
BUILDING TOLERANCE
T cell epitopes as a treatment for cow’s milk allergy

Laura Meulenbroek



BUILDING TOLERANCE

T cell epitopes as a treatment for cow’s milk allergy

© Laura Meulenbroek, 2013

ISBN: 978-90-6464-723-9

All rights reserved. No part of this thesis may be reproduced or transmitted in any form or by 

any means, without prior permission of the author.

Design & Lay out: Wendy Schoneveld, www.wenziD.nl

Printed by: GVO drukkers & vormgevers B.V. | Ponsen & Looijen, Ede, The Netherlands

The work in this thesis was financially supported by the Utrecht Institute for Pharmaceutical 

Sciences and Danone Research Centre for Specialised Nutrition



HET OPBOUWEN VAN TOLERANTIE
T cel epitopen voor preventie en behandeling van koemelkallergie

(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan de Universiteit Utrecht

op gezag van de rector magnificus, prof.dr. G.J. van der Zwaan,

ingevolge het besluit van het college voor promoties

in het openbaar te verdedigen op

maandag 9 december 2013 des middags te 4.15 uur

door

Laura Antoinette Petronella Maria Meulenbroek

geboren op 27 september 1985 te Den Dungen

BUILDING TOLERANCE
T cell epitopes as a treatment for cow’s milk allergy



Promotoren: Prof.dr. J. Garssen

 Prof.dr. C.A.F.M. Bruijnzeel-Koomen

Copromotoren: Dr. E. van Ho!en

 Dr. L.M.J. Knippels

Printing of this thesis was financially supported by 

Danone Research Centre for Specialised Nutrition

Infection & Immunity Center Utrecht



CONTENTS

CHAPTER 1

General introduction 7

CHAPTER 2

IgG antibodies in food allergy influence allergen-antibody complex 
formation and binding to B cells: A role for complement receptors

21

CHAPTER 3

The degree of whey hydrolysis does not uniformly a!ect in vitro basophil 
and T cell responses of cow’s milk-allergic patients

41

CHAPTER 4

Characterization of T cell epitopes in bovine ɲ-lactalbumin 59

CHAPTER 5

Oral treatment with ɴ-lactoglobulin peptides prevents clinical symptoms in 
a mouse model for cow’s milk allergy

67

CHAPTER 6

Oral immunotherapy with whey peptides reduces allergic symptoms in a 
mouse model for cow’s milk allergy

83

CHAPTER 7

General discussion 101

APPENDICES

Summary 
Samenvatting
Dankwoord
List of publications
Curriculum Vitae

123
127
131
133
135



CHAPTER 1



General introduction



CHAPTER 1

8

More than 100 years ago, Wells et al. described that continuous feeding of a protein prevented 

the induction of an immune response to the same protein (1). In addition, Chase et al. 

demonstrated that the immune response to a systemic antigen challenge was inhibited by prior 

feeding of the antigen (2). This phenomenon is called oral tolerance and is the result of an 

active regulatory response by the immune system (3, 4). However, in food-allergic patients, oral 

tolerance to food proteins is disturbed. A combination of multiple factors, such as genetic 

predisposition, route of exposure, dose of the allergen, and structural characteristic of the 

allergen, may be responsible for allergy development (3, 5).

Oral tolerance

Several mechanisms have been described for oral tolerance, including anergy or deletion of 

antigen-specific T cells, and the development of regulatory T cells (Tregs) (3, 4). It is known 

that high doses of antigen induce T cell anergy/deletion, whereas exposure to low doses 

induces Tregs. However, it has been suggested that both mechanisms might occur 

simultaneously (3, 4). T cell anergy/deletion is induced when T cells are activated without 

co-stimulation (3, 6, 7). In addition, a role for Fas-mediated apoptosis has been described in 

T cell deletion (7). On the other hand, Tregs are induced after antigen presentation by 

immature antigen-presenting cells, repeated exposure to antigen and/or exposure to IL-27, 

IL-10, retinoic acid and/or TGF-ɴ (8-10). There are several inducible Tregs described, namely 

Foxp3+ Tregs, IL-10-producing Tr1 cells, TGF-ɴ-producing Th3 cells and CD8+ Tregs (3, 4). It 

has been shown that the induction of Foxp3+ Tregs is favoured by certain subsets of dendritic 

cells (DCs), such as CD103+ DCs and CD8+ plasmacytoid DCs, which produce TGF-ɴ and 

retinoic acid (11-13). Inducible Tregs may inhibit immune responses via several mechanisms 

(9, 14). They may directly kill target cells via granzymes (9, 14) or may disrupt the metabolism 

of e!ector T cells by generation of adenosine or by depriving the cells of growth factors (9, 

14). Moreover, Tregs may secrete IL-10 and TGF-ɴ that a!ect multiple immune cells and 

decrease cytokine production, mediator release, IgE production and antigen presentation (9, 

14, 15). In addition, Tregs may inhibit e!ector and/or antigen-presenting cells via cell-cell 

contact (9, 14).

The mesenteric lymph nodes (MLN) are an important site for tolerance induction. Worbs et al. 

have shown that removal of MLN almost completely prevented oral tolerance (16). Moreover, 

they showed that tra"cking of DCs from the lamina propria to the mesenteric lymph nodes 

(MLN) is important for tolerance induction.

 

Food allergy

If oral tolerance to food proteins is not established or existing tolerance is broken down, this 

may result in a food allergy (3). Food allergy is defined as an adverse health e!ect arising from 

a specific immune response that occurs reproducibly upon exposure to a given food (17). In 

IgE-mediated food allergy, this immune response consists of two phases, the sensitization 

phase and the e!ector phase (18). During the sensitization phase, antigen-presenting cells take 

up the allergen, process it and present the peptides on MHC class II molecules to naive T cells. 

These naive T cells di!erentiate into Th2 cells, which produce pro-inflammatory cytokines, 
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such as IL-4, IL-5 and IL-13. The cytokines in combination with the food allergen induce a 

class-switch in allergen-specific B cells. As a result, the B cells produce allergen-specific IgE 

antibodies that bind to the high-a"nity IgE receptor on mast cells and basophils. During the 

e!ector phase, the allergen binds to the allergen-specific IgE antibodies on the e!ector cells 

and cross-links them, thereby activating these cells. Several mediators, such as histamine, 

leukotrienes, prostaglandins and cytokines, are released. These mediators act on epithelial, 

endothelial and smooth muscle cells, and thus induce acute allergic symptoms (19). In addition, 

the mediators attract and activate other immune cells, such as eosinophils, which may induce 

late allergic symptoms (18). Although the majority of food allergies and/or food allergy-related 

adverse reactions are due to allergen-specific IgE antibodies and Th2-mediated immune 

responses, in some cases food-allergic reactions occur without clear Th2 and IgE involvement 

(17, 20). Underlying mechanisms of this type of reactions remain to be clarified and might 

involve, for example, allergen-specific T cells and antigen-specific immunoglobulin free light 

chains (20, 21).

Cow’s milk allergy

The most prevalent food allergy in young children is cow’s milk allergy (CMA), a!ecting 0.3-3.5% 

of the young children (22, 23). Before their fifth year of life, 60-75% of the children with IgE-

mediated CMA spontaneously develop tolerance (24-26). However, they have an increased risk 

of developing other atopic disorders later in life, such as asthma and rhinoconjuctivitis (24, 26). 

In adults, the prevalence of CMA is lower and is estimated to be 0.1-0.3% (22, 23). The majority 

of the adult CMA patients acquired their allergy at adult age (27). Allergic symptoms that occur 

in CMA patients involve the skin, the gastro-intestinal tract, the respiratory system and the 

cardiovascular system (28-30). Moreover, cow’s milk may induce anaphylaxis in some patients. 

Previous studies have reported that about 10% of the fatal/near-fatal anaphylactic episodes in 

children in the UK were due to CMA (29). However, recent data indicate that an increasing part 

of fatal anaphylaxis is the result of an allergic reaction upon exposure to cow’s milk (John 

Warner, personal communication).

 The proteins in cow’s milk can be classified in two fractions, the casein and the whey fraction 

(31, 32). Of these fractions, the casein fraction is most abundant comprising 80% of the total 

protein content in cow’s milk. This fraction contains several proteins, of which ɲS1, ɲS2, ɴ and 

ʃ caseins are the most important. The major proteins in the whey fraction are ɲ-lactalbumin 

and ɴ-lactoglobulin. CMA patients may be sensitized to all milk proteins, though ɲS1 casein, ɴ 

casein, ɲ-lactalbumin and ɴ-lactoglobulin seem to be most allergenic (32, 33). The frequency 

of sensitization for the di!erent proteins varies between di!erent studies and depends on the 

patient population and the methods used to determine IgE levels (32, 33). For example, Shek 

et al. observed that more patients recognized caseins compared to ɲ-lactalbumin and 

ɴ-lactoglobulin, while Restani et al. found that the percentage of patients that recognized these 

proteins was similar (32, 33).
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Current treatment of CMA

To date, there is no curative treatment available for CMA. Therefore, the best strategy to reduce 

allergic symptoms is to avoid exposure to cow’s milk (17, 29, 30). Because cow’s milk is found 

in many foods, this restriction has a great impact on the diet of CMA patients (20). Moreover, 

accidental exposure to cow’s milk occurs frequently and may induce severe symptoms (34). 

Both the dietary restrictions and the risk of accidental exposure have a great impact on the 

quality of life of CMA patients and their relatives (35-37).

Hydrolysates

In young children (<2 years old), cow’s milk is an important source of nutrition when breast-

feeding is not possible (20, 30). Therefore, substitute hypoallergenic formulae have been 

developed. Hydrolyzed cow’s milk proteins are commonly used in these formulae and are 

produced by enzymatic degradation of casein and/or whey proteins (30). Based on the degree 

of hydrolysis and the length of the remaining peptides, hydrolyzed proteins are categorized 

(arbitrary) as partial or extensive hydrolysates (38-40).

Both European and American guidelines indicate that only formulae tested under double-blind 

placebo-controlled conditions and showing with 95% confidence that they do not induce 

allergic symptoms in 90% of the CMA patients, may be used as a hypoallergenic formula by 

CMA patients (41, 42). Because partial hydrolysates contain larger fragments, and thus may still 

induce allergic symptoms, these formulae are not suitable for treatment purposes (30, 39, 40). 

Extensive hydrolysates only contain small peptides and are in general well tolerated in CMA 

patients (30, 40, 43). Nevertheless, allergic symptoms after ingestion of this formula have been 

observed in severe CMA patients (30). Based on these data, the World Allergy Organization 

recommends extensive hydrolysates for the treatment of CMA children with a low risk of 

anaphylactic reactions, whereas for children with a high risk of anaphylaxis formulae containing 

free amino acids are recommended (20).

While the e!ect of exposure to allergen on the allergy development is currently under debate 

(44-46), it has been thought for years that allergen avoidance may prevent the development 

of allergy (47, 48). Therefore, substitute formulae have also been used in children at risk for 

developing CMA. Because partial hydrolysates contain larger fragments, which are more 

immunogenic, it was hypothesized that the use of partial hydrolysate may prevent CMA by 

inducing tolerance to cow’s milk (28, 38). This hypothesis was confirmed in animal studies 

showing that pre-treatment with partial whey hydrolysates, but not with extensive whey 

hydrolysates, reduced the sensitization to whey (49-51). Several clinical studies have indicated 

that both partial as well as extensive hydrolysates may prevent CMA and atopic dermatitis in 

high-risk children, though the evidence for this e!ect is limited due to methodological problems 

and inconsistent findings (40, 43, 52-55). One of the problems is the variation between di!erent 

hydrolysates caused by di!erences in their production (40, 56). Another aspect that has to be 

taken into account is that, although atopic dermatitis is a well-recognized risk factor (17, 57), it 

might not be the best readout for CMA in trials aimed to validate the preventive capacity of 

cow’s milk hydrolysates. 
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Oral immunotherapy

Because CMA has a great impact on the quality of life, prevention and therapeutic strategies 

are highly desirable. A possible way to treat CMA patients may be allergen-specific 

immunotherapy in which patients are exposed to increasing doses of allergen (3, 17, 44). 

Whereas this therapy is already used in the clinic for several inhalation allergies, it is not available 

yet for food-allergic patients (3). The main reason for this are the adverse reactions that are 

reported (44). The first studies with subcutaneous immunotherapy for food allergy were 

performed more than 20 years ago in peanut-allergic patients (58, 59). While these studies were 

successful in inducing tolerance, the treatment induced severe systemic reactions.

In the last 10 years, many studies have investigated the potential of oral immunotherapy for 

cow’s milk (37, 60, 61). However, most of them are of poor quality, i.e. investigating small groups 

of patients and lacking a control group (37, 60). Because children may spontaneously develop 

tolerance, a control group, preferably age-matched, is highly desirable to determine whether 

the tolerance observed is induced by the treatment (44). The studies that have included a 

control group showed that oral immunotherapy in CMA patients increased the threshold dose 

for allergic symptoms significantly (37, 60, 62-66). However, in most studies, it is unclear whether 

the reduced response is the result of tolerance induction or temporarily desensitization (37, 

60). In case of tolerance, an individual should be symptom-free after consumption of food 

even when he/she has not been exposed for weeks (17). So far, only two studies included an 

allergen-free period (67, 68). Staden et al. showed that, directly after treatment, more children 

were tolerant in the treated group compared to the control group, whereas no di!erence was 

found between the groups after a period of allergen avoidance (68). Keet et al. observed that 

almost half of the patients lost desensitization within 6 weeks (67). Moreover, in two patients, 

desensitization was already reduced after one week of avoidance indicating that patients should 

strictly adhere to the maintenance dose. In a long-term follow-up of two oral immunotherapy 

studies, mixed outcomes were observed after 3-5 years. Only 31% of the subjects still tolerated 

a full serving of cow’s milk with minimal or no symptoms (69). It has been suggested that higher 

doses and longer treatment protocols may be more e!ective (69).

In addition, also with oral immunotherapy, side e!ects were frequently reported. While most 

of the side e!ects were mild (i.e. minor cutaneous and abdominal reactions), cases of severe 

respiratory and systemic side e!ects were described (44, 60). Moreover, more patients needed 

treatment with epinephrine in the groups treated with immunotherapy compared to the control 

groups (44, 60). The appearance of side e!ects was unpredictable. Narisety et al. observed 

systemic reactions in patients at doses that were previously tolerated (70). Those reactions were 

often correlated with exercise or viral infections.

IgG antibodies in allergy

An important feature of successful conventional immunotherapy is an increase in allergen-

specific IgG levels, especially IgG4 (15, 44, 71). IgG4 is considered a blocking antibody. It may 

reduce allergic symptoms by blocking IgE binding to the allergen or by triggering the inhibitory 

IgG receptor FcɶRIIb on mast cells and/or basophils (15, 72). Moreover, it has been suggested 

that IgG4 inhibits T cell activation and Th2 skewing by blocking IgE-facilitated antigen 
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presentation (IgE-FAP) (73-77). In IgE-FAP, allergen-IgE complexes are formed and bind to the 

low-a"nity IgE receptor CD23 on B cells (73, 78, 79). The B cells internalize and process the 

complexes, and subsequently present the peptides on MHC class II molecules to CD4+ T cells 

(Figure 1). Previous studies have shown that, in the presence of IgE, B cells are able to activate 

T cells at lower allergen concentrations (78, 79). 

A possible explanation for the increased T cell activation is that the uptake of allergen-IgE 

complexes by B cells is more e"cient than the uptake of allergen via pinocytosis and thus leads 

to the presentation of more peptides at lower allergen concentrations. IgG4 antibodies may 

inhibit complex formation and thereby may increase the allergen concentration that is necessary 

to activate T cells (73-75). Interestingly, CMA and peanut-allergic patients also have high allergen-

specific IgG levels but are still allergic (33, 80, 81). The e!ect of these natural-occurring IgG 

antibodies on IgE-FAP is unclear.

Peptide immunotherapy

Ideally, both a preventive and curative therapy for CMA should induce tolerance without 

activating mast cells and basophils. To induce T cell anergy or Tregs, T cells should be activated 

via their T cell receptor without co-stimulation or in the presence of specific cytokines, such 

as IL-10 and TGF-ɴ (3, 8, 15). The T cell receptor recognizes peptides of 9-12 amino acids long, 

which are much smaller than the peptides that are needed to cross-link IgE (minimal 35 amino 

acids, Figure 2)) (82-85). Therefore, it has been suggested that using peptides that are too small 

to cross-link IgE but long enough to induce T cell activation may be a safe alternative for 

conventional immunotherapy.

The potential of peptide immunotherapy has mainly been investigated for inhalation allergies. 

Preventive and curative treatment with peptides reduced T cell responses, antibody production 

and/or allergic symptoms in mice. Moreover, curative peptide immunotherapy was e!ective in 

cat- and bee venom-allergic patients (86-88). In these studies, a mixture of peptides (10-17 amino 

Figure 1  | The principle of IgE-FAP.
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acids long) was administered intradermally or subcutaneously. The treatment significantly reduced 

the allergic symptoms and no acute allergic side e!ects were observed. In cat-allergic patients, 

the peptides did induce late allergic symptoms, but these side e!ects decreased during treatment 

(89, 90). Interestingly, Patel et al. showed that 4 injections of a peptide mixture were already 

e!ective and decreased allergic symptoms even 9 months after the therapy was stopped (87). 

To date, a limited number of studies have investigated the potential of peptide immunotherapy 

for food allergy. For example, Rupa et al. showed that oral treatment with a peptide of 

ovomucoid in a curative setting significantly decreased allergic symptoms in a mouse model 

for egg allergy (91). For cow’s milk allergy, only the e"cacy of preventive treatment has been 

investigated. Hirahara et al. showed that preventive intradermal treatment with a peptide of ɲS1 

casein reduced T cell and antibody responses to the intact protein in mice (92). Moreover, as 

described above, previous studies have shown that prophylactic treatment with partial whey 

hydrolysates reduced allergic symptoms in mouse models for cow’s milk allergy (49-51). 

Interestingly, Knipping et al. have indicated that during the hydrolysis of whey proteins there is 

a certain time point at which the formed peptides are too small to induce basophil activation 

but long enough to induce T cell activation (93). However, whether these peptides are able to 

induce tolerance, is unclear. 

Immune modulation via dietary components

The e"cacy of immunotherapy may be increased by modulating the immune response via 

dietary components (94). For several dietary components, such as vitamin E, polyunsaturated 

fatty acids (PUFAs), probiotics and oligosaccharides (prebiotics), it has been shown that they 

a!ect food sensitization (94). For example, oligosaccharides found in human breast milk may 

modulate the gut microbiota and thereby influence the immune system (95). Moreover, it has 

been shown that addition of a specific mixture of non-digestible short-chain galacto-

oligosaccharides (scGOS), long-chain fructo-oligosaccharides (lcFOS) with/without pectin-

derived acidic oligosaccharides (pAOS, in a ratio of 9:1:2) to the diet reduced allergic 

manifestations in both men and mice (96-99). In addition, van Esch et al. showed that addition 

of scGOS/lcFOS/pAOS to the diet increased the tolerance-inducing capacity of whey 

hydrolysates (van Esch et al., submitted).

Figure 2  | The di!erence in peptide size needed 
for T cell activation compared to basophil/mast 
cell activation.
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OUTLINE OF THIS THESIS

The main focus of this thesis is to investigate the potential of peptide immunotherapy as a 

preventive and/or curative treatment for CMA. Di!erent technologies have been used, including 

both in vitro as well as in vivo research models. In addition, we investigated the e!ect of the 

high IgG levels in peanut- and CMA patients on allergen-antibody complex formation and 

binding to B cells.

In Chapter 2 of this thesis, allergen-antibody complex formation and complex binding to B 

cells in peanut-allergic and CMA patients was investigated. This was compared to the complex 

formation and binding in birch pollen-allergic patients, who have much lower allergen-specific 

IgG levels. 

In Chapter 3, the e!ect of the degree of hydrolysis on the allergenicity and immunogenicity of 

whey hydrolysates was investigated to determine the time point during the hydrolysis at which 

hydrolysates are still able to induce T cell proliferation but are unable to cross-link IgE.

Chapter 4 and 5 describe the T cell epitopes of ɲ-lactalbumin and ɴ-lactoglobulin, respectively. 

Moreover, in Chapter 5, the e!ect of preventive therapy with synthetic peptides of ɴ-lactoglobulin 

with/without a diet containing scGOS/lcFOS/pAOS was investigated in a mouse model for CMA 

(prevention of CMA in mice).

In Chapter 6, the e!ect of oral immunotherapy (treatment of CMA in mice) with a partial whey 

hydrolysate or a mixture of synthetic ɴ-lactoglobulin peptides was determined in a mouse 

model for CMA.

In the final chapter all data are summarized and discussed in a broader sense.
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2003;111:1662-1671.

ϰϬ͘�� ,ĂǇƐ�d͕ �tŽŽĚ�Z�͘���ƐǇƐƚĞŵĂƟĐ�ƌĞǀŝĞǁ�ŽĨ�ƚŚĞ�ƌŽůĞ�ŽĨ�ŚǇĚƌŽůǇǌĞĚ�ŝŶĨĂŶƚ�ĨŽƌŵƵůĂƐ�ŝŶ�ĂůůĞƌŐǇ�ƉƌĞǀĞŶƟŽŶ͘��ƌĐŚ͘�
WĞĚŝĂƚƌ͘ ��ĚŽůĞƐĐ͘�DĞĚ͘�ϮϬϬϱ͖ϭϱϵ͗ϴϭϬͲϴϭϲ͘

ϰϭ͘�� �ŽŵŵŝƐƐŝŽŶ�ĚŝƌĞĐƟǀĞ�ϮϬϬϲͬϭϰϭͬ���ŽĨ�ϮϮ�ĚĞĐĞŵďĞƌ�ϮϬϬϲ�ŽŶ�ŝŶĨĂŶƚ�ĨŽƌŵƵůĂĞ�ĂŶĚ�ĨŽůůŽǁͲŽŶ�ĨŽƌŵƵůĂĞ�ĂŶĚ�
ĂŵĞŶĚŝŶŐ�ĚŝƌĞĐƟǀĞ�ϭϵϵϵͬϮϭͬ��͘�KĸĐŝĂů�:ŽƵƌŶĂů�ŽĨ�ƚŚĞ��ƵƌŽƉĞĂŶ�hŶŝŽŶ�ϮϬϬϲ͖>�ϰϬϭ͗ϭͲϯϯ͘

ϰϮ͘�� �ŵĞƌŝĐĂŶ� ĂĐĂĚĞŵǇ� ŽĨ� ƉĞĚŝĂƚƌŝĐƐ͘� ĐŽŵŵŝƩĞĞ� ŽŶ� ŶƵƚƌŝƟŽŶ͘� ŚǇƉŽĂůůĞƌŐĞŶŝĐ� ŝŶĨĂŶƚ� ĨŽƌŵƵůĂƐ͘� WĞĚŝĂƚƌŝĐƐ�
2000;106:346-349.

ϰϯ͘�� 'ƌĞĞƌ� &Z͕� ^ŝĐŚĞƌĞƌ� ^,͕� �ƵƌŬƐ� �t͕� �ŵĞƌŝĐĂŶ� �ĐĂĚĞŵǇ� ŽĨ� WĞĚŝĂƚƌŝĐƐ� �ŽŵŵŝƩĞĞ� ŽŶ� EƵƚƌŝƟŽŶ͕� �ŵĞƌŝĐĂŶ�
�ĐĂĚĞŵǇ� ŽĨ� WĞĚŝĂƚƌŝĐƐ� ^ĞĐƟŽŶ� ŽŶ� �ůůĞƌŐǇ� ĂŶĚ� /ŵŵƵŶŽůŽŐǇ͘ � �īĞĐƚƐ� ŽĨ� ĞĂƌůǇ� ŶƵƚƌŝƟŽŶĂů� ŝŶƚĞƌǀĞŶƟŽŶƐ�
ŽŶ� ƚŚĞ�ĚĞǀĞůŽƉŵĞŶƚ�ŽĨ�ĂƚŽƉŝĐ�ĚŝƐĞĂƐĞ� ŝŶ� ŝŶĨĂŶƚƐ�ĂŶĚ�ĐŚŝůĚƌĞŶ͗�dŚĞ� ƌŽůĞ�ŽĨ�ŵĂƚĞƌŶĂů�ĚŝĞƚĂƌǇ� ƌĞƐƚƌŝĐƟŽŶ͕�
ďƌĞĂƐƞĞĞĚŝŶŐ͕� ƟŵŝŶŐ� ŽĨ� ŝŶƚƌŽĚƵĐƟŽŶ� ŽĨ� ĐŽŵƉůĞŵĞŶƚĂƌǇ� ĨŽŽĚƐ͕� ĂŶĚ� ŚǇĚƌŽůǇǌĞĚ� ĨŽƌŵƵůĂƐ͘� WĞĚŝĂƚƌŝĐƐ�
2008;121:183-191.

ϰϰ͘�� DĞƚĐĂůĨĞ�:͕�WƌĞƐĐŽƩ�^>͕�WĂůŵĞƌ��:͘�ZĂŶĚŽŵŝǌĞĚ�ĐŽŶƚƌŽůůĞĚ�ƚƌŝĂůƐ�ŝŶǀĞƐƟŐĂƟŶŐ�ƚŚĞ�ƌŽůĞ�ŽĨ�ĂůůĞƌŐĞŶ�ĞǆƉŽƐƵƌĞ�
in food allergy: Where are we now? Curr. Opin. Allergy Clin. Immunol. 2013;13:296-305.

ϰϱ͘�� �Ƶ�dŽŝƚ�'͕�<Ăƚǌ�z͕ �^ĂƐŝĞŶŝ�W͕ �DĞƐŚĞƌ��͕�DĂůĞŬŝ�^:͕�&ŝƐŚĞƌ�,Z͕�Ğƚ�Ăů͘��ĂƌůǇ�ĐŽŶƐƵŵƉƟŽŶ�ŽĨ�ƉĞĂŶƵƚƐ�ŝŶ�ŝŶĨĂŶĐǇ�ŝƐ�
ĂƐƐŽĐŝĂƚĞĚ�ǁŝƚŚ�Ă�ůŽǁ�ƉƌĞǀĂůĞŶĐĞ�ŽĨ�ƉĞĂŶƵƚ�ĂůůĞƌŐǇ͘ �:͘��ůůĞƌŐǇ��ůŝŶ͘�/ŵŵƵŶŽů͘�ϮϬϬϴ͖ϭϮϮ͗ϵϴϰͲϵϵϭ͘

ϰϲ͘�� WŽŽůĞ�:�͕��ĂƌƌŝŐĂ�<͕�>ĞƵŶŐ��z͕ �,ŽīŵĂŶ�D͕��ŝƐĞŶďĂƌƚŚ�'^͕�ZĞǁĞƌƐ�D͕�Ğƚ�Ăů͘�dŝŵŝŶŐ�ŽĨ�ŝŶŝƟĂů�ĞǆƉŽƐƵƌĞ�ƚŽ�
ĐĞƌĞĂů�ŐƌĂŝŶƐ�ĂŶĚ�ƚŚĞ�ƌŝƐŬ�ŽĨ�ǁŚĞĂƚ�ĂůůĞƌŐǇ͘ �WĞĚŝĂƚƌŝĐƐ�ϮϬϬϲ͖ϭϭϳ͗ϮϭϳϱͲϮϭϴϮ͘

ϰϳ͘�� �ƌƐŚĂĚ�^,͕�DĂƩŚĞǁƐ�^͕�'ĂŶƚ��͕�,ŝĚĞ��t͘��īĞĐƚ�ŽĨ�ĂůůĞƌŐĞŶ�ĂǀŽŝĚĂŶĐĞ�ŽŶ�ĚĞǀĞůŽƉŵĞŶƚ�ŽĨ�ĂůůĞƌŐŝĐ�ĚŝƐŽƌĚĞƌƐ�
in infancy. Lancet 1992;339:1493-1497.

ϰϴ͘�� �ĞŝŐĞƌ� Z^͕� ,ĞůůĞƌ� ^͕�DĞůůŽŶ�D,͕� &ŽƌƐǇƚŚĞ� ��͕� K͛�ŽŶŶŽƌ� Z�͕� ,ĂŵďƵƌŐĞƌ� ZE͕� Ğƚ� Ăů͘� �īĞĐƚ� ŽĨ� ĐŽŵďŝŶĞĚ�
ŵĂƚĞƌŶĂů� ĂŶĚ� ŝŶĨĂŶƚ� ĨŽŽĚͲĂůůĞƌŐĞŶ� ĂǀŽŝĚĂŶĐĞ� ŽŶ� ĚĞǀĞůŽƉŵĞŶƚ� ŽĨ� ĂƚŽƉǇ� ŝŶ� ĞĂƌůǇ� ŝŶĨĂŶĐǇ͗� �� ƌĂŶĚŽŵŝǌĞĚ�
study. J. Allergy Clin. Immunol. 1989;84:72-89.

ϰϵ͘�� ǀĂŶ��ƐĐŚ���͕�^ĐŚŽƵƚĞŶ��͕�ĚĞ�<ŝǀŝƚ�^͕�,ŽĨŵĂŶ�'�͕�<ŶŝƉƉĞůƐ�>D͕�tŝůůĞŵƐĞŶ�>�͕�Ğƚ�Ăů͘�KƌĂů�ƚŽůĞƌĂŶĐĞ�ŝŶĚƵĐƟŽŶ�
ďǇ�ƉĂƌƟĂůůǇ�ŚǇĚƌŽůǇǌĞĚ�ǁŚĞǇ�ƉƌŽƚĞŝŶ�ŝŶ�ŵŝĐĞ�ŝƐ�ĂƐƐŽĐŝĂƚĞĚ�ǁŝƚŚ�ĞŶŚĂŶĐĞĚ�ŶƵŵďĞƌƐ�ŽĨ�&ŽǆƉϯн�ƌĞŐƵůĂƚŽƌǇ�
dͲĐĞůůƐ�ŝŶ�ƚŚĞ�ŵĞƐĞŶƚĞƌŝĐ�ůǇŵƉŚ�ŶŽĚĞƐ͘�WĞĚŝĂƚƌ͘ ��ůůĞƌŐǇ�/ŵŵƵŶŽů͘�ϮϬϭϭ͖ϮϮ͗ϴϮϬͲϴϮϲ͘

ϱϬ͘�� WĞŶŐ�,:͕�^Ƶ�^E͕�dƐĂŝ�::͕�dƐĂŝ�>�͕�<ƵŽ�,>͕�<ƵŽ�^t͘��īĞĐƚ�ŽĨ�ŝŶŐĞƐƟŽŶ�ŽĨ�ĐŽǁ Ɛ͛�ŵŝůŬ�ŚǇĚƌŽůǇƐĞĚ�ĨŽƌŵƵůĂƐ�ŽŶ�ǁŚĞǇ�
ƉƌŽƚĞŝŶͲƐƉĞĐŝĮĐ�dŚϮ�ŝŵŵƵŶĞ�ƌĞƐƉŽŶƐĞƐ�ŝŶ�ŶĂŝǀĞ�ĂŶĚ�ƐĞŶƐŝƟǌĞĚ�ŵŝĐĞ͘��ůŝŶ͘��ǆƉ͘��ůůĞƌŐǇ�ϮϬϬϰ͖ϯϰ͗ϲϲϯͲϲϳϬ͘
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General introduction

ϱϭ͘�� &ƌŝƚƐĐŚĞ�Z͕�WĂŚƵĚ�::͕�WĞĐƋƵĞƚ�̂ ͕�WĨĞŝĨĞƌ��͘�/ŶĚƵĐƟŽŶ�ŽĨ�ƐǇƐƚĞŵŝĐ�ŝŵŵƵŶŽůŽŐŝĐ�ƚŽůĞƌĂŶĐĞ�ƚŽ�ďĞƚĂͲůĂĐƚŽŐůŽďƵůŝŶ�
ďǇ�ŽƌĂů�ĂĚŵŝŶŝƐƚƌĂƟŽŶ�ŽĨ�Ă�ǁŚĞǇ�ƉƌŽƚĞŝŶ�ŚǇĚƌŽůǇƐĂƚĞ͘�:͘��ůůĞƌŐǇ��ůŝŶ͘�/ŵŵƵŶŽů͘�ϭϵϵϳ͖ϭϬϬ͗ϮϲϲͲϮϳϯ͘

ϱϮ͘�� /ƐŬĞĚũŝĂŶ�D͕�^ǌĂũĞǁƐŬĂ�,͕�^ƉŝĞůĚĞŶŶĞƌ�:͕�&ĂƌĂŚ��͕��ĞƌďĂƌŝ�:͘�DĞƚĂͲĂŶĂůǇƐŝƐ�ŽĨ�Ă�ƉĂƌƟĂůůǇ�ŚǇĚƌŽůǇƐĞĚ�ϭϬϬйͲ
ǁŚĞǇ�ŝŶĨĂŶƚ�ĨŽƌŵƵůĂ�ǀƐ͘�ĞǆƚĞŶƐŝǀĞůǇ�ŚǇĚƌŽůǇƐĞĚ�ŝŶĨĂŶƚ�ĨŽƌŵƵůĂƐ�ŝŶ�ƚŚĞ�ƉƌĞǀĞŶƟŽŶ�ŽĨ�ĂƚŽƉŝĐ�ĚĞƌŵĂƟƟƐ͘��Ƶƌƌ͘ �
DĞĚ͘�ZĞƐ͘�KƉŝŶ͘�ϮϬϭϬ͖Ϯϲ͗ϮϱϵϵͲϮϲϬϲ͘

ϱϯ͘�� KƐďŽƌŶ���͕�^ŝŶŶ�:͘�&ŽƌŵƵůĂƐ�ĐŽŶƚĂŝŶŝŶŐ�ŚǇĚƌŽůǇƐĞĚ�ƉƌŽƚĞŝŶ�ĨŽƌ�ƉƌĞǀĞŶƟŽŶ�ŽĨ�ĂůůĞƌŐǇ�ĂŶĚ�ĨŽŽĚ�ŝŶƚŽůĞƌĂŶĐĞ�
ŝŶ�ŝŶĨĂŶƚƐ͘��ŽĐŚƌĂŶĞ��ĂƚĂďĂƐĞ�^ǇƐƚ͘�ZĞǀ͘ �ϮϬϬϲ͖ϰ͗��ϬϬϯϲϲϰ͘

ϱϰ͘�� ,ĂůŬĞŶ�^͕�,ĂŶƐĞŶ�<^͕� :ĂĐŽďƐĞŶ�,W͕ ��ƐƚŵĂŶŶ��͕�&ĂĞůůŝŶŐ���͕�,ĂŶƐĞŶ�>'͕�Ğƚ�Ăů͘��ŽŵƉĂƌŝƐŽŶ�ŽĨ�Ă�ƉĂƌƟĂůůǇ�
ŚǇĚƌŽůǇǌĞĚ�ŝŶĨĂŶƚ�ĨŽƌŵƵůĂ�ǁŝƚŚ�ƚǁŽ�ĞǆƚĞŶƐŝǀĞůǇ�ŚǇĚƌŽůǇǌĞĚ�ĨŽƌŵƵůĂƐ�ĨŽƌ�ĂůůĞƌŐǇ�ƉƌĞǀĞŶƟŽŶ͗���ƉƌŽƐƉĞĐƟǀĞ͕�
ƌĂŶĚŽŵŝǌĞĚ�ƐƚƵĚǇ͘ �WĞĚŝĂƚƌ͘ ��ůůĞƌŐǇ�/ŵŵƵŶŽů͘�ϮϬϬϬ͖ϭϭ͗ϭϰϵͲϭϲϭ͘

ϱϱ͘�� ,ĂůŬĞŶ�̂ ͕�,ŽƐƚ��͕�,ĂŶƐĞŶ�>'͕�KƐƚĞƌďĂůůĞ�K͘�WƌĞǀĞŶƟǀĞ�ĞīĞĐƚ�ŽĨ�ĨĞĞĚŝŶŐ�ŚŝŐŚͲƌŝƐŬ�ŝŶĨĂŶƚƐ�Ă�ĐĂƐĞŝŶ�ŚǇĚƌŽůǇƐĂƚĞ�
ĨŽƌŵƵůĂ�Žƌ� ĂŶ�ƵůƚƌĂĮůƚƌĂƚĞĚ�ǁŚĞǇ�ŚǇĚƌŽůǇƐĂƚĞ� ĨŽƌŵƵůĂ͘���ƉƌŽƐƉĞĐƟǀĞ͕� ƌĂŶĚŽŵŝǌĞĚ͕� ĐŽŵƉĂƌĂƟǀĞ� ĐůŝŶŝĐĂů�
ƐƚƵĚǇ͘ �WĞĚŝĂƚƌ͘ ��ůůĞƌŐǇ�/ŵŵƵŶŽů͘�ϭϵϵϯ͖ϰ͗ϭϳϯͲϭϴϭ͘

ϱϲ͘�� ,ŽƐƚ��͕�,ĂůŬĞŶ� ^͕�DƵƌĂƌŽ��͕��ƌĞďŽƌŐ� ^͕�EŝŐŐĞŵĂŶŶ��͕��ĂůďĞƌƐĞ�Z͕� Ğƚ� Ăů͘��ŝĞƚĂƌǇ� ƉƌĞǀĞŶƟŽŶ�ŽĨ� ĂůůĞƌŐŝĐ�
ĚŝƐĞĂƐĞƐ�ŝŶ�ŝŶĨĂŶƚƐ�ĂŶĚ�ƐŵĂůů�ĐŚŝůĚƌĞŶ͘�WĞĚŝĂƚƌ͘ ��ůůĞƌŐǇ�/ŵŵƵŶŽů͘�ϮϬϬϴ͖ϭϵ͗ϭͲϰ͘

ϱϳ͘�� &ůŽŚƌ� �͕� WĞƌŬŝŶ� D͕� >ŽŐĂŶ� <͕� DĂƌƌƐ� d͕ � ZĂĚƵůŽǀŝĐ� ^͕� �ĂŵƉďĞůů� >�͕� Ğƚ� Ăů͘� �ƚŽƉŝĐ� ĚĞƌŵĂƟƟƐ� ĂŶĚ� ĚŝƐĞĂƐĞ�
ƐĞǀĞƌŝƚǇ�ĂƌĞ�ƚŚĞ�ŵĂŝŶ�ƌŝƐŬ�ĨĂĐƚŽƌƐ�ĨŽƌ�ĨŽŽĚ�ƐĞŶƐŝƟǌĂƟŽŶ�ŝŶ�ĞǆĐůƵƐŝǀĞůǇ�ďƌĞĂƐƞĞĚ�ŝŶĨĂŶƚƐ͘�:͘�/ŶǀĞƐƚ͘��ĞƌŵĂƚŽů͘�
ϮϬϭϯ͖ĚŽŝ͗ϭϬ͘ϭϬϯϴͬũŝĚ͘ϮϬϭϯ͘Ϯϵϴ

ϱϴ͘�� KƉƉĞŶŚĞŝŵĞƌ� ::͕� EĞůƐŽŶ�,^͕� �ŽĐŬ� ^�͕� �ŚƌŝƐƚĞŶƐĞŶ� &͕ � >ĞƵŶŐ��z͘ � dƌĞĂƚŵĞŶƚ� ŽĨ� ƉĞĂŶƵƚ� ĂůůĞƌŐǇ�ǁŝƚŚ� ƌƵƐŚ�
immunotherapy. J. Allergy Clin. Immunol. 1992;90:256-262.

