether these sugar 

moieties, called CCD, are clinically relevant, but for 

now clinical evidence suggests this to be true [8]. 

This knowledge could then be used when designing 

accurate diagnostic tests and effective vaccines.  

 

The common wheat (Triticum aestivum) is one of the most widely grown food crops 

worldwide. However, many people are allergic to it [9]. Furthermore, wheat is one of the six 

foods (the other five being hen’s egg, cow’s milk, peanuts, soy and fish) responsible for more 

than 90 % of all allergies in children [10]. What makes the situation even more complicated is 

that wheat allergies are very difficult to predict. IgE level measurements are rarely 

informative. Sometimes even low titers of IgE can cause an allergy, and in other cases very 

high levels do not give clinical symptoms. Oral food challenges are also risky, since they are 

accompanied by a risk of severe induced reactions [11]. Development of other in vitro tests is 

underway, but there is still work to be done. 

 

Wheat allergens can be divided into four groups based on how they are extracted: water-

soluble albumins, salt-soluble globulins, alcohol-soluble gliadin monomers and high and low 

molecular weight glutenin subunits [12,13]. This division is not strict, since small amounts of 

glutenin or gliadin may be present in water or salt soluble fractions, and vice versa. The term 

gluten refers to the combined glutenin and gliadin fractions. In some diagnostic tests, only the 

albumins and globulins are available, leaving potential allergen candidates undetected.  

 

Figure 1. MUXF3, a cross-reactive 

carbohydrate determinant 
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Phadia AB is a Sweden based biotechnology company which specializes in producing reliable 

IgE measurement tests designed to facilitate diagnosis of allergies and autoimmune 

conditions. They have continuously ongoing research aiming to develop and improve new 

tests, which can be used by diagnosticians worldwide. The current degree project is part of an 

effort to improve the existing wheat allergy tests. In order to do so, cross-reaction inducing 

allergenic components have to be identified.  

 

One of the main products of Phadia AB is the ImmunoCAP test. Essentially, it is very much 

like a sandwich ELISA test. The allergens are coupled to a special ImmunoCAP solid phase. 

To this solid phase, patient serum containing IgE is added. Then, a conjugate (anti-IgE 

coupled to beta-galactosidase) recognizes the patient antibodies that have bound to the 

allergen. When a substrate is applied, the beta-galactosidase cleaves it, thereby producing a 

fluorescing signal. The strength of the signal is measured and the concentration of IgE against 

the particular allergen is calculated. The WHO has defined a standard mass unit for total IgE. 

It has been shown that one unit (U) equals 2.42 ng IgE. The results from ImmunoCAP tests 

are reported as kUA/l (allergen specific kilounits per litre).  

 

 

Materials and methods 

 

Patient selection 

Sera from thirty individuals from Castillon, Spain, and Pescara, Italy, were chosen and 

separated into three groups of ten according to their allergy profiles (See Appendix 1). The 

first group consisted of individuals which were allergic to timothy grass pollen but not 

sensitized to wheat. The second group was comprised of people who were both timothy pollen 

allergic and sensitized to wheat flour (i.e. had IgE against wheat, but no clinical symptoms for 

it). The last group consisted of patients allergic to wheat flour. All patients had five-digit code 

identities. Their age interval was from 14 to 70 years, with the average age being 32 years. 

Their symptoms ranged from rhinoconjuctivitis, asthma, urticaria and oral allergy syndrome, 

to angioedema, atopic dermatitis and even anaphylaxis. Additionally, a negative control 

serum pool, a wheat allergic patient from the USA and a timothy allergic wheat sensitized 

patient from Sweden were used as controls.  

 

ImmunoCAP 

The ImmunoCAP is a small plastic carrier which contains a hydrophilic highly branched 

cellulose derivative. To this matrix, allergens are coupled before running the actual test. The 

branched structure of the resin binds allergens irreversibly but maintains their native structure. 

When a CAP is dispensed, it is pre-washed and then dried by suction in order to remove all 

loose components and the glycerol-containing storage buffer. Since the absorbing capacity of 

the CAP is 40 µl, it is crucial that all residual liquids are sucked away after every washing 

step. After washing, 40 µl sample are dispensed to the ImmunoCAP and incubated for 30 

minutes at 37°C. Following incubation, the ImmunoCAP is washed with at least 25 volumes 

washing solution. This is critical, since residual unspecific IgE will corrupt the measurement. 

Next, 50 µl of conjugate (β-galactosidase coupled anti-IgE) are added and the CAP is 

incubated for 24 minutes at 37°C. The unbound conjugate is washed away with 3x25 volumes 

washing solution. The better the washing, the lower the background is when measuring 

fluorescence. Finally, 50 µl 4-methylumbelliferyl-beta-D-galactoside are added and incubated 

for 9 minutes at 37°C. During that time, the substrate is cleaved and the fluorescing product 4-

metylumbelliferon is released. The reaction is stopped by adding basic stop solution, 

3x200 µl, and the fluorescing product is eluted. The fluorescence is measured and the values 



8 

 

are converted to concentration according to a standard curve. In this study, values lower than 

0.35 kUA/l are considered negative for a particular allergen. If a sample has a response above 

100 kUA/l, it has to be diluted, since that is the highest point of the calibrating standard curve. 

The whole assay takes around 1.5 hours in an ImmunoCAP 250 apparatus. 

 

Specific IgE for all patients was measured on ImmunoCAP 250, Phadia, Uppsala, Sweden. 

The allergens tested against were wheat flour water/salt soluble extract, whole timothy grass 

pollen extract, gluten, gliadin, nPhl p 4 (native major timothy allergen, a 55 kDa basic 

glycoprotein with oxidoreductase and FAD binding activities), rPhl p 6 (recombinant timothy 

allergen, a 12 kDa protein), timothy grass profilin (an actin binding 14 kDa protein found in 

many plants) and MUXF3 sugar moiety from bromelin as a cross-reactive carbohydrate 

determinant (CCD). 