ϱϵ͘�� EĞůƐŽŶ� ,^͕� >ĂŚƌ� :͕� ZƵůĞ� Z͕� �ŽĐŬ� �͕� >ĞƵŶŐ� �͘� dƌĞĂƚŵĞŶƚ� ŽĨ� ĂŶĂƉŚǇůĂĐƟĐ� ƐĞŶƐŝƟǀŝƚǇ� ƚŽ� ƉĞĂŶƵƚƐ� ďǇ�
ŝŵŵƵŶŽƚŚĞƌĂƉǇ�ǁŝƚŚ�ŝŶũĞĐƟŽŶƐ�ŽĨ�ĂƋƵĞŽƵƐ�ƉĞĂŶƵƚ�ĞǆƚƌĂĐƚ͘�:͘��ůůĞƌŐǇ��ůŝŶ͘�/ŵŵƵŶŽů͘�ϭϵϵϳ͖ϵϵ͗ϳϰϰͲϳϱϭ͘

ϲϬ͘�� �ƌŽǌĞŬ�:>͕�dĞƌƌĂĐĐŝĂŶŽ�>͕�,ƐƵ�:͕�<ƌĞŝƐ�:͕��ŽŵƉĂůĂƟ��͕�̂ ĂŶƚĞƐƐŽ�E͕�Ğƚ�Ăů͘�KƌĂů�ŝŵŵƵŶŽƚŚĞƌĂƉǇ�ĨŽƌ�/Ő�ͲŵĞĚŝĂƚĞĚ�
ĐŽǁ Ɛ͛�ŵŝůŬ�ĂůůĞƌŐǇ͗���ƐǇƐƚĞŵĂƟĐ�ƌĞǀŝĞǁ�ĂŶĚ�ŵĞƚĂͲĂŶĂůǇƐŝƐ͘��ůŝŶ͘��ǆƉ͘��ůůĞƌŐǇ�ϮϬϭϮ͖ϰϮ͗ϯϲϯͲϯϳϰ͘

ϲϭ͘�� EŽǁĂŬͲtĞŐƌǌǇŶ� �͕� ^ĂŵƉƐŽŶ� ,�͘� &ƵƚƵƌĞ� ƚŚĞƌĂƉŝĞƐ� ĨŽƌ� ĨŽŽĚ� ĂůůĞƌŐŝĞƐ͘� :͘� �ůůĞƌŐǇ� �ůŝŶ͘� /ŵŵƵŶŽů͘�
2011;127:558-573.

ϲϮ͘�� DĂƌƚŽƌĞůů��͕��Ğ�ůĂ�,Žǌ��͕�/ďĂŶĞǌ�D�͕��ŽŶĞ�:͕�dĞƌƌĂĚŽƐ�D^͕�DŝĐŚĂǀŝůĂ��͕�Ğƚ�Ăů͘�KƌĂů�ĚĞƐĞŶƐŝƟǌĂƟŽŶ�ĂƐ�Ă�ƵƐĞĨƵů�
treatment in 2-year-old children with cow’s milk allergy. Clin. Exp. Allergy 2011;41:1297-1304.

ϲϯ͘�� >ŽŶŐŽ�'͕� �Ăƌďŝ� �͕� �ĞƌƟ� /͕�DĞŶĞŐŚĞƫ�Z͕� WŝƩĂůŝƐ��͕� ZŽŶĨĂŶŝ� >͕� Ğƚ� Ăů͘� ^ƉĞĐŝĮĐ� ŽƌĂů� ƚŽůĞƌĂŶĐĞ� ŝŶĚƵĐƟŽŶ� ŝŶ�
ĐŚŝůĚƌĞŶ�ǁŝƚŚ�ǀĞƌǇ�ƐĞǀĞƌĞ�ĐŽǁ Ɛ͛�ŵŝůŬͲŝŶĚƵĐĞĚ�ƌĞĂĐƟŽŶƐ͘�:͘��ůůĞƌŐǇ��ůŝŶ͘�/ŵŵƵŶŽů͘�ϮϬϬϴ͖ϭϮϭ͗ϯϰϯͲϯϰϳ͘

ϲϰ͘�� ^ĂůŵŝǀĞƐŝ� ^͕� <ŽƌƉƉŝ� D͕� DĂŬĞůĂ� D:͕� WĂĂƐƐŝůƚĂ� D͘� DŝůŬ� ŽƌĂů� ŝŵŵƵŶŽƚŚĞƌĂƉǇ� ŝƐ� ĞīĞĐƟǀĞ� ŝŶ� ƐĐŚŽŽůͲĂŐĞĚ�
ĐŚŝůĚƌĞŶ͘��ĐƚĂ͘�WĂĞĚŝĂƚƌ͘ �ϮϬϭϯ͖ϭϬϮ͗ϭϳϮͲϭϳϲ͘

ϲϱ͘�� ^ŵŝƚŚ� ��͕� �ĂŐĂƌ� dE͕� ^ƚƌŽŵŝŶŐĞƌ� :>͕�DŝůůĞƌ� ^�͘� �ŝīĞƌĞŶƟĂů� ŝŶĚƵĐƟŽŶ� ŽĨ� /Ő�ͲŵĞĚŝĂƚĞĚ� ĂŶĂƉŚǇůĂǆŝƐ� ĂŌĞƌ�
ƐŽůƵďůĞ�ǀƐ͘�ĐĞůůͲďŽƵŶĚ�ƚŽůĞƌŽŐĞŶŝĐ�ƉĞƉƟĚĞ�ƚŚĞƌĂƉǇ�ŽĨ�ĂƵƚŽŝŵŵƵŶĞ�ĞŶĐĞƉŚĂůŽŵǇĞůŝƟƐ͘�WƌŽĐ͘�EĂƚů͘��ĐĂĚ͘�
Sci. USA 2005;102:9595-9600.

ϲϲ͘�� WĂũŶŽ�'�͕��ĂŵŝŶŝƟ�>͕�ZƵŐŐĞƌŝ�W͕ ��Ğ�>ƵĐĂ�Z͕�sŝƚĂ��͕�>Ă�ZŽƐĂ�D͕�Ğƚ�Ăů͘�KƌĂů� ŝŵŵƵŶŽƚŚĞƌĂƉǇ�ĨŽƌ�ĐŽǁ Ɛ͛�ŵŝůŬ�
ĂůůĞƌŐǇ�ǁŝƚŚ�Ă�ǁĞĞŬůǇ�ƵƉͲĚŽƐŝŶŐ�ƌĞŐŝŵĞŶ͗���ƌĂŶĚŽŵŝǌĞĚ�ƐŝŶŐůĞͲďůŝŶĚ�ĐŽŶƚƌŽůůĞĚ�ƐƚƵĚǇ͘ ��ŶŶ͘��ůůĞƌŐǇ��ƐƚŚŵĂ�
Immunol. 2010;105:376-381.

ϲϳ͘�� <ĞĞƚ���͕�&ƌŝƐĐŚŵĞǇĞƌͲ'ƵĞƌƌĞƌŝŽ�W�͕�dŚǇĂŐĂƌĂũĂŶ��͕�^ĐŚƌŽĞĚĞƌ�:d͕ �,ĂŵŝůƚŽŶ�Z'͕��ŽĚĞŶ�^͕�Ğƚ�Ăů͘�dŚĞ�ƐĂĨĞƚǇ�ĂŶĚ�
ĞĸĐĂĐǇ�ŽĨ�ƐƵďůŝŶŐƵĂů�ĂŶĚ�ŽƌĂů�ŝŵŵƵŶŽƚŚĞƌĂƉǇ�ĨŽƌ�ŵŝůŬ�ĂůůĞƌŐǇ͘ �:͘��ůůĞƌŐǇ��ůŝŶ͘�/ŵŵƵŶŽů͘�ϮϬϭϮ͖ϭϮϵ͗ϰϰϴͲϰϱϱ͘

ϲϴ͘�� ^ƚĂĚĞŶ� h͕� ZŽůŝŶĐŬͲtĞƌŶŝŶŐŚĂƵƐ� �͕� �ƌĞǁĞ� &͕ � tĂŚŶ� h͕� EŝŐŐĞŵĂŶŶ� �͕� �ĞǇĞƌ� <͘� ^ƉĞĐŝĮĐ� ŽƌĂů� ƚŽůĞƌĂŶĐĞ�
ŝŶĚƵĐƟŽŶ�ŝŶ�ĨŽŽĚ�ĂůůĞƌŐǇ�ŝŶ�ĐŚŝůĚƌĞŶ͗��ĸĐĂĐǇ�ĂŶĚ�ĐůŝŶŝĐĂů�ƉĂƩĞƌŶƐ�ŽĨ�ƌĞĂĐƟŽŶ͘��ůůĞƌŐǇ�ϮϬϬϳ͖ϲϮ͗ϭϮϲϭͲϭϮϲϵ͘

ϲϵ͘�� <ĞĞƚ���͕�^ĞŽƉĂƵů�^͕�<ŶŽƌƌ�^͕�EĂƌŝƐĞƚǇ�^͕�^ŬƌŝƉĂŬ�:͕�tŽŽĚ�Z�͘�>ŽŶŐͲƚĞƌŵ�ĨŽůůŽǁͲƵƉ�ŽĨ�ŽƌĂů�ŝŵŵƵŶŽƚŚĞƌĂƉǇ�
for cow’s milk allergy. J. Allergy Clin. Immunol. 2013;132:737-739.

ϳϬ͘�� EĂƌŝƐĞƚǇ�^�͕�^ŬƌŝƉĂŬ�:D͕�^ƚĞĞůĞ�W͕ �,ĂŵŝůƚŽŶ�Z'͕�DĂƚƐƵŝ���͕��ƵƌŬƐ��t͕�Ğƚ�Ăů͘�KƉĞŶͲůĂďĞů�ŵĂŝŶƚĞŶĂŶĐĞ�ĂŌĞƌ�
milk oral immunotherapy for IgE-mediated cow’s milk allergy. J. Allergy Clin. Immunol. 2009;124:610-612.

ϳϭ͘�� ZĂĐŚŝĚ�Z͕�hŵĞƚƐƵ��d͘ �/ŵŵƵŶŽůŽŐŝĐĂů�ŵĞĐŚĂŶŝƐŵƐ�ĨŽƌ�ĚĞƐĞŶƐŝƟǌĂƟŽŶ�ĂŶĚ�ƚŽůĞƌĂŶĐĞ�ŝŶ�ĨŽŽĚ�ĂůůĞƌŐǇ͘ �^ĞŵŝŶ͘�
Immunopathol. 2012;34:689-702.

ϳϮ͘�� hĞƌŵŽƐŝ��͕��ĞĞƌůŝ�ZZ͕��ĂƵĞƌ�D͕�DĂŶŽůŽǀĂ�s͕��ŝĞƚŵĞŝĞƌ�<͕��ƵƐĞƌ�Z�͕�Ğƚ�Ăů͘�DĞĐŚĂŶŝƐŵƐ�ŽĨ�ĂůůĞƌŐĞŶͲƐƉĞĐŝĮĐ�
ĚĞƐĞŶƐŝƟǌĂƟŽŶ͘�:͘��ůůĞƌŐǇ��ůŝŶ͘�/ŵŵƵŶŽů͘�ϮϬϭϬ͖ϭϮϲ͗ϯϳϱͲϯϴϯ͘

ϳϯ͘�� tĂĐŚŚŽůǌ�W�͕�̂ ŽŶŝ�E<͕�dŝůů�̂ :͕��ƵƌŚĂŵ�̂ Z͘�/ŶŚŝďŝƟŽŶ�ŽĨ�ĂůůĞƌŐĞŶͲ/Ő��ďŝŶĚŝŶŐ�ƚŽ���ĐĞůůƐ�ďǇ�/Ő'�ĂŶƟďŽĚŝĞƐ�ĂŌĞƌ�
grass pollen immunotherapy. J. Allergy Clin. Immunol. 2003;112:915-922.

ϳϰ͘�� ǀĂŶ�EĞĞƌǀĞŶ�Z:͕�tŝŬďŽƌŐ� d͕ � >ƵŶĚ�'͕� :ĂĐŽďƐĞŶ��͕� �ƌŝŶĐŚͲEŝĞůƐĞŶ��͕��ƌŶǀĞĚ� :͕� Ğƚ� Ăů͘� �ůŽĐŬŝŶŐ� ĂŶƟďŽĚŝĞƐ�
ŝŶĚƵĐĞĚ� ďǇ� ƐƉĞĐŝĮĐ� ĂůůĞƌŐǇ� ǀĂĐĐŝŶĂƟŽŶ� ƉƌĞǀĞŶƚ� ƚŚĞ� ĂĐƟǀĂƟŽŶ� ŽĨ� ��ϰн� d� ĐĞůůƐ� ďǇ� ŝŶŚŝďŝƟŶŐ� ƐĞƌƵŵͲ/Ő�Ͳ
ĨĂĐŝůŝƚĂƚĞĚ�ĂůůĞƌŐĞŶ�ƉƌĞƐĞŶƚĂƟŽŶ͘�:͘�/ŵŵƵŶŽů͘�ϭϵϵϵ͖ϭϲϯ͗ϮϵϰϰͲϮϵϱϮ͘
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ϳϱ͘�� ǀĂŶ�EĞĞƌǀĞŶ�Z:͕��ƌǀŝĚƐƐŽŶ�D͕�/ƉƐĞŶ�,͕�^ƉĂƌŚŽůƚ�^,͕�ZĂŬ�^͕�tƵƌƚǌĞŶ�W�͘���ĚŽƵďůĞͲďůŝŶĚ͕�ƉůĂĐĞďŽͲĐŽŶƚƌŽůůĞĚ�
ďŝƌĐŚ�ĂůůĞƌŐǇ�ǀĂĐĐŝŶĂƟŽŶ�ƐƚƵĚǇ͗�/ŶŚŝďŝƟŽŶ�ŽĨ���ϮϯͲŵĞĚŝĂƚĞĚ�ƐĞƌƵŵͲŝŵŵƵŶŽŐůŽďƵůŝŶ��ͲĨĂĐŝůŝƚĂƚĞĚ�ĂůůĞƌŐĞŶ�
ƉƌĞƐĞŶƚĂƟŽŶ͘��ůŝŶ͘��ǆƉ͘��ůůĞƌŐǇ�ϮϬϬϰ͖ϯϰ͗ϰϮϬͲϰϮϴ͘

ϳϲ͘�� :ĂŵĞƐ�><͕�^ŚĂŵũŝ�D,͕�tĂůŬĞƌ�^D͕�tŝůƐŽŶ��Z͕�tĂĐŚŚŽůǌ�W�͕�&ƌĂŶĐŝƐ�:E͕�Ğƚ�Ăů͘�>ŽŶŐͲƚĞƌŵ�ƚŽůĞƌĂŶĐĞ�ĂŌĞƌ�
ĂůůĞƌŐĞŶ� ŝŵŵƵŶŽƚŚĞƌĂƉǇ� ŝƐ�ĂĐĐŽŵƉĂŶŝĞĚ�ďǇ�ƐĞůĞĐƟǀĞ�ƉĞƌƐŝƐƚĞŶĐĞ�ŽĨ�ďůŽĐŬŝŶŐ�ĂŶƟďŽĚŝĞƐ͘� :͘��ůůĞƌŐǇ��ůŝŶ͘�
Immunol. 2011;127:509-516.

ϳϳ͘�� sĂƌŐĂ��D͕�&ƌĂŶĐŝƐ�:E͕��ĂĐŚ�D^͕�<ůƵŶŬĞƌ�^͕��ďĞƌĞƌ�t͕��ƵƌŚĂŵ�^Z͘�dŝŵĞ�ĐŽƵƌƐĞ�ŽĨ�ƐĞƌƵŵ�ŝŶŚŝďŝƚŽƌǇ�ĂĐƟǀŝƚǇ�
ĨŽƌ� ĨĂĐŝůŝƚĂƚĞĚ� ĂůůĞƌŐĞŶͲ/Ő�� ďŝŶĚŝŶŐ� ĚƵƌŝŶŐ� ďĞĞ� ǀĞŶŽŵ� ŝŵŵƵŶŽƚŚĞƌĂƉǇ� ŝŶ� ĐŚŝůĚƌĞŶ͘� �ůŝŶ͘� �ǆƉ͘� �ůůĞƌŐǇ�
2009;39:1353-1357.

ϳϴ͘�� <ĞŚƌǇ�DZ͕�zĂŵĂƐŚŝƚĂ�>�͘�>ŽǁͲĂĸŶŝƚǇ�/Ő��ƌĞĐĞƉƚŽƌ�;��ϮϯͿ�ĨƵŶĐƟŽŶ�ŽŶ�ŵŽƵƐĞ���ĐĞůůƐ͗�ZŽůĞ�ŝŶ�/Ő�ͲĚĞƉĞŶĚĞŶƚ�
ĂŶƟŐĞŶ�ĨŽĐƵƐŝŶŐ͘�WƌŽĐ͘�EĂƚů͘��ĐĂĚ͘�^Đŝ͘�h^��ϭϵϴϵ͖ϴϲ͗ϳϱϱϲͲϳϱϲϬ͘

ϳϵ͘�� ǀĂŶ�ĚĞƌ�,ĞŝũĚĞŶ�&>͕�ǀĂŶ�EĞĞƌǀĞŶ�Z:͕�ǀĂŶ�<ĂƚǁŝũŬ�D͕��ŽƐ�:�͕�<ĂƉƐĞŶďĞƌŐ�D>͘�^ĞƌƵŵͲ/Ő�ͲĨĂĐŝůŝƚĂƚĞĚ�ĂůůĞƌŐĞŶ�
ƉƌĞƐĞŶƚĂƟŽŶ�ŝŶ�ĂƚŽƉŝĐ�ĚŝƐĞĂƐĞ͘�:͘�/ŵŵƵŶŽů͘�ϭϵϵϯ͖ϭϱϬ͗ϯϲϰϯͲϯϲϱϬ͘

ϴϬ͘�� <ŽůŽƉƉͲ^ĂƌĚĂ� DE͕� DŽŶĞƌĞƚͲsĂƵƚƌŝŶ� ��͕� 'ŽďĞƌƚ� �͕� <ĂŶŶǇ� '͕� 'ƵĞƌŝŶ� >͕� &ĂƵƌĞ� '�͕� Ğƚ� Ăů͘� WŽůǇŝƐŽƚǇƉŝĐ�
ĂŶƟƉĞĂŶƵƚͲƐƉĞĐŝĮĐ�ŚƵŵŽƌĂů�ƌĞƐƉŽŶƐĞƐ�ŝŶ�ƉĞĂŶƵƚͲĂůůĞƌŐŝĐ�ŝŶĚŝǀŝĚƵĂůƐ͘��ůŝŶ͘��ǆƉ͘��ůůĞƌŐǇ�ϮϬϬϭ͖ϯϭ͗ϰϳͲϱϯ͘

ϴϭ͘�� dĂǇ�^^͕��ůĂƌŬ��d͕ ��ĞŝŐŚƚŽŶ�:͕�<ŝŶŐ�z͕ ��ǁĂŶ�Wt͘�WĂƩĞƌŶƐ�ŽĨ�ŝŵŵƵŶŽŐůŽďƵůŝŶ�'�ƌĞƐƉŽŶƐĞƐ�ƚŽ�ĞŐŐ�ĂŶĚ�ƉĞĂŶƵƚ�
ĂůůĞƌŐĞŶƐ�ĂƌĞ�ĚŝƐƟŶĐƚ͗�KǀĂůďƵŵŝŶͲƐƉĞĐŝĮĐ�ŝŵŵƵŶŽŐůŽďƵůŝŶ�ƌĞƐƉŽŶƐĞƐ�ĂƌĞ�ƵďŝƋƵŝƚŽƵƐ͕�ďƵƚ�ƉĞĂŶƵƚͲƐƉĞĐŝĮĐ�
immunoglobulin responses are up-regulated in peanut allergy. Clin. Exp. Allergy 2007;37:1512-1518.

ϴϮ͘�� �ĂůďĞƌƐĞ�Z�͕��ƌĂŵĞƌŝ�Z͘�/Ő�ͲďŝŶĚŝŶŐ�ĞƉŝƚŽƉĞƐ͗���ƌĞĂƉƉƌĂŝƐĂů͘��ůůĞƌŐǇ�ϮϬϭϭ͖ϲϲ͗ϭϮϲϭͲϭϮϳϰ͘
ϴϯ͘�� <ŶŽů� �&͘ � ZĞƋƵŝƌĞŵĞŶƚƐ� ĨŽƌ� ĞīĞĐƟǀĞ� /Ő�� ĐƌŽƐƐͲůŝŶŬŝŶŐ�ŽŶ�ŵĂƐƚ� ĐĞůůƐ� ĂŶĚ�ďĂƐŽƉŚŝůƐ͘�DŽů͘�EƵƚƌ͘ � &ŽŽĚ�ZĞƐ͘�

2006;50:620-624.
ϴϰ͘�� ZĂũĂƐĞŬĂƌĂŶ� ^͕� �ĂůůĂ� ^͕� ,ƵĂŶŐ� �,͕� dŚĂƉĂƌ� s͕� 'ƌǇŬ� D͕� DĂĐŝĞũĞǁƐŬŝ� D͕� Ğƚ� Ăů͘� ,ŝŐŚͲƉĞƌĨŽƌŵĂŶĐĞ� ĞǆĂĐƚ�

ĂůŐŽƌŝƚŚŵƐ�ĨŽƌ�ŵŽƟĨ�ƐĞĂƌĐŚ͘�:͘��ůŝŶ͘�DŽŶŝƚ͘��ŽŵƉƵƚ͘�ϮϬϬϱ͖ϭϵ͗ϯϭϵͲϯϮϴ͘
ϴϱ͘�� ,ŽůůĂŶĚ��:͕��ŽůĞ��<͕�'ŽĚŬŝŶ��͘�ZĞͲĚŝƌĞĐƟŶŐ���ϰ;нͿ�d�ĐĞůů�ƌĞƐƉŽŶƐĞƐ�ǁŝƚŚ�ƚŚĞ�ŇĂŶŬŝŶŐ�ƌĞƐŝĚƵĞƐ�ŽĨ�D,��ĐůĂƐƐ�

//ͲďŽƵŶĚ�ƉĞƉƟĚĞƐ͗�dŚĞ�ĐŽƌĞ�ŝƐ�ŶŽƚ�ĞŶŽƵŐŚ͘�&ƌŽŶƚ͘�/ŵŵƵŶŽů͘�ϮϬϭϯ͖ϰ͗ϭϳϮ͘
ϴϲ͘�� DƵůůĞƌ�h͕��ŬĚŝƐ���͕�&ƌŝĐŬĞƌ�D͕��ŬĚŝƐ�D͕��ůĞƐŬĞŶ�d͕ ��ĞƩĞŶƐ�&͕ �Ğƚ�Ăů͘�^ƵĐĐĞƐƐĨƵů�ŝŵŵƵŶŽƚŚĞƌĂƉǇ�ǁŝƚŚ�dͲĐĞůů�

ĞƉŝƚŽƉĞ�ƉĞƉƟĚĞƐ�ŽĨ�ďĞĞ�ǀĞŶŽŵ�ƉŚŽƐƉŚŽůŝƉĂƐĞ��Ϯ�ŝŶĚƵĐĞƐ�ƐƉĞĐŝĮĐ�dͲĐĞůů�ĂŶĞƌŐǇ�ŝŶ�ƉĂƟĞŶƚƐ�ĂůůĞƌŐŝĐ�ƚŽ�ďĞĞ�
ǀĞŶŽŵ͘�:͘��ůůĞƌŐǇ��ůŝŶ͘�/ŵŵƵŶŽů͘�ϭϵϵϴ͖ϭϬϭ͗ϳϰϳͲϳϱϰ͘

ϴϳ͘�� WĂƚĞů��͕��ŽƵƌŽƵǆ� W͕ �,ŝĐŬĞǇ� W͕ � ^ĂůĂƉĂƚĞŬ��D͕� >ĂŝĚůĞƌ� W͕ � >ĂƌĐŚĞ�D͕�Ğƚ� Ăů͘� &Ğů� Ě�ϭͲĚĞƌŝǀĞĚ�ƉĞƉƟĚĞ�ĂŶƟŐĞŶ�
ĚĞƐĞŶƐŝƟǌĂƟŽŶ�ƐŚŽǁƐ�Ă�ƉĞƌƐŝƐƚĞŶƚ�ƚƌĞĂƚŵĞŶƚ�ĞīĞĐƚ�ϭ�ǇĞĂƌ�ĂŌĞƌ�ƚŚĞ�ƐƚĂƌƚ�ŽĨ�ĚŽƐŝŶŐ͗���ƌĂŶĚŽŵŝǌĞĚ͕�ƉůĂĐĞďŽͲ
controlled study. J. Allergy Clin. Immunol. 2013;131:103-109.
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ABSTRACT

Allergen-IgE complexes are more e"ciently internalized and presented by B cells than allergens 

alone. It has been suggested that IgG antibodies induced by immunotherapy inhibit these 

processes. Food-allergic patients have high allergen-specific IgG levels. However, the role of 

these antibodies in complex formation and binding to B cells is unknown. To investigate this, 

we incubated sera of peanut- or cow’s milk-allergic patients with their major allergens to form 

complexes, and added them to EBV-transformed or peripheral blood B cells. Samples of birch 

pollen-allergic patients were used as control. Complex binding to B cells in presence or absence 

of blocking antibodies to CD23, CD32, complement receptor 1 (CR1, CD35) and/or CR2 (CD21) 

was determined by flow cytometry. Furthermore, intact and IgG-depleted sera were compared. 

These experiments showed that allergen-antibody complexes formed in birch pollen as well 

as food allergy contained IgE, IgG1 and IgG4 antibodies and bound to B cells. Binding of these 

complexes to EBV-transformed B cells was completely mediated by CD23, whereas binding 

to peripheral blood B cells was dependent on both CD23 and CR2. This reflected di!erential 

receptor expression. Upon IgG depletion, allergen-antibody complexes bound to peripheral 

blood B cells exclusively via CD23. These data indicated that IgG antibodies are involved in 

complex formation. The presence of IgG in allergen-IgE complexes results in binding to B cells 

via CR2 in addition to CD23. The binding to both CR2 and CD23 may a!ect antigen processing 

and presentation and (may) thereby influence the allergic response. 
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INTRODUCTION

Depending on the antigen/antibody ratio in the circulation, immune complexes may be formed 

upon exposure to an antigen. These formed complexes play an important role in antigen 

presentation. They bind to leukocytes via Fc and/or complement receptors, after which they 

are internalized and processed to facilitate antigen presentation.

Previous research has shown that antigen-antibody complexes formed after vaccination 

contained complement factors and bound to B cells via complement receptors (CR) 1 (CD35) 

and CR2 (CD21). These complexes led to more e"cient antigen presentation to T cells than 

complexes without complement (1, 2). In addition, studies with antigen artificially coupled to 

complement components indicated that these complexes activated T cells at lower antigen 

concentrations compared to free antigen (3, 4).

Also in allergy, antigen-antibody complex formation has been observed. These allergen-IgE 

complexes were able to bind to B cells via the low-a"nity IgE receptor CD23 (5-7). As with the 

vaccination studies, complex formation enhanced the antigen uptake and presentation of 

allergens (5, 6). Furthermore, studies have shown that this IgE-facilitated antigen presentation 

(IgE-FAP) induced more Th2 skewing (8, 9). As a model system for IgE-FAP, most studies used 

EBV-transformed B cells (EBV-B cells), which have a high expression of CD23.

So far, the role of IgE-FAP in allergy has mainly been investigated for inhalation allergens, such 

as birch pollen, grass pollen and house dust mite (6, 7, 10, 11). Only one study has investigated 

IgE-FAP in food allergy (FA), that is, peanut allergy (PA) (12). In line with other studies, this study 

revealed that, in presence of specific IgE, peanut-specific T cells are activated at lower allergen 

concentrations. In PA not only specific IgE levels but also specific IgG levels are elevated (13, 

14). This was also demonstrated for cow’s milk allergy (CMA) (15). However, the role of these 

specific IgG antibodies in allergen-antibody complex formation in allergy is unclear.

One study showed that allergen-antibody complexes containing IgE, IgG1 and/or C1q can be 

formed in the circulation upon a challenge with cow’s milk in CMA patients, which suggests 

that IgG antibodies may be involved in complex formation (16). In contrast, other studies have 

suggested that IgG antibodies block complex formation and thereby reduce antigen 

presentation. In patients treated with allergen immunotherapy, specific IgG levels, especially 

IgG4, were increased, while binding of allergen-IgE complexes to EBV-B cells and subsequent 

T cell activation were reduced (7, 10, 11, 17, 18). Additional IgG-depletion experiments indicated 

that IgG antibodies were involved in the inhibition of complex binding and antigen presentation 

(7, 10, 11). 

In this study, the formation of allergen-antibody complexes and their binding to B cells in FA 

as compared to birch pollen allergy (BPA) was investigated. Complexes were stained for the 

presence of IgE, IgG1 and IgG4 to determine their composition. Binding to EBV-B cells and to 

B cells within freshly isolated PBMCs incubated with/without blocking antibodies for several 

receptor candidates, that is, CD23, the low-a"nity IgG receptor FcɶRII (CD32), CR1, and CR2, 

was examined. In addition, IgG antibodies were depleted from the serum to investigate their 

role in complex formation and binding.
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MATERIAL AND METHODS

Patients

Fifteen CMA (age, 26-68 y; median, 39 y), 15 PA (age, 20-37 y; median, 23 y), 15 BPA (age, 18-60 

y; median, 39) patients and 4 healthy controls (HCs; age 25-59 y, median 27) were included in 

this study. The diagnosis of CMA, PA and BPA was based on a suggestive history, a positive 

double blind placebo-controlled food challenge, positive IgE specific for cow’s milk, peanut or 

birch pollen (determined by CAP system FEIA, Thermo Fisher Scientific, Uppsala, Sweden) and/

or a positive skin prick test. After informed consent was obtained, venous blood samples were 

taken from the patients and the control subjects. Plasma/serum was collected and stored at 

-20°C until further use. This study was approved by the Ethics Committee of the University 

Medical Center Utrecht.

Allergens

Cow’s milk protein and purified ɲS1-casein (purity >95%) were obtained from Nizo Food 

Research (Ede, The Netherlands). Crude peanut extract and purified Ara h 2 (purity >95%) were 

a kind gift from TNO Innovation for Life (Zeist, The Netherlands). Birch pollen extract was 

obtained from ALK Abellø (Hørsholm, Denmark), whereas recombinant Bet v 1 (expressed in 

Escherichia coli, purity >98%) was purchased at Biomay (Vienna, Austria).

Antibodies

HRP-conjugated goat anti-human IgE (1:10,000) was purchased from KPL (Gaithersburg, MD, 

USA). HRP-conjugated mouse anti-human IgG1 (1:20,000) and -IgG4 (1:30,000) were acquired 

from Sanquin (Amsterdam, The Netherlands). Unlabeled mouse IgG isotype control (DAK-GO1, 

1:2), PE-labeled and unlabeled mouse anti-human CD23 (clone MHM6, 1:10) were obtained 

from Dako Denmark A/S (Glostrup, Denmark). PE-labeled and unlabeled mouse anti-human 

CD32 (clone AT10, 1:10) were purchased from AbD Serotec (Martinsried, Germany). PE-labeled 

mouse IgG1 isotype control (clone MOPC-31C, 1:5), mouse anti-human CR1 (clone E11, 1:10) 

and CR2 (clone B-ly4, 1:10), streptavidin (1:450), unlabeled mouse anti-human CR2 (clone 1048, 

1:5), biotinylated mouse anti-human IgE, IgG1, IgG4 (all 1:250) and FITC-labeled mouse anti-

human CD20 (clone 2H7, 1:10) were all acquired from BD Biosciences (San Diego, CA, USA). 

Unlabeled mouse anti-human CR1 (clone J3D3, 1:50) was bought at Beckman Coulter (Brea, 

CA, USA).

Allergen-specific IgE, IgG1 and IgG4 ELISA

ELISA to determine allergen-specific IgE, IgG1 and IgG4 levels to cow’s milk protein, ɲS1-casein, 

crude peanut extract, Ara h 2, birch pollen extract or Bet v 1 was performed as described 

previously (19). Results are expressed as arbitrary units per milliliter.

Cells

EBV-B cells and IIA1.6 cells (murine cell line expressing human CD32) were cultured in RPMI 

1640 + GlutaMAXTM-I supplemented with 10% v/v heat-inactivated FBS, 100 IU/ml penicillin and 
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100 µg/ml streptomycin (all from Invitrogen, Carlsbad, CA, USA). PBMCs were isolated from 

heparinized venous blood samples from healthy donors by density gradient centrifugation with 

Ficoll-Paque PLUS (GE Healthcare Life Sciences, Little Chalfont, UK).

Allergen-antibody complex binding to B cells

Complex binding to B cells was investigated as described with some adjustments (20). In short, 

plasma (for 21 subjects) or serum (for 4 subjects) of 25 subjects (n=7 for each allergy group 

and n=4 for the healthy subjects, see Supplemental Table I) were incubated for 1 hour at 37°C 

with several concentrations ɲS1-casein, Ara h 2 or Bet v 1 (range from 0.001-100 µg/ml) in 

PBS-2% w/v human serum albumin (Sanquin) to form allergen-antibody complexes. 

Subsequently, 4.5x105 EBV-B cells or freshly isolated PBMCs were added to the samples and 

incubated for 1 hour at 37°C to allow complexes to bind to the cells. After 1 hour, samples were 

washed, divided over three tubes, and stained for binding of allergen-antibody complexes with 

biotinylated mouse-anti-human IgE, IgG1 or IgG4 antibodies for 30 min at 4°C, followed by a 

PE-labeled streptavidin staining. Simultaneously, peripheral blood B cells (PBBCs) within the 

PBMCs were stained with FITC-labeled mouse anti-human CD20. Fluorescence was measured 

with flow cytometry (FACSCanto II, BD Biosciences, Franklin Lakes, NJ, USA).

To evaluate receptors involved in binding of allergen complexes, we preincubated the cells 

with unlabeled blocking antibodies against CD23, CD32, CR1, CR2 or a mouse IgG isotype 

control for 30 min at 4°C before they were incubated with the plasma/serum mixtures. Optimal 

antibody dilutions for receptor blocking were determined by titration. The role of IgG antibodies 

in the formation and subsequent binding of allergen complexes to the cells was assessed by 

depleting the antibodies from plasma/serum using ProteoPrep Immunoa"nity Albumin & IgG 

Depletion kit  (Sigma-Aldrich, Saint Louis, MO, USA) according to the manufacturer’s instructions 

with a small adjustment. Undiluted serum/plasma samples were used instead of pre-diluted 

samples. Because samples were diluted twice during IgG-depletion, control samples were 

diluted to the same extent in these experiments.

CD23, CD32, CR1 and CR2 expression on B cells

To determine receptor expression on EBV-B cells and PBMCs, we incubated 1x105 cells with 

PE-labeled mouse anti-human CD23, CD32, CR1, CR2 or mouse IgG1 isotype control for 30 

min at 4°C. To distinguish PBBCs within the PBMCs, PBBCs were costained with FITC-labeled 

mouse-anti-human CD20. The fluorescence was measured by flow cytometry.

Binding of heat-aggregated IgG to B cells

To investigate whether IgG complexes are capable of binding to CD32 and to determine the e!ect 

of complement activation on this binding, 500 µg/ml heat-aggregated IgG (HA-IgG) in PBS-2% 

w/v human serum albumin was incubated with/without serum from a healthy control. Subsequently, 

4.5x105 EBV-B cells, IIA1.6 cells or freshly isolated PBMCs were added to the samples and incubated 

for 1 hour at 37°C to allow aggregates to bind to the cells. Bound IgG antibodies were stained as 

described above. To determine which receptors were involved in the binding, cells were pre-

incubated with blocking antibodies to CD23, CD32, CR1 and CR2 as described earlier.
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Statistical analyses

All data were analyzed with GraphPad Prism version 5.0d for Macintosh (GraphPad Software, 

San Diego, CA, USA). The median fluorescence intensities (MFI) of the receptors and of the IgE/

IgG/IgG4 binding were corrected for the background staining of the isotype. Negative values 

were fixed to 1. The MFI of the receptors and the ELISA data were analyzed using the Kruskal-

Wallis method followed by a Dunn’s post hoc test for selected groups. For blocking and IgG-

depletion experiments, the corrected MFIs were log-transformed and analyzed using repeated 

measures ANOVA with a Bonferroni’s multiple comparison posttest for selected groups. The p 

values <0.05 were considered significant.

RESULTS

High IgG levels in FA

Allergen-specific IgE, IgG1 and IgG4 levels in BPA, PA and CMA patients were measured by 

ELISA (Figure 1). IgE levels were comparable among the di!erent groups. In contrast, in PA and 

CMA patients allergen-specific IgG1 levels (median, 53.1 [range, 3.3-1170] and 40.1 [range, 

3-678.5] arbitrary units/ml, respectively) were significantly higher than those in BPA patients 

(median, 4.3; range, 1-50.8). Furthermore, CMA patients had significantly higher levels of 

allergen-specific IgG4 (median, 106.4; range, 0.2-1440) than PA and BPA patients (median, 10.7 

[range, 2.5-200.6] and 3.8 [range, 0.2-16], respectively). Seven patient samples from each group 

were used for in vitro complex formation experiments. In addition, samples of four HCs, which 

were selected based on high IgG1/IgG4 levels specific for ɲS1-casein in the absence of IgE, 

were used for these experiments. The specific antibody levels to the major allergens in the 

selected patients and in the HCs are shown in Supplemental Table 1.
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Figure 1 |  Allergen-specific IgE, IgG1, and IgG4 levels in BPA, PA and CMA. Birch pollen, peanut or cow’s milk-
specific IgE, IgG1 and IgG4 levels were determined in BPA, PA, or CMA patients, respectively. Each patient is 
represented by a square, triangle, or circle in the scatter plot. Lines indicate median values. IgE, IgG1, and IgG4 
levels between allergies were compared (n=15, *p < 0.05).
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IgG antibodies present in allergen-antibody complexes in BPA and FA

The composition of allergen-antibody complexes binding to EBV-B cells or PBBCs in HCs 

(Supplemental Figure 1) and BPA, PA, and CMA patients (Figure 2 and Supplemental Figure 2) 

was investigated using antibodies for IgE, IgG1, and IgG4.