 

 

Allergen extraction 

Ten grams of timothy grass (Phleum pratense) pollen were mixed into 100 ml extraction 

buffer (0.1 M Na2HPO4, 15 mM KH2PO4) and incubated with agitation for 2 hrs at 4°C. The 

mixture was then centrifuged at 5000 xg for 15 minutes at 4°C. After centrifugation, the 

supernatant was collected and filtered through a “sandwich” of filter paper sheets: 5 + 00H + 

5,  = 50 mm, (Munktell, Sweden) using a Büchner filtering apparatus (Millipoer). The 

filtrate was filtered again through a 0.45 µm filter (Millipore), aliquoted into 10 ml portions 

and stored at -20°C. 

 

Allergen coupling and inhibition 

For inhibition studies, allergen extracts were coupled to CNBr activated Sepharose 4B (GE 

Healthcare), according to manufacturer protocol [14]. The extracts underwent buffer 

exchange to 0.1 M NaHCO3, pH 8.3 on a PD-10 column (GE Healthcare). For timothy grass 

pollen, 10 ml of extract were concentrated to 3.5 ml using an Amicon pressure cell filter type 

PLCC (Millipore) and coupled to 1 g CNBr activated sepharose. For CCD, 2 ml 0.56 g/l were 

coupled to one gram of sepharose without concentrating and the buffer exchange was 

performed on a NAP-10 column (GE Healthcare). One gram dry sepharose gave 

approximately 5 ml coupled gel. The gel resin was stored at +4°C in 10 mM Na2HPO4, 0.05 

% NaN3. Incubations were performed by adding the chosen amount gel to 500 µl serum and 

incubating for one hour at room temperature with end-over-end rotation. In order to determine 

the optimal gel amount for complete inhibition (i.e. response levels reach a plateau at values 

lower than 0.35 kUA/l), test inhibitions with varying amounts of gel were made. Results were 

verified using ImmunoCAP. 

 

SDS-PAGE electrophoresis 

Wheat extract proteins were separated using pre-cast ExcelGel 2D Homogeneous 12.5% gels 

(GE Healthcare) on a MultiPhor electrophoresis cooling plate. Three milligrams freeze-dried 

wheat extract were dissolved into 1 ml sample buffer (50 mM Tris, 1% SDS, 1 mM EDTA-

Na2, 0.01 % BFB, 26 mM DTT). The sample was heated at 95°C for 5 minutes and was 

centrifuged at 13 000 xg for 5 minutes. Electrophoresis was run at 600 V, 50 mA, 30 W.  

 

For 2D electrophoresis, isoelectric focusing was performed using an Immobiline DryStrip, 

7 cm pH 3-10 NL (GE Healthcare), with 10 hours of rehydration at room temperature prior to 

focusing. Three milligrams freeze-dried wheat extract were dissolved into 2 ml rehydration 

buffer (7 M urea, 2 M tiourea, 2 % CHAPS, 0.002 % BFB, 18 mM DTT, 0.5 % IPG buffer 

pH 3-10 NL). From this solution, 125 µl were pipetted into an Ettan IPGphor strip holder. The 



9 

 

Immobiline DryStrip was immersed in the rehydration solution, avoiding bubbles. The strip 

was covered by adding 700 µl Immobiline Dry Strip Cover Fluid. The strip was rehydrated 

for 15 hours at room temperature and then focused according to the manufacturer’s 

recommendations. After focusing, the strip was equilibrated for 15 minutes in 10 ml SDS-

equilibration solution (75 mM Tris-HCl, 6 M urea, 30 % glycerol, 2 % SDS, 0.002 % BFB) 

with 1 % DTT, and then for 15 more minutes in 10 ml SDS-equilibration solution with 2.5 % 

w/v IAA. Subsequently, the strip was placed at the anode end of a pre-cast ExcelGel 2D 

Homogeneous 12.5% gel. The second dimension SDS-PAGE was performed using the pre-

cast gels, first for 40 min at 120 V, 20 mA, 30 W, and then for 60-65 min at 600 V, 50 mA, 

30 W.  

 

When separating proteins for analysis with MALDI-TOF, higher concentrations of the protein 

were needed. To prevent uneven separation due to too much protein in the gel, first dimension 

isoelectric focusing was performed on an 18 cm Immobiline DryStrip pH 3-10 NL (GE 

Healtcare) with a four times more concentrated extract. The strip was rehydrated for 11 hours 

and focused according to manufacturer’s protocol. 

 

Gel staining 

Colloidal Coomassie Brilliant Blue G-250 was used (Candiano et al., 2004) for gel staining. 

After electrophoresis, the gel was immersed in fixing solution (40 % v/v ethanol, 10 % v/v 

acetic acid) for three hours with gentle agitation. The gel was then washed and incubated at 

room temperature in Colloidal Coomassie solution (0.12 % w/v CBB G-250 dye, 

10 % (NH4)2SO4, 10 % H3PO4, 20 % CH3OH) with gentle shaking overnight. On the next 

day, the gel was rinsed with water and immersed in destaining solution (5 % w/v (NH4)2SO4, 

10 % v/v CH3OH) for 20 minutes, and then for 20 more minutes in destaining solution mixed 

1:1 with water.  

 

For silver staining a Hoefer Automated Gel Stainer was used, with the following program: 

40 % v/v C2H5OH, 10 % CH3COOH 30 min 

40 % v/v C2H5OH, 10 % CH3COOH 15 min 

20 % v/v C2H5OH    5 min 

Water   10 min 

0.02 % (w/v) Na2S2O3    1 min 

Water     1 min 

Water     1 min 

0.2 % AgNO3, 0.01 % (v/v) HCHO 10 min 

Water   12 sec 

0.01% M Na2CO3, 0.01 % HCHO, 0.004 % Na2S2O3 12 min or until sufficiently stained 

0.41 M Tris, 2 % v/v CH3COOH  10 min 

Water      5 min 

 

Western blot and nitrocellulose staining 

For Western blot, a NovaBlot kit (GE Healthcare) was used. Six sheets of electrode paper 

(25x10 cm) were soaked in anode solution I (0.3 M Tris, 20 % methanol) and laid on the pre-

soaked NovaBlot anode plate. These were followed by 3 sheets soaked in anode solution II 

(0.025 M Tris, 20 % methanol). The gel was incubated for 7 minutes in anode solution I and 

was then separated from the plastic support by a FilmRemover (GE Healthcare). A 25x10 cm 

sheet of nitrocellulose membrane was soaked in anode solution II laid on the gel. After 

marking the mobility front on the membrane, the membrane-gel-support sandwich was laid on 

the soaked electrode paper with the nitrocellulose facing down. The film was removed and 9 
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sheets of electrode paper were soaked in cathode solution (0.04 M 6-aminohexanoic acid, 20 

% methanol) and laid on the gel. The cathode plate was put in place and blotting was 

performed at 10 V, 200 mA, 5W for 1 hour. 

 

For nitrocellulose membrane staining and temporary visualization, a MemCode Reversible 

Protein Stain Kit was used. For permanent staining, the membrane was stained in amido black 

10B (0.1 % amido black in 40 % methanol, 10 % acetic acid) for 15 minutes. The background 

was destained in 25 % methanol, and 10 % acetic acid overnight.  

 

Immunodetection 

For 1D immunodetection, ECL Plus Reagent (GE Healthcare) was used. The nitrocellulose 

membrane was immersed with the protein face up in blocking buffer (0.05 M phosphate, 0.9 

% w/v NaCl, 0.3 % Dextran T10, 0.1 % Tween 20). The membrane was incubated for one 

hour at room temperature with agitation. Patient sera were used as primary antibody source. 

The sera were diluted in blocking buffer to a final concentration of the antibody of interest of 

2 kUA/l and added to the membrane. The membrane was incubated overnight at room 

temperature with agitation. On the next day, the membrane was washed 3x5 minutes with 

0.9 % NaCl, 0.5 % Tween 20. Mouse anti-IgE coupled to HRP, diluted in blocking buffer to a 

final concentration of 10 ng/ml, was added and incubated for 3 hours at room temperature 

with agitation. Next, the membrane was washed 3x5 minutes with 0.9 % NaCl, 0.5 % Tween 

20, followed by 2x5 minutes 0.9 % NaCl. ECL Plus Western Blotting Detection Reagents 

were added. The volume ratio used was 0.1 ml/cm
2
 and the membrane was incubated in the 

dark for 5 minutes. Finally, the membrane was scanned in a Fluorescence Scanner Typhoon 

9410 (Amersham). A 457 nm laser was used, with PMT value varied between 450 and 600 V, 

depending on the results. 

 

For 2D immunodetection, an ECL Advance Western Blotting Detection Kit (GE Healthcare) 

was used. The nitrocellulose membrane was blocked in ECL Advance Blocking Reagent, 

dissolved to 2% w/v in TBS, 0.1 % v/v Tween 20. The sera were diluted in Blocking Reagent 

so that the final concentration of the antibody of interest was between 0.02 and 0.1 kUA/l and 

added to the membrane to a volume of 0.1 ml/cm
2
. The membrane was incubated overnight at 

room temperature with agitation. On the next day, the membrane was washed 3x5 min in 

TBS-0.1 % Tween. Mouse anti-IgE-HRP was diluted in ECL Advance Blocking Reagent to a 

final concentration of 10 ng/ml and was added to the membrane at a volume of 0.1 ml/cm
2
. 

After incubating for 3 hours at room temperature with agitation, the membrane was washed 

3x5 minutes in TBS-0.1% Tween, followed by 2x5 minutes in TBS. ECL Advance Western 

Blotting Reagents were added to a volume of 0.1 ml/cm
2
 and the membrane was incubated in 

the dark for 5 minutes. The membrane was then mounted on a sheet of plastic in an exposure 

cassette where a photographic film was exposed to the luminescence. The film was developed 

for 2.5 minutes in development solution G153 (AGFA), fixed for 3.5 minutes in fixing 

solution G354 (AGFA), and finally washed with water for at least 10 minutes. 

 

Just after the proteins were transferred from the SDS-PAGE gel to the nitrocellulose 

membrane, the latter was temporarily stained using the MemCode Reversible Protein Stain 

Kit. This image was scanned, and the membrane was destained and incubated with antibody. 

After the immunodetection, the film exposed to the nitrocellulose membrane was scanned as 

well. The two images were laid on each other with the goal to use the spots on the film in 

order to identify the corresponding spots on the 2D electrophoresis gel. In the later stages of 

the project, a specifically written algorithm was used to identify the molecular weight and the 
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isoelectric point of the chosen spots (courtesy of Peter Olsson, Phadia AB). The chosen spots 

were excised from the gel and prepared for mass spectrometry.  

 

Tryptic protein digestion and MALDI-TOF MS 

A Coomassie-stained gel was washed 2x10 minutes in Mili-Q water. With the help of pipette 

tips with a cut off end, gel pieces were picked and transferred to 500 µl Eppendorf tubes. The 

gel pieces were washed in 8 µl 50 mM NH4HCO3/acetonitrile 1+1 (v/v) for 15 minutes. After 

the wash, the liquid was pipetted away and the gel particles were covered with 8 µl 

acetonitrile. They shrunk immediately, the acetonitrile was removed and the gel was 

rehydrated for 5 minutes in 4 µl 50 mM NH4HCO3. Four microliters acetonitrile were added 

and the samples were incubated for at least 15 minutes at room temperature with shaking. 