Immune complexes containing all three isotypes were found to bind to EBV-B cells and PBBCs 

for BPA patients. Also for PA patients, binding of IgE, IgG1, and IgG4 to both cell types was 

observed. For CMA patients, complex binding to EBV-B cells was observed in six of the seven 

patients (CMA 1, 3-7), although complex binding was somewhat lower for two patients (CMA 

1, 3). In one patient (CMA 2) hardly any complex binding was observed. Binding of complexes 

to PBBCs as compared to EBV-B cells was more pronounced. For six CMA patients, complexes 

binding to PBBCs contained IgE, IgG1, and IgG4, whereas in one patient (CMA 2), complexes 

contained mainly IgG4 and hardly any IgE or IgG1. The optimal allergen concentration for 

complex binding was 10x higher for CMA (0.01-1 µg/ml) than for PA (0.01-0.1 µg/ml) and BPA 

patients (0.01-0.1 µg/ml). For the HCs, minimal IgG1 and IgG4 binding to PBBCs was seen for 

three subjects (HC 2-4). In one of the three subjects (HC 2) also minimal IgE binding was found. 

Hardly any binding to EBV B cells was observed. 
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Figure 2 |  Allergen-antibody complex binding to PBBCs. MFI of IgE (A, D, G), IgG1 (B, E, H), and IgG4 (C, F, I) 
present in complexes binding to PBBCs, after incubation of plasma/serum samples of seven BPA (A, B, C), PA (D, 
E, F) and CMA (G, H, I) patients and di!erent concentrations of the major allergens Bet v 1, Ara h 2, and ɲS1-casein, 
respectively.
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CR2 involved in complex binding to PBBCs

To determine which receptors were involved in the binding of allergen-antibody complexes, 

EBV-B cells and PBBCs were pre-incubated with blocking antibodies before incubation with 

the complexes. For each patient, the optimal allergen concentration for the formation of 

allergen-antibody complexes was used. For BPA, PA, as well as CMA, binding of complexes 

to EBV-B cells was mainly mediated by CD23 (Figure 3). In contrast, complex binding to 

PBBCs was only partially reduced upon blocking this receptor (Figure 4). Blocking CD32 had 

a minor e!ect on the complex binding to PBBCs for CMA patients and no e!ect for PA and 

BPA patients. However, pre-incubating PBBCs with blocking CR2 antibodies did inhibit the 

binding of complexes to these cells. Moreover, blocking both CD23 and CR2 virtually 

abrogated the complex binding for BPA and PA patients, and reduced the binding by almost 

90% for CMA patients (significant using a t-test). Blocking CR1 had only a minor e!ect on the 

complex binding to PBBCs. Also, in healthy subjects, the complex binding to PBBCs was 

mediated by CR2 (data not shown). 
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Figure 3 |  Allergen-antibody complex binding after blocking several receptor candidates on EBV-B cells. MFI of 
IgE (A, D, G), IgG1 (B, E, H), and IgG4 (C, F, I) present in complexes binding to EBV-B cells, with and without CD23, 
CD32, CR1 and/or CR2 blocking in seven BPA (A, B, C), PA (D, E, F), and CMA (G, H, I) patients. All conditions were 
compared to isotype control with allergen (*p < 0.05).
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Di!erent receptor expression pattern on EBV-B cells compared to PBBCs

To evaluate whether the di!erence in receptor involvement for EBV-B cells and PBBCs was 

due to receptor expression, the expression of CD23, CD32, CR1, and CR2 on B cells was 

determined. Expression of CD23 was much higher on EBV-B cells than PBBCs (Figure 5). In 

contrast, CR1 and CR2 expression was significantly lower on EBV-B cells compared with PBBCs, 

whereas CD32 expression was comparable.

Complement deposition on IgG inhibits binding to CD32 and increases binding to CR1/CR2

The e!ect of complement deposition on the binding of IgG present in antigen-antibody 

complexes was investigated by comparing the binding of HA-IgG with/without pre-incubation 

with complement-su"cient serum to EBV-B cells, PBBCs and IIA1.6 cells, of which the last 

expresses only CD32. Without incubation in serum, binding of HA-IgG to all three cell types 

was observed and mediated by CD32 (Figure 6). 
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Figure 4 |  Allergen-antibody complex binding after blocking several receptor candidates on PBBCs. MFI of IgE (A, 
D, G), IgG1 (B, E, H), and IgG4 (C, F, I) present in complexes binding to PBBCs, with and without CD23, CD32, CR1, 
and/or CR2 blocking in seven BPA (A, B, C), PA (D, E, F) and CMA (G, H, I) patients. All conditions were compared 
to isotype control with allergen (*p < 0.05).
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Upon serum incubation, HA-IgG binding to IIA1.6 cells was strongly reduced, whereas binding 

to PBBCs slightly increased. Binding to PBBCs and EBV-B cells was now mediated by CR1 and 

CR2. In both conditions, HA-IgG binding to EBV-B cells was low compared with PBBCs.

IgG antibodies involved in complement activation

To investigate whether IgG antibodies were indeed involved in complement activation, IgG 

antibodies were depleted from the plasma samples of PA patients before allergen-antibody 

complex formation. After IgG-depletion, the complexes contained primarily IgE (Figure 7). 

The binding of these complexes to PBBCs was completely mediated by CD23, whereas binding 

to CR2 was negligible.
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Figure 5 |  Expression of CD23, CD32, CR1 and CR2 on EBV-B cells and PBBCs. The MFI of the di!erent receptors 
on EBV-B cells and PBBCs is depicted. Expression levels between EBV-B cells and PBBCs were compared (n=9, 
*p < 0.05).
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Figure 6 |  Binding of HA-IgG with and without serum incubation to several B cells. Binding of HA-IgG without (A) 
and with (B) serum incubation to EBV-B cells, PBBCs and CD32-expressing IIA1.6 cells pre-incubated with blocking 
antibodies for CD23, CD32, CR1 or CR2. These figures are representative examples of two experiments.
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DISCUSSION

The objective of this study was to investigate allergen-antibody complex formation and binding 

to B cells in FA in comparison to BPA. Furthermore, the role of specific IgG antibodies in these 

complexes was examined by determining the antibody composition of the complexes and the 

receptors involved in complex binding.

Confirming previous studies, IgE binding to EBV-B cells was observed for BPA patients (10, 21). 

Also for PA patients, binding of complexes to these cells was observed, whereas for CMA 

patients, binding was less pronounced. Interestingly, not only IgE, but also IgG1 and IgG4 were 

detected in complexes binding to EBV-B cells.

Although EBV-B cells are commonly used in IgE-FAP studies, complex binding to PBBCs 

presumably represents the in vivo situation better and was therefore also determined. In general, 

for PA and BPA patients, the binding to PBBCs was comparable to EBV-B cells, whereas for 

CMA patients complex binding to PBBCs was more pronounced. The optimal allergen 

concentration to form complexes was di!erent between the allergies. For CMA, this 

concentration was 10x higher than for PA and BPA. Because it is known that antibody/allergen 

ratios influence the complex formation, the increase in optimal concentration and the less 

pronounced complex binding for CMA patients compared to BPA and PA patients may reflect 

the higher absolute antibody levels, mainly due to significantly higher IgG1 and/or IgG4 levels, 

against the major allergen ɲS1-casein in the CMA patients.

Previous studies indicated that also healthy controls have detectable food-specific IgG1 and 

IgG4 levels (19). To determine whether complex formation and binding also occurs in these 

subjects, we investigated IgE, IgG1 and IgG4 binding to EBV B cells and PBBCs for four HCs. 
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Figure 7 |  E!ect of IgG depletion on receptor-mediated complex binding to PBBCs. MFI of IgE (A, D), IgG1 (B, 
E), and IgG4 (C, F) present in complexes binding to PBBCs with and without CD23, CD32, CR1 or CR2 blocking. 
Complexes were formed by incubating normal or IgG-depleted plasma from four PA patients with Ara h 2. All 
conditions were compared to isotype control with allergen (*p < 0.05).
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As expected, complex binding was less pronounced for the HCs as for the FA patients. Hardly 

any antibody binding to the EBV B cells was found, whereas some IgG1 and IgG4 binding to 

PBBCs was observed for three HCs. Because the allergen-specific IgG1 and IgG4 levels in these 

subjects are comparable with the levels found in the CMA patients (Supplemental Table 1), the 

less pronounced complex binding probably reflects the lower absolute antibody levels in the 

HCs because of absence of food-specific IgE levels. Complexes in patients were shown to bind 

via CD23 and CR2. The data in HCs suggest that absence of IgE in the complexes makes 

complex binding less e"cient. Because of this low complex binding, the functional role of the 

complexes in healthy controls may be limited.

Although complex binding to EBV-B cells and PBBCs was comparable, the receptors involved 

in the binding were di!erent. In accordance with previous studies, blocking CD23 on EBV-B 

cells inhibited the complex binding for BPA patients completely (6, 7, 22). Also in FA, the binding 

to EBV-B cells was completely reduced upon blocking CD23. Not only was IgE binding to EBV-B 

cells inhibited by blocking CD23, but also IgG1 and IgG4 binding, which suggest that the formed 

complexes contained mixed IgE, IgG1 and IgG4 antibodies and that their binding to EBV-B cells 

was mediated via IgE. Blocking CD23 on PBBCs reduced complex binding only partially. 

Surprisingly, the remaining binding was not mediated by CD32, but by CR2.

The di!erences in the receptors involved in complex binding to EBV-B cells and PBBCs were 

explained by the expression of these receptors on the cells. As mentioned before, EBV-B cells 

are often used in IgE-FAP as a model system because of their high CD23 expression. However, 

compared with PBBCs, the expression of CD23 was significantly higher on EBV-B cells, while 

the expression of CR1 and CR2 was lower. The high expression of CD23 probably leads to 

preferential binding of allergen-antibody complexes via IgE to this receptor. Apparently, the 

lower expression of CR2 on EBV-B cells minimized the contribution of this receptor to the 

complex binding, because blocking CD23 completely abrogated the binding to these cells. 

This is in line with a previous study in which binding of immune complexes to EBV-B cells was 

observed only to cells with high CR2 expression (23). The authors suggested that complexes 

bind to EBV-B cells via CR2 when multivalent attachment of the complexes occurs. This 

hypothesis may also explain why HA-IgG, which is more potent in binding complement 

components than complexes containing IgE, IgG1, and IgG4, was able to bind to CR2 on EBV-B 

cells. However, because of the lower CR2 expression, HA-IgG binding to EBV-B cells was low 

compared to PBBCs. Together, these data show that EBV-B cells may not be a representative 

model for allergen-antibody complex binding and IgE-FAP in vivo.

Immune complexes that contain IgG1 can activate the classical pathway of the complement 

system. Activation of this system leads to the fixation of complement component C3b to the 

complexes. This fragment is subsequently degraded to iC3b and C3dg, which both bind to 

CR2. In contrast with IgG1, IgG4 may inhibit the activation of the classical pathway, or instead 

may activate the complement system via the alternative pathway (24, 25). However, this 

activation requires relatively high antibody concentrations and is weaker than that of the classical 

pathway by IgG1 (25). Thus, IgG, especially IgG1, present in the mixed allergen-antibody 

complexes may activate the complement system and results in subsequent binding of the 

complexes to CR2.
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IgG was depleted from serum before complex formation to investigate this. Interestingly, binding 

of complexes formed in serum depleted for IgG was no longer inhibited by blocking CR2, but 

was completely dependent on CD23. This indicates that complex binding to CR2 on PBBCs 

was dependent on the presence of IgG antibodies in the complexes. Furthermore, in BPA 

patients with low levels of IgG1, complex binding to PBBCs was mediated by CD23 as described 

previously, whereas in patients with higher IgG1 levels binding occurred via CR2 (data not 

shown) (11). Also, in PA patients, who all have high IgG1 levels, and in HCs, immune complexes 

bound to CR2. However, in CMA patients, who have high levels of both IgG1 and IgG4, these 

e!ects were less clear. This suggests that, in particular, IgG1 in the complexes was needed for 

binding to CR2. It would be interesting to deplete IgG1 and IgG4 antibodies separately to further 

investigate the e!ects of these antibodies. In addition, the role of IgG2 and IgG3, which both 

activate the complement system, needs to be investigated.

Interestingly, previous studies have indicated a direct interaction between CD23 and CR2 (26-

28). In addition, they showed that the IgE receptor can bind simultaneously to the CR and IgE. 

Both membrane and soluble CD23 may be involved in the interaction with CR2. Whereas 

soluble CD23 is not involved in the complex binding observed in this study, the role of the 

interaction between membrane CD23 and CR2 is unclear. Because blocking of both CD23 and 

CR2 has a much stronger blocking e!ect as compared to blocking CD23 or CR2 alone, our 

data suggest that the receptors act in a cooperative manner to bind the complexes.

Unexpectedly, CD32 was not involved in the binding of immune complexes to B cells. An 

obvious explanation for this observation is that because of the presence of IgE and IgG4, the 

allergen-antibody complexes contained too little IgG1 for binding to CD32. Also other studies 

have shown that immune complexes containing other antibodies in addition to IgG may not 

bind to CD32 on PBBCs (1, 2, 22). However, the experiments with HA-IgG showed that 

complexes without serum incubation can bind to B cells via CD32, whereas the same complexes 

incubated with serum only bind via CRs. This points towards another mechanism, that is, that 

complement fixation to the complexes apparently abrogated binding via CD32. A similar 

phenomenon was previously described for the binding of IgG1 to another low-a"nity IgG 

receptor, namely CD16 (29). Moreover, studies investigating the binding sites for Fc receptors 

and C3 components on IgG have shown that they bind to the same region (30, 31).

The e!ect of complement activation on the binding and processing of complexes by B cells 

has already been investigated in several vaccination studies. In vitro studies showed that 

complement deposition on complexes formed using sera after vaccination resulted in more 

e"cient uptake and antigen presentation by antigen-specific and non-specific B cells (1, 2). 

Moreover, the complement-containing complexes induced an antibody response in antigen-

specific B cells, whereas complexes without complement factors did not (32). This is in 

agreement with in vivo mouse studies, which showed reduced antibody responses in CR1/

CR2-deficient mice or in mice treated with CR1/CR2 blocking antibodies (33-36). Interestingly, 

previous research in C3- and CR2-deficient patients has shown that, in particular, IgG4 levels 

were depressed in these patients, which may indicate that CR2 activation is important for IgG4 

production (37, 38).
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The e!ects of allergen-antibody complexes formed in FA patients on antigen presentation by 

B cells are still unclear. Although previous IgE-FAP studies have shown that IgG antibodies 

formed after immunotherapy inhibit antigen presentation, these studies were done with EBV-B 

cells instead of PBBCs (7, 10, 11). Because of di!erences in receptor expression, complement 

deposition on complexes has di!erent e!ects on the binding to receptors on EBV-B cells than 

PBBCs. Therefore, we investigated the e!ect of complex formation in FA patients on antigen 

presentation by both EBV-B cells and PBBCs in a preliminary study. As in previous IgE-FAP 

studies (7, 10, 11), these preliminary experiments showed that T cell proliferation occurred at a 

lower concentration when incubating EBV cells with complexes from serum/plasma of BPA 

and CMA patients, incubated with increasing concentrations of Bet v 1 and ɲS1 casein, 

respectively (Supplemental Figure 3). In addition, depleting IgG antibodies from the serum/

plasma of CMA patients increased the antigen presentation further. However, when using 

PBMCs as antigen presenting cells, proliferation was only observed at the highest allergen 

concentration (100 µg/ml), whereas no e!ects were seen at the concentrations that showed 

optimal complex formation (0.01-0.1 µg/ml, Supplemental Figure 3). These data suggest that 

for PBBCs, the complex formation is not the driving force of the initiation of the T cell response, 

and that their physiologic relevance for IgE-FAP may be limited. Although this seems in contrast 

to a vaccination study that showed that complement-containing IgG-influenza complexes can 

be presented by PBBCs, the data do fit with the data from a recent in vivo mouse study (1, 39). 

This study showed that CD23+ B cells do not present IgE-allergen complexes themselves but 

transport them to B cell follicles and transfer them there to CD11c+ cells. Depleting these 

CD11c+ cells abrogated the antigen presentation indicating that these cells were essential for 

antigen presentation. Interestingly, a role for CR2+ B cells in the transport of immune complexes 

into follicles also has been described (40, 41). 

In conclusion, allergen-antibody complexes formed in FA patients contain IgE, IgG1 and IgG4 

antibodies. Their levels influence the composition of the complexes and the subsequent binding 

to receptors on B cells: mixed IgE/IgG-containing complexes bind not only via CD23, but also 

via CR2. Preliminary data suggest that PBBCs are not directly involved in IgE-FAP. Moreover, 

considering the di!erences in the binding pattern of allergen-antibody complexes and in antigen 

presentation between EBV-B cells and PBBCs, it is questionable whether EBV-B cells can be 

used as a representative model for complex binding and IgE-FAP. Therefore, future studies 

should address the implications of the binding of mixed IgE/IgG-containing complexes to both 

CD23 and CR2 on antigen presentation and allergic responses in vivo.
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ϵϬϭ�ƉƌĞǀĞŶƚƐ�ƚŚĞ�ĂĐƟǀĂƟŽŶ�ŽĨ�ĂůůĞƌŐĞŶͲƐƉĞĐŝĮĐ�d�ĐĞůůƐ͘�/Ŷƚ͘��ƌĐŚ͘��ůůĞƌŐǇ�/ŵŵƵŶŽů͘�ϮϬϬϭ͖ϭϮϰ͗ϰϬϬͲϰϬϮ͘
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ŽĨ�dͲĐĞůů�ŝŵŵƵŶĞ�ƌĞƐƉŽŶƐĞƐ�ďǇ�/Ő��ĂŶĚ�/Ő'�ĂŶƟďŽĚŝĞƐ͘�/ŵŵƵŶŽůŽŐǇ�ϭϵϵϱ͖ϴϲ͗ϯϰϯͲϯϱϬ͘
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SUPPLEMENTAL DATA

Supplemental Table 1 Specific antibody levels to major allergens in patient samples used for in vitro complex 
formation.

Patients Major allergen Samples IgE (AU) IgG1 (AU) IgG4 (AU)

HC 1 ɲS1-casein Plasma nd 703 310

HC 2 ɲS1-casein Plasma nd 632 475

HC 3 ɲS1-casein Plasma nd 233 334

HC 4 ɲS1-casein Plasma nd 407 1137

BPA 1 Bet v 1 Plasma 130 40 7

BPA 2 Bet v 1 Plasma 118 2 3

BPA 3 Bet v 1 Plasma 395 19 20

BPA 4 Bet v 1 Plasma 69 12 20

BPA 5 Bet v 1 Plasma 170 144 27

BPA 6 Bet v 1 Serum 218 59 98

BPA 7 Bet v 1 Serum 271 40 25

PA 1 Ara h 2 Plasma 575 102 15

PA 2 Ara h 2 Plasma 1483 795 66

PA 3 Ara h 2 Plasma 242 340 88

PA 4 Ara h 2 Plasma 922 915 46

PA 5 Ara h 2 Plasma 892 53 11

PA 6 Ara h 2 Plasma 373 383 974

PA 7 Ara h 2 Plasma 292 131 30

CMA 1 ɲS1-casein Serum 107 146 344

CMA 2 ɲS1-casein Plasma 405 147 22520

CMA 3 ɲS1-casein Plasma 458 101 504

CMA 4 ɲS1-casein Serum 16877 1598 3801

CMA 5 ɲS1-casein Plasma 1547 703 721

CMA 6 ɲS1-casein Plasma 302 632 1167

CMA 7 ɲS1-casein Plasma 365 233 920

HC, healthy control; BPA, birch pollen allergy; PA, peanut allergy; CMA, cow’s milk allergy; AU, arbitrary units; 
nd, not detectable.



CHAPTER 2

38

�
���
� ��� � �� ��

�
�

��

���

����

�����

������

�������������������������� �����
�

�
�

�
���
� ��� � �� ��

�
�

��

���

����

�����

������

�������������������������� �����

�
�

�
���
� ��� � �� ��

�
�

��

���

����

�����

������

�������������������������� �����

�
�

�
���
� ��� � �� ��

�
�

��

���

����

�����

������

�������������������������� �����

�
�

�
���
� ��� � �� ��

�
�

��

���

����

�����

������

�������������������������� �����

�
�

�
���
� ��� � �� ��

�
�

��

���

����

�����

������

�������������������������� �����

�
�

� � �

� � �

�
� �
�� �
��

���


����
���	

����

��������	������������������	���
���������������	���������	�������������������"������	������������
����
�!��������������#$�%�!&��!��" #��)�%���!��!��&"�
��
�����%��	��
�����"$��

�%�������������&�$��!�'��&�"!�"��#��% ��
%� #��%�"���"'$�����&�*��"!&$"�%�(�&�������$�!&��"!��!&$�&�"!%�"��&��� ��"$�����$��!�������%��!�

��	�

�����

Supplemental Figure 1 |  Allergen-antibody complex formation in healthy controls. MFI of IgE (A, D), IgG1 (B, E) 
and IgG4 (C, F) present in complexes binding to EBV-B cells (A, B, C) or PBBCs (D, E, F), after incubation of plasma 
samples of four healthy controls with di!erent concentrations of the major allergen ɲS1-casein.
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Supplemental Figure 2 |  Allergen-antibody complex binding to EBV-B cells. MFI of IgE (A, D, G), IgG1 (B, E, H) and 
IgG4 (C, F, I) present in complexes binding to EBV-B cells, after incubation of plasma/serum samples of seven BPA 
(A, B, C), PA (D, E, F) and CMA (G, H, I) patients with di!erent concentrations of the major allergens Bet v 1, Ara h 
2 and ɲS1-casein, respectively. 
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Supplemental Figure 3 |  E!ect of complex binding on antigen presentation to T cells. In general, complexes 
were formed as described in the article. For the experiments with the T cell clones/lines, the complexes were 
incubated for one hour with APCs before adding the T cells. Proliferation was determined by measuring [3H]-
thymidine incorporation. (A) Proliferation of a BP-specific T cell clone, with its autologous EBV-B cells as APC (kind 
gift of P. Adler Würtzen, ALK Abelló). Proliferation is 100x more e"cient upon complex binding using plasma from 
a BPA than from a HC subject. (B) Proliferation of a CM-specific T cell clone, with its autologous EBV-B cells as 
APC. Proliferation is 10x more e"cient upon complex binding using plasma from a CMA than from a HC subject. 
IgG-depletion of plasma has no e!ect when using HC plasma, but induces proliferation at a 10x lower allergen 
concentration when using CMA plasma. (C,D) Proliferation of PBMCs from a PA or CMA subject in the presence 
of PA or CMA plasma, as compared to HC plasma. Only at the highest concentration, proliferation in presence of 
PA or CMA plasma exceeds proliferation in presence of HC plasma. This concentration is much higher than the 
optimal concentration for complex binding. (E,F) Proliferation of a P- or CM-specific T cell line from a PA or CMA 
subject, with its autologous PBMCs as APC. Proliferation is not enhanced upon complex binding using PA or CMA 
plasma as compared to HC plasma.
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The degree of whey hydrolysis does not  
uniformly a!ect in vitro basophil and T cell  
responses of cow’s milk-allergic patients
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ABSTRACT

Background

Several studies investigated whether hydrolyzed proteins can induce tolerance to cow’s milk 

in children at risk for developing cow’s milk allergy. Due to methodological problems and 

inconsistent findings, the evidence for a tolerogenic e!ect is limited. A major problem is that 

di!erent hydrolysates may give di!erent outcomes due to variations in their production and 

composition.

Objective

To investigate the e!ect of the degree of hydrolysis on the allergenicity and immunogenicity 

of whey hydrolysates.

Methods

The hydrolysis of whey was stopped at di!erent time points between 1 and 60 minutes. In 18 

cow’s milk-allergic patients, the allergenicity of the hydrolysates was determined by immunoblot 

and the basophil activation test. To test immunogenicity, cow’s milk-specific T cell lines were 

generated.

Results

In most patients increasing time of hydrolysis decreased IgE recognition and basophil activation. 

However, in five patients, hydrolyzed proteins induced more basophil activation than non-

hydrolyzed proteins. The immunoblot data indicated that these patients recognized either a 

25-30 kDa degradation product of casein or a 10 kDa degradation product of whey. Although 

T cell activation was decreased in all patients over time, half of them still showed a positive 

response to the proteins after 60 min of hydrolysis.

Conclusion

Increasing the time of hydrolysis reduces both allergenicity and immunogenicity of whey 

hydrolysates in most but not all patients. This indicates that not the degree of hydrolysis is 

decisive but the presence and stability of IgE and T cell epitopes in the hydrolysate recognized 

by individual patients.
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INTRODUCTION

Cow’s milk allergy (CMA) is defined as an immunological response to one or more cow’s milk 

(CM) proteins. The disease can be characterized by cutaneous, gastro-intestinal, respiratory 

and/or cardiovascular symptoms that appear after exposure to milk proteins (1-3). Whereas 

0.3-3.5% of the young children seems to be a!ected by CMA, the prevalence in adults is 

estimated to be only 0.1-0.3% (4, 5). At the moment there is no therapy available for CMA and 

the only way to reduce the symptoms is avoiding exposure to CM (1, 3).

Because CM is an important nutrient source for infants when breast-feeding is not possible, 

hypoallergenic formulae were developed for children with CMA or children at risk for developing 

CMA. These formulae contain either amino acids or hydrolyzed milk proteins (whey, casein or 

both) (1). Based on the degree of hydrolysis and the length of the remaining peptides, hydrolyzed 

proteins are categorized as partial or extensive hydrolysates (6-8). The extensive hydrolysates 

contain only small peptides and are mainly used as a replacement for CM-containing formulae 

in allergic children (8, 9). In contrast, the partial hydrolysates may contain larger protein 

fragments and are used in infants at risk for CMA. They were developed with the idea that less 

hydrolyzed proteins are more immunogenic and therefore may prevent CMA by inducing 

tolerance to CM (2, 6). However, larger protein fragments also result in increased allergenicity, 

and therefore these hydrolysates are not suitable for the treatment of CMA children (1, 7, 8).

Several studies investigated the e!ect of extensive and partially hydrolyzed CM proteins on 

allergy prevention. Whereas animal studies indicated that only partial hydrolysates induce 

tolerance (10-12), both partial and extensive hydrolysates seem to prevent CMA and atopic 

dermatitis in high-risk children (8, 9, 13-16). However, evidence for this beneficial e!ect in 

humans is limited due to methodological problems and inconsistent findings (8, 9, 14, 17-19). 

One of the problems is that the e!ects may vary between di!erent hydrolysates due to 

di!erences in their production, such as di!erences in protein sources, enzymes and time of 

hydrolysis (8, 19). Therefore, a better understanding of the influence of these factors on the 

properties of hydrolyzed proteins is necessary.

In this study, the e!ect of the degree of hydrolysis on the allergenicity and immunogenicity of 

hydrolysates was investigated in adult CMA patients. The hydrolysis of whey proteins was 

stopped on di!erent time points. Allergenicity was determined by immunoblot and the basophil 

activation test. In addition to high CM-specific IgE levels, CMA patients may also have high 

CM-specific IgG levels (20). Because IgG antibodies may inhibit basophil activation, activation 

was tested in the presence and absence of plasma (21). Immunogenicity of the hydrolysates 

was tested with CM-specific T cell lines (TCLs). 
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MATERIAL AND METHODS

Patients

Eighteen adult CMA patients were included in this study (Table 1). The diagnosis was based 

on a suggestive history, positive IgE levels specific for CM and/or a positive double blind 

placebo-controlled food challenge. Before venous blood samples were taken and plasma 

samples were collected, an informed consent was obtained from the patients. IgE levels 

specific for CM, casein, ɲ-lactalbumin (ɲ-LAC) and ɴ-lactoglobulin (ɴ-LG) at the time of 

inclusion (Table 1) were determined by CAP system FEIA (Thermo Fisher Scientific, Waltham, 

MA, USA). This study was approved by the Ethics Committee of the University Medical Center 

Utrecht (approval number: 11-187).

Hydrolysis of whey

Whey (Lactalis, Laval, France) was dissolved at a concentration of 10 mg/ml in demineralized 

water. The solution was heat-treated and an established mixture of endo- and exopeptidases 

(enzyme composition confidential by Danone) was added for the hydrolysis. At 16 time points 

between 0 and 60 min, a sample was obtained. All samples were diluted and heated for 10 min 

to deactivate the enzymes completely.

Protein pattern of the whey hydrolysates

The protein pattern was analyzed by SDS-PAGE followed with a silver staining and by Liquid 

Chromatography-Electrospray/Mass Spectrometry (LC-ESI/MS). For SDS-PAGE, the Criterion 

system with a 10-20% Ready Gel Tris-HCl gel (both Bio-Rad, Hercules, CA, USA) was used 

according to the manufacturer’s instructions. The hydrolysates (2 µg per sample) were run on 

gel under reducing conditions. After protein separation, the proteins were silver-stained as 

described previously (22). The LC-MS was performed on an Agilent 1100 Series nano-LC System 

and microTOF-QII MS (Thermo-Quest, San Jose, CA) using a PepSwift Monolithic PS-DVB column 

(200µm x 5cm, Thermo Fisher Scientific) and a trap column (200µm x 5mm, Thermo Fisher 

Scientific) filled with the same matrix and directly interfaced with the mass spectrometer. Analysis 

was performed at a flow rate of 3 µl/min using solvent A (0.1% TFA in water) and solvent B (0.1% 

TFA in 99.99% LC-MS Chromasolv® aqueous acetonitrile (Sigma Aldrich, St Louis, MO, USA)). 

Molecular weight distribution of the whey hydrolysates

The molecular weight distribution was determined by gel permeation chromatography (GPC) 

using UV absorbency. GPC was performed at a flow of 0.9 ml/min; HPLC-column: Superdex 

Peptide 10/300 at 30°C (GE Healthcare art. nr. 17-5176-01); UV detector = 200 nm; electronic 

integrator with GPC mode. Based on the calibration curve, the GPC software calculated the 

molecular weight of various segments of the chromatogram.

Immunoblot

IgE binding to the major allergens of CM and the whey hydrolysates was determined with 

immunoblot. Proteins were separated using SDS-PAGE as described above and transferred on 
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a polyvinyldifluoride membrane using the Criterion Blotter system (both Bio-Rad) according to 

the manufacturer’s instruction. The membrane was blocked and incubated with plasma of the 

CMA patients (diluted 1:25 or more if required in 1% albumin in PBS/Tween). After washing, 

bound IgE was stained with HRP-conjugated anti-IgE (1:30,000 in 1% albumin in PBS/Tween, 

KPL, Gaithersburg, MD, USA). The membrane was washed overnight and the bands were 

visualized using the ECL technique (KPL) according to the manufacturer’s instruction.

Direct unwashed and washed basophil activation test

Basophil activation by the major allergens of CM and the whey hydrolysates was analyzed using 

a flow cytometry-based assay measuring CD63 expression. Heparinized whole blood from the 

CMA patients was stimulated with equal volumes of allergens diluted in RPMI/IL-3 (2 ng/ml, 

R&D systems, Minneapolis, MN, USA). The reaction was stopped by adding cold PBS/EDTA (20 

mM). Cells were stained using anti-CD63, anti-CD123, and anti-CD203c (all from BioLegend, 

San Diego, CA, USA). Red cells were lysed by adding FACS Lysing Solution (BD Biosciences, 

San Jose, CA, USA). Basophil activation was analyzed by flow cytometry using a FACS Canto II 

(BD Biosciences), and expressed as percentage of CD63-positive cells within CD203c/CD123-

Table 1 Patient characteristics

Code Müller score$ IgE CM (kUA/l) IgE Casein 
(kUA/l)

IgE ɲ-LAC
(kUA/l)

IgE ɴ-LG
(kUA/l)

01 0 30.4 38.9 10.6 4.5

02 4* 92.5 99 1.58 1.68

03 3 0.41 0.25 0.03 0.59

04 2 87 99.4 0.18 0.2

05 4* >100 >100 97.8 97.6

06 0 3.98 3.8 0.38 0.96

07 4* >100 >100 13.9 25.7

08 2/3* >100 >100 28.5 >100

09 0 4.15 1.08 5.97 0.43

10 0 35 37 0.41 0.88

11 4* 10.9 14.3 0.07 3.79

12 4* >100 >100 6.57 9.53

13 4* 28.7 28.9 2.86 12

14 4* 32.6 41.6 1.11 0.72

15 1 4.52 5.37 0.04 0.04

16 2/3* >100 >100 3.7 5.2

17 4* 8.13 8.72 2.14 1.28

18 3 0.15 0.31 0.01 0.2

$ Müller scores for severity of CMA: 0 = oropharyngeal symptoms, 1 = symptoms of skin and mucous membranes, 
2 = gastrointestinal symptoms, 3 = respiratory symptoms, 4 = cardiovascular symptoms. * Müller score based 
on history (due to the severity of the symptoms, these patients were not challenged), the Müller scores of the 
other patients were based on the double-blind placebo-controlled food challenge.
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positive cells. The percentages were corrected for spontaneous activation seen with RPMI/

IL-3. To determine the general e!ect of the degree of hydrolysis on basophil activation, the 

activation by hydrolyzed proteins was expressed as percentage of the activation by non-

hydrolyzed proteins.

For part of the experiments, plasma from whole blood was washed away by centrifugation and 

replaced by RPMI until the original blood volume was reached. Heparin (1 µg/ml, Sigma Aldrich) 

was added to prevent clotting. Basophil stimulation was performed as described above.

T cell proliferation and cytokine production

To assess T cell activation in response to the whey hydrolysates, CM-specific TCLs were 

generated and tested as described previously (23). T cell proliferation was determined by 

measuring [3H]-thymidine incorporation. Stimulation indexes (SIs) were determined by dividing 

hydrolysate-induced proliferation by background proliferation. A SI #2 was considered positive. 

In addition, to determine the general e!ect of the degree of hydrolysis on T cell proliferation, 

the proliferation induced by hydrolyzed proteins was corrected for background proliferation 

and expressed as percentage of the proliferation by non-hydrolyzed proteins. Cytokine levels 

(i.e. IFNɶ, IL-13 and IL-10) in the supernatants were measured by ELISA according to the 

manufacturer’s instructions (Sanquin, Amsterdam, The Netherlands). All values were corrected 

for background levels.

RESULTS

Protein pattern of the whey hydrolysates

The degradation of CM proteins and the formation of peptides at the di!erent time points of 

hydrolysis are shown in Figure 1. At 0 min, when the proteins were only heat-treated, 80% of 

the proteins were larger than 10 kDa. The silver staining of the SDS-PAGE (Figure 1A) and the 

spectra of the HPLC (Figure 1B, Supplemental Figure 1 and Supplemental Figure 2) show that 

most of these proteins had an estimated molecular mass of approximately 14 and 18 kDa, which 

corresponds to the mass of ɲ-LAC and ɴ-LG, respectively. Moreover, both techniques show 

that adding enzymes for 1 min already partially degraded the proteins. Only small traces of 

intact protein were visible on the gel after 15 min. However, a degradation product that was 

formed after 1 min was still visible after 40 min of hydrolysis. The molecular weight distribution 

indicates that after 60 min of hydrolysis less than 1% of the proteins was larger than 10 kDa and 

more than 90% was smaller than 3 kDa (Figure 1C).

Protein/peptide recognition by IgE

In most patients (01, 03, 04, 06, 07, 09-11, 14-18), proteins/peptides were recognized when 

they were hydrolyzed for 11 min or less (Figure 2A). Only in five patients (02, 05, 08, 12, 13), IgE 

binding to the later time points was observed. Interestingly, one of these patients (02) recognized 

a band around 25-30 kDa (Figure 2B). This band seemed to appear after hydrolysis of the 

proteins for 1 min and was still visible after 60 min of hydrolysis. The other four patients 
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predominantly recognized a degradation product of approximately 10 kDa (Figure 2C). This 

band was still visible after 40 min of hydrolysis but no longer at the 60 min time point.

Basophil activation by the hydrolysates

Although IgE levels towards the whey proteins were lower than to casein (Table 1), the median 

basophil activation in response to the major allergens of cow’s milk was similar (Supplemental 

Figure 3). Only one patient (03) showed no response to any of the major allergens and 

hydrolysates. Although this patient had positive IgE levels for casein and ɴ-LG (4 kUA/l and 37 

kUA/l, respectively) in the past, the levels at the time of inclusion were only slightly positive for 

ɴ-LG (0.59 kUA/l). 

In twelve patients (01, 04, 06, 07, 09-11, 14-18), basophil activation decreased over time when 

whey was hydrolyzed (Figure 3A). As expected, these were the same patients that showed a 

decrease in IgE recognition on the immunoblot. While in some patients (01, 06, 10, 15, 18) the 

basophil activation was lost rapidly (Figure 3C), in others (04, 07, 09, 14, 16, 17) a small percentage 

Figure 1  | Protein pattern of the whey hydrolysates. The protein patterns of the hydrolysates on the di!erent time 
points were visualized with SDS-PAGE followed by a silverstaining (A) and with HPLC spectra of five time points 
(B). In addition, the molecular weight distribution was determined with GPC (C). The numbers on the bottom of 
the gel indicate the di!erent time points of the hydrolysates. The marker is designated by an M. The mass of the 
largest peaks in the HPLC spectra of the non-hydrolyzed proteins was determined by mass spectrometry and is 
indicated above the peaks.
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of the cells were still activated when stimulated with the proteins that were hydrolyzed for 60 

min (Figure 3E). Of the six patients that still showed a positive response after 60 min of hydrolysis, 

three patients (04, 07, 16) had high IgE levels against CM. In two other patients (14, 17), the IgE 

levels were not high but these patients had a history of severe CMA (Müller 4).