Next, the gel particles were washed with 8 µl 50 mM NH4HCO3/acetonitrile 1+1 (v/v) for 15 

minutes. The liquid was removed and the gel was again covered with 8 µl acetonitrile. The gel 

pieces shrunk and the acetonitrile was removed. The gel bits were dried in a vacuum 

centrifuge and then covered with 4 µl freshly prepared enzyme solution, 25 mM NH4HCO3 

with 5 ng/ml trypsin. The samples were incubated overnight at 37°C. 

 

On the next day, the samples were sonicated for 10 minutes in a sonicator bath. Fresh matrix, 

a saturated solution of cinnamic acid in acetonitrile, was prepared. Then, all liquid was placed 

on a 384 spot MS plate. Between the spots on the plate, 0.5 µl peptide calibration standards 

were placed. All samples were air-dried at 37°C and covered with the matrix. The samples 

were then submitted for MALDI-TOF mass spectrometry, done on an Autoflex II, Bruker 

Daltonics. Where possible, the results from the initial analysis were verified by a MALDI-

TOF-TOF, focusing on the previously found peptides. 

 

MicroSpot assay 

In the Phadia MicroSpot assay, different proteins are placed on a strip of nitrocellulose fixed 

to a microscopy glass slide and specific IgE binding to them can be detected. Prior to the 

assay, the strips were washed by placing 30 µl wash buffer N11:3 (100 mM phosphate pH 

7.5, 0.45 M NaCl, 0.5 % Tween 20, 1 % sucrose, 3 % BSA, 0.05 % sodium azide, 0,05 % 

bovine gamma-globulin) at one end and a thick piece of filter paper on the other. The 

capillary forces drained the drop of buffer and drove the liquid through the nitrocellulose and 

into the filter. Immediately after the very last bit of liquid was absorbed into the membrane, 

30 µl of the samples were applied. Again after the liquid was absorbed, 30 µl wash buffer was 

added. This was followed by adding 20 µl 50 µg/ml anti-IgE coupled to the fluorophore 

FarRed. The membrane was washed with 2x30 µl wash buffer and air-dried overnight in the 

dark. On the next day, the glass slide was scanned in a GenePix 4000B scanner (Amersham), 

with laser wavelength 670 nm, PMT 450, laser power at 33%. This assay was used to verify 

some of the results obtained by mass spectrometry. 

 

 

Results 

 

ImmunoCAP 

Sera from 30 patients from Spain and Italy were tested with ImmunoCAP against 8 different 

allergens: wheat, timothy grass pollen, Phl p 4, Phl p 6, gluten, gliadin, timothy grass profilin 

and MUXF3 (sugar moiety from bromelin, a CCD). The patients were divided in three groups 

of 10: allergic to timothy pollen, allergic to timothy pollen and sensitized to wheat, and 

allergic to wheat. Additionally, sera from one wheat allergic patient from the USA and from 

one patient from Sweden that was allergic to timothy pollen and sensitized for wheat flour 
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were used as controls. The patients from the first group had predictably low levels of IgE 

against wheat, with maximal value of 0.38 kUA/l (See Appendix 2), no clear trend could be 

established between symptom prevalence and antibody titers in the second and third group. 

An individual who had no clinical symptoms for wheat allergy had anti-wheat IgE levels at 

10.19 kUA/l, while an individual who develops urticaria from wheat, had serum levels of anti-

wheat IgE of mere 0.57 kUA/l.  

 

Inhibition studies 

The sera from the second group were inhibited with timothy pollen extract coupled to CNBr-

activated sepharose. A preliminary test curve showed optimal inhibition volume of 150 µl 

extract-coupled sepharose to 500 µl serum. (Figure 2A, B) The sera were incubated for one 

hour with rotation and were then tested with ImmunoCAP against timothy pollen and wheat. 

Five of them, namely 50422, 51019, 51021, 54214 and 54231 showed that taking away the 

timothy pollen specific antibodies decreased their response against wheat to a value 

considered negative for the test (Table 1A, Figure 3). 

 

The other five, however, needed a lot more sepharose-coupled timothy extract for complete 

inhibition of timothy IgE. All of them became negative after adding 550 µl gel per 500 µl 

serum, except serum 54240, which needed 900 µl per 500 µl serum (Table 1B). 
 

After establishing that there were indeed cross-reactive antibodies in the sera, three of these 

five were inhibited with a CCD. The optimal inhibition volume was established at 100 µl 

CCD-coupled sepharose to 500 µl serum (Figure 2C). Following inhibition, the sera were 

tested again with ImmunoCAP. All samples showed negative for CCD, and one of them 

(50422) was even negative for wheat, meaning that the cross-reaction was due almost solely 

to CCD (Table 1C). The results were verified with a 1D Western blot using the ECL Plus 

detection (GE Healthcare) combined with a Typhoon laser scanner (Figure 4). There seems to 

be a repetitive pattern in the analyzed sera. For sample 50422, the response almost disappears 

when inhibited with CCD. On the contrary, sample 51214 shows almost no reduction in band 

amount or intensity. It was this serum that most of the work was focused on. 

 

The sera with highest IgE levels against gluten and gliadin, 50422, 51034 and 54240, were 

inhibited with timothy pollen extract and tested with ImmunoCAP to see whether there was 

any cross-reactivity caused by these protein fractions. All resulting IgE values were negative 

for gluten and gliadin (Table 1D) indicating that proteins from these fractions are involved in 

cross-reactions. 
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Table 1. Inhibition of the patient sera with either timothy pollen extract or CCD extract bound to 

CNBr-activated sepharose 
A) Inhibition of patient sera with timothy extract

a
 

reduced the wheat antibody levels in all patients 

   Inhibited (kUA/l)   

Non-inhibited 

(kUA/l) 

  Wheat Timothy  Wheat Timothy 

50422 0.07 0.18  6.61 9.96 

50674 2.73 1.34  3.36 11.52 

51015 0.99 0.30  2.27 1.06 

51019 0.09 0.07  0.27 3.57 

51021 0.12 0.08  0.45 6.80 

51027 0.19 0.71  2.10 48.90 

51034 0.57 0.92  2.15 68.22 

51214 0.02 1.17  1.79 70.17 

54231 0.09 0.31  0.38 20.36 

54240 1.93 1.47   2.06 118.62 
a 
Inhibition volume was 150 µl timothy extract 

coupled gel per 500 µl serum 

 

 

 

 

  

  

 

B) Inhibition of patient sera with 

large amounts of timothy coupled gel 

Amount gel per 500 µl serum 

 0 µl 250 µl 550 µl 

50674 9.44 0.51 0.17 

51015 1.20 0.29 0.15 

51027 34.32 0.34 0.18 

51034 77.52 0.75 0.26 

54240 87.12 0.80 0.14
a 

a 
Serum 54240 was inhibited with 

900 µl serum 

C) Inhibition of patient sera with CCD extract
a
 

reduced the wheat antibody levels 

  Inhibited (kUA/l)   

Non-inhibited 

(kUA/l) 

  Wheat CCD  Wheat CCD 

50422 0.17 0.06  8.04 5.35 

51021 0.55 0.03  1.10 0.17 

51214 0.93 0.02   2.34 0.14 
a
 Inhibition volume was 100 µl CCD extract coupled 

gel per 500 µl serum 

D) Sera inhibited with timothy extract
a
 tested against 

gluten and gliadin 

  Inhibited (kUA/l)   

Non-inhibited 

(kUA/l) 

  Gliadin Gluten   Gliadin Gluten 

50422 0.04 0.05  1.56 0.56 

51034 0.07 0.36  0.80 0.74 

54240 0.06 0.18  0.22 0.35 
a 
Inhibition volume was 150 µl timothy extract coupled 

gel per 500 µl serum 

Figure 2. Optimizing the inhibition studies by increasing the amount of allergen bound CNBr-activated 

sepharose.  A) A serum with low IgE levels against timothy was incubated with varying amounts of gel 

coupled timothy extract and thereafter analyzed for IgE against timothy or wheat using ImmunoCAP. 

Plateau occurs at 150 µl gel per 500 µl serum. B) A serum with high IgE levels against timothy was 

incubated under the same conditions as in A. Plateau occurs at 150 µl gel per 500 µl serum. C) A serum with 

high IgE levels against CCD was incubated with varying amounts of gel coupled CCD extract and thereafter 

analyzed for IgE against CCD or wheat using ImmunoCAP. Plateau occurs at 100 µl gel per 500 µl serum. 
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2D Western blots 

In order to establish which individual proteins are recognized by the cross-reactive serum 

antibodies, 2D immunoblots were performed. Freeze-dried wheat extract was separated by 2D 

electrophoresis. The wheat proteins were then transferred to a nitrocellulose membrane. Sera 

from the wheat sensitized timothy allergic patients, inhibited with CCD, were analyzed. The 

sera that had no previous anti-CCD activity were not inhibited. 

 

The allergic patient sera were found to bind relatively heavy wheat flour extract proteins, the 

majority having a molecular weight of between 50 and 90 kDa (Figure 5C, D, E, F and G). 

Furthermore, many of the spots could be found in all sera from the wheat sensitized timothy 

allergic patients analyzed. This pattern was consistent with samples from Italy, Spain and 

Sweden. A serum pool from non-allergic individuals was used as a negative control (Figure 

5A). A positive control serum with known wheat allergy bound to wheat proteins in the 30 to 

60 kDa region of the extract (Figure 5B). One of the wheat allergic patients from Spain had a 

similar spot pattern as the positive control (Figure 5B, H). 

 

Many of the proteins that were bound by patient IgE were of too low concentration for 

visualization with Coomassie Brilliant Blue (Figure 6A,B). Staining the two-dimensional gel 

with silver resulted in a very intensive staining which concealed proteins of lower 

concentrations (Figure 6C). Separating extracts with higher concentration on a 7 cm first 

dimension proved unsuccessful. When a fourfold concentrated wheat extract was separated on 

18 cm first dimension, the gel was clean enough for picking spots for mass spectrometry 

(Figure 6D). 

 

 

Figure 3. IgE levels against wheat in sera from 

wheat sensitized timothy allergic patients after 

inhibition with timothy pollen extract (150 µl 

gel per 500 ml serum). Sera 50422, 51019, 

51021, 54214 and 54231 have negative response 

to wheat after the inhibition. Those were 

analyzed with Western blot. 

Figure 4. Three sera were inhibited with CCD and 

immunoblotted against a wheat flour extract separated 

by 1D SDS-PAGE.  
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Figure 5. Western blots were performed on a 2D separated wheat extract, with chosen sera as primary 

antibodies. A) Negative control, a non-allergic serum pool. B) 46229, a wheat allergic patient from USA 

negative for CCD, was used as a positive control of the assay. It generated a distinct binding pattern, with 

spots between 30 and 66 kDa. C-F) Wheat sensitized timothy grass pollen allergic patients from Spain and 

Italy were chosen for their successful inhibition of anti-wheat antibodies when treated with timothy pollen 

extract. All of them exhibited a consistent IgE binding pattern, with the majority of the spots in the high 

molecular weight region of the extract. G) Serum from a wheat sensitized timothy pollen allergic patient 

from Göteborg, Sweden. It shows a binding pattern similar to the one observed in Spanish and Italian 

patients. H) Serum from a wheat allergic patient from the third analyzed group. It has a binding pattern 

similar to sample B), another wheat allergic patient. Samples 51214, 51021, 53219 and 51189 were inhibited 

with CCD prior to blotting; samples 51019 and 54231 were not inhibited because of low initial CCD values 

(See Appendix 2). 