Figure 2  | The recognition of proteins/peptides in the hydrolysates by IgE. The recognition of the hydrolysates 
by IgE antibodies of one patient (A, 06) who only recognized proteins/peptides when they were hydrolyzed for 
a short period, and of two patients (B and C, 02 and 13, respectively) who showed IgE binding to the later time 
points, is depicted. The numbers indicate the di!erent time points of the hydrolysates. The markers are indicated 
by an M.
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In general, the response to the hydrolysates in the twelve patients increased when using washed 

instead of unwashed basophils (Figure 3B, D and F). This was either indicated by the lower dose 

that was able to stimulate the basophils or by the fact that proteins hydrolyzed for a longer 

time were still able to induce basophil activation.

In five patients (02, 05, 08, 12, 13), hydrolysis of whey did not result in decreased basophil 

activation (Figure 4A). Instead, proteins that were hydrolyzed for only 1 min induced more 

basophil activation than non-hydrolyzed proteins. This increased activation was still observed 

after 60 min of hydrolysis. Whereas only four of these patients (02, 05, 08, 12) had high CM-

specific IgE levels, the fifth patient (13), who had lower IgE levels, had a history of severe CMA. 

Only one of the patients (02) showed a dose-response e!ect of the hydrolysates (Figure 4C). 

In the other four patients (05, 08, 12, 13), the lowest concentration showed a similar basophil 

response as the highest concentration, even after 60 min of hydrolysis (Figure 4E). Interestingly, 

the patient that showed a dose-response e!ect (02) was the one patient that recognized a 

di!erent band on the immunoblot.

The e!ect of using washed instead of unwashed cells was variable for these five patients. In 

two patients (05 and 08), the background activation of washed basophils was higher than the 

activation by non-hydrolyzed proteins resulting in negative percentages. Therefore, these 

patients were excluded from the analysis. In the other three patients (02, 12, 13), the response 

of the basophils to non-hydrolyzed proteins increased by washing while no di!erences were 

observed for the hydrolyzed proteins (Figure 4D and F). When expressing the activation by 

hydrolyzed proteins as a percentage of the activation by non-hydrolyzed proteins, the 

percentages for the washed cells were lower while the response of the hydrolyzed proteins 

was similar (Figure 4B).

T cell activation by the hydrolysates

Unfortunately no specific TCLs could be generated for four patients (01, 04, 07, 10). For the 

other 14 patients, TCLs showed a decrease in T cell proliferation over time when incubated 

with the hydrolyzed proteins. The average response decreased with more than 50% after 9 min 

(range 1-40 min) of hydrolysis (Figure 5A). However, the proteins formed after 60 min of 

hydrolysis were still able to induce a positive proliferative response (SI >2) in half of the TCLs 

(patients 02, 05, 09, 11-14, Figure 5B). The cytokine response showed a similar trend as the 

proliferation (Figure 5C-E). Whereas IL-13 was secreted by all TCLs except patient 15, IFNɶ and 

IL-10 were detectable in the supernatants of part of the TCLs (IFNɶ: patients 05, 06, 08, 09, 

12-14, 16-18 and IL-10: patients 06, 08, 09, 12, 13, 17, 18).
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Figure 3  | The activation of unwashed (A, C, E) and washed (B, D, F) basophils in response to the hydrolysates. 
The average response of twelve patients, who showed a decrease in activation when proteins were hydrolyzed 
for a longer period, to the highest concentration of the hydrolysates is depicted (A, B). The percentage CD63+ 
basophils in comparison to the non-hydrolyzed proteins (0 min) was calculated per patient for each time point. 
The dotted line indicates a response of 50% compared to non-hydrolyzed proteins. The error bars indicate the 
standard error of the means. An example of the basophil response of a patient (06) that showed a fast decrease (C, 
D) and a patient (16) that showed a slow decrease (E, F) in response to di!erent concentrations of the hydrolysates 
is shown. All values were corrected for background activation.

Figure 4  | The activation of unwashed (A, C, E) and washed (B, D, F) basophils in response to the hydrolysates. The 
average response of five patients, who did not show a decrease in activation when proteins were hydrolyzed, to 
the highest concentration of the hydrolysates is depicted (A, B). The percentage CD63+ basophils in comparison 
to the non-hydrolyzed proteins (0 min) was calculated per patient for each time point. The error bars indicate the 
standard error of the means. An example of the basophil response of a patient (02) that showed a concentration-
dependent decrease (C, D) and a patient (12) that showed no decrease (E, F) in response to di!erent concentrations 
of the hydrolysates is shown. All values were corrected for background activation.
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DISCUSSION

The e!ect of hydrolysates on the primary prevention of CMA may vary between di!erent 

hydrolysates due to di!erences in their production. One aspect that may influence the e!ect 

of hydrolysates is the degree of hydrolysis. In this study the e!ect of the degree of hydrolysis 

on basophil and T cell activation in patients with CMA was investigated.

To determine this e!ect on both basophils and T cells, a large amount of blood is necessary. 

Therefore, blood samples from adult CMA patients instead of CMA children were used for this 

study. Whereas most adult CMA patients recognize casein, ɲ-LAC and ɴ-LG, the highest IgE 

levels are found for casein. A similar pattern has been described for children with persistent 

CMA, for which prevention of CMA is most crucial (24). In addition, CM-specific IgE levels in 

serum are also comparable between these groups, while IgE concentrations in children that 

achieve tolerance are much lower (24, 25). Although the highest IgE levels are found for casein, 

whey proteins activated basophils of adult patients to a similar extent as casein, indicating that 

both casein and whey proteins are important allergens in CMA (Supplemental Figure 3). 

Together, these data suggest that children with persistent CMA and adult CMA patients have a 

similar allergic phenotype and that basophils and T cells from adult CMA can be used as a 

model for children with a persistent allergy.

As expected, the majority of the patients (n=12) showed a decrease in IgE recognition and 

basophil response when proteins were hydrolyzed for a longer period. Even though less than 

1% of the proteins were larger than 10 kDa after 60 min of hydrolysis, this time point could 

Figure 5  | The activation of TCLs in response to the hydrolysates. The average proliferation (A, n=14), of the TCLs 
in response to the hydrolysates is depicted. The values were first corrected for background levels, after which the 
percentage in comparison to the non-hydrolyzed proteins (0 min) was calculated per patient for each time point. 
The dotted line indicates a response of 50% compared to non-hydrolyzed proteins. The error bars indicate the 
standard error of the means. In addition, the SIs (B) and the cytokine levels (C, IL-13; D, IFNɶ; E, IL-10) at five time 
points are depicted.
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induce basophil activation in five out of twelve patients. This suggests that this small amount 

of intact protein is enough to activate basophils and/or that the degradation products formed 

are able to cross-link IgE. Because a sequential epitope contains 6-12 amino acids and the 

minimal distance between two IgE molecules on basophils corresponds to 23 amino acids, in 

theory, a peptide of ~3.8 kDa (35 amino acids) could be able to cross-link IgE (26-28). However, 

the chance that a peptide of this size contains two epitopes and that the IgE molecules that 

recognize these epitopes are in such close proximity on the basophil is very small. Therefore, 

it seems more likely that either larger degradation products or aggregates of small peptides 

formed after heating of the hydrolyzed proteins induced the basophil response.

In five CMA patients basophil activation did not decrease at all. In contrast, more basophil 

activation was found in hydrolyzed proteins compared to the non-hydrolyzed proteins. These 

data suggest that due to the hydrolysis new epitopes became available or were exposed that 

may cross-link IgE and induce basophil activation. This hypothesis was supported by the 

immunoblot data. One of the five patients recognized a band around 25-30 kDa. This band 

appeared after 1 min of hydrolysis. Interestingly, the CAP values and the immunoblot of this 

patient indicated that this patient mainly recognized casein. These data in combination with 

the size of the protein suggested that the protein is not a whey protein but a casein protein. 

Previous studies have already shown that many whey batches are contaminated with casein 

(29, 30). Also in this study, bands around the molecular size of casein were visible on both the 

silverstaining and the immunoblots in the lanes loaded with non-hydrolyzed whey.

Four other patients recognized a band around 10 kDa that, like the 25-30 kDa band, appeared 

after 1 min of hydrolysis. Because this band is still visible after 40 min of hydrolysis on both the 

silverstaining and the immunoblot but not at the 60 min time point, this fragment may be 

continuously formed during the hydrolysis until the protein where it originates from is not 

present anymore. Based on the recognition of major allergens and non-hydrolyzed proteins, 

this fragment is probably a degradation product of whey.

The activation of T cells was less diverse than the activation of basophils. In all patients, T cell 

activation decreased when proteins were hydrolyzed for a longer period. Although the 

proliferative response decreased, proteins that were hydrolyzed for 60 min were still able to 

induce T cell proliferation in half of the patients. This indicates that not all T cell epitopes were 

degraded. Both the proliferative and cytokine response showed a similar trend. However, while 

IL-13 was produced by all TCLs, IFNɶ and IL-10 were only released by part of the TCLs, which 

fits with the Th2-skewed phenotype of allergic responses. Furthermore, the cytokines produced 

correlated with proliferation. Therefore, TCLs that were strongly activated secreted all cytokines 

to a higher extent, whereas mildly activated cells secreted only IL-13.

When comparing the T cell response to the basophil response, it seemed that the T cell 

response is more a!ected by hydrolysis than the basophil response. While T cell activation is 

reduced with more than 50% after 9 min of hydrolysis, it takes at least 20 min to reduce the 

basophil response to the same extent. This is in contrast to a previous study that showed a time 

point with reduced allergenicity but retained immunogenicity (31). Possible explanations for 

these contradictive results may be the di!erent techniques and patients groups used in these 

studies. A major di!erence between the studies is that Knipping et al. determined the allergenicity 
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of hydrolysates with a serum pool of ten CMA children instead of testing the responses of 

individual patients as done in the current study. Because the response is highly variable between 

patients, pooling sera may influence the overall response. In addition, a RBL cell line was used, 

which may be less sensitive compared to basophils from patients. Furthermore, a large part of 

our patient population had severe CMA, which is less common in children. It has been shown 

that RBL cells mainly respond when using serum from more severe CMA patients (32). Another 

di!erence is that the T cell lines in the current study were generated with a short protocol in 

contrast to the long protocol that was used for the T cell lines/clones in the previous study. 

Because the short-term T cell lines recognize more diverse epitopes, the chance that one of 

these epitopes is degraded is larger which may lead to a more rapid decrease in the T cell 

response.

This study indicates that it is di"cult to decrease the allergenicity of proteins by hydrolysis 

without a!ecting immunogenicity. Whereas previous studies have shown that T cell epitopes 

are important for tolerance induction, the e!ect of the presence of IgE epitopes in the 

hydrolysates on tolerance induction in children who are not sensitized yet is unclear (33-35). 

Guidelines from European and American organizations indicate that the allergenic activity in 

formulae intended for prevention should be very low (36-38). According to the European Union, 

less than 1% of the nitrogen-containing substances in these formulae may be immuno-reactive 

(37). However, these guidelines are based on studies indicating that avoiding exposure to 

potential allergens may reduce the risk on developing allergy, whereas recent studies show 

that exposure may be beneficial for tolerance induction (39-42). As long as the requirements 

for tolerance induction are unclear, infant formulae should be tested in well-designed clinical 

trials. The sequences of the remaining peptides may be very di!erent in the di!erent infant 

formulae even if a similar time of hydrolysis is used for production or if they contain peptides 

with similar sizes. Therefore, each infant formula should be tested separately.

In conclusion, this study showed that increasing time of hydrolysis in general decreases both 

the basophil activation and T cell response. However, in some patients, increasing time of 

hydrolysis had no e!ect on the basophil response. These patients seemed to recognize stable 

fragments of casein or whey. Although the T cell response was decreased after 60 min of 

hydrolysis, there was still partial immunogenicity in most patients. These data indicate that not 

the hydrolysis grade and the length of the peptides is decisive but the presence of specific IgE 

and T cell epitopes in the hydrolysate determine the immunological properties of the 

hydrolysate. Well-designed clinical studies are needed to demonstrate whether limited hydrolysis 

is a valid approach to support the development of tolerance to CM in infants at risk for 

developing allergic disease.
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ĨŽƌŵƵůĂ�Žƌ� ĂŶ�ƵůƚƌĂĮůƚƌĂƚĞĚ�ǁŚĞǇ�ŚǇĚƌŽůǇƐĂƚĞ� ĨŽƌŵƵůĂ͘���ƉƌŽƐƉĞĐƟǀĞ͕� ƌĂŶĚŽŵŝǌĞĚ͕� ĐŽŵƉĂƌĂƟǀĞ� ĐůŝŶŝĐĂů�
ƐƚƵĚǇ͘ �WĞĚŝĂƚƌ͘ ��ůůĞƌŐǇ�/ŵŵƵŶŽů͘�ϭϵϵϯ͖ϰ͗ϭϳϯͲϭϴϭ͘

ϭϳ͘�� �ƌĂŶĚ� W>͕� sůŝĞŐͲ�ŽĞƌƐƚƌĂ� �:͕� �ƵďŽŝƐ� ��͘� �ŝĞƚĂƌǇ� ƉƌĞǀĞŶƟŽŶ� ŽĨ� ĂůůĞƌŐŝĐ� ĚŝƐĞĂƐĞ� ŝŶ� ĐŚŝůĚƌĞŶ͗� �ƌĞ� ĐƵƌƌĞŶƚ�
ƌĞĐŽŵŵĞŶĚĂƟŽŶƐ�ƌĞĂůůǇ�ďĂƐĞĚ�ŽŶ�ŐŽŽĚ�ĞǀŝĚĞŶĐĞ͍�WĞĚŝĂƚƌ͘ ��ůůĞƌŐǇ�/ŵŵƵŶŽů͘�ϮϬϬϳ͖ϭϴ͗ϰϳϱͲϰϳϵ͘

ϭϴ͘�� �ŚƵŶŐ� �^͕� zĂŵŝŶŝ� ^͕� dƌƵŵďŽ� WZ͘� &�� Ɛ͛� ŚĞĂůƚŚ� ĐůĂŝŵ� ƌĞǀŝĞǁ͗� tŚĞǇͲƉƌŽƚĞŝŶ� ƉĂƌƟĂůůǇ� ŚǇĚƌŽůǇǌĞĚ� ŝŶĨĂŶƚ�
ĨŽƌŵƵůĂ�ĂŶĚ�ĂƚŽƉŝĐ�ĚĞƌŵĂƟƟƐ͘�WĞĚŝĂƚƌŝĐƐ�ϮϬϭϮ͖ϭϯϬ͗ĞϰϬϴͲĞϰϭϰ͘

ϭϵ͘�� ,ŽƐƚ��͕�,ĂůŬĞŶ� ^͕�DƵƌĂƌŽ��͕��ƌĞďŽƌŐ� ^͕�EŝŐŐĞŵĂŶŶ��͕��ĂůďĞƌƐĞ�Z͕� Ğƚ� Ăů͘��ŝĞƚĂƌǇ� ƉƌĞǀĞŶƟŽŶ�ŽĨ� ĂůůĞƌŐŝĐ�
ĚŝƐĞĂƐĞƐ�ŝŶ�ŝŶĨĂŶƚƐ�ĂŶĚ�ƐŵĂůů�ĐŚŝůĚƌĞŶ͘�WĞĚŝĂƚƌ͘ ��ůůĞƌŐǇ�/ŵŵƵŶŽů͘�ϮϬϬϴ͖ϭϵ͗ϭͲϰ͘

ϮϬ͘�� ^ŚĞŬ�>W͕ ��ĂƌĚŝŶĂ�>͕��ĂƐƚƌŽ�Z͕�^ĂŵƉƐŽŶ�,�͕��ĞǇĞƌ�<͘�,ƵŵŽƌĂů�ĂŶĚ�ĐĞůůƵůĂƌ�ƌĞƐƉŽŶƐĞƐ�ƚŽ�ĐŽǁ�ŵŝůŬ�ƉƌŽƚĞŝŶƐ�ŝŶ�
ƉĂƟĞŶƚƐ�ǁŝƚŚ�ŵŝůŬͲŝŶĚƵĐĞĚ�/Ő�ͲŵĞĚŝĂƚĞĚ�ĂŶĚ�ŶŽŶͲ/Ő�ͲŵĞĚŝĂƚĞĚ�ĚŝƐŽƌĚĞƌƐ͘��ůůĞƌŐǇ�ϮϬϬϱ͖ϲϬ͗ϵϭϮͲϵϭϵ͘

Ϯϭ͘�� �Ğ�tĞĐŬ��>͕� ^ĂŶǌ�D>͕�'ĂŵďŽĂ�WD͕��ďĞƌĞƌ�t͕��ŝĞŶǀĞŶƵ� :͕� �ůĂŶĐĂ�D͕� Ğƚ� Ăů͘��ŝĂŐŶŽƐƟĐ� ƚĞƐƚƐ� ďĂƐĞĚ�ŽŶ�
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ϮϮ͘�� KƐƚĞƌŐĂĂƌĚ�D͕�,ĂŶƐĞŶ�'�͕�sŽƌƵŵ�,͕�,ŽŶŽƌĞ��͘�WƌŽƚĞŽŵŝĐ�ƉƌŽĮůŝŶŐ�ŽĨ�ĮďƌŽďůĂƐƚƐ� ƌĞǀĞĂůƐ�Ă�ŵŽĚƵůĂƟŶŐ�
ĞīĞĐƚ�ŽĨ�ĞǆƚƌĂĐĞůůƵůĂƌ�ĐĂůƵŵĞŶŝŶ�ŽŶ�ƚŚĞ�ŽƌŐĂŶŝǌĂƟŽŶ�ŽĨ�ƚŚĞ�ĂĐƟŶ�ĐǇƚŽƐŬĞůĞƚŽŶ͘�WƌŽƚĞŽŵŝĐƐ�ϮϬϬϲ͖ϲ͗ϯϱϬϵͲ
3519.
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Ϯϯ͘�� &ůŝŶƚĞƌŵĂŶ���͕�WĂƐŵĂŶƐ�^'͕�ĚĞŶ�,ĂƌƚŽŐ�:ĂŐĞƌ��&͕ �,ŽĞŬƐƚƌĂ�DK͕��ƌƵŝũŶǌĞĞůͲ<ŽŽŵĞŶ���͕�<ŶŽů��&͕ �Ğƚ�Ăů͘�d�
ĐĞůů� ƌĞƐƉŽŶƐĞƐ� ƚŽ�ŵĂũŽƌ�ƉĞĂŶƵƚ�ĂůůĞƌŐĞŶƐ� ŝŶ�ĐŚŝůĚƌĞŶ�ǁŝƚŚ�ĂŶĚ�ǁŝƚŚŽƵƚ�ƉĞĂŶƵƚ�ĂůůĞƌŐǇ͘ ��ůŝŶ͘��ǆƉ͘��ůůĞƌŐǇ�
2010;40:590-597.

Ϯϰ͘�� ^ŝĐŚĞƌĞƌ�^,͕�^ĂŵƉƐŽŶ�,�͘��Žǁ Ɛ͛�ŵŝůŬ�ƉƌŽƚĞŝŶͲƐƉĞĐŝĮĐ�/Ő��ĐŽŶĐĞŶƚƌĂƟŽŶƐ�ŝŶ�ƚǁŽ�ĂŐĞ�ŐƌŽƵƉƐ�ŽĨ�ŵŝůŬͲĂůůĞƌŐŝĐ�
ĐŚŝůĚƌĞŶ�ĂŶĚ�ŝŶ�ĐŚŝůĚƌĞŶ�ĂĐŚŝĞǀŝŶŐ�ĐůŝŶŝĐĂů�ƚŽůĞƌĂŶĐĞ͘��ůŝŶ͘��ǆƉ͘��ůůĞƌŐǇ�ϭϵϵϵ͖Ϯϵ͗ϱϬϳͲϱϭϮ͘

Ϯϱ͘�� ^ŬƌŝƉĂŬ�:D͕�DĂƚƐƵŝ���͕�DƵĚĚ�<͕�tŽŽĚ�Z�͘�dŚĞ�ŶĂƚƵƌĂů�ŚŝƐƚŽƌǇ�ŽĨ�/Ő�ͲŵĞĚŝĂƚĞĚ�ĐŽǁ Ɛ͛�ŵŝůŬ�ĂůůĞƌŐǇ͘ �:͘��ůůĞƌŐǇ�
Clin. Immunol. 2007;120:1172-1177.

Ϯϲ͘�� �ĂůďĞƌƐĞ�Z�͕��ƌĂŵĞƌŝ�Z͘�/Ő�ͲďŝŶĚŝŶŐ�ĞƉŝƚŽƉĞƐ͗���ƌĞĂƉƉƌĂŝƐĂů͘��ůůĞƌŐǇ�ϮϬϭϭ͖ϲϲ͗ϭϮϲϭͲϭϮϳϰ͘
Ϯϳ͘�� <ŶŽů� �&͘ � ZĞƋƵŝƌĞŵĞŶƚƐ� ĨŽƌ� ĞīĞĐƟǀĞ� /Ő�� ĐƌŽƐƐͲůŝŶŬŝŶŐ�ŽŶ�ŵĂƐƚ� ĐĞůůƐ� ĂŶĚ�ďĂƐŽƉŚŝůƐ͘�DŽů͘�EƵƚƌ͘ � &ŽŽĚ�ZĞƐ͘�

2006;50:620-624.
Ϯϴ͘�� ZĂũĂƐĞŬĂƌĂŶ� ^͕� �ĂůůĂ� ^͕� ,ƵĂŶŐ� �,͕� dŚĂƉĂƌ� s͕� 'ƌǇŬ� D͕� DĂĐŝĞũĞǁƐŬŝ� D͕� Ğƚ� Ăů͘� ,ŝŐŚͲƉĞƌĨŽƌŵĂŶĐĞ� ĞǆĂĐƚ�

ĂůŐŽƌŝƚŚŵƐ�ĨŽƌ�ŵŽƟĨ�ƐĞĂƌĐŚ͘�:͘��ůŝŶ͘�DŽŶŝƚ͘��ŽŵƉƵƚ͘�ϮϬϬϱ͖ϭϵ͗ϯϭϵͲϯϮϴ͘
Ϯϵ͘�� �ŽĐĞŶĂ�'͕�ZŽǌĞŶĨĞůĚ�W͕ �&ĞƌŶĂŶĚĞǌ�Z͕�&ŽƐƐĂƟ���͘��ǀĂůƵĂƟŽŶ�ŽĨ�ƚŚĞ�ƌĞƐŝĚƵĂů�ĂŶƟŐĞŶŝĐŝƚǇ�ĂŶĚ�ĂůůĞƌŐĞŶŝĐŝƚǇ�ŽĨ�

ĐŽǁ Ɛ͛�ŵŝůŬ�ƐƵďƐƟƚƵƚĞƐ�ďǇ�ŝŶ�ǀŝƚƌŽ�ƚĞƐƚƐ͘��ůůĞƌŐǇ�ϮϬϬϮ͖ϱϳ͗ϴϯͲϵϭ͘
ϯϬ͘�� 'ŽƌƚůĞƌ�/͕�hƌďĂŶĞŬ�Z͕�&ŽƌƐƚĞƌ�:͘��ŚĂƌĂĐƚĞƌŝǌĂƟŽŶ�ŽĨ�ĂŶƟŐĞŶƐ�ĂŶĚ�ĂůůĞƌŐĞŶƐ�ŝŶ�ŚǇƉŽͲĂůůĞƌŐĞŶŝĐ�ŝŶĨĂŶƚ�ĨŽƌŵƵůĂĞ͘�

�Ƶƌ͘ �:͘�WĞĚŝĂƚƌ͘ �ϭϵϵϱ͖ϭϱϰ͗ϮϴϵͲϮϵϰ͘
ϯϭ͘�� <ŶŝƉƉŝŶŐ�<͕�ǀĂŶ��ƐĐŚ���͕�ǀĂŶ�/ĞƉĞƌĞŶͲǀĂŶ��ŝũŬ��'͕�ǀĂŶ�,ŽīĞŶ��͕�ǀĂŶ��ĂĂůĞŶ�d͕ �<ŶŝƉƉĞůƐ�>D͕�Ğƚ�Ăů͘��ŶǌǇŵĂƟĐ�

ƚƌĞĂƚŵĞŶƚ� ŽĨ� ǁŚĞǇ� ƉƌŽƚĞŝŶƐ� ŝŶ� ĐŽǁ Ɛ͛� ŵŝůŬ� ƌĞƐƵůƚƐ� ŝŶ� ĚŝīĞƌĞŶƟĂů� ŝŶŚŝďŝƟŽŶ� ŽĨ� /Ő�ͲŵĞĚŝĂƚĞĚ� ŵĂƐƚ� ĐĞůů�
ĂĐƟǀĂƟŽŶ�ĐŽŵƉĂƌĞĚ�ƚŽ�dͲĐĞůů�ĂĐƟǀĂƟŽŶ͘�/Ŷƚ͘��ƌĐŚ͘��ůůĞƌŐǇ�/ŵŵƵŶŽů͘�ϮϬϭϮ͖ϭϱϵ͗ϮϲϯͲϮϳϬ͘

32.  Hochwallner H, Schulmeister U, Swoboda I, Balic N, Geller B, Nystrand M, et al. Microarray and allergenic 
ĂĐƟǀŝƚǇ�ĂƐƐĞƐƐŵĞŶƚ�ŽĨ�ŵŝůŬ�ĂůůĞƌŐĞŶƐ͘��ůŝŶ͘��ǆƉ͘��ůůĞƌŐǇ�ϮϬϭϬ͖ϰϬ͗ϭϴϬϵͲϭϴϭϴ͘

ϯϯ͘�� �ĂŵƉďĞůů� :�͕��ƵĐŬůĂŶĚ�<&͕ �DĐDŝůůĂŶ� ^:͕� <ĞĂƌůĞǇ� :͕�KůĚĮĞůĚ�t>͕� ^ƚĞƌŶ� >:͕� Ğƚ� Ăů͘� WĞƉƟĚĞ� ŝŵŵƵŶŽƚŚĞƌĂƉǇ�
in allergic asthma generates IL-10-dependent immunological tolerance associated with linked epitope 
suppression. J. Exp. Med. 2009;206:1535-1547.

ϯϰ͘�� DƵůůĞƌ�h͕��ŬĚŝƐ���͕�&ƌŝĐŬĞƌ�D͕��ŬĚŝƐ�D͕��ůĞƐŬĞŶ�d͕ ��ĞƩĞŶƐ�&͕ �Ğƚ�Ăů͘�^ƵĐĐĞƐƐĨƵů�ŝŵŵƵŶŽƚŚĞƌĂƉǇ�ǁŝƚŚ�dͲĐĞůů�
ĞƉŝƚŽƉĞ�ƉĞƉƟĚĞƐ�ŽĨ�ďĞĞ�ǀĞŶŽŵ�ƉŚŽƐƉŚŽůŝƉĂƐĞ��Ϯ�ŝŶĚƵĐĞƐ�ƐƉĞĐŝĮĐ�dͲĐĞůů�ĂŶĞƌŐǇ�ŝŶ�ƉĂƟĞŶƚƐ�ĂůůĞƌŐŝĐ�ƚŽ�ďĞĞ�
ǀĞŶŽŵ͘�:͘��ůůĞƌŐǇ��ůŝŶ͘�/ŵŵƵŶŽů͘�ϭϵϵϴ͖ϭϬϭ͗ϳϰϳͲϳϱϰ͘

ϯϱ͘�� KůĚĮĞůĚ�t>͕� >ĂƌĐŚĞ�D͕� <ĂǇ���͘� �īĞĐƚ� ŽĨ� dͲĐĞůů� ƉĞƉƟĚĞƐ�ĚĞƌŝǀĞĚ� ĨƌŽŵ� ĨĞů� Ě� ϭ�ŽŶ� ĂůůĞƌŐŝĐ� ƌĞĂĐƟŽŶƐ� ĂŶĚ�
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ϯϲ͘�� DƵƌĂƌŽ��͕��ƌĞďŽƌŐ� ^͕�,ĂůŬĞŶ� ^͕�,ŽƐƚ��͕�EŝŐŐĞŵĂŶŶ��͕��ĂůďĞƌƐĞ�Z͕� Ğƚ� Ăů͘��ŝĞƚĂƌǇ� ƉƌĞǀĞŶƟŽŶ�ŽĨ� ĂůůĞƌŐŝĐ�
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WĞĚŝĂƚƌ͘ ��ůůĞƌŐǇ�/ŵŵƵŶŽů͘�ϮϬϬϰ͖ϭϱ͗ϭϬϯͲϭϭϭ͘

ϯϳ͘�� �ŽŵŵŝƐƐŝŽŶ�ĚŝƌĞĐƟǀĞ�ϮϬϬϲͬϭϰϭͬ���ŽĨ�ϮϮ�ĚĞĐĞŵďĞƌ�ϮϬϬϲ�ŽŶ�ŝŶĨĂŶƚ�ĨŽƌŵƵůĂĞ�ĂŶĚ�ĨŽůůŽǁͲŽŶ�ĨŽƌŵƵůĂĞ�ĂŶĚ�
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SUPPLEMENTAL DATA

Supplemental Figure 1  | Compound spectrum of the mass spectrometer indicating that the 
mass of the first large peak is 14 kDa.

Supplemental Figure 2  | Compound spectrum of the mass spectrometer indicating that the 
mass of the second large peak is 18 kDa.
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The e!ect of whey hydrolysis on basophil and T cell responses

Supplemental Figure 3  | The activation of unwashed 
basophils in response to the major allergens of 
cow’s milk. The percentage CD63+ basophils of 
the total population basophils after stimulation with 
the highest concentration CM, casein, whey, ɲ-LAC 
or ɴ-LG is depicted (n=18). RPMI/IL-3 was used as 
a negative control to determine the spontaneous 
activation. The black lines indicate the median. 
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ABSTRACT

Background

Recent studies have indicated that peptides containing T cell epitopes may be used for 

immunotherapy. While for several cow’s milk allergens the T cell epitopes have been described, 

the T cell epitopes in the major allergen ɲ-lactalbumin are unknown. Therefore, the aim of this 

study was to determine the T cell epitopes in ɲ-lactalbumin.

Methods

Nineteen synthetic peptides spanning ɲ-lactalbumin were obtained. Cow’s milk-specific T cell 

lines of 45 subjects were generated and tested for their specificity for ɲ-lactalbumin. The lines 

responding to ɲ-lactalbumin were subsequently tested to determine their activation in response 

to the peptides. 

Results

More than half of the T cell lines generated did not respond to ɲ-lactalbumin or lost their 

responsiveness during subsequent experiments indicating that ɲ-lactalbumin has a low 

immunogenicity. Only eight T cell lines recognized one or more peptides. The recognition of 

the peptides was diverse and no major epitopes could be defined.

Conclusion

The immunogenicity of ɲ-lactalbumin is very low compared to other major allergens in cow’s 

milk. Moreover, there seems to be no dominant epitope present in the protein. Therefore, it 

seems unlikely that peptides of this protein can be used for immunotherapy.
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INTRODUCTION

Cow’s milk allergy (CMA) is a common food allergy, a!ecting 0.3-3.5% of the young children 

and 0.1-0.3% of the adults (1, 2). One of the proteins in cow’s milk that may induce an allergic 

response is ɲ-lactalbumin (ɲ-LAC).

ɲ-LAC is a small protein of 123 amino acids (AA) with a molecular weight of 14.2 kDa. It belongs 

to the whey fraction and is present in relatively high concentrations in milk of all mammalian 

species (3). The proteins of the di!erent species show a strong homology, for example about 

74% of the AA in bovine and human ɲ-LAC are identical (4, 5). ɲ-LAC has an important role in 

the biosynthesis of lactose by acting as a co-enzyme in the lactose synthase complex. In 

addition, it is rich in essential AA, such as tryptophan, leucine and lysine, and therefore important 

in newborn nutrition (3, 6). 

Despite the strong homology between human and bovine ɲ-LAC, bovine ɲ-LAC has been 

described as one of the major allergens in cow’s milk (7). However, the percentage of cow’s 

milk-allergic patients that recognizes ɲ-LAC is variable in di!erent study populations. Two studies 

describe that 75-80% of the patients recognize the protein (5, 7), whereas others observed 

ɲ-LAC-specific IgE in only 30-35% of the patients (8, 9). According to IgE epitope studies, 

conformational epitopes play a major role in the IgE recognition of ɲ-LAC (10). 

In addition to IgE, also T cells play an important role in food allergy by stimulating B cells to 

switch to IgE production. On the other hand, they are also important for tolerance induction. 

Previous studies indicated that immunotherapy with peptides containing T cell epitopes reduced 

the allergic response to intact protein (11). While for other major allergens in cow’s milk T cell 

epitopes have been described (12, 13), the T cell epitopes in ɲ-LAC are still unknown. In this 

study, the proliferative and cytokine responses of short-term and long-term T cell lines (TCLs) 

to synthetic peptides of ɲ-LAC were determined to identify the T cell epitopes.

MATERIAL AND METHODS

Peptides

Nineteen sequential synthetic peptides spanning ɲ-LAC were obtained from JPT Peptide 

Technologies (Berlin, Germany). The peptides were 18 AA long with a 12-AA overlap (Figure 1). 

They were dissolved at a concentration of 1 mg/ml in 10% dimethylsulfoxide (Sigma Aldrich, 

Louis, MO, USA) in PBS, aliquoted and stored at -80°C.

Generation of T cell lines

Cow’s milk-specific short-term and long-term TCLs were generated as described previously (14, 15). 

The short-term TCLs were generated from 12 adult CMA patients. For the long-term TCLs, PBMCs 

of 15 children with CMA, 11 atopic children without CMA and 7 healthy controls were used. The 

diagnosis of CMA was based on a suggestive history, positive cow’s milk-specific IgE levels, positive 

skin-prick test and/or a positive double-blind placebo-controlled food challenge. Ethical approval 

for this study was obtained from the Ethics Committee of the University Medical Center Utrecht.
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T cell activation

T cell activation in response to the major allergens and peptides of ɲ-LAC was determined 

as described previously (13, 15). For short-term TCLs proliferative and cytokine (IL-13, IFNɶ 

and IL-10) responses were measured, whereas for long-term TCLs only the proliferative 

response was determined. The major allergens, namely cow’s milk protein mixture (a mixture 

of whey (Lactalis, Laval, France) and casein (FrieslandCampina Domo, Amersfoort, The 

Netherlands) in a 1:1 ratio), casein, whey, ɴ-lactoglobulin and ɲ-LAC (both from NIZO Food 

Research BV, Ede, The Netherlands), were tested in a concentration of 50 µg/ml. Due to 

LPS-contamination, ɴ-lactoglobulin and ɲ-LAC could not be used for the short-term TCLs. 

The peptides (10 µg/ml) were first tested in mixtures of 2-3 peptides, after which positive 

peptides were tested separately. The stimulation index (SI), i.e. ratio between the proliferation 

of allergen/peptide-stimulated cells and non-stimulated cells, was calculated to determine 

the degree of proliferation. A SI of #2 was considered positive.

RESULTS

Of the 33 long-term TCLs that were generated only fifteen TCLs responded to ɲ-LAC. In 

addition, seven of these fifteen lines lost their response to the protein during the subsequent 

experiments. Of the remaining ɲ-LAC-specific TCLs, only four, two from children with CMA 

(TCL1 and 2) and two from atopic children without CMA (TCL3 and 4), responded to the 

peptides. The fourteen short-term TCLs all responded to whey. However, of these fourteen 

lines, only four TCLs (5-8) responded to the ɲ-LAC peptides.  

The T cell response to the peptides was diverse (Table 1). The eight TCLs recognized ten 

di!erent peptides, which covered almost the complete protein. Three TCLs (TCL1, 3 and 5) 

recognized two consecutive peptides suggesting that the overlapping part contains the epitope. 

Figure 1  | The amino acid sequence of ɲ-LAC used for the production of the synthetic peptides. The peptides were 
18 amino acids long and had a 12 amino acid overlap as indicated in the figure. 
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Four peptides (AA 19-36, 25-42, 31-48 and 43-60) were able to induce a proliferative response 

in two TCLs. 

The cytokine response of the short-term TCLs reflected their degree of activation. For example, 

TCL6 showed a strong proliferative and cytokine response after stimulation with the peptides. 

Both IL-13 and IFNɶ were found in the supernatant of this TCL. In contrast, high IL-13 levels 

were measured in the supernatant of TCL7 after stimulation with the major allergens but not 

with the peptides. This correlated with the proliferation of this TCL, which was much stronger 

in response to the major allergens than to the peptides (SI of 31 vs. 3.5)

DISCUSSION

In this study, short-term and long-term TCLs of in total 45 subjects were generated to investigate 

the T cell epitopes of ɲ-LAC. The initial specificity tests of the TCLs already indicated that ɲ-LAC 

has a low immunogenicity. More than half of the long-term TCLs did not respond to ɲ-LAC or 

lost their responsiveness during the subsequent experiments. In addition, most of the lines that 

did respond showed a lower SI in response to ɲ-LAC compared to the other major allergens 

(Table 1, data not shown). A similar e!ect was seen in a previous study that investigated the 

primary lymphocyte response of CMA patients (8). A possible explanation for the low 

immunogenicity of ɲ-LAC may be the high homology between bovine and human ɲ-LAC (4, 

5), because the body usually does not respond to ‘self’ proteins.

Only eight TCLs responded to one or more peptides. The peptides that were recognized were 

diverse and no discrimination between major and minor epitopes could be made. This may 

suggest that there is no dominant epitope present in the protein. In two of the short-term TCLs 

(TCL5 and 7) the proliferative and cytokine response induced by the peptides was relatively low 

when compared with the response to whey. Because cow’s milk protein was used for the 

generation of the TCLs, it is possible that these TCLs not only recognize ɲ-LAC but also other 

cow’s milk proteins. This hypothesis was supported by the fact that TCL5 and 7 also recognized 

peptides of ɴ-lactoglobulin, while TCL6 and 8 did not (unpublished data). In addition, by using 

a mixture of proteins, there is a risk that responses to weakly immunogenic proteins are lost 

due to the dominance of stronger immunogenic proteins. This may explain why only a small 

number of TCLs responded to ɲ-LAC.

Several studies in both men and mice have indicated that peptides may be used for 

immunotherapy (11, 16, 17). Because peptides are too small to cross-link IgE on basophils and 

mast cells but are capable of activating T cells, they may induce tolerance without provoking 

side e!ects as is seen with conventional immunotherapy. However, because of the low 

immunogenicity of ɲ-LAC, it is questionable whether peptides of this protein are able to induce 

tolerance.