Figure 6. Visualizing a 2D separated wheat extract. A) Wheat extract blotted with serum 51214 as a primary 

antibody. B) Wheat extract stained with Coomassie Blue. C) Wheat extract stained with silver. D) Four times 

concentrated wheat extract separated on a 18 cm first dimension and stained with Colloidal Coomassie. 
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Mass spectrometry 

In the initial mass spectrometry analysis, five proteins were identified: globulin 3 from 

Triticum aestivum (wheat), beta-D-glucan exohydrolase from wheat, methionine synthase 

from Hordeum vulgare (barley) and Triticum monococcum (einkorn wheat), a hypothetical 

protein from Sporobolus stapfianus (resurrection grass), and monomeric alpha-amylase 

inhibitor from wheat. However, only beta-D-glucan exohydrolase could be confirmed with 

MALDI-TOF-TOF, the others were present in too low concentrations. A MicroSpot assay 

with serum 51214 turned negative for monomeric alpha-amylase inhibitor. 

 

For the next analysis a four times more concentrated extract was used on a 18 cm first 

dimension. The spots to pick from the gel were identified using a computer algorithm. Several 

additional proteins were found with high probability score: beta amylase, methionin synthase, 

globulin 3 and monomeric alpha-amylase inhibitor from wheat, beta-glucosidase from barley. 

The beta amylase and beta-glucosidase were confirmed by MALDI-TOF-TOF. A 212 kDa 

hypothetical protein from Oryza sativa (rice) was also identified with a high probability score. 

 

 

Discussion 
 

ImmunoCAP tests: no clear correlation between IgE levels and allergy symptoms 

When measuring response levels, a cut-off value of 0.35 kUA/l IgE was chosen as a threshold 

value. The reason for this is because this was the lowest value which could be measured with 

earlier versions of this assay. The current ImmunoCAP technology allows IgE levels to be 

measured down to 0.1 kUA/l.  

 

Unfortunately, no trend could be identified between wheat IgE levels and clinical symptoms 

within the wheat sensitized and the wheat allergic patients. There were, however, certain 

patterns. It should be noted that only patients from the second and third groups were positive 

for profilin and CCD. Patients who were allergic only to timothy grass pollen were negative 

for both profilin and CCD, as well as for gluten and gliadin. On average, patients who were 

allergic to wheat had higher IgE levels against gluten and gliadin than those who were only 

sensitized to it. The response against profilin and CCD was almost equal in those two groups. 

 

Inhibition studies: there is cross-reactivity between wheat and timothy grass pollen 

The inhibitions were successful at all times, but it was hard to determine the actual volumes of 

sepharose resin needed. A certain optimal inhibition concentration of the allergen was 

established for most sera, i.e. least amount of gel that would give fully inhibited IgE response 

to the particular allergen. However, some single sera required copious amounts of timothy 

extract to get values under the threshold. This reflects on the fact that every patient is unique 

and has special needs that need to be addressed.  

 

The CCD sugar residues are involved in many cross-reactions. In a Western blot analysis, 

they may mask the cross-reactions caused by the sought proteins, yielding false positive 

results. Therefore it was necessary to inhibit the analyzed sera before performing a Western 

blot with them.  

 

It is debatable whether the negative results for gluten and gliadin with timothy inhibited sera 

depend on cross-reactivity of these fractions or not (Table 1). For example, serum 50422 was 

negative for gluten and gliadin when inhibited with timothy. However, it was negative for 

wheat when inhibited with CCD, which is known to participate in cross-reactions. Adding the 
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fact that glutenin and gliadin extracts contain albumins and globulins, which in turn could 

bear CCD moieties, it would seem that these results were caused by the impurities in the 

ImmunoCAP preparation, rather than by antibody cross-reactions. 

 

Western blotting and immunodetection: a unique binding pattern for sensitized patients 

It is an interesting finding that the proteins bound by the cross-reactive antibodies showed a 

different pattern than those bound by antibodies from a truly allergic person. Moreover, there 

are not many wheat allergens described in the high molecular weight region, where the 

majority of the spots emerged. This was an encouraging observation, since the analyzed sera 

do not come from allergic patients, but from persons that have antibodies against wheat 

without being allergic to it. Furthermore, it was noted that sensitized patients from Spain, Italy 

and Sweden share a similar binding pattern, as do wheat allergic from Spain and USA. Also, 

many allergens are described in the 10-60 kDa region where the “allergic” spots emerged [15-

18]. This might prove important in tackling the question of the nature of these cross-reactive 

interactions and how they can be predicted and circumvented. 

 

A critical step in this work was not the actual laboratory experiments, but the analysis and 

evaluation of their results. When performing the Western blot and immunodetection, it was of 

crucial importance to achieve an exact overlay of the nitrocellulose membrane and the 

exposed film. This was necessary because there are many proteins in the wheat extract, and if 

the overlay was not perfect, wrong coordinates would be assigned to a certain spot. The task 

was complicated even further by the fact that many of the serum antibodies bound to proteins 

that are in very low concentrations (Figure 6A, B). In other words, spots on the film were hard 

to find on the membrane and vice versa. Staining the gel with silver would reveal those low 

concentration proteins, but they would be put against very intensive staining, making them 

indistinguishable from the overall mass of proteins (Figure 6C). Still, it was necessary to 

increase the sample concentration. The reason for this was that the proteins of interest were 

present in such low concentrations, that even mass spectroscopy analysis gave high noise and 

could not be confirmed with the original samples.  

 

Mass spectrometry: proteins not described as allergens 

In the end, spots to be picked for MS were identified by a computer algorithm developed by 

Peter Olsson, Phadia AB. This was necessary because the Western blots were done on a gel 

with a first dimension of 7 cm, and the protein concentrations were too small to confirm the 

mass spectrometry results. When a sample of high concentration was separated by this 

method, the separation was uneven and the stain could not yield any discrete spots. This 

problem was circumvented by using a first dimension of 18 cm. However, there was not 

enough serum to perform a Western blot on such big 2D gel. This would mean that the results 

from the original separation were to be analyzed with the algorithm, which would give values 

for pH and pI for the targeted proteins. Then these values would be superimposed on the 

scanned 2D gel with 18 cm first dimension, and the obtained coordinates would be picked up 

and prepared for MS. 

 

When analyzing the results from the mass spectrometry, a search was performed in the NCBI 

database against all grass proteins available. In the ideal scenario, a best match would be a 

protein from Triticum aestivum, with a homologue from Phleum pretense further down along 

the list of results. One should consider, however, that relatively few timothy grass protein 

sequences have been published, as compared with the numbers of sequenced wheat proteins. 

There are more 180 entries for timothy in the NCBI data base and 10 protein structures in the 

RCSB protein data bank. For wheat, the published entries are more than 1700 in NCBI and 
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around 40 in RCSB. Therefore, sometimes a match cannot be found simply because there are 

none in the database.  

 

When searching for literature about the proteins identified with MALDI-TOF, information 

was surprisingly scarce. There were no articles concerning the allergenic properties of wheat 

methionin synthase, globulin 3 or barley beta glucosidase. Monomeric alpha-amylase 

inhibitor was reported as an actual allergen [18,19], as well as beta-amylase [18,20,21] and 

beta-D-glucan exohydrolase [21].  However, it is not known how beta amylase and beta-D-

glucan exohydrolase are connected to clinical symptoms.  

 

MicroSpot: results from mass spectrometry could not be confirmed 

The MicroSpot assay was negative for monomeric alpha-amylase inhibitor. Since there are 

many isoforms of this protein, the negative result could imply that the serum IgE has bound to 

a specific epitope found on a specific isoform, one not present on the MicroSpot. It could also 

mean that binding of the alpha-amylase inhibitor to the MicroSpot hides the epitope 

recognized by the patient antibodies. Furthermore, the proteins are deposited on the 

MicroSpot in a native form, whereas SDS denatures the proteins in the 2D gels. It might be 

possible for a linear epitope to remain undetected if hidden inside the three-dimensional 

structure of the protein. Another reason could be picking the protein from a wrong spot from 

the gel, due to incorrect identification of the 2D coordinates of the protein of interest. There 

were no arrays designed to test the other proteins, so they could not be tested with this assay. 

 

What causes cross reactions? 

A natural question to ask is why wheat participates in cross-reactions with other allergens. 

The common wheat, Triticum aestivum, is specifically grown for its good baking properties. 

Those properties include the ability to form extensive cross-bound structures, which in turn 

become fluffy dough from which crispy breads can be baked. These structures are formed 

because of the properties of glutenin and gliadin. Furthermore, wheat is hexaploidic. This 

implies that there are many different alleles of the same gene at a given locus. These alleles 

can in turn code for various isoforms of the same protein, i.e. similar molecular weights but 

varying isoelectric points. Isoforms are clearly visible as horizontal smears on a 2D 

electrophoresis gel (Figure 6B). What is not so clear is whether this rich variety in isoforms 

can contribute to the hypersensitivity reactions by stimulating our immune system. 

 

Another issue to consider is the reason for why wheat allergies are so difficult to predict. The 

“backstage” reactions of the immune system present themselves as a possible player. The 

levels of basophils and mast cells recruited during the hypersensitivity response; the affinity 

with which IgE binds to the FcεRI receptor; the local background levels of basophils and mast 

cells in different tissues, they could all contribute to the severity of the allergic response. A 

low general sensitivity to allergens could explain why there are cases without clinical 

symptoms, even though IgE is present. A possible way to test this could be a study of specific 

IgE as a ratio of total IgE and how this correlates to manifestation of clinical symptoms. 

 

It remains to be determined what properties of proteins contribute to allergic responses, 

particularly in cross-reactions. The most likely probability is that they could share sequential 

or structural homology with proteins from other species. However, it is still puzzling why 

some species are involved in cross-reactions, while others are not.  
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Future aspects 

The results of this work seem to raise more questions than provide answers. There are several 

different ways to continue working on them. For example, one could try to raise monoclonal 

antibodies against a certain allergen and perform enhanced inhibition studies on the sera to 

see how they affect cross-reactions and response levels. The allergenic proteins themselves 

can be isolated and produced as recombinant proteins and tested again for cross-reactivity. In 

silico studies with database searches, structure predictions and epitope identification could 

also be performed. Either way, there is much work to be done. Hopefully, this degree project 

has provided some clues as to how cross-reactions between wheat and timothy grass pollen, or 

even between other allergens, are established and how they influence our immune system. 

 

Conclusion 

When put in perspective, this degree project is a very small step in the quest for understanding 

and treating allergies. It could hardly be called a milestone; nevertheless it might prove a 

useful foundation for future allergy research and product development. And while the exact 

mechanisms of allergen cross-reactivity still remain elusive, these small bits and pieces will 

eventually put together the whole puzzle. 
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Appendix 1. Allergy profiles of the tested patients 

 

 