In conclusion, ɲ-LAC has a low immunogenicity compared to the other major allergens in 

cow’s milk. The TCLs that do respond to ɲ-LAC recognize diverse epitopes suggesting that 

there is no dominant epitope present in the protein. Therefore, it seems unlikely that peptides 

of this protein can be used for immunotherapy.
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ABSTRACT

Background

Prior exposure to partial whey hydrolysates has been shown to reduce the allergic response 

to whey in mice. This e!ect was more pronounced in combination with a diet containing non-

digestible oligosaccharides (scGOS/lcFOS/pAOS). It is unknown which fractions/epitopes are 

responsible for this e!ect. Therefore, the prophylactic ability of synthetic peptides of 

ɴ-lactoglobulin with/without a scGOS/lcFOS/pAOS-containing diet to reduce the allergic 

response in a mouse model for cow’s milk allergy was investigated.

Methods

Of 31 peptides, 9 peptides were selected based on human T cell data. Mice were pre-treated 

orally with 3 peptide mixtures or single peptides for six consecutive days. During this period, 

they received a control or scGOS/lcFOS/pAOS-containing diet. Subsequently, mice were orally 

sensitized to whey and received an intradermal and oral challenge. After sacrifice, serum and 

mesenteric lymph nodes (MLN) were collected for further analysis.

Results

Prior exposure to peptide mixture 1 and 3 significantly reduced the acute allergic skin response 

to whey. Mixture 2 showed no e!ect. An additive e!ect of the scGOS/lcFOS/pAOS-containing 

diet was only observed for mixture 1. Of the peptides in mixture 1, one peptide 

(LLDAQSAPLRVYVEELKP) showed the strongest e!ect on the acute allergic skin response. This 

peptide also tended to decrease whey-specific antibody levels and to increase the percentages 

of CD11b+CD103+ dendritic cells and CD25+Foxp3+ T cells in the MLN.

Conclusions

Prior exposure to specific peptides of ɴ-lactoglobulin reduces the allergic response to whey, 

which may involve regulatory dendritic and T cells. Combining peptides with a sGOS/lcFOS/

pAOS-containing diet enhances this e!ect.
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INTRODUCTION

Cow’s milk allergy (CMA) is a general health problem, a!ecting 0.3-3.5% of the young children 

(1, 2). Although 60-75% of the children with an IgE-mediated CMA spontaneously develop 

tolerance before their fifth year of life, the risk of developing other atopic disorders later in life, 

such as asthma and rhinoconjunctivitis, is increased (3-5).

In food-allergic patients, oral tolerance to food proteins is disrupted. For years, it was thought 

that decreasing the exposure to allergens would reduce the development of allergy (6, 7). 

Therefore, children at high risk of developing food allergy have been advised to eliminate 

allergens from their diet. However, recent studies have indicated that exposure to allergens 

may be beneficial (8, 9). In Jewish children in Israel, in which the common practise is to 

consume peanut snacks at an early age, a lower risk of developing peanut allergy was observed 

compared to Jewish children in the UK who were not exposed to peanut (8).

Interestingly, not only entire proteins but also protein fragments may be used to induce oral 

tolerance. Previous research in mice has demonstrated that preventive oral treatment with 

peptides obtained by tryptic hydrolysis of ɴ-lactoglobulin (ɴ-LG), the major allergen in the whey 

fraction of cow’s milk, reduced the allergic responses to intact ɴ-LG (10). Recently, we have 

shown that preventive oral treatment with partial whey hydrolysates diminished the allergic 

symptoms in a mouse model for CMA (11). However, treatment with extensive whey 

hydrolysates, which contained only small protein fragments (<5 kDa), had no e!ect. Similar 

results were seen in a study with rats (12). Although tolerance could be induced using partial 

whey hydrolysates, it remains to be elucidated which exact fragments are responsible for the 

observed e!ects.

Not only exposure to proteins but also other factors may influence tolerance induction. Previous 

studies have indicated that a specific mixture of non-digestible short-chain galacto- (scGOS) 

and long-chain fructo-oligosaccharides (lcFOS, in a ratio of 9:1) can influence the intestinal 

microbiota (13, 14). This diet stimulated the growth of Bifidobacteria in formula-fed infants to 

similar counts as in breast-fed infants (14, 15). Moreover, in vivo studies in both human and mice 

revealed that the scGOS/lcFOS diet with/without pectin-derived acidic oligosaccharides (pAOS, 

in a ratio of 9:1:2) reduced allergic manifestations (16-19). Mouse studies indicated that this 

e!ect was mediated through the induction of Th1 cells or regulatory T cells (18, 19). Also the 

e!ect of oligosaccharides on tolerance induction has been investigated before. The tolerance-

inducing capacity of whey hydrolysates in a mouse model for CMA was increased by the 

addition of scGOS/lcFOS/pAOS to the diet (van Esch et al., submitted).

This study was designed to evaluate whether prior oral exposure to specific synthetic peptides 

of ɴ-LG was able to induce oral tolerance to whey in a mouse model for CMA. The 

immunogenicity of thirty-one peptides spanning ɴ-LG was determined using cow’s milk-specific 

human T cell lines. Based on these data, nine ɴ-LG peptides were selected to study their 

tolerogenic properties in a mouse model for CMA and to examine the e!ect of a scGOS/lcFOS/

pAOS-containing diet on the treatment.
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MATERIAL AND METHODS

Peptides

Twenty-five 18-AA-long sequential synthetic peptides with 12-AA overlap spanning the B variant 

of ɴ-LG (peptides 1-25, Figure 1A) and six additional synthetic peptides with the mutations of 

the A variant (peptide 26-28 corresponding to peptides 9-11, and peptides 29-31 corresponding 

to peptides 18-20, respectively) were obtained from JPT Peptide Technologies (Berlin, Germany). 

Peptides were dissolved in 10% dimethylsulfoxide (DMSO, Sigma Aldrich, St Louis, MO, USA) in 

PBS at a concentration of 1 mg/ml. For the animal studies, nine peptides were dissolved in PBS 

shortly prior to the experiment and combined in three mixtures. The final concentration of 

each peptide in the mixture was 8 mg/ml. In addition, single peptides with the same 

concentration were tested.

T cell proliferation

T cell proliferation in response to ɴ-LG peptides was tested on cow’s milk-specific long-term 

and short-term T cell lines (TCLs). Long-term TCLs can be generated from small blood samples 

as were obtained from children. These long-term TCLs can be maintained and expanded in 

culture and can therefore be tested multiple times, but they may have undergone stronger 

selection of immunodominant T cells. Short-term TCLs are more polyclonal due to a shorter 

selection protocol, but require a large blood sample, which was only available in adult patients. 

The lines were generated as described previously (20, 21). The long-term TCLs were generated 

from peripheral blood mononuclear cells (PBMCs) of three non-atopic children, four atopic 

children without CMA and three children with CMA (Table 1). For the short-term TCLs, PBMCs 

of three adult CMA patients were used. TCLs, PBMCs and/or EBV-transformed B cells (EBV-B 

cells) were frozen in 10% DMSO/90% fetal calf serum (FCS) and stored in liquid nitrogen. CMA 

diagnosis was based on a suggestive history, positive cow’s milk-specific IgE levels, or a positive 

skin-prick test and confirmed by a positive double-blind placebo-controlled food challenge. 

The study was approved by the Ethics Committee of the University Medical Center Utrecht.

The proliferative response of the long-term TCLs to the major allergens, that is, cow’s milk protein 

mixture (CMP, a mixture of whey (Lactalis, Laval, France) and casein (FrieslandCampina Domo, 

Amersfoort, The Netherlands) in a 1:1 ratio), whey, casein, ɴ-LG and ɲ-lactalbumin (ɲ-LAC, both 

from NIZO Food Research BV, Ede, The Netherlands), and to the ɴ-LG peptides was determined 

as described previously (22). The short-term TCLs were tested as described by Flinterman et al. (21). 

The peptides were first tested in mixtures of 2 or 3 peptides, after which the peptides of the 

positive mixtures were tested separately. In case multiple mixtures were positive, the peptides 

of the three mixtures giving the highest proliferative responses were tested again. For some 

TCLs, the response to either the mixtures or the single peptides was determined due to low 

cell numbers.

Animals

Three-week-old pathogen-free female C3H/HeOuJ mice (Charles River Laboratories, 

Wilmington, MA, USA) were maintained on cow’s milk protein-free standard mouse chow (AIN-
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93G soy, Research Diet Services, Wijk bij Duurstede, The Netherlands) with/without a 1%, w/w, 

specific mixture of non-digestible scGOS (Vivinal GOS, FrieslandCampina Domo), lcFOS 

(Raftiline HP, Beneo-Orafti, Tienen, Belgium) and pAOS (Südzucker AG, Mannheim, Germany) 

in a 9:1:2 ratio. Mice were housed in the animal facility at the Utrecht University and treated 

according to the guidelines of the Dutch Committee of Animal Experiments.

Oral tolerance induction with synthetic peptides

To investigate whether preventive treatment with peptides of ɴ-LG induced oral tolerance to 

whey, the mouse model as described by van Esch et al. (11) was used (Figure 1B). Mice were 

treated by oral gavage, that is, intragastrically, with 0.5 ml of the peptide mixtures, single peptides 

or PBS in the week prior to sensitization (daily, from day -7 until day -2). During this week, mice 

were fed either standard AIN-93G (control) diet or the scGOS/lcFOS/pAOS-containing diet. 

From day 0, all mice were maintained on the control diet. Oral tolerance was defined as a 

reduced acute allergic skin response.

Whey-specific IgE, IgG1 and IgG2a ELISA

Whey-specific IgE, IgG1 and IgG2a levels in sera were determined by ELISA as described 

previously (11).

Flow cytometry analysis of T cell and dendritic cell subsets

Immune cells were isolated from the MLN as described by van Esch et al. (11). In short, MLN 

were cut into small pieces and treated with DNAse I and collagenase IV (Sigma Aldrich). The 

enzyme reaction was stopped by adding FCS. To determine which immune cells were present 

Table 1 The characteristics of and the peptide recognition by the human T cell lines

TCL long-term/
short-term

Atopic status Recognized 
peptide-mixtures

Recognized peptides

TCL1 short-term CMA 1-3 1

TCL2 short-term CMA 13-15, 16-18, 25-27 13, 14, 15, 16, 17, 18 and 25

TCL3 short-term CMA 4-6, 16-18 16, 17 and 18

TCL4 long-term CMA 16-18 ND

TCL5 long-term CMA 1-3, 4-6, 7-9 2, 3, 4, 5, 7, 8, and 9

TCL6 long-term CMA ND 18, 19, 21, 26, 29 and 30

TCL7 long-term A 1-3, 4-6, 7-9 3, 4, 5 and 9

TCL8 long-term A 4-6 4 and 5

TCL9 long-term A ND 3, 4 and 5

TCL10 long-term A ND 8, 9 and 26

TCL11 long-term NA 4-6 5

TCL12 long-term NA 1-3, 13-15 ND

TCL13 long-term NA 25-27 26 and 27

TCL, T cell line; CMA, cow’s milk-allergic; A, atopic; NA, non-atopic; ND, not determined.
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in the MLN, Th1/Th2 cells were stained for the selection markers CD4, T1ST2, CXCR3 and the 

activation marker CD69. For dendritic cells (DCs) the selection markers CD11c, CD11b, CD8a 

and CD103, and for plasmacytoid DCs the selection markers CD11c, CD11b, CD45R (B220) and 

CD8a were used. Regulatory T cells were first stained for the selection markers CD4 and CD25 

after which an intracellular Foxp3 staining was performed according to the manufacturer’s 

protocol. All antibodies were obtained from eBioscience (San Diego, CA, USA) except FITC-

conjugated anti-CD4, which was purchased at BD Pharmingen (San Diego, CA, USA). 

Fluorescence was measured by flow cytometry (FACS Canto™ II, BD Biosciences, Franklin 

Lakes, NJ, USA).

Statistical analyses

For the T cell proliferation, stimulation indexes (SIs) were calculated as a ratio between the 

proliferation of allergen/peptide-stimulated cells and non-stimulated T cells. The proliferation of 

the long-term TCLs was corrected for the background proliferation levels of EBV-B cells. A SI of 

#2 was considered positive (21, 23). Ear swelling was determined by subtracting the basal ear 

thickness from the ear thickness measured one hour after the intradermal challenge. Di!erences 

among groups were analyzed by one-way ANOVA followed by a Bonferroni’s multiple comparison 

Figure 1  | The amino acid sequence of the B variant of ɴ-LG (A) and a schematic overview of the mouse model 
for cow’s milk allergy (B). The underlined and italicized amino acids (A) are mutated in variant A of ɴ-LG into the 
amino acids indicated underneath them. For the T cell stimulations, peptides covering both the A and B variant 
of ɴ-LG were used. The nine peptides selected for the in vivo experiments derived from the sequence of the B 
variant. The synthetic peptides are 18 AA long and have a 12-AA overlap as shown for the peptides used for the in 
vivo experiments.
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post-test for selected groups. Antibody levels were analyzed using the Kruskal-Wallis method 

followed by a Dunn’s post hoc test for selected groups. The flow cytometry data were analyzed 

with BD FACSDiva software version 6.1.3 (BD Biosciences). All statistical analyses were performed 

with GraphPad Prism version 5.0d for Macintosh (GraphPad Software, San Diego, CA, USA).

RESULTS

Three regions of ɴ-LG selected based on human T cells

To determine which ɴ-LG peptides were recognized by human T cells, the proliferative response 

of long-term and short-term TCLs to these peptides was investigated. An example of this 

response is shown in Figure 2.

Five of the thirteen TCLs responded to a mixture of peptides 4-6. In addition, peptide mixtures 

1-3 and 16-18 activated four and three TCLs, respectively. Other mixtures that induced a 

proliferative response are depicted in Table 1. Of the peptides in mixtures 1-3 and 4-6, mainly 

peptides 3, 4 and 5 (AA 13-30, 19-36 and 25-42, respectively) were recognized. Peptide 18 (AA 

103-120) was able to activate all three TCLs that recognized mixture 16-18, while peptides 16 

and 17 (AA 91-108 and 97-114) induced a proliferative response in two TCLs.

Figure 2  | An example of the proliferation of 
a TCL in response to the ɴ-LG peptides. SIs 
of TCL5 in response to the major allergens, 
peptide mixtures (A) and single peptides (B) are 
depicted. The dotted line indicates a SI of 2.
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A previous study showed that a fragment containing AA 30-47 and a fragment stretching the 

end of the ɴ-LG molecule (AA 142-162) were each able to activate a TCL of one of the four 

CMA patients tested (24). These fragments correspond to peptide 6 (AA 31-48) and peptides 

24 and 25 (AA 139-156 and 145-162, respectively) used in our study. Peptide 6 was not 

recognized by our TCLs. However, peptide 5, which has a 12-AA overlap with peptide 6 and a 

13-AA overlap with the fragment, was able to activate several TCLs. Peptide 25 was recognized 

by one of the TCLs. Furthermore, previous ex vivo mice experiments have shown that peptides 

in this region (AA 129-153) were able to activate T cells of C3H/He(N) mice immunized with 

ɴ-LG (25, 26).

Based on the TCL data and on the previous literature, nine peptides, that is, peptides 3-6, 16-18 

and 24-25 were selected and combined in three mixtures to test their tolerance-inducing 

capacity in mice (further referred to as mixture 1, 2 and 3, Figure 1A).

Figure 3  | The acute allergic skin response (A) and whey-specific antibody levels (B-D) in control and whey-
sensitized mice pre-treated with PBS or peptide mixtures with/without the scGOS/lcFOS/pAOS (GFA)-containing 
diet. Antibody levels are expressed as the optical densities (OD) measured by ELISA (n=5/6, a = p < 0.05 compared 
with control mice, b = p < 0.05 compared with PBS-treated whey-sensitized mice, c = p < 0.05 compared with 
treatment without the GFA-containing diet).
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Pre-treatment with mixture 1 and 3 reduced the acute allergic skin response in mice

Prior treatment with peptide mixture 1 and 3 significantly reduced the acute allergic skin 

response to whey, while pre-treatment with mixture 2 showed no e!ect (Figure 3A). In mice 

that were provided with the scGOS/lcFOS/pAOS-containing diet in combination with peptide 

mixture 1, the acute allergic skin response was significantly lower. The diet had no additional 

e!ects on mixture 2 and 3. Although the combination of mixture 1 and the prebiotic diet showed 

the largest reduction in the acute allergic skin response, half an hour after the intradermal 

challenge severe shock symptoms, i.e. no physical activity after stimulation, were observed in 

two mice of this group. A similar response was seen in two allergic control mice.

Pre-treatment with mixture 3 tends to reduce the antibody response to whey

Although pre-treatment with mixture 1 reduced the acute allergic skin response, its e!ect on 

the antibody levels was highly variable (Figure 3B-D). Half of the mice showed a reduced IgE 

and IgG2a response, while in the other half, the levels were similar to the allergic control group. 

No e!ect on IgG1 levels was seen. The e!ect of mixture 2 was similar to mixture 1. In line with 

the acute allergic skin response, mixture 3 had the strongest e!ect on IgE and IgG2a. This e!ect 

was significant when compared with the untreated allergic mice using a Mann Whitney test. 

However, after correcting for multiple comparisons, significance was no longer observed, due 

to the large variation in the antibody levels. Peptide treatment in combination with the scGOS/

lcFOS/pAOS-containing diet had no additional e!ect on the antibody levels, although the diet 

alone tended to reduce the whey-specific IgE and IgG2a response in allergic mice (significant 

using a Mann Whitney test).

Peptide 5 and 6 responsible for e!ect mixture 1 on acute allergic skin response

Next, the single peptides of mixture 1 were tested separately. The peptides of this mixture were 

selected based on the strongest reduction in the acute allergic skin response and the observation 

that the peptides in this mixture were mainly recognized by human TCLs. Peptides 5 and 6 

significantly reduced the acute allergic skin response (Figure 4A). Pre-treatment with peptides 

3 and 4 had no e!ect on the allergic response.

Antibody response to whey tends to be reduced by pre-treatment with peptide 6

Compared with mixture 1, pre-treatment with peptide 6 showed a more predominant reduction 

in whey-specific IgE levels (Figure 4B). These levels tended to be lower than the IgE levels in 

untreated allergic mice and in mice pre-treated with mixture 1 (both significant using a Mann 

Whitney test). No reduction in whey-specific antibody levels (Figure 4B-D) was seen with peptide 

3, 4 and 5.

Pre-treatment with peptide 6 altered T cell and DC subsets in MLN

Prior exposure to peptide 6 significantly increased the percentage of CD4+ cells in the MLN 

(Figure 5A). Within the CD4+ population, the percentage CD25+Foxp3+cells was similar in the 

mice treated with peptide 6 compared with the allergic control mice (data not shown). However, 

the percentage of Th1 (data not shown) and Th2 cells (Figure 5B) decreased. A similar e!ect 
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Figure 4  | The acute allergic skin response (A) and whey-specific antibody levels (B-D) in control and whey-
sensitized mice pre-treated with PBS, single peptides or a peptide mixture. Antibody levels are expressed as the 
optical densities (OD) measured by ELISA (n=6, a = p < 0.05 compared with control mice, b = p < 0.05 compared 
with PBS-treated whey-sensitized mice).

Figure 5  | The percentages of T cell (CD4+ cells, Th2 cells within the CD4+ population, regulatory T cells and Th1 
cells (A, B, D, E)) and DC (CD11c+ cells and CD11b+CD103+ cells within the CD11c population (C, F)) subsets in the 
MLN of control and whey-sensitized mice pre-treated with PBS, single peptides or a peptide mixture (n=6, a = p < 
0.05 compared with control mice, b = p < 0.05 compared with PBS-treated whey-sensitized mice).



77

Preventive therapy with ɴ-lactoglobulin peptides

but less pronounced was seen on activated CD69+ Th1 and Th2 cells (data not shown). When 

determining the percentage of the total MLN cells, a trend towards increased regulatory T cells 

and less Th1 cells were found in the treated mice compared with allergic control mice (both 

significant using a t test, Figure 5D and E, respectively). No di!erences were observed for the 

Th2 cells (data not shown).

In contrast to the percentage CD4+ cells, the percentage CD11c+ cells in the MLN decreased 

after pre-treatment with peptide 6 (Figure 5C). However, the percentage of CD11b+CD103+ 

cells within the DC population increased significantly compared with the non-sensitized mice 

and tended to be increased compared with the allergic control mice (Figure 5F). Peptide 5 

showed similar e!ects as peptide 6 on both T cells and DCs but less pronounced.

DISCUSSION

This study showed that prior exposure to specific ɴ-LG peptides induces oral tolerance to whey. 

Oral tolerance was defined as a reduced acute allergic skin response. Combining the treatment 

with a scGOS/lcFOS/pAOS-containing diet enhanced the e!ect of some peptides.

The nine peptides that were tested in the mouse model were selected based on human T cell 

data and previous literature. Whereas previous ex vivo studies showed that the peptides of 

mixture 1 were not recognized by T cells of ɴ-LG-immunized C3H/He(N) mice, these peptides 

were able to induce tolerance in the CMA model with C3H/HeOuJ mice in our study (25, 26). 

On the other hand, the peptides of mixture 2 induced T cell activation in previous ex vivo mice 

experiments but showed no e!ects in vivo in our study. Although C3H/He(N) and C3H/HeOuJ 

mice have a similar genetic background, di!erences in T cell recognition by these mice strains 

may explain the conflicting results. The lack of tolerance induction by mixture 2 may also be 

explained by the fact that not all T cell epitopes are able to induce tolerance as shown in 

previous studies (27, 28). Again, this may depend on the T cell repertoire present in specific 

mouse strains, because a fragment (AA 92-99/100) of ɴ-LG comparable to peptide 16 (AA 91-

108), which is present in mixture 2, has been described as tolerogenic in a study that used a 

di!erent mouse strain (10).

Of the peptides in mixture 1, peptides 5 and 6 (AA 25-42 and AA 31-48, respectively) showed 

the strongest e!ect on the acute allergic skin response. This indicates that the tolerogenic T 

cell epitope for mice is probably present in the overlapping region (LLDAQSAPLRVY) of these 

peptides. In contrast to the mouse data, peptide 6 was not able to activate human TCLs. A 

possible explanation for the di!erence between the in vitro human experiments and the in vivo 

mice experiments may be that men and mice present and recognize di!erent epitopes. 

Interestingly, a previous study has shown that a fragment (AA 30-47) comparable to peptide 6 

induced T cell proliferation in one of four human TCLs tested. This may indicated that either, 

due to the small number of TCLs tested in both studies, epitopes are missed or that AA 30, 

which is present in the fragment and in peptide 5 but not in peptide 6, is important for T cell 

activation in humans.
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Interestingly, the e!ects of peptide 6 were stronger than the e!ects of mixture 1, which 

contained a similar concentration of the peptide. These data suggest that combining tolerogenic 

and non-tolerogenic peptides may lead to reduced oral tolerance induction. A possible 

explanation may be a di!erence in the solubility or uptake of the peptides. Alternatively, peptides 

that have a tolerogenic e!ect and peptides that do not may compete for binding to MHC class 

II. If fewer tolerogenic peptides are presented by antigen presenting cells, their e!ects on T 

cells may be less pronounced. A previous study investigating peptide immunotherapy has 

indicated that there is an optimal dose for tolerance induction. Both higher and lower doses 

showed less e!ect (29).

As shown in previous studies, single peptides may induce linked epitope suppression. In linked 

epitope suppression not only the T cell response to the epitope used for treatment but also to 

other epitopes within the same molecule is reduced (30, 31). In this study, treating mice with 

one epitope of ɴ-LG reduced the allergic response to the intact protein that contains multiple 

T cell epitopes. This suggests that the response to other T cell epitopes within ɴ-LG is also 

a!ected. However, ex vivo T cell experiments are necessary to confirm this.

Although pre-treatment with mixture 1 significantly reduced the acute allergic skin response in 

mice, the e!ects on whey-specific antibody levels were less clear. A similar e!ect was seen for 

peptide 5, whereas peptide 6 tended to reduce IgE and IgG2a levels. Reduction in allergic 

symptoms while IgE levels remained high has been observed before, both in humans and mice 

(10, 30, 32). Possible explanations may be active suppression of mast cell and basophil activation 

by regulatory T cells, a di!erence in a"nity of the induced antibodies, which leads to less 

allergen binding and cross-linking, a decreased reactivity of mast cells and basophils, or the 

formation of blocking antibodies. Because the peptides were administered before sensitization 

and they are too small to cross-link IgE, it seems unlikely that they directly activated the e!ector 

cells and thereby induced unresponsiveness of mast cells and basophils as is seen with 

conventional immunotherapy. It is most likely that allergen-specific regulatory T cells that were 

induced or modulated by exposure to the peptides before sensitization played a role in the 

reduction of the e!ector response.

Previous research has indicated that the MLN play an important role in tolerance induction (33). 

Prior exposure to peptide 6 tended to increase the percentage of CD25+Foxp3+ regulatory T 

cells in the MLN. This is in line with a previous study that indicates that oral tolerance most likely 

involves the induction of regulatory T cells (34). The induction of a regulatory response by 

peptide 6 was further supported by the DC data. Whereas the percentage CD11c+ cells in the 

MLNs decreased, the percentage CD11b+CD103+ cells within this population increased. These 

cells are known for their ability to induce regulatory T cells and thus may play an important role 

in oral tolerance induction (35, 36).

Addition of scGOS/lcFOS/pAOS to the diet had a beneficial e!ect on the preventive treatment 

with some peptides. Previous studies have shown that a prebiotic diet can skew the immune 

response to a Th1 response (18, 37, 38). However, in the current study no e!ects were seen on 

this cell type in the MLN (data not shown). Other studies indicated a role for regulatory T cells 

(CD4+CD25+Foxp3+), although this e!ect was only seen after depletion of these cells (19, 38). 

Also in the current study, no e!ect was seen on the percentage of regulatory T cells in the MLN 
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(data not shown). Further investigation is necessary to determine whether this cell type is 

involved.

In conclusion, preventive treatment with synthetic ɴ-LG peptides can reduce the acute allergic 

skin response to whey. This e!ect seems to be mediated by regulatory DCs and T cells. 

Combining the peptides with a scGOS/lcFOS/pAOS-containing diet may increase the tolerance-

inducing capacity of the peptides indicating that not only the exposure to peptides but also the 

environment in the intestine during exposure is important. This knowledge may be used to 

optimize both preventive and curative therapies for CMA.
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ABSTRACT

Background

Several studies have investigated the potential of oral immunotherapy for cow’s milk allergy. 

However, due to significant side e!ects, this therapy is still not used in the clinic. Using peptides 

instead of proteins may reduce these side e!ects.

Objective

To investigate the therapeutic e!ect of oral immunotherapy with a partial whey hydrolysate 

(pWh) or synthetic ɴ-lactoglobulin peptides in mice sensitized to whey proteins.

Methods

Female C3H/HeOuJ mice were sensitized five times by oral gavage with whey. Five days after 

the last sensitization, blood was drawn and IgE was measured to determine sensitization. One 

week later, oral immunotherapy was started. Mice were orally treated 14 times during four 

weeks with PBS, pWh or a mixture of synthetic ɴ-lactoglobulin peptides. Three days after the 

last treatment, an intradermal ear and oral challenge were performed. Mice were sacrificed the 

following day and mesenteric lymph nodes were collected for flow cytometric analysis.

Results

IgE specific for whey was detected in all mice after sensitization. Treatment with pWh and the 

peptide mixture significantly reduced the acute allergic skin response compared to the PBS-

treated mice. No changes were observed in antibody levels between the treatment groups. 

Whereas the percentage of Foxp3+ T cells decreased, more B cells were observed in the 

mesenteric lymph nodes directly after peptide treatment. Furthermore, the expression levels 

of several T cell markers decreased. The observed e!ect of peptide immunotherapy di!ered 

between experiments, which may be due to di!erences in the extent of sensitization.

Conclusion

Oral immunotherapy with pWh or a mixture of synthetic ɴ-lactoglobulin peptides can reduce 

the acute allergic symptoms in a mouse model for cow’s milk allergy, though the e!ect is 

variable and seems to depend on the degree of sensitization. Further studies to optimize the 

treatment protocol are necessary.
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INTRODUCTION

At the moment there is no curative treatment available for cow’s milk allergy and the only way 

to prevent allergic symptoms is to avoid the intake of cow’s milk. A possible treatment may be 

allergen-specific immunotherapy. Immunotherapy for cow’s milk allergy has been extensively 

studied in recent years. However, methods that are relatively safe, such as sublingual 

immunotherapy, are not e!ective (1), while approaches that seem to be more e!ective, like 

oral immunotherapy, induce side e!ects (1-4). One way to reduce the side e!ects of oral 

immunotherapy is by using peptides instead of intact proteins. Optimally, these peptides should 

be able to activate T cells, and thereby induce tolerance, without cross-linking IgE, so preventing 

allergic side e!ects.

The potential of peptide immunotherapy for the treatment of allergic diseases has been 

investigated before. For example, intradermal administration of a Fel d 1 peptide reduced allergic 

symptoms in cat-allergic patients (5, 6). Also in mouse studies, clinical symptoms of cat allergy 

decreased after intradermal peptide therapy (7). Although no e!ects were seen on Foxp3+ 

regulatory T cells in these studies, IL-10 levels increased and blocking this cytokine reduced 

the beneficial e!ects. In a recent study, the e"cacy of oral peptide immunotherapy for egg 

allergy was examined (8). Mice that were treated orally with an ovomucoid peptide showed 

reduced allergic symptoms compared to untreated mice. Also in this study, IL-10 levels 

increased. However, in contrast to the Fel d 1 study, more Foxp3+ T cells were found in blood 

of the treated mice.

So far, few studies have investigated the e!ects of peptide therapy in cow’s milk allergy. 

Beneficial e!ects were shown in mice after preventive intradermal treatment with a peptide of 

ɲS1-casein (9). Additionally, we showed in previous studies that prophylactic oral treatment with 

a partial hydrolysate of whey (pWh) and with a mixture of synthetic ɴ-lactoglobulin (ɴ-LG) 

peptides reduced the acute allergic skin response to whey (10, 11). It is unclear whether 

treatment with peptides is also beneficial in a curative setting.

This study was designed to evaluate the potential of oral immunotherapy using pWh or synthetic 

peptides of ɴ-LG in a mouse model for cow’s milk allergy. Mice were sensitized for whey and 

subsequently treated with pWh or with a mixture of four ɴ-LG peptides. E"cacy was measured 

by determining the acute allergic skin response and antibodies levels. To gain more insight into 

the underlying immune mechanism, e!ects on several immune cells in the mesenteric lymph 

nodes (MLN), such as Foxp3+ regulatory T cells and dendritic cell subsets, were determined by 

flow cytometry. The study was repeated to evaluate the reproducibility of the observed e!ects.

MATERIALS AND METHODS

Antibodies

Biotin-conjugated rat-anti-mouse IgE, IgG1, IgG2a (all 1:500) and FITC-conjugated rat-anti-mouse 

CD4 (clone L3T4, 1:100) were purchased from BD Pharmingen (San Diego, CA, USA). FITC-

conjugated rat-anti-mouse CD8a (clone 53-6.7, 1:100), CD45R/B220 (clone RA3-6B2, 1:50), 
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PE-conjugated rat-anti-mouse CXCR3 (clone CXCR3-173, 1:50), CD11b (clone M1/70, 1:50), 

PerCP-Cy5.5-conjugated rat-anti-mouse CD4, CD25 (clone PC61.5, 1:100), CD11c (N418, 1:50), 

APC-conjugated rat-anti-mouse CD8a, CD69 (clone H1.2F3, 1:100), CD103 (2E7, 1:100), Foxp3 

(FJK-16s, 1:50) and isotype controls were all obtained from eBioscience (San Diego, CA, USA).

Animals

Pathogen-free female C3H/HeOuJ mice (three weeks of age) were obtained from Charles River 

Laboratories (Wilmington, MA, USA) and housed in the animal facility at Utrecht University.  

They were maintained on cow’s milk protein-free standard mouse chow (AIN-93G soy, Special 

Diets Services, Wijk bij Duurstede, the Netherlands) and treated according to the guidelines of 

The Dutch Committee of Animal Experiments.

Peptides

pWh was generated as described previously (10) and dissolved in PBS at a concentration of 1 

mg/ml. Four 18-amino-acid long peptides of ɴ-LG with 12-amino-acid overlap were synthesized 

by JPT Peptide Technologies (Berlin, Germany). These peptides were selected based on previous 

in vitro and in vivo experiments (Table 1) (11). Prior to the experiment, the peptides were dissolved 

in PBS and mixed together. The final concentration of each peptide in the mixture was 80 µg/

ml. Subsequently, the peptide mixture was aliquoted and stored at -30°C until further use. 

Immunotherapy with pWh and synthetic peptides

Mice (n=8/n=16 per group) were sensitized for whey as described previously (12). In short, 

animals were treated by oral gavage, i.e. intragastrically, with 0.5 ml PBS containing 20 mg whey 

(DMV International, Veghel, The Netherlands) and 10 µg cholera toxin (CT, Quadratech 

Diagnostics, Epsom, United Kingdom) at day 0, 7, 14, 21 and 28 (Figure 1). Non-sensitized mice 

were taken along as negative control and were only treated with CT. At day 33, serum samples 

were obtained and stored at -70°C until further use.

A week later, immunotherapy started. During four weeks, mice were treated 14 times by oral 

gavage with 0.5 ml PBS, pWh or peptide mixture: five treatments during the first week and three 

treatments per week during the subsequent three weeks. Three days after the last treatment, 

an intradermal ear challenge was performed in one ear pinnae with 10 µg whey in 20 µl PBS. 

Ear thickness was measured before and 1 hour after the challenge by using a digital micrometer 

(Mitutoyo, Veenendaal, the Netherlands). The ear swelling is expressed as delta µm and is an 

indication of the acute allergic response. In the second experiment, a second intradermal 

challenge in the other ear pinnae was performed five weeks after the first challenge (Figure 1B). 

One day after the last intradermal challenge (day 69 in the first experiment, day 104 in the 

second experiment), mice were challenged orally with 50 mg in 0.5 ml PBS and sacrificed 

eighteen hours later. Sera, MLN and spleens were collected for further analysis. 

Whey-specific IgE, IgG1 and IgG2a ELISA

To determine whey-specific IgE, IgG1 and IgG2a levels in sera, an ELISA was performed as 

described previously (12). 
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Flow cytometric analysis of immune cells in MLN

MLN were cut into small pieces and incubated with collagenase IV and DNAse-I (both from 

Sigma Aldrich) as described by van Esch et al. (13). This enzymatic reaction was stopped by 

adding 0.5 ml FBS. Next, cells were blocked with PBS containing 5% FBS and 1% bovine serum 

albumin (Boehringer Ingelheim, Ingelheim, Germany). Subsequently, 5 x 105 cells were plated 

and incubated for 30 minutes with anti-CD4 and -CD25 followed by Foxp3 for regulatory T 

cells, anti-CD4, -T1ST2, -CXCR3 and -CD69 for Th1/Th2 cells, anti-CD11c, -CD11b, -CD8a and 

-CD103 for dendritic cells or anti-CD11c, -CD11b, -CD45R (B220), -CD8a for plasmacytoid 

dendritic cells. CD11c-B220+ cells were considered B cells. For the Foxp3 staining, a 

commercially available Foxp3 staining kit was used according to the manufacturer’s protocol 

(eBioscience). Fluorescence was measured by flow cytometry (FACS Canto™ II, BD Biosciences, 

Franklin Lakes, NJ, USA).

Table 1 Sequences of the peptides selected for immunotherapy

Peptide sequences

QKVAGTWYSLAMAASDIS

WYSLAMAASDISLLDAQS

AASDISLLDAQSAPLRVY

LLDAQSAPLRVYVEELKP

Figure 1  | Schematic overview of the oral immunotherapy mouse model for cow’s milk allergy. Mice were 
sensitized for whey and subsequently treated 14 times with PBS, pWh or peptides. In the first experiment mice 
were sacrificed 2 days after the intradermal challenge (A). In the second experiment, two intradermal challenges, 
at day 68 and day 103, were performed and mice were sacrificed two days after the last intradermal challenge (B).
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Proliferative and cytokine responses

Single cell suspensions were generated from the spleens. Subsequently, 4 x 105 splenocytes 

were incubated with 1 µg/ml anti-CD3 and 1 µg/ml anti-CD28 (kind gift of Bioceros). After 72h, 

supernatants were collected and T cell proliferation was determined by measuring [3H]-

thymidine incorporation. Cytokine levels (IFNɶ, IL-13, IL-4, IL-10 and TGF-ɴ) in the supernatants 

were determined with ELISA according to the manufacturer’s instructions (eBioscience).

Allergenicity of synthetic peptides

The allergenicity of the synthetic peptides was determined both in vitro and in vivo. To test the 

allergenicity in vitro, the human basophil activation test was used. Heparinized whole blood 

from nine adult CMA patients (diagnosis based on suggestive history, positive IgE levels specific 

for cow’s milk and/or a double blind placebo-controlled food challenge) was incubated with 

100 µg/ml whey or peptide mixture (25 µg/ml per peptide) diluted in RPMI/IL-3 (2 ng/ml, R&D 

systems, Minneapolis, MN, USA). Cold PBS/EDTA (20mM) was added to stop the reaction and 

cells were stained using anti-CD63, anti-CD123 and anti-CD203c (all from BioLegend, San Jose, 

CA, USA). FACS lysing solution was added to lyse the red blood cells. The percentage activated 

basophils (CD63-positive cells within the CD203c/CD123-positive cells) was determined by 

flow cytometry (FACS Canto™ II). 

To determine the allergenicity of the peptides in vivo, mice were sensitized for whey as 

described above. Five days after the last sensitization, an intradermal ear challenge was 

performed. Mice were either challenged with whey or a mixture of peptides. Non-sensitized 

mice challenged with whey were used as negative controls. 

Statistical analyses

To analyze the data, GraphPad Prism version 5.0d for Macintosh (GraphPad Software, San Diego, 

CA, USA) was used. The acute allergic skin response, the flow cytometric data and IgG1, IgG2a 

and cytokine levels were analyzed with an one-way analysis of variance (ANOVA) followed by 

a Bonferroni’s multiple comparison test for selected groups. The proliferative data were log-

transformed and also analyzed with an ANOVA. IgE levels were analyzed with the Kruskal-Wallis 

test followed by a Dunn’s post-hoc test for selected groups.

RESULTS

Immunotherapy with pWh and peptides reduced allergic symptoms

To test whether peptide immunotherapy was able to reduce clinical symptoms of cow’s milk 

allergy, the acute allergic skin response against whey was determined in whey-sensitized mice 

after treatment with PBS, pWh or a mixture of peptides. The allergic response was compared 

to the ear swelling in non-sensitized mice, which were used as negative controls. In sensitized 

mice treated with PBS, a significant increase in ear thickness was observed after challenge with 

whey compared to non-sensitized mice (Figure 2A). Whey-sensitized mice that were treated 

with peptides or pWh showed a significantly reduced allergic skin response compared to 
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sensitized mice treated with PBS. Moreover, the response in pWh- and peptide-treated mice 

was no longer significantly di!erent from the response in non-sensitized mice. No allergic 

symptoms were observed after the oral challenge and during treatment. 

No di!erences in whey-specific antibody levels after treatment with pWh and peptides

Next to the acute allergic skin response, whey-specific IgE, IgG1 and IgG2a levels in serum were 

measured. To investigate whether all mice were sensitized equally to whey before the start of 

therapy, IgE levels were also determined at day 33. As expected, whey-specific IgE levels were 

significantly increased in sensitized mice compared to non-sensitized mice before treatment, 

which was similar in the three treatment groups (Supplementary Figure 1). After treatment, no 

di!erences in IgE levels were observed between the treatment groups, including the PBS-treated 

control group (Figure 2B). In mice treated with the peptides, IgE levels were still significantly 

higher compared to non-sensitized mice, whereas this was no longer the case in PBS- and 

pWh-treated mice.

In contrast to the whey-specific IgE levels, whey-specific IgG1 levels (Figure 2C) after therapy 

were still significantly increased in all treatment groups, including the PBS-treated control group, 

compared to non-sensitized mice. In addition, whey-specific IgG2a levels (Figure 2D) were 

significantly higher in the pWh-treated mice compared to non-sensitized mice and a similar 

trend was shown for the peptide and PBS treatment groups (significant using a student’s t test). 

No di!erences in whey-specific IgG1 and IgG2a levels were found between the mice treated 

with PBS, pWh or peptides.

Figure 2  | The acute allergic skin response (A) and whey-specific antibody levels (B-D) in control and whey-
sensitized mice treated with PBS, pWh and a mixture of synthetic peptides. Antibody levels are expressed as the 
optical densities (OD) measured by ELISA (n=7/8, *p < 0.05).
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Higher number of B cells in MLNs after peptide immunotherapy

To determine whether immunotherapy influenced the local immune response in the intestine, 

the e!ect of therapy with pWh or peptides on the immune cells of the MLN was investigated. 

The percentage of B cells (CD11c-B220+ cells) increased in peptide-treated mice compared 

to PBS-treated and non-sensitized mice (Figure 3A). The percentage of regulatory T cells 

(CD4+CD25+Foxp3+ cells) in the MLN decreased after treatment with pWh and peptides (Figure 

3B). This e!ect was mainly due to a decrease in expression level of CD4 (MFI), as shown in 

Figure 3D. However, when only gating on CD25+Foxp3+ cells (Figure 3C), the percentages 

were still significantly decreased compared to PBS-treated and non-sensitized mice. Remarkably, 

in addition to the expression level of CD4, also the expression of CD8a and CD69 decreased 

(Figure 3E and F, respectively).

Synthetic peptides are not able to activate basophils/mast cells

Because no allergic symptoms were observed after an oral challenge with whey, the safety of 

peptide immunotherapy could not be determined. Therefore, a human basophil activation test 

and a murine intradermal ear challenge were performed to investigate the allergenicity of 

synthetic peptides. Whereas the basophils of adult cow’s milk-allergic patients were activated 

after incubation with whey, no CD63 expression was observed after incubation with the peptide 

mixture (Supplementary Figure 2A). Similar results were observed in the in vivo mouse model, 

in which an intradermal challenge with whey induced an acute allergic skin response but no 

response was observed after a challenge with the peptide mixture (Supplementary Figure 2B).

Figure 3  | The percentages of B cells (A) and regulatory T cells (B, C) and the expression levels of CD4 (D), CD8a 
(E) and CD69 (F) on immune cells in the MLN of control and whey-sensitized mice treated with PBS, pWh and a 
mixture of synthetic peptides. Expression levels are expressed as the median fluorescence intensity (MFI) measured 
by flow cytometry (n=7/8, *p < 0.05).
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Variable results with immunotherapy in subsequent experiments

To further investigate the mechanism of peptide immunotherapy, the experiment was repeated. 

However, no e!ect of treatment with pWh and the synthetic peptides was seen in the second 

experiment at day 68 (Figure 4A and B). To determine whether a longer period between 

treatment and challenge would increase the e!ect of peptide immunotherapy, a second 

intradermal challenge (day 103) was performed five weeks after the first challenge (day 68). At 

the second time point, half of the peptide-treated mice showed a reduced acute allergic skin 

response, while no e!ect was seen with pWh. Remarkably, all the responding peptide-treated 

mice belonged to one cage; therefore this treatment group was split per cage for further analysis 

(Figure 4C). This analysis indicated that not only the di!erence between PBS-treated and the 

responding peptide-treated mice was significant but also the di!erence between the non-

responding and the responding peptide-treated mice. Again, whey-specific IgE, IgG1 and IgG2a 

levels were similar for all treatment groups on both time points (Figure 5, data not shown).

In contrast to the first experiment, IgE levels after treatment were significantly higher in all 

sensitized mice compared to the non-sensitized mice. While peptide treatment significantly 

increased the percentage B cells in the MLN in the first experiment, no e!ect was seen in the 

second experiment (data not shown). Also, no di!erences for other immune cell subsets in the 

MLN were found, and no e!ect on CD4, CD8a and CD69 expression levels were observed.

To study the e!ect of treatment on systemic T cell responses, splenocytes were stimulated 

with anti-CD3 and anti-CD28. Splenocytes of the mice that responded to the peptide treatment 

showed a significantly higher proliferative response and higher production of IL-13, IFNɶ and 

IL-10 after stimulation with anti-CD3 and anti-CD28 than splenocytes of non-sensitized and 

PBS-treated mice (Figure 6).

Figure 4  | The acute allergic skin response in 
control and whey-sensitized mice treated with 
PBS, pWh and a mixture of synthetic peptides in 
the second experiment. In this experiment, the 
intradermal challenge was performed twice, i.e. 
at day 68 (A) and day 103 (B). At the last time point, 
a clear di!erence was observed between the two 
cages of mice treated with the peptide mixture, 
therefore this group is split in two groups, a non-
responding and a responding group (n=8/15/16, 
*p < 0.05).
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Figure 5  | Whey-specific antibody levels in 
control and whey-sensitized mice treated with 
PBS, pWh and a mixture of synthetic peptides 
on day 69 (A) and day 104 (B) of the second 
experiment. Antibody levels are expressed as 
the optical densities (OD) measured by ELISA. At 
day 104, a clear di!erence was observed for the 
acute allergic skin response between the two 
cages of mice treated with the peptide mixture, 
therefore this group is split in two groups, a non-
responding and a responding group (n=8/15/16, 
*p < 0.05).

Figure 6  | Proliferative (A) and cytokine responses (B-D) of splenocytes of control and whey-sensitized mice 
treated with PBS and a mixture of synthetic peptides after incubation for 72h with medium or anti-CD3/CD28. 
Proliferative responses are expressed as counts per minute (CPM). IL-13 (B), IFNɶ (C) and IL-10 (D) levels are 
expressed in pg/ml (n=8, *p < 0.05).
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DISCUSSION

Previous research has shown that preventive oral treatment with pWh or a mixture of ɴ-LG 

peptides before sensitization to whey significantly reduced allergic symptoms in mice (13). To 

analyze whether these peptides would also reduce allergic symptoms in a therapeutic setting, 

the e"cacy of peptide immunotherapy as a treatment for cow’s milk allergy was investigated 

in this study.

In line with previous studies (7, 8), this study showed that oral peptide immunotherapy with 

pWh or a mixture of synthetic peptides significantly reduce the acute allergic symptoms in a 

mouse model for cow’s milk allergy. Interestingly, treating mice with four overlapping peptides 

of ɴ-LG reduced the allergic response to the entire allergen suggesting a role for linked-epitope 

suppression as has been described in previous peptide immunotherapy studies (7, 14). 

No di!erences in whey-specific IgE levels were found between the treatment groups, including 

the PBS-treated control group. The decrease in the acute allergic skin response after treatment 

is thus not caused by a decrease in IgE. Previous studies investigating peptide immunotherapy 

in mice showed contradicting results for IgE levels. In two mouse studies no e!ect was seen 

(15, 16), while in three other studies IgE levels were reduced upon peptide therapy (7, 8, 17). 

Similar variable results were also seen with conventional immunotherapy in patients (18, 19).

In addition to IgE, also IgG antibodies can be a!ected by immunotherapy. Several studies in 

humans have found increased IgG1 and IgG4 levels after conventional immunotherapy (18). It 

has been suggested that these antibodies can block allergic responses by either binding to the 

allergen and thereby preventing the binding of the allergen to and cross-linking of IgE on mast 

cells and basophils or, in case of IgG1, via the inhibitory IgG receptor FcɶRIIB, which after binding 

of IgG-allergen complexes directly inhibits the activation of e!ector cells (20). However, the 

role of IgG in mice is more complicated, because mouse studies have indicated that IgG1, and 

probably also IgG2a, can both induce and inhibit anaphylaxis (20, 21). In our study, no changes 

in IgG1 and IgG2a levels were observed after peptide immunotherapy as compared to the 

PBS-treated group. Whereas two studies have found similar results (15, 22), two other studies 

have shown that peptide immunotherapy increased IgG levels (8, 16).

Since antibody levels were comparable between PBS-, pWh- and peptide-treated mice, 

potentially a di!erent mechanism was involved in the reduction of the acute allergic response. 

It is known that regulatory T cells can actively suppress e!ector cells and thereby reduce allergic 

symptoms. However, their role in peptide immunotherapy is still unclear. In the current study, 

fewer Foxp3+ cells were observed in the MLN of peptide-treated mice. Two previous studies 

have demonstrated that peptide treatment significantly increased the amount of Foxp3+ 

regulatory T cells in mice (8, 17), whereas another study has shown comparable levels of these 

cells in treated and non-treated mice (7). Campbell et al. described a role for IL-10-secreting 

regulatory T cells instead of Foxp3+ regulatory T cells (7). In this study, the percentage of IL-10+ 

T cells increased significantly in peptide-treated mice and blocking this cytokine inhibited the 

e!ects of the therapy completely. In the second experiment of our study, significantly higher 

IL-10 levels were found in the supernatant of splenocytes of peptide-treated mice compared 

to splenocytes of non-sensitized and PBS-treated mice after stimulation with anti-CD3/CD28. 
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However, in contrast to the results of Campbell et al., also IL-13, IL-4 and IFNɶ levels were 

increased (7). They measured the cytokine levels in bronchoalveolar lavage and lung 

homogenates after an allergen-specific stimulation, which may explain the di!erent results. 

Unfortunately, ex vivo whey-specific stimulation of splenocytes induced no proliferative and 

cytokine responses in this model, therefore this hypothesis could not be investigated further.

Surprisingly, peptide treatment significantly decreased the expression level of CD4, CD8a and 

CD69 on T cells. Although this e!ect has not been described in previous immunotherapy 

studies, other studies have shown that the expression of CD8 can be diminished during clonal 

anergy (23, 24). Interestingly, in these studies, cells proliferate vigorously before the down-

regulation of CD8, which could explain the significant increase in total number of MLN cells 

seen in our study (data not shown). However, because also the expression of CD8a on dendritic 

cells decreased, it seems unlikely that this process is involved. The e!ect on CD4 and CD69 

expression has not been described so far. 

Next to T cells, peptide immunotherapy also a!ected B cells. The percentage of B cells, in our 

study CD11c-B220+ cells, in the MLN increased significantly in mice treated with peptides 

compared to the ones treated with PBS. Although B220 is also expressed on thymocytes and 

a subset of T cells (25, 26), a previous study has shown that the majority of the CD11c-B220+ 

cells are B cells (19). Therefore, we consider the CD11c-B220+ cells found in our study to be 

B cells. A previous study has described a B cell subset that can reduce allergic symptoms in 

mice (27). These regulatory B cells secrete IL-10 and attract regulatory T cells. Moreover, a 

recent study investigating regulatory B cells in bee venom-allergic patients observed increased 

numbers of these cells after immunotherapy (28). However, the role of these cells in peptide 

immunotherapy is unclear.

As has been described for other cow’s milk allergy models, oral challenges with whey did not 

induce clinical symptoms in this model (29). Therefore, the safety of pWh and the peptides 

could not be tested in this model. A previous study has already shown that, although the 

allergenicity of pWh is much lower than the allergenicity of whey, pWh can still induce an 

allergic response in whey-sensitized mice (12). In this study we showed that the peptide mixture 

was not able to induce activation of mast cells and/or basophils, both in the mouse model as 

well as on human basophils, suggesting that peptides are too small to cross-link IgE and can 

be safely used for therapy. Because treatment with both pWh and peptides had a similar clinical 

e!ect in our study, the safety of synthetic peptides may be major advantage.

In contrast to the first experiment, no e!ect of peptide immunotherapy was seen in a second 

experiment indicating that the results of peptide immunotherapy are variable. A possible 

explanation for the di!erence between these experiments may be a di!erence in the initial 

sensitization. IgE levels after treatment were much higher in the last experiment when compared 

to the levels in the first experiment. Interestingly, whereas in the second experiment no e!ect 

of peptide therapy on the acute allergic response was seen after the intradermal challenge at 

day 68, five weeks later half of the peptide-treated mice did respond to the therapy and showed 

a significant decrease in the acute allergic skin response. These data suggest that in strongly 

sensitized mice a longer period between the last treatment and the challenge may be necessary 

to observe a clinical e!ect. When translating these data to humans, this could imply that strongly 
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sensitized patients may be more di"cult to treat. Indeed, previous oral immunotherapy studies 

for cow’s milk and peanut allergy showed that treatment was less e!ective and associated with 

more side e!ects in patients with higher IgE levels (30, 31). So, a di!erent dosing regimen or 

longer treatments may be necessary to treat these patients. 

In conclusion, this study showed that immunotherapy with pWh and ɴ-lactoglobulin peptides 

can reduce allergic symptoms in a mouse model for cow’s milk allergy, though the e!ect of 

therapy is variable and seems to be influenced by the degree of sensitization. Further studies 

are thus necessary to optimize the therapy. Although the exact mechanism of action of peptide 

immunotherapy is still unclear and needs further investigation, our data suggest a role for T 

cells and B cells.
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SUPPLEMENTAL DATA

Supplemental Figure 1  | Whey-specific IgE levels in 
control and whey-sensitized mice before treatment 
with PBS, pWh and a mixture of synthetic peptides. 
Antibody levels are expressed as the optical densities 
(OD) measured by ELISA (n=7/8, *p < 0.05).

Supplemental Figure 2  | (A) Human basophil 
activation after incubation with whey and a 
mixture of synthetic peptides. Basophil activation 
is expressed as the percentage CD63+ basophils 
within the basophil population measured by flow 
cytometry (n=9, *p < 0.05). (B) The acute allergic skin 
response in control and whey-sensitized mice after 
an intradermal ear challenge with whey or a mixture 
of synthetic peptides (n=5/6, *p < 0.05).
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At the moment there is no curative treatment available for food allergy. To prevent allergic 

symptoms, food-allergic patients are advised to avoid exposure to allergens (1, 2). Because 

many products contain food allergens, diet choices are limited and there is a risk for accidental 

exposure (3, 4). Both have a great impact on the quality of life of food-allergic patients (5-7). 

Therefore, prevention and/or treatment strategies are highly desirable. Several studies have 

investigated conventional immunotherapy in which increasing doses of allergen were 

administered subcutaneously, sublingually or orally (7-9). Depending on the route of 

administration, the therapy was either safe but not e!ective or was e!ective but also induced 

side e!ects (10-12).

An important feature of successful conventional immunotherapy is the increase in allergen-

specific IgG antibodies. It has been suggested that these antibodies block the formation of 

allergen-IgE complexes and thereby IgE-facilitated antigen presentation (IgE-FAP) (13-17). 

Interestingly, cow’s milk- and peanut-allergic patients already have high allergen-specific IgG 

levels, and are still allergic (18-20). Therefore, we investigated the influence of these antibodies 

on the formation of allergen-antibody complexes and their binding to B cells (Chapter 2)

Due to the problems with e"cacy and safety, immunotherapy is still not used in the clinic to 

treat food-allergic patients (4, 7, 8, 21). Previous studies with cat- and bee venom-allergic patients 

have shown that peptide immunotherapy may be a safe alternative (22-24). Therefore, we 

investigated in this thesis whether this approach is also e!ective for cow’s milk allergy. First, we 

tried to use whey hydrolysates by determining the time point at which these hydrolysates are 

still able to induce T cell proliferation but are unable to cross-link IgE and thus to activate 

basophils and mast cells (Chapter 3). However, a clearcut time point could not be identified. 

Because the generation of hydrolysates was di"cult and time-consuming, we determined in 

parallel the T cell epitopes in whey with synthetic peptides (Chapter 4 and 5). Subsequently, 

peptides containing the T cell epitopes of ɴ-lactoglobulin were used to investigate whether 

peptides are able to induce tolerance to whey in both a preventive and curative setting (Chapter 

5 and 6). Because a previous study has shown that a partial whey hydrolysate is able to prevent 

allergic symptoms (25), this hydrolysate was also tested in the curative setting (Chapter 6). While 

both treatments were e!ective, further optimization of peptide immunotherapy is necessary. 

There are several factors that are important for peptide immunotherapy, namely the safety of 

the therapy, the selection of tolerogenic peptides for a large group of patients, the peptide 

dose, the involved antigen presenting cells and the environment. The role of these factors in 

both preventive and curative peptide immunotherapy will be discussed here. In addition, the 

di!erences between mice and men in context of allergy and immunotherapy will be discussed. 

IgG antibodies in allergy/immunotherapy

In Chapter 2 of this thesis, we determined allergen-specific IgE, IgG1 and IgG4 levels in sera of 

birch pollen-, peanut- and cow’s milk-allergic patients. Higher IgG levels were found in food-

allergic patients than in birch pollen-allergic patients. Moreover, while IgG1 levels were similar 

in peanut- and cow’s milk-allergic patients, cow’s milk-allergic patients had higher IgG4 levels 

indicating that di!erent types of allergies have a di!erent phenotype. Tay et al. compared food-

specific IgG levels in healthy subjects with the levels found in food-allergic patients and also 
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observed di!erent phenotypes in di!erent food allergies (26). Whereas egg-specific IgG levels 

in both healthy controls and egg-allergic patients were high, lower peanut-specific IgG levels 

were found in healthy subjects. 

Furthermore, we observed that both IgG1 and IgG4 antibodies were present in allergen-antibody 

complexes. Whereas the binding of these complexes to EBV-transformed B cells (EBV-B cells) 

was mediated by the low a"nity IgE receptor CD23, complex binding to peripheral blood B 

cells involved both CD23 and complement receptor 2 (CR2). This di!erence in complex binding 

was due to di!erential receptor expression and suggested that EBV-B cells may not be a suitable 

model to study IgE-FAP. This hypothesis was strengthened by preliminary proliferation data 

showing that, at optimal allergen concentrations for complex formation, only EBV-B cells were 

able to induce T cell proliferation and not PBMCs. These data suggest that peripheral blood B 

cells may not play a direct role in IgE-FAP. Also, Henningsson et al. showed in a mouse model 

that CD23+ B cells were not directly involved in antigen presentation of allergen-IgE complexes 

(27). Instead, these cells transported and transferred the complexes to CD11c+ cells in B cell 

follicles. A similar e!ect has been described for CR2+ B cells. The e!ect of mixed allergen-

antibody complexes that bind to both CD23 and CR2 is unclear and needs to be further 

investigated. 

Recent studies have indicated that IgG antibodies may have di!erent functions depending on 

the sialylation of their Fc fragment (28). Whereas sialylated IgG antibodies had an 

immunosuppressive e!ect, desialylated IgG antibodies induced a proinflammatory response. 

It can be hypothesized that the antibodies formed during immunotherapy have a di!erent 

sialylation than the antibodies found in allergic individuals and thus have di!erent e!ects. Oefner 

et al. have shown that tolerance induction with a T cell-dependent antigen induced sialylated 

IgG antibodies (28). However, it is unclear whether the IgG antibodies found in food-allergic 

patients are sialylated. Moreover, the e!ect of sialylation on complex formation and complex 

binding to B cells needs to be investigated. In preliminary experiments, we have observed that 

also allergen-antibody complexes formed using sera from birch pollen-allergic patients treated 

with immunotherapy contained IgG antibodies and bound to both CD23 and CR2 suggesting 

that also in these patients IgG antibodies are involved in complex formation and binding (data 

not shown).

It is known that allergen-IgG complexes may activate the complement system via the classical 

pathway. Activation of this system leads to the cleavage of C3 in C3a and C3b. C3b binds to 

the complex and is further degraded to iC3b and C3dg, which both bind to CR2. Our data 

strongly suggested that the mixed allergen-antibody complexes seen in this study activate the 

complement system via this pathway. Interestingly, Khodoun et al. showed that C3a exacerbated 

IgE-mediated anaphylactic shock and thus increased allergic symptoms (29). Complex formation 

and subsequent complement activation may thus aggravate allergy, which needs to be further 

investigated.

In conclusion, IgG antibodies in food-allergic patients are involved in complex formation and 

influence the receptors involved in complex binding to B cells, i.e. binding to CR2 and CD23 

instead of CD23 alone. The clinical implications of this needs to be further investigated. 
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Safety

One of the reasons why conventional immunotherapy for food allergy is not used in the clinic 

yet is its safety profile (21). The intact allergens that are used for immunotherapy may cross-link 

IgE molecules on basophils/mast cells and thereby induce acute allergic responses. An IgE 

epitope contains minimal 6 amino acids. Considering that for cross-linking IgE, a peptide needs 

to contain two IgE epitopes and to cover the distance between two IgE receptors (minimal 23 

amino acids) as well, in theory, a molecule of 3.8 kDa (35 amino acids) may be able to activate 

basophils/mast cells (30-32). However, the chance that a molecule of that size contains two 

IgE epitopes is very small. 

In this thesis, we tested the e"cacy of peptide therapy for cow’s milk allergy and used both a 

partial whey hydrolysate and synthetic peptides of 18 amino acids (Chapter 5 and 6). As shown 

in Chapter 3, after hydrolysing proteins for 60 minutes, more than 90% of the formed peptides 

are smaller than 3 kDa indicating that most peptides are too small to cross-link IgE. Still, in some 

patients a strong basophil reaction was observed. This was either due to the small percentage 

of larger proteins that are still present in the hydrolysate or due to aggregate formation of the 

smaller peptides. For the immunotherapy study, we used whey proteins that were hydrolyzed 

for 90 minutes (Chapter 6). A previous study has already shown that this hydrolysate was able 

to induce tolerance in a preventive setting (33). In Chapter 6, we show that this hydrolysate is 

also e!ective in a curative setting. Although no side e!ects were observed during our study, 

van Esch et al. have shown that this hydrolysate was still able to induce mild acute allergic 

symptoms after an intradermal challenge in whey-sensitized mice (34). Thus, this hydrolysate 

was e!ective and less allergenic that intact proteins but it may still induce side e!ects.

Considering that minimal 35 amino acids are necessary to induce an acute allergic response, 

treatment with 18 amino-acid-long synthetic peptides, as used in the studies described in this 

thesis, should not be able to induce an allergic response. This hypothesis was confirmed for 

peptide mixture 1 with both in vitro and in vivo experiments. Incubation with the peptide mixture 

did not induce CD63 expression, a marker for degranulation, on human basophils (Chapter 6). 

Moreover, in whey-sensitized mice, the acute allergic skin response after an intradermal 

challenge with the peptide mixture was comparable to the response seen in mice challenged 

with PBS (Chapter 6). Also previous studies showed no histamine release after in vitro stimulation 

of human basophils with peptides of the major cat allergen Fel d 1 (35). Moreover, in clinical 

studies in cat-allergic and bee venom-allergic patients, in which peptides of comparable length 

(16-18 AA) were administered intradermally or subcutaneously, no acute allergic side e!ects 

were observed (23, 24, 35). In contrast, van Hoeyveld et al., who fractionated peptides formed 

after hydrolysis of whey based on size, showed that peptides of 1400-2600 Da (13-23 AA) were 

able to induce an acute allergic skin response in cow’s milk-allergic patients (36). Worm et al. 

has described that peptides can form homo- and/or heterodimers, which may explain why 

small peptides can still induce an allergic response (35). Therefore, this needs to be taken into 

consideration when developing a peptide-based therapy. 

Although no acute allergic responses were reported in previous clinical studies with cat-allergic 

patients, some patients in these studies did develop late asthmatic reactions (24, 37, 38). These 

reactions were caused by direct activation of T cells and were MHC-restricted (37). Because 
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there was no relation between the ability of the peptides to induce a T cell response in vitro 

and the induction of the late phase reactions, Hasselden et al. suggested that the appearance 

of the late reactions depends on the dose and the threshold for developing these reactions 

(37). Interestingly, depending on the time between the first and the second treatment, less 

severe late reactions were observed after the second exposure to the peptides compared to 

the first exposure indicating that tolerance was induced (24). While peptide therapy induced 

late asthmatic reactions, no late skin reactions at the site of peptide injection were observed 

in these patients (37). The late phase reactions can either be induced by the mediators released 

during mast cell and basophil activation, which attract and activate eosinophils and other 

immune cells, or by direct activation of T cells, which subsequently produce cytokines that 

also attract and activate eosinophils and other immune cells. Hasselden et al. suggested that 

for late phase skin symptoms basophil/mast cell activation is necessary, whereas late asthmatic 

reactions are induced directly by T cells (37). As discussed above peptides are too small to 

induce basophil/mast cell activation, therefore no late skin responses were observed. Because 

also cow’s milk-allergic patients may experience asthmatic responses (4), further research is 

necessary to determine whether these responses can be induced by the peptides.

For preventive treatment, not only the induction of allergic symptoms, but also the sensitizing 

capacity of the peptides is important. One of the criteria for hypoallergenic infant formulas is 

that the formula is not able to sensitize animals to the protein source they are derived from 

(39). Because the peptides are able to activate T cells, they may also induce Th2 skewing. Smith 

et al. showed that specific peptides used for the treatment of multiple sclerosis induced IgE 

antibodies and even anaphylactic symptoms in mice after intravenous administration (40). 

Because mice normally develop tolerance to orally administered antigens, the sensitizing 

capacity of the peptides used in our study should be investigated by testing the peptides in 

combination with the adjuvant cholera toxin, as has been described by van Esch et al. (41). 

In conclusion, whereas a partial whey hydrolysate is still able to induce mild acute allergic 

symptoms, 18 amino-acid-long synthetic peptides are not. Further research is necessary to 

determine their e!ect on late phase allergic responses and to determine their sensitizing 

capacity. 

Selection of peptides

A second factor that is important for peptide immunotherapy is the selection of the right 

peptides. To induce tolerance, peptides should contain T cell epitopes. Because CD4+ T cells 

recognize peptides in a complex with MHC class II molecules, the type of MHC molecules 

expressed on antigen presenting cells mainly determines which peptides are recognized. Only 

peptides that are able to bind to the expressed MHC molecule can induce a T cell response. 

Texier et al. showed that each HLA-DR allele expressed a unique binding pattern of Api m1 

peptides (a major allergen of bee venom) (42). Individuals that express di!erent MHC molecules 

on the antigen presenting cells may bind/present di!erent peptides and thus recognize di!erent 

T cell epitopes. This may explain the diverse T cell response that we observed in our epitope-

mapping experiments with whey-derived peptides, which are described in Chapter 4 and 5 of 

this thesis. None of the T cell epitopes was recognized by all patients.
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Due to the large variation in T cell epitopes between patients, it will be di"cult to develop a 

peptide therapy that will work in all patients. Currently, there are three di!erent approaches 

described, namely (1) using peptides spanning (almost) the whole protein (24), (2) using larger 

peptides spanning a region that contains multiple epitopes (43, 44), or (3) by selecting T cell 

epitopes based on the binding to (multiple) MHC molecules (22, 35). When using the first option, 

there is a minor chance of missing an epitope. However, combining peptides may dampen the 

e!ect of tolerogenic peptides, as observed in our preventive study in which a single peptide 

showed a stronger e!ect than the mixture of peptides (Chapter 5). A possible explanation for 

this e!ect is that the non-tolerogenic peptides may influence the solubility or uptake of the 

other peptides. Moreover, if the peptides are able to bind to the MHC class II molecules but 

this peptide-MHC complex is not recognized by T cells, the competition between the peptides 

for the MHC molecules may a!ect the tolerogenic response. 

An advantage of the second approach, i.e. using larger peptides, is that these peptides still need 

to be processed and therefore one peptide may generate several T cell epitopes. Counsell et 

al. showed that these peptides may be able to bind to a wide spectrum of MHC class II 

molecules (45). Moreover, Kämmerer et al. showed that larger peptides induce more T cell 

activation (44). This increased activation may be due to the peptide-flanking regions. Holland 

et al. recently showed that not only the core region but also these peptide-flanking regions are 

important for binding to MHC class II molecules and may influence the T cell activation (46). 

Peptides eluted from MHC class II molecules were 12-20 amino acids long. Thus, when using 

small peptides of 15-18 amino acids, there is a risk that they do not contain the right flanking 

region. On the other hand, using larger peptides may also increase the risk of side e!ects. In a 

study by Fellrath et al., four patients developed mild reactions to treatment with 45-60 amino-

acid-long peptides in a clinical trial with bee venom-allergic patients (43). 

For the third approach, the binding of peptides to several MHC class II molecules needs to be 

determined. Worm et al. determined the binding a"nity of 12 peptides of Fel d 1 to common 

HLA-DR molecules and verified the binding by investigating the proliferative and cytokine 

responses of PBMCs of 100 subjects in response to the peptides (35). Based on these data, 7 

peptides were selected that bound to a broad range of MHC molecules. Whereas this approach 

is feasible for small proteins, it is di"cult for larger proteins. Previous studies have indicated 

that, although each HLA allele has a unique binding pattern, there are peptides that can bind 

to multiple alleles (37, 42, 47). Southwood et al. showed that common HLA-DR types have a 

similar binding pattern (48). Based on this knowledge, they developed an algorithm that can 

determine peptides with promiscuous binding to the HLA-DR types. A recent study by van Thuijl 

et al. used this algorithm to determine the T cell epitopes of several cow’s milk allergens (49). 

They found one epitope in ɲ-lactalbumin (AA 33-47) and four epitopes in ɴ-lactoglobulin (AA 

1-13, 29-43, 68-83, 137-151). Of these epitopes, two epitopes (AA 68-83 and 137-151 of 

ɴ-lactoglobulin) were not found in our study (Chapter 5) or in other previous human studies 

(50). On the other hand, peptides from two other regions of ɴ-lactoglobulin (AA 43-60 and AA 

91-120) were recognized in our study and in the previous epitope study, but not in the study 

of Van Thuijl et al. These epitopes may be presented by HLA-DP or HLA-DQ molecules with 

binding patterns that may not be present in the HLA-DR algorithms. This was also observed for 
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an immunodominant epitope of ɲS1 casein, as described by Ruiter et al., that is presented by 

HLA-DQ and was not detected by the algorithm used by van Thuijl et al. (51). These data indicate 

that a combination of algorithms is necessary to determine the immunodominant epitopes 

and that subsequent T cell tests are necessary to verify whether these epitopes are indeed 

capable of inducing T cell activation.

Are all T cell epitopes able to induce tolerance?

Although it is known that peptides should contain T cell epitopes to induce tolerance, previous 

studies have indicated that not all T cell epitopes can induce tolerance (52-54). Both Hirahara 

et al. and Hoyne et al. showed that subdominant epitopes are not or less e!ective than 

dominant epitopes (52, 53). Although the e!ect of these peptides may be influenced by the 

dose, Janssen et al. suggested that also the a"nity of the T cell receptor (TCR) for the peptide 

is important (54). In their study, a peptide of ovalbumin was not able to induce tolerance in 

mice, whereas a mutated form of this peptide with a similar a"nity for MHC class II did. The 

mutated form increased proliferation and skewed the T cell response to a Th1 phenotype. Also, 

other studies investigating the TCR a"nity of allergens have indicated that TCR a"nity can 

influence Th1/Th2 skewing (55-58). Juntunen et al. suggested that the low TCR a"nity of a 

peptide of Can f 1, a major dog allergen, may contribute to the allergenicity of Can f 1 (57). 

Furthermore, Daniel et al. showed that a"nity also plays a role in the induction of regulatory T 

cells (Tregs) (59). A mutated peptide of insulin with a high a"nity for the TCR induced more 

Foxp3+ T cells and was able to prevent the onset of type I diabetes, while no e!ect was seen 

with the wild-type peptide. In addition to TCR a"nity, previous studies have also shown that 

the a"nity for MHC molecules may influence the T cell response. By modulating a peptide of 

myelin basic protein, Kumar et al. showed that high a"nity for MHC class II leads to a Th1 

response, whereas a low a"nity resulted in a Th2 response (60). 

Several studies for both autoimmune and allergic diseases have generated altered peptide 

ligands with a high a"nity for TCR (61-64). However, altered peptide ligands for multiple sclerosis 

were successful in animal studies but showed less e!ect in clinical trials (62, 63, 65). Moreover, 

Kappos et al. showed that the altered peptide ligand induced hypersensitivity symptoms in a 

phase II trial in patients with multiple sclerosis (63). Further research is necessary to determine 

the e"cacy and safety of these altered peptides.

Is it necessary to determine all T cell epitopes for peptide therapy?

While selecting peptides that contain T cell epitopes and have the right a"nity is important for 

tolerance induction, the question is whether it is necessary to select multiple peptides or 

whether therapy with one peptide is enough. Previous studies have shown that treatment with 

one peptide may also a!ect the response to other T cell epitopes within the same molecule 

suggesting that it is not necessary to identify all T cell epitopes for tolerance induction (53, 

66-68). This phenomenon is called linked-epitope or intramolecular epitope suppression and 

may explain why both mixture 1 and 3 in our preventive study reduced the acute allergic skin 

response to intact whey protein with more than 50% (Chapter 5). Whereas Hoyne et al. showed 

that exposure to the intact protein is necessary for linked-epitope suppression (67), in a study 
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of Anderton et al. also e!ects without exposure to the intact protein were seen (68). Intranasal 

pre-treatment with peptide MBP[Ac1-9(4Y)] of the myelin binding protein reduced the symptoms 

of experimental autoimmune encephalomyelitis induced by immunization with another peptide 

MBP[98-101]. Campbell et al. showed that treatment with one peptide could significantly reduce 

asthmatic symptoms in mice (66). Moreover, they determined the percentage IL-10-producing 

and peptide-specific T cells, which were both increased after treatment, and showed that the 

percentage IL-10-producing T cells was more increased than the percentage peptide-specific 

T cells. These data suggest that also T cells specific for other epitopes switch to a regulatory 

phenotype. Also in patients, linked-epitope suppression was observed. Campbell et al. showed 

that peptide treatment with 12 peptides not only reduced the proliferative and cytokine 

responses of PBMCs in response to the treatment peptide but also to peptides not included in 

the treatment (66). 

In addition to linked-epitope suppression, also bystander suppression has been described. 

During bystander suppression, treatment with peptides of one protein can reduce the allergic 

response to other proteins (68-70). Previous studies have shown that this only occurs when 

subjects are exposed to a mixture of proteins (68, 69). It has been suggested that this e!ect 

is due to the non-specific e!ect of inhibitory cytokines, such as IL-10 (71), or due to direct 

contact between di!erent T cells via, for example, Notch (72). Because cow’s milk and other 

food allergens contain multiple major allergens, treatment with peptides of one protein may 

influence the response to the mixture and may be enough to decrease allergic symptoms in 

general.

To summarize, combining non-tolerogenic and tolerogenic peptides may reduce the e"cacy 

of peptide immunotherapy. Moreover, using larger peptides may increase the risk on side 

e!ects. In view of safety, selecting 18 amino-acid-long peptides as done in this thesis seems 

to be a good option for peptide immunotherapy. However, none of the peptides selected in 

our study were able to induce proliferation in all human subjects tested (Chapter 5). This 

underlines the importance of determining which MHC molecules present the peptides and to 

see whether this may explain the diverse response. In addition, it would be interesting to 

investigate whether peptides of ɴ-lactoglobulin are able to induce tolerance to ɲ-lactalbumin 

and casein by sensitizing mice with cow’s milk instead of whey. For future human studies, using 

algorithms for HLA-DR, -DP and -DQ in combination with T cell tests, instead of using 

overlapping peptides, would be a good alternative approach to select T cell epitopes.

Dose

The peptide dose may be an important factor that may influence tolerance induction. It has 

been suggested that high antigen doses induce T cell deletion/anergy, whereas low antigen 

doses induce regulatory cells (73). Moreover, Daniel et al. showed that there is an optimal 

concentration for the induction of Foxp3+ regulatory T cells (59). Mice that were subcutaneously 

exposed to 5-10 µg peptide per day for 14 days via an osmotic pump converted 40-50% of 

naive peptide-specific T cells into Foxp3+ regulatory T cells, while treatment with 2.5 and 20 

µg peptide was less e!ective in doing so. These observations may explain why in our 
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experiments oral immunotherapy with 14 administrations of 50 mg partial whey hydrolysate 

was less e!ective than therapy with 14x 0.5 mg hydrolysate (Chapter 4, data not shown), 

although we recognize that caution should be taken by translating results obtained from 

subcutaneous experiments into oral exposure. 

For the synthetic peptides, we orally administered 6x 8-16 mg peptides (mixture of 2, 3 or 4 

peptides, 4 mg peptide per administration) in the preventive setting and 14x 160 µg peptides 

(mixture of 4 peptides, 40 µg peptide per administration) in the curative setting. Two other 

studies have used oral peptide immunotherapy for allergy in mouse models, of which one 

in the preventive setting and one in the curative setting (53, 74). Hoyne et al. used 3x 3 mg 

of a Der p1 peptide in a preventive setting. However, this peptide was coupled to glutathione 

S-transferase, which makes it di"cult to compare the concentration (53). Rupa et al., who 

tested a peptide of ovomucoid in a curative setting, treated the mice orally with 9x 1 mg 

peptide (74). This concentration is much higher than the concentration we used. In contrast, 

in other peptide immunotherapy studies, in which the peptides were administered 

intradermally, a much lower peptide concentration, namely 1 µg, was used (66, 75). However, 

because in these studies a di!erent route of administration is used, it is di"cult to compare 

these concentrations with the concentrations used in our study. So far, human clinical studies 

investigated only subcutaneous or intradermal peptide immunotherapy for either allergic or 

autoimmune diseases. Also, in these studies di!erent peptide concentrations varying from 

4x 7.5 µg till 16x 50 mg were used (63, 76).