Patient Age Allergens Symptoms 

Allergic to timothy 

50256 43 rye grass, timothy, olive asthma, rhinoconjuctivitis 

50260 28 grass, olive rhinoconjuctivitis 

50266 45 grass, olive rhinoconjuctivitis 

50267 31 grass, olive rhinoconjuctivitis 

50433 37 alternaria, grass asthma, rhinoconjuctivitis 

50678 30 

rabbit epithelium, cat, dust mites, alternaira asthma, rhinoconjuctivitis 

grass rhinoconjuctivitis 

sweet chestnut anaplylaxis 

Latex urticaria 

50699 35 rabbit, grass, olive rhinoconjuctivitis 

51009 34 
guniea pig asthma 

rye grass, timothy rhinoconjuctivitis 

51011 39   rhinoconjuctivitis 

51224 27 
melon, watermelon 

oral allergy syndorme, 
gastrointestinal 

wall pelitory, grass, olive asthma, rhinoconjuctivitis 

Allergic to timothy, sensitised to wheat 

50422 32 rye grass, timothy, olive rhinoconjuctivitis 

50674 59 tree, weed and grass pollen rhinoconjuctivitis 

51015 21 
peach oral allergy syndrome 

parietaria, grass rhinoconjuctivitis 

51019 19 

egg white, egg yolk urticaria 

dust mites, alternaria asthma, rhinoconjuctivitis 

grass, olive rhinoconjuctivitis 

51021 20 

egg white, egg yolk urticaria 

codfish oral allergy syndrome 

dust mites asthma, rhinoconjuctivitis 

grass rhinoconjuctivitis 

51027 19 rabbit, grass, dog, parietaria, olive rhinoconjuctivitis 

51034 28 
egg yolk urticaria, oral allergy syndrome 

parietaria, grass, cat, olive rhinoconjuctivitis 

51214 29 

melon oral allergy syndrome, anaphylaxis 

peach, cherry, banana oral allergy syndrome 

grass rhinoconjuctivitis 

54231 19 
codfish, sardine urticaria 

dust mites, pollen, birch rhinoconjuctivitis 

54240 19 
dust mites, pollen rhinoconjuctivitis 

peanut, peach oral allergy syndrome 

Allergic to wheat 

51307 14 
wheat, apple, letuce anaphylaxis 

dust mites, olive rhinoconjuctivitis 

51189 23 
wheat, mites, milk asthma, rhinoconjuctivitis 

egg, fish angioedema 

51225 46 wheat, corn, peanut, walnut, oat rhinoconjuctivitis 

54594 70 
wallnut, peach, potato, apple, tomato, peanut, orange atopic dermatitis 

mites, wall pelitory asthma, rhinoconjuctivitis 

54598 31 wheat, walnut, potato atopic dermatitis 
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54603 39 
pollen asthma, rhinoconjuctivitis 

wheat, apple, tomato, peach urticaria 

54606 20 
pollen rhinoconjuctivitis 

wheat, latex, peanut urticaria 

54607 42 
pollen rhinoconjuctivitis 

wheat, red beans, potato, apple, tomato, peach, strawberry oral allergy syndrome 

54609 30 
pollen, mites asthma, rhinoconjuctivitis 

wheat, latex, potato, strawberry, peanut, peach, pork, apple urticaria 

54611 32 

pollen, mites asthma, rhinoconjuctivitis 

wheat, tuna fish, codfish urticaria, oral allergy syndrome 

tomato, orange, peanut oral allergy syndrome 
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Appendix 2: ImmunoCAP results for all allergic patients 

  Specific IgE concentration, kUA/l 

Allergic to timothy only 

Patient ID Wheat Timothy Gluten Gliadin nPhl p 4 rPhl p 6 Profilin CCD 

50256 0.02 5.64 0.01 0.07 1.27 1.15 0.00 0.00 

50260 0.25 3.48 0.05 0.11 0.60 0.01 0.04 0.06 

50266 0.09 7.52 0.02 0.07 2.59 1.91 0.01 0.01 

50267 0.21 8.83 0.07 0.18 1.66 0.45 0.00 0.00 

50433 0.14 5.83 0.01 0.10 0.67 0.23 0.00 0.00 

50678 0.15 5.22 0.04 0.09 1.70 0.01 0.03 0.03 

50699 0.05 8.38 0.00 0.07 2.49 0.61 0.01 0.02 

51009 0.06 9.24 0.04 0.12 4.05 0.06 0.00 0.00 

51011 0.17 21.93 0.18 0.22 9.62 1.21 0.08 0.07 

51224 0.38 12.76 0.08 0.19 5.16 0.79 0.28 0.18 

         

Allergic to timothy, sensitised to wheat 

Patient ID Wheat Timothy Gluten Gliadin nPhl p 4 rPhl p 6 Profilin CCD 

50422 7.80 15.31 1.59 1.23 9.75 1.96 0.14 4.95 

50674 1.25 13.69 0.10 0.42 1.09 0.27 0.10 0.05 

51015 1.99 1.97 0.43 0.32 1.98 0.03 0.05 0.29 

51019 0.45 7.20 0.01 0.22 1.73 0.00 0.00 0.00 

51021 0.94 15.43 0.12 0.24 6.20 0.01 0.02 0.18 

51027 2.76 75.01 0.36 0.47 21.19 3.15 0.21 0.31 

51034 9.80 164.47 1.97 6.81 53.10 6.95 11.93 1.34 

51214 2.67 112.33 0.16 0.41 31.73 0.04 7.80 0.14 

54231 0.61 30.26 0.05 0.20 15.44 0.02 1.44 0.00 

54240 10.19 306.50 2.61 5.09 129.33 2.49 18.16 0.00 

52467 0.70 9.11 0.24 0.28 2.47 N/A 0.00 0.00 

53219 8.68 >100 0.58 0.61 82.92 N/A 14.70 1.85 

53267 4.03 14.42 1.10 1.70 8.00 N/A 0.19 0.40 

         

Allergic to wheat 

Patient ID Wheat Timothy Gluten Gliadin nPhl p 4 rPhl p 6 Profilin CCD 

51307 31.46 4.37 6.27 1.13 0.48 0.02 0.05 0.20 

51189 46.32 8.30 49.74 49.74 0.95 0.13 15.25 0.37 

51225 7.50 2.32 0.06 0.17 0.07 0.00 0.00 0.00 

54594 6.71 10.79 5.12 3.14 8.60 0.57 0.79 5.76 

54598 2.70 2.17 0.60 0.77 0.57 0.00 2.38 0.07 

54603 5.36 1.52 0.23 0.39 0.53 0.00 0.00 0.07 

54606 0.57 28.70 0.04 0.33 6.70 0.26 1.97 0.00 

54607 0.71 0.85 0.28 0.42 0.69 0.00 0.01 0.26 

54609 4.28 22.44 0.75 1.97 8.56 0.04 12.94 0.29 

54611 2.85 17.59 0.79 0.68 10.86 0.09 0.10 1.68 

46229 35.20 3.39 38.90 36.70 0.07 N/A 0.11 0.12 

         

55290 N/A N/A N/A N/A N/A N/A N/A 6.33 
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