Only 4 studies investigated several doses (22, 54, 63, 76). In a mouse study by Janssen et al., 

0.3 and 3 mg of an ovalbumin peptide was administered intranasally or intradermally to 

investigate whether peptide immunotherapy may reduce asthmatic symptoms (54). Both 

dosages were not e!ective. Two other studies were done in cat-allergic patients (22, 76). 

Norman et al. tested three di!erent peptide doses, i.e. 7.5, 75 and 750 µg, which were 

administered subcutaneously four times (once per week), and showed that the highest dose 

was most e!ective (76). Patel et al. showed that treatment with four times 75 µg peptides with 

an interval of 4 weeks was able to induce a significant e!ect and that this e!ect was significantly 

stronger than when eight times 37.5 µg with an interval of 2 weeks was used (22). Unfortunately, 

no higher doses were tested in the last study and di!erent peptide mixtures were used in the 

two studies (two 27-amino-acid-long peptides vs. seven 13/16/17-amino-acid-long peptides), 

which make it di"cult to compare them. In the study by Kappos et al., 5, 20 or 50 mg of NBI 

5788, an altered peptide ligand of myelin basic protein, was injected subcutaneously once a 

week for 4 months in patients with multiple sclerosis (63). Although the study had to be stopped 

due to hypersensitivity responses, analysis of the data of the patients that finished the whole 

trial showed that a dose of 5 mg was most e!ective, indicating again that a higher dose was 

not more e!ective in tolerance induction. 

In conclusion, these studies clearly indicate that there is an optimal concentration for tolerance 

induction and that higher and lower doses may be less e!ective. Although the concentrations 

used in our experiments were e!ective, further optimization may increase the e"cacy. 

Therefore, several doses and dose regimens need to be tested to determine the optimal form 

for peptide therapy. 
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Antigen presenting cells

The type of antigen-presenting cells that present the peptides influences the e"cacy of peptide 

immunotherapy. Previous studies have shown that antigen presentation by non-activated 

dendritic cells induce regulatory T cells (77), which are known to play an important role in 

tolerance induction. Non-activated dendritic cells express basal levels of co-stimulatory 

molecules and thus will only activate T cells via the TCR/MHC:peptide complex, without 

additional co-stimulation. Hochwellner et al. showed that incubation of dendritic cells with 

peptides did not up-regulate co-stimulatory molecules on the cells indicating that peptides do 

not activate dendritic cells and thus may induce tolerance (78). 

In addition to non-activated dendritic cells, also specific tolerogenic subsets of dendritic cells 

have been described (79-81). Both CD103+ dendritic cells and CD8a+ plasmacytoid dendritic 

cells are present in the intestine, which is indicative for the tolerogenic environment in this 

organ. Coombes et al. and Sun et al. showed that CD103+ dendritic cells in the intestine could 

convert naive T cells into regulatory T cells (79, 80). Furthermore, they indicated that this e!ect 

was mediated by TGF-ɴ and retinoic acid, which were both produced by the dendritic cells. In 

our preventive study, the percentage CD103+ dendritic cells of the total dendritic cell population 

in the mesenteric lymph nodes was increased after peptide therapy (Chapter 5). It has been 

shown that these dendritic cells travel from the lamina propria to the mesenteric lymph nodes 

(79). Therefore, it can be hypothesized that peptide therapy increases the migration of CD103+ 

dendritic cells to the mesenteric lymph nodes, which may lead to the induction of regulatory 

T cells and subsequent tolerance induction. 

Another dendritic cell subset that has been described as tolerogenic is the CD8a+ plasmacytoid 

dendritic cell. These cells are present in the lung and in the intestine (81-83). Bilsborough et al. 

showed that this subset has low expression of co-stimulatory molecules and therefore favours 

tolerogenic responses over immunogenic responses (81). Moreover, naive T cells that are 

repeatedly stimulated with CD8a+ plasmacytoid dendritic cells di!erentiate into Tr1-like 

regulatory T cells. In addition, Lombardi et al. showed that these plasmacytoid dendritic cells 

express RALDH enzymes, which convert retinal into retinoic acid, and thereby induce Foxp3+ 

regulatory T cells (82). However, no changes in the percentage of CD8a+ plasmacytoid dendritic 

cells were observed after treatment with synthetic peptides or the partial whey hydrolysate 

suggesting that these cells were not involved in the tolerance induction seen in our study. 

The mucosa of the intestine is well known for its tolerance induction (73). The intestinal immune 

system is daily exposed to commensal bacteria and food antigens. Because these antigens are 

harmless, the immune system actively develops tolerance to them. This phenomenon is called 

oral tolerance. Worbs et al. showed that the mesenteric lymph nodes, in which both CD103+ 

and CD8a+ tolerogenic dendritic cells subsets can be found, are essential for this process (79, 

81, 84). 

Because subcutaneous conventional immunotherapy for food allergy induced serious side 

e!ect, it was hypothesized that due to the tolerogenic environment in the intestine oral 

immunotherapy may be a safe alternative. However, even with this approach side e!ects were 

observed. Therefore, we decided to investigate the e"cacy and safety of oral peptide 

immunotherapy. An advantage of this route of administration in contrast to subcutaneous 



111

General discussion

administration is that oral administration does not involve needles and is therefore more child-

friendly. A disadvantage might be that peptides are exposed to digestive enzymes, which may 

lead to degradation and can a!ect the availability of the peptides and thus the peptide dose. 

Moreover, it is questionable whether the intestinal environment is still tolerogenic in food-allergic 

children. Previous studies have shown that the intestinal permeability in children with cow’s 

milk allergy is increased (85-87). Although cow’s milk-allergic children do not develop an allergic 

response to every potential food allergen they eat, suggesting that the tolerogenic environment 

is not compromised, the e!ect of the increased gut permeability on tolerance induction needs 

to be investigated. 

Whereas most previous peptide immunotherapy studies used intradermal or subcutaneous 

administration, we showed in this thesis that also oral administration of peptides is e!ective for 

inducing tolerance. However, the e"cacy and safety of both administration routes should be 

compared in future studies.

Environmental factors

Environmental factors, such as diet and exposure to microorganisms, may influence tolerance 

induction. This e!ect, at least in part, seems to be mediated by the gut microbiota. Sjogren et 

al. described that family size and endotoxin exposure, which are inversely associated with allergy 

development, influence the diversity of gut microbiota (88). Moreover, they suggested that a 

low diversity in gut microbiota increases the risk on allergy. Sepp et al. showed that in allergic 

children less bifidobacteria and more clostridia were found in gut microbiota (89). In another 

study from the same group, the gut microbiota in children from Sweden was compared with 

the microbiota in Estonian children (90). They observed that the children in Sweden had lower 

counts of lactobacilli and eubacteria and higher counts of clostridia in their gut microbiota than 

the children in Estonia indicating that geographic factors may influence the microbiota. 

Interestingly, in Sweden the prevalence of allergy was much higher than in Estonia. 

One dietary factor that a!ects the gut microbiota is human breast milk (91, 92). The main 

components in breast milk that are believed to influence microbiota are milk oligosaccharides 

(91). Previous studies indicated that breast-feeding increased the number of lactobacilli and 

bifidobacteria (92). A similar e!ect was seen with a specific mixture of non-digestible 

oligosaccharides, i.e. short-chain galacto- (scGOS) and long-chain fructo-oligosaccharides 

(lcFOS, in a ratio 9:1), which was developed to evaluate whether e!ects of breast milk could 

be mimicked (93, 94). Moreover, van Esch et al. showed that scGOS/lcFOS in combination with 

pectin-derived acidic oligosaccharides (pAOS, 9:1:2) increased the tolerance-inducing capacity 

of whey hydrolysates (33). In this thesis, we observed a similar e!ect for peptide mixture 1 in 

the preventive study, whereas no e!ect was observed for peptide mixture 3 (Chapter 5). It can 

be hypothesized that the peptides have a di!erent mechanism of action and that only some 

pathways may be a!ected by exposure to prebiotics. However, further studies are necessary 

to investigate this. Moreover, the e!ect of scGOS/lcFOS/pAOS in a curative setting needs to 

be determined. 
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Men vs. mice

As described above, many factors can influence tolerance induction. Therefore, it is impossible 

to study tolerance induction in vitro. Additionally, e"cacy and safety have to be tested first in 

vivo in animal models before they can be applied to humans. Because much is known about 

the immune system of mice and a lot of tools are available, we chose to investigate the e"cacy 

of peptide immunotherapy in a mouse model. Although the genetic variation between mice 

is small, environmental factors may have a great impact on mouse experiments. For example, 

van Esch et al. observed variations in the strength of the allergic response when the mouse 

model for cow’s milk allergy was performed at 4 di!erent locations (95). Similarly, we performed 

the oral immunotherapy mouse model on two locations and found that this resulted in a large 

di!erence in the sensitization response to whey (Chapter 6).

Although studies in mice are still needed, there are important di!erences between mice and 

men that need to be taken into account. First of all, antibody isotypes and Fc receptors di!er 

between mice and men (96, 97). Whereas in men IgG1, IgG2, IgG3 and IgG4 can be found, 

mice express IgG1, IgG2a, IgG2b and IgG3. In addition, human IgG and mouse IgG antibodies 

can have di!erent e!ects. For example, in mice both IgE and IgG antibodies are able to induce 

anaphylaxis, while only IgE antibodies induce anaphylaxis in men (98, 99). Due to the di!erences 

in IgG antibodies between mice and men, it is di"cult to investigate the exact mechanism of 

the allergen-antibody complexes described in Chapter 2.

Secondly, also the innate immune system di!ers between mice and men. Di!erent pattern 

recognition receptors have been found in both species (100). Garcia Vallerjo et al. described 

in a recent review that, although mice express eight homologues of DC-SIGN, the expression 

pattern and binding a"nities di!er from human DC-SIGN and thus the mice ortholog has not 

yet been found (101). That these receptors may be important for allergy and tolerance induction 

has been shown by Shre$er et al. who described that Ara h 1, a major allergen of peanut, binds 

to DC-SIGN and thereby activates dendritic cells to induce a Th2 response (102). Thereby, 

allergens can create an environment via innate signals that may facilitate sensitization to other 

allergens within the same food. 

The above indicates that caution should be taken when extrapolating data obtained in mice 

models to the human situation. Nevertheless, these models are essential for proof-of-principle 

studies. From the mouse models used in this thesis we can conclude that oral administration 

of peptides may induce tolerance to intact proteins, which would not have been possible 

without these models.

Overall conclusion

This thesis shows that both a partial whey hydrolysate and 18 amino-acid-long synthetic 

peptides may induce tolerance to whey. While the synthetic peptides seem to be a safe 

alternative for conventional immunotherapy, further research is necessary to determine their 

sensitization capacity and their e!ect on late phase allergic symptoms. The e"cacy of peptide 

immunotherapy is dependent on the selection of peptides. Due to di!erences in TCR/MHC 

a"nity, some peptides may be more tolerogenic than others. However, the e!ect of non-

tolerogenic peptides can be modulated by changing the peptide dose, the route of 
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administration and/or the environment, for example by combining peptides with prebiotics. 

Although e!ective, partial hydrolysates may still induce allergic side e!ects and are thus less 

suitable for immunotherapy. Nevertheless, if the enzymatic process can be more controlled 

so that the right peptides stay intact, this would be a nice option for the future.
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ĂŶƟƉĞĂŶƵƚͲƐƉĞĐŝĮĐ�ŚƵŵŽƌĂů�ƌĞƐƉŽŶƐĞƐ�ŝŶ�ƉĞĂŶƵƚͲĂůůĞƌŐŝĐ�ŝŶĚŝǀŝĚƵĂůƐ͘��ůŝŶ͘��ǆƉ͘��ůůĞƌŐǇ�ϮϬϬϭ͖ϯϭ͗ϰϳͲϱϯ͘

ϭϵ͘�� dĂǇ�^^͕��ůĂƌŬ��d͕ ��ĞŝŐŚƚŽŶ�:͕�<ŝŶŐ�z͕ ��ǁĂŶ�Wt͘�WĂƩĞƌŶƐ�ŽĨ�ŝŵŵƵŶŽŐůŽďƵůŝŶ�'�ƌĞƐƉŽŶƐĞƐ�ƚŽ�ĞŐŐ�ĂŶĚ�ƉĞĂŶƵƚ�
ĂůůĞƌŐĞŶƐ�ĂƌĞ�ĚŝƐƟŶĐƚ͗�KǀĂůďƵŵŝŶͲƐƉĞĐŝĮĐ�ŝŵŵƵŶŽŐůŽďƵůŝŶ�ƌĞƐƉŽŶƐĞƐ�ĂƌĞ�ƵďŝƋƵŝƚŽƵƐ͕�ďƵƚ�ƉĞĂŶƵƚͲƐƉĞĐŝĮĐ�
immunoglobulin responses are up-regulated in peanut allergy. Clin. Exp. Allergy 2007;37:1512-1518.

ϮϬ͘�� ^ŚĞŬ�>W͕ ��ĂƌĚŝŶĂ�>͕��ĂƐƚƌŽ�Z͕�^ĂŵƉƐŽŶ�,�͕��ĞǇĞƌ�<͘�,ƵŵŽƌĂů�ĂŶĚ�ĐĞůůƵůĂƌ�ƌĞƐƉŽŶƐĞƐ�ƚŽ�ĐŽǁ�ŵŝůŬ�ƉƌŽƚĞŝŶƐ�ŝŶ�
ƉĂƟĞŶƚƐ�ǁŝƚŚ�ŵŝůŬͲŝŶĚƵĐĞĚ�/Ő�ͲŵĞĚŝĂƚĞĚ�ĂŶĚ�ŶŽŶͲ/Ő�ͲŵĞĚŝĂƚĞĚ�ĚŝƐŽƌĚĞƌƐ͘��ůůĞƌŐǇ�ϮϬϬϱ͖ϲϬ͗ϵϭϮͲϵϭϵ͘

Ϯϭ͘�� DĞƚĐĂůĨĞ�:͕�WƌĞƐĐŽƩ�^>͕�WĂůŵĞƌ��:͘�ZĂŶĚŽŵŝǌĞĚ�ĐŽŶƚƌŽůůĞĚ�ƚƌŝĂůƐ�ŝŶǀĞƐƟŐĂƟŶŐ�ƚŚĞ�ƌŽůĞ�ŽĨ�ĂůůĞƌŐĞŶ�ĞǆƉŽƐƵƌĞ�
in food allergy: Where are we now? Curr. Opin. Allergy Clin. Immunol. 2013;13:296-305.
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General discussion

ϮϮ͘� WĂƚĞů� �͕� �ŽƵƌŽƵǆ� W͕ � ,ŝĐŬĞǇ� W͕ � ^ĂůĂƉĂƚĞŬ� �D͕� >ĂŝĚůĞƌ� W͕ � >ĂƌĐŚĞ�D͕� Ğƚ� Ăů͘� &Ğů� Ě� ϭͲĚĞƌŝǀĞĚ� ƉĞƉƟĚĞ� ĂŶƟŐĞŶ�
ĚĞƐĞŶƐŝƟǌĂƟŽŶ�ƐŚŽǁƐ�Ă�ƉĞƌƐŝƐƚĞŶƚ�ƚƌĞĂƚŵĞŶƚ�ĞīĞĐƚ�ϭ�ǇĞĂƌ�ĂŌĞƌ�ƚŚĞ�ƐƚĂƌƚ�ŽĨ�ĚŽƐŝŶŐ͗���ƌĂŶĚŽŵŝǌĞĚ͕�ƉůĂĐĞďŽͲ
controlled study. J. Allergy Clin. Immunol. 2013;131:103-109.

Ϯϯ͘�� DƵůůĞƌ�h͕��ŬĚŝƐ���͕�&ƌŝĐŬĞƌ�D͕��ŬĚŝƐ�D͕��ůĞƐŬĞŶ�d͕ ��ĞƩĞŶƐ�&͕ �Ğƚ�Ăů͘�^ƵĐĐĞƐƐĨƵů�ŝŵŵƵŶŽƚŚĞƌĂƉǇ�ǁŝƚŚ�dͲĐĞůů�
ĞƉŝƚŽƉĞ�ƉĞƉƟĚĞƐ�ŽĨ�ďĞĞ�ǀĞŶŽŵ�ƉŚŽƐƉŚŽůŝƉĂƐĞ��Ϯ�ŝŶĚƵĐĞƐ�ƐƉĞĐŝĮĐ�dͲĐĞůů�ĂŶĞƌŐǇ�ŝŶ�ƉĂƟĞŶƚƐ�ĂůůĞƌŐŝĐ�ƚŽ�ďĞĞ�
ǀĞŶŽŵ͘�:͘��ůůĞƌŐǇ��ůŝŶ͘�/ŵŵƵŶŽů͘�ϭϵϵϴ͖ϭϬϭ͗ϳϰϳͲϳϱϰ͘

Ϯϰ͘�� KůĚĮĞůĚ�t>͕� >ĂƌĐŚĞ�D͕� <ĂǇ���͘� �īĞĐƚ� ŽĨ� dͲĐĞůů� ƉĞƉƟĚĞƐ�ĚĞƌŝǀĞĚ� ĨƌŽŵ� ĨĞů� Ě� ϭ�ŽŶ� ĂůůĞƌŐŝĐ� ƌĞĂĐƟŽŶƐ� ĂŶĚ�
ĐǇƚŽŬŝŶĞ�ƉƌŽĚƵĐƟŽŶ�ŝŶ�ƉĂƟĞŶƚƐ�ƐĞŶƐŝƟǀĞ�ƚŽ�ĐĂƚƐ͗���ƌĂŶĚŽŵŝƐĞĚ�ĐŽŶƚƌŽůůĞĚ�ƚƌŝĂů͘�>ĂŶĐĞƚ�ϮϬϬϮ͖ϯϲϬ͗ϰϳͲϱϯ͘

Ϯϱ͘�� ǀĂŶ��ƐĐŚ���͕�^ĐŚŽƵƚĞŶ��͕�ĚĞ�<ŝǀŝƚ�^͕�,ŽĨŵĂŶ�'�͕�<ŶŝƉƉĞůƐ�>D͕�tŝůůĞŵƐĞŶ�>�͕�Ğƚ�Ăů͘�KƌĂů�ƚŽůĞƌĂŶĐĞ�ŝŶĚƵĐƟŽŶ�
ďǇ�ƉĂƌƟĂůůǇ�ŚǇĚƌŽůǇǌĞĚ�ǁŚĞǇ�ƉƌŽƚĞŝŶ�ŝŶ�ŵŝĐĞ�ŝƐ�ĂƐƐŽĐŝĂƚĞĚ�ǁŝƚŚ�ĞŶŚĂŶĐĞĚ�ŶƵŵďĞƌƐ�ŽĨ�&ŽǆƉϯн�ƌĞŐƵůĂƚŽƌǇ�
dͲĐĞůůƐ�ŝŶ�ƚŚĞ�ŵĞƐĞŶƚĞƌŝĐ�ůǇŵƉŚ�ŶŽĚĞƐ͘�WĞĚŝĂƚƌ͘ ��ůůĞƌŐǇ�/ŵŵƵŶŽů͘�ϮϬϭϭ͖ϮϮ͗ϴϮϬͲϴϮϲ͘

Ϯϲ͘�� dĂǇ�^^͕��ůĂƌŬ��d͕ ��ĞŝŐŚƚŽŶ�:͕�<ŝŶŐ�z͕ ��ǁĂŶ�Wt͘�WĂƩĞƌŶƐ�ŽĨ�ŝŵŵƵŶŽŐůŽďƵůŝŶ�'�ƌĞƐƉŽŶƐĞƐ�ƚŽ�ĞŐŐ�ĂŶĚ�ƉĞĂŶƵƚ�
ĂůůĞƌŐĞŶƐ�ĂƌĞ�ĚŝƐƟŶĐƚ͗�KǀĂůďƵŵŝŶͲƐƉĞĐŝĮĐ�ŝŵŵƵŶŽŐůŽďƵůŝŶ�ƌĞƐƉŽŶƐĞƐ�ĂƌĞ�ƵďŝƋƵŝƚŽƵƐ͕�ďƵƚ�ƉĞĂŶƵƚͲƐƉĞĐŝĮĐ�
immunoglobulin responses are up-regulated in peanut allergy. Clin. Exp. Allergy 2007;37:1512-1518.

Ϯϳ͘�� ,ĞŶŶŝŶŐƐƐŽŶ�&͕ ��ŝŶŐ��͕��ĂŚůŝŶ�:^͕�>ŝŶŬĞǀŝĐŝƵƐ�D͕��ĂƌůƐƐŽŶ�&͕ �'ƌŽŶǀŝŬ�<K͕�Ğƚ�Ăů͘�/Ő�ͲŵĞĚŝĂƚĞĚ�ĞŶŚĂŶĐĞŵĞŶƚ�ŽĨ�
��ϰн�d�ĐĞůů�ƌĞƐƉŽŶƐĞƐ�ŝŶ�ŵŝĐĞ�ƌĞƋƵŝƌĞƐ�ĂŶƟŐĞŶ�ƉƌĞƐĞŶƚĂƟŽŶ�ďǇ���ϭϭĐн�ĐĞůůƐ�ĂŶĚ�ŶŽƚ�ďǇ���ĐĞůůƐ͘�W>Ž^�KŶĞ�
2011;6:e21760.

Ϯϴ͘�� KĞĨŶĞƌ��D͕�tŝŶŬůĞƌ��͕�,ĞƐƐ��͕�>ŽƌĞŶǌ��<͕�,ŽůĞĐƐŬĂ�s͕�,ƵǆĚŽƌĨ�D͕�Ğƚ�Ăů͘�dŽůĞƌĂŶĐĞ�ŝŶĚƵĐƟŽŶ�ǁŝƚŚ�d�ĐĞůůͲ
ĚĞƉĞŶĚĞŶƚ�ƉƌŽƚĞŝŶ�ĂŶƟŐĞŶƐ�ŝŶĚƵĐĞƐ�ƌĞŐƵůĂƚŽƌǇ�ƐŝĂůǇůĂƚĞĚ�/Ő'Ɛ͘�:͘��ůůĞƌŐǇ��ůŝŶ͘�/ŵŵƵŶŽů͘�ϮϬϭϮ͖ϭϮϵ͗ϭϲϰϳͲ
1655.

Ϯϵ͘�� <ŚŽĚŽƵŶ�D͕� ^ƚƌĂŝƚ� Z͕�KƌĞŬŽǀ� d͕ � ,ŽŐĂŶ� ^͕� <ĂƌĂƐƵǇĂŵĂ�,͕� ,ĞƌďĞƌƚ� �Z͕� Ğƚ� Ăů͘� WĞĂŶƵƚƐ� ĐĂŶ� ĐŽŶƚƌŝďƵƚĞ� ƚŽ�
ĂŶĂƉŚǇůĂĐƟĐ�ƐŚŽĐŬ�ďǇ�ĂĐƟǀĂƟŶŐ�ĐŽŵƉůĞŵĞŶƚ͘�:͘��ůůĞƌŐǇ��ůŝŶ͘�/ŵŵƵŶŽů͘�ϮϬϬϵ͖ϭϮϯ͗ϯϰϮͲϯϱϭ͘

ϯϬ͘�� �ĂůďĞƌƐĞ�Z�͕��ƌĂŵĞƌŝ�Z͘�/Ő�ͲďŝŶĚŝŶŐ�ĞƉŝƚŽƉĞƐ͗���ƌĞĂƉƉƌĂŝƐĂů͘��ůůĞƌŐǇ�ϮϬϭϭ͖ϲϲ͗ϭϮϲϭͲϭϮϳϰ͘
ϯϭ͘�� <ŶŽů� �&͘ � ZĞƋƵŝƌĞŵĞŶƚƐ� ĨŽƌ� ĞīĞĐƟǀĞ� /Ő�� ĐƌŽƐƐͲůŝŶŬŝŶŐ�ŽŶ�ŵĂƐƚ� ĐĞůůƐ� ĂŶĚ�ďĂƐŽƉŚŝůƐ͘�DŽů͘�EƵƚƌ͘ � &ŽŽĚ�ZĞƐ͘�

2006;50:620-624.
ϯϮ͘�� ZĂũĂƐĞŬĂƌĂŶ� ^͕� �ĂůůĂ� ^͕� ,ƵĂŶŐ� �,͕� dŚĂƉĂƌ� s͕� 'ƌǇŬ� D͕� DĂĐŝĞũĞǁƐŬŝ� D͕� Ğƚ� Ăů͘� ,ŝŐŚͲƉĞƌĨŽƌŵĂŶĐĞ� ĞǆĂĐƚ�

ĂůŐŽƌŝƚŚŵƐ�ĨŽƌ�ŵŽƟĨ�ƐĞĂƌĐŚ͘�:͘��ůŝŶ͘�DŽŶŝƚ͘��ŽŵƉƵƚ͘�ϮϬϬϱ͖ϭϵ͗ϯϭϵͲϯϮϴ͘
ϯϯ͘�� ǀĂŶ��ƐĐŚ���͕�^ĐŚŽƵƚĞŶ��͕�ĚĞ�<ŝǀŝƚ�^͕�,ŽĨŵĂŶ�'�͕�<ŶŝƉƉĞůƐ�>D͕�tŝůůĞŵƐĞŶ�>�͕�Ğƚ�Ăů͘�KƌĂů�ƚŽůĞƌĂŶĐĞ�ŝŶĚƵĐƟŽŶ�

ďǇ�ƉĂƌƟĂůůǇ�ŚǇĚƌŽůǇǌĞĚ�ǁŚĞǇ�ƉƌŽƚĞŝŶ�ŝŶ�ŵŝĐĞ�ŝƐ�ĂƐƐŽĐŝĂƚĞĚ�ǁŝƚŚ�ĞŶŚĂŶĐĞĚ�ŶƵŵďĞƌƐ�ŽĨ�&ŽǆƉϯн�ƌĞŐƵůĂƚŽƌǇ�
dͲĐĞůůƐ�ŝŶ�ƚŚĞ�ŵĞƐĞŶƚĞƌŝĐ�ůǇŵƉŚ�ŶŽĚĞƐ͘�WĞĚŝĂƚƌ͘ ��ůůĞƌŐǇ�/ŵŵƵŶŽů͘�ϮϬϭϭ͖ϮϮ͗ϴϮϬͲϴϮϲ͘

ϯϰ͘�� ǀĂŶ��ƐĐŚ���͕�^ĐŚŽƵƚĞŶ��͕�,ŽĨŵĂŶ�'�͕�ǀĂŶ��ĂĂůĞŶ� d͕ �EŝũŬĂŵƉ�&W͕ �<ŶŝƉƉĞůƐ�>D͕�Ğƚ�Ăů͘��ĐƵƚĞ�ĂůůĞƌŐŝĐ� ƐŬŝŶ�
ƌĞƐƉŽŶƐĞ� ĂƐ� Ă� ŶĞǁ� ƚŽŽů� ƚŽ� ĞǀĂůƵĂƚĞ� ƚŚĞ� ĂůůĞƌŐĞŶŝĐŝƚǇ� ŽĨ�ǁŚĞǇ�ŚǇĚƌŽůǇƐĂƚĞƐ� ŝŶ� Ă�ŵŽƵƐĞ�ŵŽĚĞů� ŽĨ� ŽƌĂůůǇ�
ŝŶĚƵĐĞĚ�ĐŽǁ Ɛ͛�ŵŝůŬ�ĂůůĞƌŐǇ͘ �WĞĚŝĂƚƌ͘ ��ůůĞƌŐǇ�/ŵŵƵŶŽů͘�ϮϬϭϬ͖Ϯϭ͗ĞϳϴϬͲĞϳϴϲ͘

ϯϱ͘�� tŽƌŵ�D͕�>ĞĞ�,,͕�<ůĞŝŶĞͲdĞďďĞ�:͕�,ĂĨŶĞƌ�ZW͕ �>ĂŝĚůĞƌ�W͕ �,ĞĂůĞǇ��͕�Ğƚ�Ăů͘��ĞǀĞůŽƉŵĞŶƚ�ĂŶĚ�ƉƌĞůŝŵŝŶĂƌǇ�ĐůŝŶŝĐĂů�
ĞǀĂůƵĂƟŽŶ�ŽĨ�Ă�ƉĞƉƟĚĞ�ŝŵŵƵŶŽƚŚĞƌĂƉǇ�ǀĂĐĐŝŶĞ�ĨŽƌ�ĐĂƚ�ĂůůĞƌŐǇ͘ �:͘��ůůĞƌŐǇ��ůŝŶ͘�/ŵŵƵŶŽů͘�ϮϬϭϭ͖ϭϮϳ͗ϴϵͲϵϳ͘

ϯϲ͘�� sĂŶ�,ŽĞǇǀĞůĚ��D͕��ƐĐĂůŽŶĂͲDŽŶŐĞ�D͕�ĚĞ�^ǁĞƌƚ�>&͕ �^ƚĞǀĞŶƐ���͘��ůůĞƌŐĞŶŝĐ�ĂŶĚ�ĂŶƟŐĞŶŝĐ�ĂĐƟǀŝƚǇ�ŽĨ�ƉĞƉƟĚĞ�
fragments in a whey hydrolysate formula. Clin. Exp. Allergy 1998;28:1131-1137.

ϯϳ͘�� ,ĂƐĞůĚĞŶ� �D͕� <ĂǇ� ��͕� >ĂƌĐŚĞ� D͘� /ŵŵƵŶŽŐůŽďƵůŝŶ� �ͲŝŶĚĞƉĞŶĚĞŶƚ� ŵĂũŽƌ� ŚŝƐƚŽĐŽŵƉĂƟďŝůŝƚǇ� ĐŽŵƉůĞǆͲ
ƌĞƐƚƌŝĐƚĞĚ�d�ĐĞůů�ƉĞƉƟĚĞ�ĞƉŝƚŽƉĞͲŝŶĚƵĐĞĚ�ůĂƚĞ�ĂƐƚŚŵĂƟĐ�ƌĞĂĐƟŽŶƐ͘�:͘��ǆƉ͘�DĞĚ͘�ϭϵϵϵ͖ϭϴϵ͗ϭϴϴϱͲϭϴϵϰ͘

ϯϴ͘�� �ůĞǆĂŶĚĞƌ��͕�dĂƌǌŝ�D͕�>ĂƌĐŚĞ�D͕�<ĂǇ���͘�dŚĞ�ĞīĞĐƚ�ŽĨ�ĨĞů�Ě�ϭͲĚĞƌŝǀĞĚ�dͲĐĞůů�ƉĞƉƟĚĞƐ�ŽŶ�ƵƉƉĞƌ�ĂŶĚ�ůŽǁĞƌ�
ĂŝƌǁĂǇ�ŽƵƚĐŽŵĞ�ŵĞĂƐƵƌĞŵĞŶƚƐ�ŝŶ�ĐĂƚͲĂůůĞƌŐŝĐ�ƐƵďũĞĐƚƐ͘��ůůĞƌŐǇ�ϮϬϬϱ͖ϲϬ͗ϭϮϲϵͲϭϮϳϰ͘

ϯϵ͘�� �ŽŵŵŝƐƐŝŽŶ�ĚŝƌĞĐƟǀĞ�ϮϬϬϲͬϭϰϭͬ���ŽĨ�ϮϮ�ĚĞĐĞŵďĞƌ�ϮϬϬϲ�ŽŶ�ŝŶĨĂŶƚ�ĨŽƌŵƵůĂĞ�ĂŶĚ�ĨŽůůŽǁͲŽŶ�ĨŽƌŵƵůĂĞ�ĂŶĚ�
ĂŵĞŶĚŝŶŐ�ĚŝƌĞĐƟǀĞ�ϭϵϵϵͬϮϭͬ��͘�KĸĐŝĂů�:ŽƵƌŶĂů�ŽĨ�ƚŚĞ��ƵƌŽƉĞĂŶ�hŶŝŽŶ�ϮϬϬϲ͖>�ϰϬϭ͗ϭͲϯϯ͘

ϰϬ͘�� ^ŵŝƚŚ� ��͕� �ĂŐĂƌ� dE͕� ^ƚƌŽŵŝŶŐĞƌ� :>͕�DŝůůĞƌ� ^�͘� �ŝīĞƌĞŶƟĂů� ŝŶĚƵĐƟŽŶ� ŽĨ� /Ő�ͲŵĞĚŝĂƚĞĚ� ĂŶĂƉŚǇůĂǆŝƐ� ĂŌĞƌ�
ƐŽůƵďůĞ�ǀƐ͘�ĐĞůůͲďŽƵŶĚ�ƚŽůĞƌŽŐĞŶŝĐ�ƉĞƉƟĚĞ�ƚŚĞƌĂƉǇ�ŽĨ�ĂƵƚŽŝŵŵƵŶĞ�ĞŶĐĞƉŚĂůŽŵǇĞůŝƟƐ͘�WƌŽĐ͘�EĂƚů͘��ĐĂĚ͘�
Sci. U S A 2005;102:9595-9600.

ϰϭ͘�� ǀĂŶ��ƐĐŚ���͕�<ŶŝƉƉŝŶŐ�<͕�:ĞƵƌŝŶŬ�W͕ �ǀĂŶ�ĚĞƌ�,ĞŝĚĞ�^͕��ƵďŽŝƐ���͕�tŝůůĞŵƐĞŶ�>�͕�Ğƚ�Ăů͘� /Ŷ�ǀŝǀŽ�ĂŶĚ�ŝŶ�ǀŝƚƌŽ�
ĞǀĂůƵĂƟŽŶ�ŽĨ�ƚŚĞ�ƌĞƐŝĚƵĂů�ĂůůĞƌŐĞŶŝĐŝƚǇ�ŽĨ�ƉĂƌƟĂůůǇ�ŚǇĚƌŽůǇƐĞĚ�ŝŶĨĂŶƚ�ĨŽƌŵƵůĂƐ͘�dŽǆŝĐŽů͘�>ĞƩ͘�ϮϬϭϭ͖ϮϬϭ͗ϮϲϰͲ
269.

ϰϮ͘�� dĞǆŝĞƌ��͕�WŽƵǀĞůůĞ�^͕��ƵƐƐŽŶ�D͕�,ĞƌǀĞ�D͕��ŚĂƌƌŽŶ��͕�DĞŶĞǌ��͕�Ğƚ�Ăů͘�,>�Ͳ�Z�ƌĞƐƚƌŝĐƚĞĚ�ƉĞƉƟĚĞ�ĐĂŶĚŝĚĂƚĞƐ�
ĨŽƌ�ďĞĞ�ǀĞŶŽŵ�ŝŵŵƵŶŽƚŚĞƌĂƉǇ͘ �:͘�/ŵŵƵŶŽů͘�ϮϬϬϬ͖ϭϲϰ͗ϯϭϳϳͲϯϭϴϰ͘

ϰϯ͘�� &ĞůůƌĂƚŚ�:D͕�<ĞƩŶĞƌ��͕��ƵĨŽƵƌ�E͕�&ƌŝŐĞƌŝŽ��͕�^ĐŚŶĞĞďĞƌŐĞƌ��͕�>ĞŝŵŐƌƵďĞƌ��͕�Ğƚ�Ăů͘��ůůĞƌŐĞŶͲƐƉĞĐŝĮĐ�dͲĐĞůů�
ƚŽůĞƌĂŶĐĞ�ŝŶĚƵĐƟŽŶ�ǁŝƚŚ�ĂůůĞƌŐĞŶͲĚĞƌŝǀĞĚ�ůŽŶŐ�ƐǇŶƚŚĞƟĐ�ƉĞƉƟĚĞƐ͗�ZĞƐƵůƚƐ�ŽĨ�Ă�ƉŚĂƐĞ�/�ƚƌŝĂů͘�:͘��ůůĞƌŐǇ��ůŝŶ͘�
Immunol. 2003;111:854-861.
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ϰϰ͘�� <ĂŵŵĞƌĞƌ�Z͕��ŚǀĂƚĐŚŬŽ�z͕ �<ĞƩŶĞƌ��͕��ƵĨŽƵƌ�E͕��ŽƌƌĂĚŝŶ�'͕�^ƉĞƌƟŶŝ� &͘ �DŽĚƵůĂƟŽŶ�ŽĨ�dͲĐĞůů�ƌĞƐƉŽŶƐĞ�ƚŽ�
ƉŚŽƐƉŚŽůŝƉĂƐĞ��Ϯ�ĂŶĚ�ƉŚŽƐƉŚŽůŝƉĂƐĞ��ϮͲĚĞƌŝǀĞĚ�ƉĞƉƟĚĞƐ�ďǇ�ĐŽŶǀĞŶƟŽŶĂů�ďĞĞ�ǀĞŶŽŵ�ŝŵŵƵŶŽƚŚĞƌĂƉǇ͘ �:͘�
Allergy Clin. Immunol. 1997;100:96-103.

ϰϱ͘�� �ŽƵŶƐĞůů��D͕��ŽŶĚ�:&͕ �KŚŵĂŶ�:>͕:ƌ͕ �'ƌĞĞŶƐƚĞŝŶ�:>͕�'ĂƌŵĂŶ�Z�͘��ĞĮŶŝƟŽŶ�ŽĨ�ƚŚĞ�ŚƵŵĂŶ�dͲĐĞůů�ĞƉŝƚŽƉĞƐ�ŽĨ�
ĨĞů�Ě�ϭ͕�ƚŚĞ�ŵĂũŽƌ�ĂůůĞƌŐĞŶ�ŽĨ�ƚŚĞ�ĚŽŵĞƐƟĐ�ĐĂƚ͘�:͘��ůůĞƌŐǇ͘ ��ůŝŶ͘�/ŵŵƵŶŽů͘�ϭϵϵϲ͖ϵϴ͗ϴϴϰͲϴϵϰ͘

ϰϲ͘�� ,ŽůůĂŶĚ��:͕��ŽůĞ��<͕�'ŽĚŬŝŶ��͘�ZĞͲĚŝƌĞĐƟŶŐ���ϰ;нͿ�d�ĐĞůů�ƌĞƐƉŽŶƐĞƐ�ǁŝƚŚ�ƚŚĞ�ŇĂŶŬŝŶŐ�ƌĞƐŝĚƵĞƐ�ŽĨ�D,��ĐůĂƐƐ�
//ͲďŽƵŶĚ�ƉĞƉƟĚĞƐ͗�dŚĞ�ĐŽƌĞ�ŝƐ�ŶŽƚ�ĞŶŽƵŐŚ͘�&ƌŽŶƚ͘�/ŵŵƵŶŽů͘�ϮϬϭϯ͖ϰ͗ϭϳϮ͘

ϰϳ͘�� ZĞĞĨĞƌ��:͕��ĂƌŶĞŝƌŽ�ZD͕��ƵƐƟƐ�E:͕�WůĂƩƐͲDŝůůƐ�d�͕�^ƵŶŐ�^^͕�,ĂŵŵĞƌ�:͕�Ğƚ�Ăů͘���ƌŽůĞ�ĨŽƌ�/>ͲϭϬͲŵĞĚŝĂƚĞĚ�,>�Ͳ
�ZϳͲƌĞƐƚƌŝĐƚĞĚ�d�ĐĞůůͲĚĞƉĞŶĚĞŶƚ�ĞǀĞŶƚƐ�ŝŶ�ĚĞǀĞůŽƉŵĞŶƚ�ŽĨ�ƚŚĞ�ŵŽĚŝĮĞĚ�dŚϮ�ƌĞƐƉŽŶƐĞ�ƚŽ�ĐĂƚ�ĂůůĞƌŐĞŶ͘�:͘�
Immunol. 2004;172:2763-2772.

ϰϴ͘�� ^ŽƵƚŚǁŽŽĚ�^͕�^ŝĚŶĞǇ�:͕�<ŽŶĚŽ��͕�ĚĞů�'ƵĞƌĐŝŽ�D&͕ ��ƉƉĞůůĂ��͕�,ŽīŵĂŶ�^͕�Ğƚ�Ăů͘�^ĞǀĞƌĂů�ĐŽŵŵŽŶ�,>�Ͳ�Z�
ƚǇƉĞƐ�ƐŚĂƌĞ�ůĂƌŐĞůǇ�ŽǀĞƌůĂƉƉŝŶŐ�ƉĞƉƟĚĞ�ďŝŶĚŝŶŐ�ƌĞƉĞƌƚŽŝƌĞƐ͘�:͘�/ŵŵƵŶŽů͘�ϭϵϵϴ͖ϭϲϬ͗ϯϯϲϯͲϯϯϳϯ͘

ϰϵ͘�� ǀĂŶ� dŚƵŝũů� �K͘� �ǆƉůŽƌŝŶŐ� ŝŵŵƵŶŽůŽŐŝĐĂů� ŵĞĐŚĂŶŝƐŵƐ� ŝŶ� ĐŽǁ Ɛ͛� ŵŝůŬ� ĂůůĞƌŐǇ� ĚŝƐƐĞƌƚĂƟŽŶ͘� �ŵƐƚĞƌĚĂŵ͗�
hŶŝǀĞƌƐŝƚǇ�ŽĨ��ŵƐƚĞƌĚĂŵ͖�ϮϬϭϮ͘

ϱϬ͘�� /ŶŽƵĞ� Z͕� DĂƚƐƵƐŚŝƚĂ� ^͕� <ĂŶĞŬŽ� ,͕� ^ŚŝŶŽĚĂ� ^͕� ^ĂŬĂŐƵĐŚŝ� ,͕� EŝƐŚŝŵƵƌĂ� z͕ � Ğƚ� Ăů͘� /ĚĞŶƟĮĐĂƟŽŶ� ŽĨ� ďĞƚĂͲ
ůĂĐƚŽŐůŽďƵůŝŶͲĚĞƌŝǀĞĚ�ƉĞƉƟĚĞƐ�ĂŶĚ�ĐůĂƐƐ� //�,>��ŵŽůĞĐƵůĞƐ�ƌĞĐŽŐŶŝǌĞĚ�ďǇ�d�ĐĞůůƐ� ĨƌŽŵ�ƉĂƟĞŶƚƐ�ǁŝƚŚ�ŵŝůŬ�
allergy. Clin. Exp. Allergy 2001;31:1126-1134.

ϱϭ͘�� ZƵŝƚĞƌ� �͕� dƌĞŐŽĂƚ� s͕�D͛ƌĂďĞƚ� >͕� 'ĂƌƐƐĞŶ� :͕� �ƌƵŝũŶǌĞĞůͲ<ŽŽŵĞŶ� ��͕� <ŶŽů� �&͕ � Ğƚ� Ăů͘� �ŚĂƌĂĐƚĞƌŝǌĂƟŽŶ� ŽĨ� d�
cell epitopes in alphas1-casein in cow’s milk allergic, atopic and non-atopic children. Clin. Exp. Allergy 
2006;36:303-310.

ϱϮ͘�� ,ŝƌĂŚĂƌĂ� <͕� ,ŝƐĂƚƐƵŶĞ� d͕ � �ŚŽŝ� �z͕ � <ĂŵŝŶŽŐĂǁĂ� ^͘� WƌŽĨŽƵŶĚ� ŝŵŵƵŶŽůŽŐŝĐĂů� ƚŽůĞƌĂŶĐĞ� ŝŶ� ƚŚĞ� ĂŶƟďŽĚǇ�
ƌĞƐƉŽŶƐĞ� ĂŐĂŝŶƐƚ� ďŽǀŝŶĞ� ĂůƉŚĂ� ƐϭͲĐĂƐĞŝŶ� ŝŶĚƵĐĞĚ� ďǇ� ŝŶƚƌĂĚĞƌŵĂů� ĂĚŵŝŶŝƐƚƌĂƟŽŶ� ŽĨ� Ă� ĚŽŵŝŶĂŶƚ� d� ĐĞůů�
determinant. Clin. Immunol. Immunopathol. 1995;76:12-18.

ϱϯ͘�� ,ŽǇŶĞ�'&͕ ��ĂůůŽǁ�D'͕�<ƵŽ�D�͕�dŚŽŵĂƐ�tZ͘�/ŶŚŝďŝƟŽŶ�ŽĨ�dͲĐĞůů�ƌĞƐƉŽŶƐĞƐ�ďǇ�ĨĞĞĚŝŶŐ�ƉĞƉƟĚĞƐ�ĐŽŶƚĂŝŶŝŶŐ�
ŵĂũŽƌ�ĂŶĚ�ĐƌǇƉƟĐ�ĞƉŝƚŽƉĞƐ͗�^ƚƵĚŝĞƐ�ǁŝƚŚ�ƚŚĞ�ĚĞƌ�Ɖ�/�ĂůůĞƌŐĞŶ͘�/ŵŵƵŶŽůŽŐǇ�ϭϵϵϰ͖ϴϯ͗ϭϵϬͲϭϵϱ͘

ϱϰ͘�� :ĂŶƐƐĞŶ��D͕�ǀĂŶ�KŽƐƚĞƌŚŽƵƚ��:͕�ǀĂŶ�ZĞŶƐĞŶ��:͕�ǀĂŶ��ĚĞŶ�t͕�EŝũŬĂŵƉ�&W͕ �tĂƵďĞŶ�D,͘�DŽĚƵůĂƟŽŶ�ŽĨ�dŚϮ�
ƌĞƐƉŽŶƐĞƐ�ďǇ�ƉĞƉƟĚĞ�ĂŶĂůŽŐƵĞƐ�ŝŶ�Ă�ŵƵƌŝŶĞ�ŵŽĚĞů�ŽĨ�ĂůůĞƌŐŝĐ�ĂƐƚŚŵĂ͗��ŵĞůŝŽƌĂƟŽŶ�Žƌ�ĚĞƚĞƌŝŽƌĂƟŽŶ�ŽĨ�ƚŚĞ�
ĚŝƐĞĂƐĞ�ƉƌŽĐĞƐƐ�ĚĞƉĞŶĚƐ�ŽŶ�ƚŚĞ�dŚϭ�Žƌ�dŚϮ�ƐŬĞǁŝŶŐ�ĐŚĂƌĂĐƚĞƌŝƐƟĐƐ�ŽĨ�ƚŚĞ�ƚŚĞƌĂƉĞƵƟĐ�ƉĞƉƟĚĞ͘�:͘�/ŵŵƵŶŽů͘�
2000;164:580-588.

ϱϱ͘�� �ƌŽŐĚŽŶ�:>͕�>ĞŝƚĞŶďĞƌŐ��͕��ŽƩŽŵůǇ�<͘�dŚĞ�ƉŽƚĞŶĐǇ�ŽĨ�d�Z�ƐŝŐŶĂůŝŶŐ�ĚŝīĞƌĞŶƟĂůůǇ�ƌĞŐƵůĂƚĞƐ�E&�dĐͬƉ�ĂĐƟǀŝƚǇ�
ĂŶĚ�ĞĂƌůǇ�/>Ͳϰ�ƚƌĂŶƐĐƌŝƉƟŽŶ�ŝŶ�ŶĂŝǀĞ���ϰн�d�ĐĞůůƐ͘�:͘�/ŵŵƵŶŽů͘�ϮϬϬϮ͖ϭϲϴ͗ϯϴϮϱͲϯϴϯϮ͘

ϱϲ͘�� �ĂƌďĂůůŝĚŽ�:D͕�&ĂŝƚŚ��͕��ĂƌďĂůůŝĚŽͲWĞƌƌŝŐ�E͕��ůĂƐĞƌ�<͘�dŚĞ�ŝŶƚĞŶƐŝƚǇ�ŽĨ�d�ĐĞůů�ƌĞĐĞƉƚŽƌ�ĞŶŐĂŐĞŵĞŶƚ�ĚĞƚĞƌŵŝŶĞƐ�
ƚŚĞ�ĐǇƚŽŬŝŶĞ�ƉĂƩĞƌŶ�ŽĨ�ŚƵŵĂŶ�ĂůůĞƌŐĞŶͲƐƉĞĐŝĮĐ�d�ŚĞůƉĞƌ�ĐĞůůƐ͘��Ƶƌ͘ �:͘�/ŵŵƵŶŽů͘�ϭϵϵϳ͖Ϯϳ͗ϱϭϱͲϱϮϭ͘

ϱϳ͘�� :ƵŶƚƵŶĞŶ�Z͕�>ŝƵŬŬŽ��͕�dĂŝǀĂŝŶĞŶ��͕�EĂƌǀĂŶĞŶ��͕��ƵƌĂŶĚ�'͕�<ĂƵƉƉŝŶĞŶ��͕�Ğƚ�Ăů͘�^ƵďŽƉƟŵĂů�ƌĞĐŽŐŶŝƟŽŶ�ŽĨ�Ă�
d�ĐĞůů�ĞƉŝƚŽƉĞ�ŽĨ�ƚŚĞ�ŵĂũŽƌ�ĚŽŐ�ĂůůĞƌŐĞŶ�ĐĂŶ�Ĩ�ϭ�ďǇ�ŚƵŵĂŶ�d�ĐĞůůƐ͘�DŽů͘�/ŵŵƵŶŽů͘�ϮϬϬϵ͖ϰϲ͗ϯϯϮϬͲϯϯϮϳ͘

ϱϴ͘�� ZŽŐĞƌƐ� WZ͕� �ƌŽŌ�D͘� WĞƉƟĚĞ� ĚŽƐĞ͕� ĂĸŶŝƚǇ͕ � ĂŶĚ� ƟŵĞ� ŽĨ� ĚŝīĞƌĞŶƟĂƟŽŶ� ĐĂŶ� ĐŽŶƚƌŝďƵƚĞ� ƚŽ� ƚŚĞ� dŚϭͬdŚϮ�
cytokine balance. J. Immunol. 1999;163:1205-1213.

ϱϵ͘�� �ĂŶŝĞů��͕�tĞŝŐŵĂŶŶ��͕��ƌŽŶƐŽŶ�Z͕�ǀŽŶ��ŽĞŚŵĞƌ�,͘�WƌĞǀĞŶƟŽŶ�ŽĨ�ƚǇƉĞ�ϭ�ĚŝĂďĞƚĞƐ�ŝŶ�ŵŝĐĞ�ďǇ�ƚŽůĞƌŽŐĞŶŝĐ�
ǀĂĐĐŝŶĂƟŽŶ�ǁŝƚŚ�Ă�ƐƚƌŽŶŐ�ĂŐŽŶŝƐƚ�ŝŶƐƵůŝŶ�ŵŝŵĞƚŽƉĞ͘�:͘��ǆƉ͘�DĞĚ͘�ϮϬϭϭ͖ϮϬϴ͗ϭϱϬϭͲϭϱϭϬ͘

ϲϬ͘�� <ƵŵĂƌ�s͕��ŚĂƌĚǁĂũ�s͕�^ŽĂƌĞƐ�>͕��ůĞǆĂŶĚĞƌ�:͕�^ĞƩĞ��͕�^ĞƌĐĂƌǌ��͘�DĂũŽƌ�ŚŝƐƚŽĐŽŵƉĂƟďŝůŝƚǇ�ĐŽŵƉůĞǆ�ďŝŶĚŝŶŐ�
ĂĸŶŝƚǇ�ŽĨ�ĂŶ�ĂŶƟŐĞŶŝĐ�ĚĞƚĞƌŵŝŶĂŶƚ�ŝƐ�ĐƌƵĐŝĂů�ĨŽƌ�ƚŚĞ�ĚŝīĞƌĞŶƟĂů�ƐĞĐƌĞƟŽŶ�ŽĨ�ŝŶƚĞƌůĞƵŬŝŶ�ϰͬϱ�Žƌ�ŝŶƚĞƌĨĞƌŽŶ�
ŐĂŵŵĂ�ďǇ�d�ĐĞůůƐ͘�WƌŽĐ͘�EĂƚů͘��ĐĂĚ͘�^Đŝ͘�h�^���ϭϵϵϱ͖ϵϮ͗ϵϱϭϬͲϵϱϭϰ͘

ϲϭ͘�� �ĚǁĂƌĚƐ�>:͕��ǀĂǀŽůĚ���͘�d�ĐĞůů�ƌĞĐŽŐŶŝƟŽŶ�ŽĨ�ǁĞĂŬ�ůŝŐĂŶĚƐ͗�ZŽůĞƐ�ŽĨ�ƐŝŐŶĂůŝŶŐ͕�ƌĞĐĞƉƚŽƌ�ŶƵŵďĞƌ͕ �ĂŶĚ�ĂĸŶŝƚǇ͘ �
/ŵŵƵŶŽů͘�ZĞƐ͘�ϮϬϭϭ͖ϱϬ͗ϯϵͲϰϴ͘

ϲϮ͘�� 'ĂƵƌ��͕��ŽĞŚŵĞ�^�͕��ŚĂůŵĞƌƐ��͕��ƌŽǁĞ�W�͕�WĂŚƵũĂ��͕�>ŝŶŐ�E͕�Ğƚ�Ăů͘��ŵĞůŝŽƌĂƟŽŶ�ŽĨ�ƌĞůĂƉƐŝŶŐ�ĞǆƉĞƌŝŵĞŶƚĂů�
ĂƵƚŽŝŵŵƵŶĞ� ĞŶĐĞƉŚĂůŽŵǇĞůŝƟƐ� ǁŝƚŚ� ĂůƚĞƌĞĚ� ŵǇĞůŝŶ� ďĂƐŝĐ� ƉƌŽƚĞŝŶ� ƉĞƉƟĚĞƐ� ŝŶǀŽůǀĞƐ� ĚŝīĞƌĞŶƚ� ĐĞůůƵůĂƌ�
mechanisms. J. Neuroimmunol. 1997;74:149-158.

ϲϯ͘�� <ĂƉƉŽƐ�>͕��Žŵŝ�'͕�WĂŶŝƚĐŚ�,͕�KŐĞƌ�:͕��ŶƚĞů�:͕��ŽŶůŽŶ�W͕ �Ğƚ�Ăů͘�/ŶĚƵĐƟŽŶ�ŽĨ�Ă�ŶŽŶͲĞŶĐĞƉŚĂůŝƚŽŐĞŶŝĐ�ƚǇƉĞ�Ϯ�d�
ŚĞůƉĞƌͲĐĞůů�ĂƵƚŽŝŵŵƵŶĞ�ƌĞƐƉŽŶƐĞ�ŝŶ�ŵƵůƟƉůĞ�ƐĐůĞƌŽƐŝƐ�ĂŌĞƌ�ĂĚŵŝŶŝƐƚƌĂƟŽŶ�ŽĨ�ĂŶ�ĂůƚĞƌĞĚ�ƉĞƉƟĚĞ�ůŝŐĂŶĚ�ŝŶ�Ă�
ƉůĂĐĞďŽͲĐŽŶƚƌŽůůĞĚ͕�ƌĂŶĚŽŵŝǌĞĚ�ƉŚĂƐĞ�//�ƚƌŝĂů͘�ƚŚĞ�ĂůƚĞƌĞĚ�ƉĞƉƟĚĞ�ůŝŐĂŶĚ�ŝŶ�ƌĞůĂƉƐŝŶŐ�D^�ƐƚƵĚǇ�ŐƌŽƵƉ͘�EĂƚ͘�
Med. 2000;6:1176-1182.

ϲϰ͘�� <ŝŶŶƵŶĞŶ� d͕ � :ƵƟůĂ�<͕�<ǁŽŬ�tt͕�ZǇƚŬŽŶĞŶͲEŝƐƐŝŶĞŶ�D͕� /ŵŵŽŶĞŶ��͕�^ĂĂƌĞůĂŝŶĞŶ�^͕�Ğƚ�Ăů͘�WŽƚĞŶƟĂů�ŽĨ�ĂŶ�
ĂůƚĞƌĞĚ�ƉĞƉƟĚĞ�ůŝŐĂŶĚ�ŽĨ�ůŝƉŽĐĂůŝŶ�ĂůůĞƌŐĞŶ�ďŽƐ�Ě�Ϯ�ĨŽƌ�ƉĞƉƟĚĞ�ŝŵŵƵŶŽƚŚĞƌĂƉǇ͘ �:͘��ůůĞƌŐǇ��ůŝŶ͘�/ŵŵƵŶŽů͘�
2007;119:965-972.
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General discussion

ϲϱ͘�� �ŝĞůĞŬŽǀĂ��͕�'ŽŽĚǁŝŶ��͕�ZŝĐŚĞƌƚ�E͕��ŽƌƚĞƐĞ�/͕�<ŽŶĚŽ�d͕ ��ĨƐŚĂƌ�'͕�Ğƚ�Ăů͘��ŶĐĞƉŚĂůŝƚŽŐĞŶŝĐ�ƉŽƚĞŶƟĂů�ŽĨ�ƚŚĞ�
ŵǇĞůŝŶ�ďĂƐŝĐ�ƉƌŽƚĞŝŶ�ƉĞƉƟĚĞ�;ĂŵŝŶŽ�ĂĐŝĚƐ�ϴϯͲϵϵͿ�ŝŶ�ŵƵůƟƉůĞ�ƐĐůĞƌŽƐŝƐ͗�ZĞƐƵůƚƐ�ŽĨ�Ă�ƉŚĂƐĞ�//�ĐůŝŶŝĐĂů�ƚƌŝĂů�ǁŝƚŚ�
ĂŶ�ĂůƚĞƌĞĚ�ƉĞƉƟĚĞ�ůŝŐĂŶĚ͘�EĂƚ͘�DĞĚ͘�ϮϬϬϬ͖ϲ͗ϭϭϲϳͲϭϭϳϱ͘

ϲϲ͘�� �ĂŵƉďĞůů� :�͕��ƵĐŬůĂŶĚ�<&͕ �DĐDŝůůĂŶ� ^:͕� <ĞĂƌůĞǇ� :͕�KůĚĮĞůĚ�t>͕� ^ƚĞƌŶ� >:͕� Ğƚ� Ăů͘� WĞƉƟĚĞ� ŝŵŵƵŶŽƚŚĞƌĂƉǇ�
in allergic asthma generates IL-10-dependent immunological tolerance associated with linked epitope 
suppression. J. Exp. Med. 2009;206:1535-1547.

ϲϳ͘�� ,ŽǇŶĞ�'&͕ � :ĂƌŶŝĐŬŝ��'͕� dŚŽŵĂƐ�tZ͕� >Ăŵď� :Z͘��ŚĂƌĂĐƚĞƌŝǌĂƟŽŶ�ŽĨ� ƚŚĞ� ƐƉĞĐŝĮĐŝƚǇ� ĂŶĚ�ĚƵƌĂƟŽŶ�ŽĨ� d� ĐĞůů�
ƚŽůĞƌĂŶĐĞ�ƚŽ�ŝŶƚƌĂŶĂƐĂůůǇ�ĂĚŵŝŶŝƐƚĞƌĞĚ�ƉĞƉƟĚĞƐ�ŝŶ�ŵŝĐĞ͗���ƌŽůĞ�ĨŽƌ�ŝŶƚƌĂŵŽůĞĐƵůĂƌ�ĞƉŝƚŽƉĞ�ƐƵƉƉƌĞƐƐŝŽŶ͘�/Ŷƚ͘�
Immunol. 1997;9:1165-1173.

ϲϴ͘�� �ŶĚĞƌƚŽŶ� ^D͕�tƌĂŝƚŚ� ��͘� ,ŝĞƌĂƌĐŚǇ� ŝŶ� ƚŚĞ� ĂďŝůŝƚǇ� ŽĨ� d� ĐĞůů� ĞƉŝƚŽƉĞƐ� ƚŽ� ŝŶĚƵĐĞ� ƉĞƌŝƉŚĞƌĂů� ƚŽůĞƌĂŶĐĞ� ƚŽ�
ĂŶƟŐĞŶƐ�ĨƌŽŵ�ŵǇĞůŝŶ͘��Ƶƌ͘ �:͘�/ŵŵƵŶŽů͘�ϭϵϵϴ͖Ϯϴ͗ϭϮϱϭͲϭϮϲϭ͘

ϲϵ͘�� :ĂƌŶŝĐŬŝ� �'͕� dƐƵũŝ� d͕ � dŚŽŵĂƐ� tZ͘� /ŶŚŝďŝƟŽŶ� ŽĨ� ŵƵĐŽƐĂů� ĂŶĚ� ƐǇƐƚĞŵŝĐ� d;ŚͿϮͲƚǇƉĞ� ŝŵŵƵŶĞ� ƌĞƐƉŽŶƐĞƐ�
ďǇ� ŝŶƚƌĂŶĂƐĂů� ƉĞƉƟĚĞƐ� ĐŽŶƚĂŝŶŝŶŐ� Ă� ĚŽŵŝŶĂŶƚ� d� ĐĞůů� ĞƉŝƚŽƉĞ� ŽĨ� ƚŚĞ� ĂůůĞƌŐĞŶ� ĚĞƌ� Ɖ� ϭ͘� /Ŷƚ͘� /ŵŵƵŶŽů͘�
2001;13:1223-1231.

ϳϬ͘�� sĞƌŐŝŶŝƐ�W͕ �DĐ>ĂƵŐŚůŝŶ�<�͕�tƵĐŚĞƌƉĨĞŶŶŝŐ�<t͕�ǀŽŶ��ŽĞŚŵĞƌ�,͕��ƉŽƐƚŽůŽƵ�/͘�/ŶĚƵĐƟŽŶ�ŽĨ�ĂŶƟŐĞŶͲƐƉĞĐŝĮĐ�
ƌĞŐƵůĂƚŽƌǇ�d�ĐĞůůƐ�ŝŶ�ǁŝůĚͲƚǇƉĞ�ŵŝĐĞ͗�sŝƐƵĂůŝǌĂƟŽŶ�ĂŶĚ�ƚĂƌŐĞƚƐ�ŽĨ�ƐƵƉƉƌĞƐƐŝŽŶ͘�WƌŽĐ͘�EĂƚů͘��ĐĂĚ͘�^Đŝ͘�h�^���
2008;105:3479-3484.

ϳϭ͘�� �ƵƌŬŚĂƌƚ��͕�>ŝƵ�'z͕ ��ŶĚĞƌƚŽŶ�^D͕�DĞƚǌůĞƌ��͕�tƌĂŝƚŚ���͘�WĞƉƟĚĞͲŝŶĚƵĐĞĚ�d�ĐĞůů�ƌĞŐƵůĂƟŽŶ�ŽĨ�ĞǆƉĞƌŝŵĞŶƚĂů�
ĂƵƚŽŝŵŵƵŶĞ�ĞŶĐĞƉŚĂůŽŵǇĞůŝƟƐ͗���ƌŽůĞ�ĨŽƌ�/>ͲϭϬ͘�/Ŷƚ͘�/ŵŵƵŶŽů͘�ϭϵϵϵ͖ϭϭ͗ϭϲϮϱͲϭϲϯϰ͘

ϳϮ͘�� ,ŽǇŶĞ�'&͕ �>Ğ�ZŽƵǆ�/͕��ŽƌƐŝŶͲ:ŝŵĞŶĞǌ�D͕�dĂŶ�<͕��ƵŶŶĞ�:͕�&ŽƌƐǇƚŚ�>D͕�Ğƚ�Ăů͘�^ĞƌƌĂƚĞϭͲŝŶĚƵĐĞĚ�ŶŽƚĐŚ�ƐŝŐŶĂůůŝŶŐ�
ƌĞŐƵůĂƚĞƐ�ƚŚĞ�ĚĞĐŝƐŝŽŶ�ďĞƚǁĞĞŶ�ŝŵŵƵŶŝƚǇ�ĂŶĚ�ƚŽůĞƌĂŶĐĞ�ŵĂĚĞ�ďǇ�ƉĞƌŝƉŚĞƌĂů���ϰ;нͿ�d�ĐĞůůƐ͘�/Ŷƚ͘�/ŵŵƵŶŽů͘�
2000;12:177-185.

ϳϯ͘�� tĞŝŶĞƌ�,>͕�ĚĂ��ƵŶŚĂ��W͕ �YƵŝŶƚĂŶĂ�&͕ �tƵ�,͘�KƌĂů�ƚŽůĞƌĂŶĐĞ͘�/ŵŵƵŶŽů͘�ZĞǀ͘ �ϮϬϭϭ͖Ϯϰϭ͗ϮϰϭͲϮϱϵ͘
ϳϰ͘�� ZƵƉĂ� W͕ �DŝŶĞ� z͘ � KƌĂů� ŝŵŵƵŶŽƚŚĞƌĂƉǇ�ǁŝƚŚ� ŝŵŵƵŶŽĚŽŵŝŶĂŶƚ� dͲĐĞůů� ĞƉŝƚŽƉĞ� ƉĞƉƟĚĞƐ� ĂůůĞǀŝĂƚĞƐ� ĂůůĞƌŐŝĐ�

ƌĞĂĐƟŽŶƐ�ŝŶ�Ă��ĂůďͬĐ�ŵŽƵƐĞ�ŵŽĚĞů�ŽĨ�ĞŐŐ�ĂůůĞƌŐǇ͘ ��ůůĞƌŐǇ�ϮϬϭϮ͖ϲϳ͗ϳϰͲϴϮ͘
ϳϱ͘�� <ĂŶŐ�,<͕�>ŝƵ�D͕��ĂƩĂ�^<͘�>ŽǁͲĚŽƐĞ�ƉĞƉƟĚĞ�ƚŽůĞƌĂŶĐĞ�ƚŚĞƌĂƉǇ�ŽĨ�ůƵƉƵƐ�ŐĞŶĞƌĂƚĞƐ�ƉůĂƐŵĂĐǇƚŽŝĚ�ĚĞŶĚƌŝƟĐ�

ĐĞůůƐ�ƚŚĂƚ�ĐĂƵƐĞ�ĞǆƉĂŶƐŝŽŶ�ŽĨ�ĂƵƚŽĂŶƟŐĞŶͲƐƉĞĐŝĮĐ�ƌĞŐƵůĂƚŽƌǇ�d�ĐĞůůƐ�ĂŶĚ�ĐŽŶƚƌĂĐƟŽŶ�ŽĨ�ŝŶŇĂŵŵĂƚŽƌǇ�dŚϭϳ�
cells. J. Immunol. 2007;178:7849-7858.

ϳϲ͘�� EŽƌŵĂŶ�W^͕�KŚŵĂŶ�:>͕:ƌ͕ �>ŽŶŐ���͕��ƌĞƟĐŽƐ�W^͕�'ĞŌĞƌ�D�͕�^ŚĂŬĞĚ��͕�Ğƚ�Ăů͘�dƌĞĂƚŵĞŶƚ�ŽĨ�ĐĂƚ�ĂůůĞƌŐǇ�ǁŝƚŚ�
dͲĐĞůů�ƌĞĂĐƟǀĞ�ƉĞƉƟĚĞƐ͘��ŵ͘�:͘�ZĞƐƉŝƌ͘ ��ƌŝƚ͘��ĂƌĞ�DĞĚ͘�ϭϵϵϲ͖ϭϱϰ͗ϭϲϮϯͲϭϲϮϴ͘

ϳϳ͘�� <ƌĞƚƐĐŚŵĞƌ�<͕��ƉŽƐƚŽůŽƵ�/͕�,ĂǁŝŐĞƌ��͕�<ŚĂǌĂŝĞ�<͕�EƵƐƐĞŶǌǁĞŝŐ�D�͕�ǀŽŶ��ŽĞŚŵĞƌ�,͘�/ŶĚƵĐŝŶŐ�ĂŶĚ�ĞǆƉĂŶĚŝŶŐ�
ƌĞŐƵůĂƚŽƌǇ�d�ĐĞůů�ƉŽƉƵůĂƟŽŶƐ�ďǇ�ĨŽƌĞŝŐŶ�ĂŶƟŐĞŶ͘�EĂƚ͘�/ŵŵƵŶŽů͘�ϮϬϬϱ͖ϲ͗ϭϮϭϵͲϭϮϮϳ͘

ϳϴ͘�� ,ŽĐŚǁĞůůĞƌ�<͕��ŶĚĞƌƚŽŶ�^D͘�<ŝŶĞƟĐƐ�ŽĨ�ĐŽƐƟŵƵůĂƚŽƌǇ�ŵŽůĞĐƵůĞ�ĞǆƉƌĞƐƐŝŽŶ�ďǇ�d�ĐĞůůƐ�ĂŶĚ�ĚĞŶĚƌŝƟĐ�ĐĞůůƐ�
ĚƵƌŝŶŐ�ƚŚĞ�ŝŶĚƵĐƟŽŶ�ŽĨ�ƚŽůĞƌĂŶĐĞ�ǀĞƌƐƵƐ�ŝŵŵƵŶŝƚǇ�ŝŶ�ǀŝǀŽ͘��Ƶƌ͘ �:͘�/ŵŵƵŶŽů͘�ϮϬϬϱ͖ϯϱ͗ϭϬϴϲͲϭϬϵϲ͘

ϳϵ͘�� �ŽŽŵďĞƐ�:>͕�^ŝĚĚŝƋƵŝ�<Z͕��ƌĂŶĐŝďŝĂͲ�ĂƌĐĂŵŽ��s͕�,Ăůů�:͕�^ƵŶ��D͕��ĞůŬĂŝĚ�z͕ �Ğƚ�Ăů͘���ĨƵŶĐƟŽŶĂůůǇ�ƐƉĞĐŝĂůŝǌĞĚ�
ƉŽƉƵůĂƟŽŶ�ŽĨ�ŵƵĐŽƐĂů���ϭϬϯн���Ɛ� ŝŶĚƵĐĞƐ�&ŽǆƉϯн�ƌĞŐƵůĂƚŽƌǇ�d�ĐĞůůƐ�ǀŝĂ�Ă�d'&ͲďĞƚĂ�ĂŶĚ�ƌĞƟŶŽŝĐ�ĂĐŝĚͲ
dependent mechanism. J. Exp. Med. 2007;204:1757-1764.

ϴϬ͘�� ^ƵŶ��D͕�,Ăůů�:�͕��ůĂŶŬ�Z�͕��ŽƵůĂĚŽƵǆ�E͕�KƵŬŬĂ�D͕�DŽƌĂ�:Z͕�Ğƚ�Ăů͘�^ŵĂůů�ŝŶƚĞƐƟŶĞ�ůĂŵŝŶĂ�ƉƌŽƉƌŝĂ�ĚĞŶĚƌŝƟĐ�
ĐĞůůƐ�ƉƌŽŵŽƚĞ�ĚĞ�ŶŽǀŽ�ŐĞŶĞƌĂƟŽŶ�ŽĨ�&ŽǆƉϯ�d�ƌĞŐ�ĐĞůůƐ�ǀŝĂ�ƌĞƟŶŽŝĐ�ĂĐŝĚ͘�:͘��ǆƉ͘�DĞĚ͘�ϮϬϬϳ͖ϮϬϰ͗ϭϳϳϱͲϭϳϴϱ͘

ϴϭ͘�� �ŝůƐďŽƌŽƵŐŚ�:͕�'ĞŽƌŐĞ�d�͕�EŽƌŵĞŶƚ��͕�sŝŶĞǇ�:>͘�DƵĐŽƐĂů���ϴĂůƉŚĂн���͕�ǁŝƚŚ�Ă�ƉůĂƐŵĂĐǇƚŽŝĚ�ƉŚĞŶŽƚǇƉĞ͕�
ŝŶĚƵĐĞ� ĚŝīĞƌĞŶƟĂƟŽŶ� ĂŶĚ� ƐƵƉƉŽƌƚ� ĨƵŶĐƟŽŶ� ŽĨ� d� ĐĞůůƐ� ǁŝƚŚ� ƌĞŐƵůĂƚŽƌǇ� ƉƌŽƉĞƌƟĞƐ͘� /ŵŵƵŶŽůŽŐǇ�
2003;108:481-492.

ϴϮ͘�� >ŽŵďĂƌĚŝ� s͕� ^ƉĞĂŬ� �K͕� <ĞƌǌĞƌŚŽ� :͕� ^ǌĞůǇ� E͕� �ŬďĂƌŝ� K͘� ��ϴĂůƉŚĂ;нͿďĞƚĂ;ͲͿ� ĂŶĚ� ��ϴĂůƉŚĂ;нͿďĞƚĂ;нͿ�
ƉůĂƐŵĂĐǇƚŽŝĚ�ĚĞŶĚƌŝƟĐ�ĐĞůůƐ�ŝŶĚƵĐĞ�&ŽǆƉϯ;нͿ�ƌĞŐƵůĂƚŽƌǇ�d�ĐĞůůƐ�ĂŶĚ�ƉƌĞǀĞŶƚ�ƚŚĞ�ŝŶĚƵĐƟŽŶ�ŽĨ�ĂŝƌǁĂǇ�ŚǇƉĞƌͲ
ƌĞĂĐƟǀŝƚǇ͘ �DƵĐŽƐĂů�/ŵŵƵŶŽů͘�ϮϬϭϮ͖ϱ͗ϰϯϮͲϰϰϯ͘

ϴϯ͘�� ĚĞ�,ĞĞƌ�,:͕�,ĂŵŵĂĚ�,͕�^ŽƵůůŝĞ�d͕ �,ŝũĚƌĂ��͕�sŽƐ�E͕�tŝůůĂƌƚ�D�͕�Ğƚ�Ăů͘��ƐƐĞŶƟĂů�ƌŽůĞ�ŽĨ�ůƵŶŐ�ƉůĂƐŵĂĐǇƚŽŝĚ�
ĚĞŶĚƌŝƟĐ�ĐĞůůƐ�ŝŶ�ƉƌĞǀĞŶƟŶŐ�ĂƐƚŚŵĂƟĐ�ƌĞĂĐƟŽŶƐ�ƚŽ�ŚĂƌŵůĞƐƐ�ŝŶŚĂůĞĚ�ĂŶƟŐĞŶ͘�:͘��ǆƉ͘�DĞĚ͘�ϮϬϬϰ͖ϮϬϬ͗ϴϵͲϵϴ͘

ϴϰ͘�� tŽƌďƐ� d͕ ��ŽĚĞ�h͕�zĂŶ�^͕�,ŽīŵĂŶŶ�Dt͕�,ŝŶƚǌĞŶ�'͕��ĞƌŶŚĂƌĚƚ�'͕�Ğƚ�Ăů͘�KƌĂů� ƚŽůĞƌĂŶĐĞ�ŽƌŝŐŝŶĂƚĞƐ� ŝŶ� ƚŚĞ�
ŝŶƚĞƐƟŶĂů�ŝŵŵƵŶĞ�ƐǇƐƚĞŵ�ĂŶĚ�ƌĞůŝĞƐ�ŽŶ�ĂŶƟŐĞŶ�ĐĂƌƌŝĂŐĞ�ďǇ�ĚĞŶĚƌŝƟĐ�ĐĞůůƐ͘�:͘��ǆƉ͘�DĞĚ͘�ϮϬϬϲ͖ϮϬϯ͗ϱϭϵͲϱϮϳ͘

ϴϱ͘�� ,ĞǇŵĂŶ�D͕�'ƌĂƐƐĞƚ��͕��ƵĐƌŽĐ�Z͕��ĞƐũĞƵǆ�:&͘ ��ŶƟŐĞŶ�ĂďƐŽƌƉƟŽŶ�ďǇ�ƚŚĞ�ũĞũƵŶĂů�ĞƉŝƚŚĞůŝƵŵ�ŽĨ�ĐŚŝůĚƌĞŶ�ǁŝƚŚ�
ĐŽǁ Ɛ͛�ŵŝůŬ�ĂůůĞƌŐǇ͘ �WĞĚŝĂƚƌ͘ �ZĞƐ͘�ϭϵϴϴ͖Ϯϰ͗ϭϵϳͲϮϬϮ͘

ϴϲ͘�� :ĂƌǀŝŶĞŶ�<D͕�<ŽŶƐƚĂŶƟŶŽƵ�'E͕�WŝůĂƉŝů�D͕��ƌƌŝĞƚĂ�D�͕�EŽŽŶĞ�^͕�^ĂŵƉƐŽŶ�,�͕�Ğƚ�Ăů͘�/ŶƚĞƐƟŶĂů�ƉĞƌŵĞĂďŝůŝƚǇ�
ŝŶ�ĐŚŝůĚƌĞŶ�ǁŝƚŚ�ĨŽŽĚ�ĂůůĞƌŐǇ�ŽŶ�ƐƉĞĐŝĮĐ�ĞůŝŵŝŶĂƟŽŶ�ĚŝĞƚƐ͘�WĞĚŝĂƚƌ͘ ��ůůĞƌŐǇ͘ �/ŵŵƵŶŽů͘�ϮϬϭϯ͖Ϯϰ͗ϱϴϵͲϱϵϱ͘
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Cow’s milk allergy a!ects 0.3-3.5% of the children and 0.1-0.3% of the adults. As there is no curative 

treatment, cow’s milk-allergic patients are advised to avoid allergen exposure to prevent allergic 

symptoms. Because many products contain cow’s milk proteins, diet choices are limited and 

there is a risk for accidental exposure. Both have a great impact on the quality of life of cow’s 

milk-allergic patients. Therefore, prevention and/or treatment strategies are highly desirable. 

Several studies have investigated allergen-specific immunotherapy, in which patients are 

exposed to increasing doses of allergens, as a therapy for cow’s milk allergy. However, 

depending on the route of administration, the therapy was either safe but not e!ective or was 

e!ective but also induced side e!ects. In this thesis we investigated whether preventive/curative 

treatment with peptides instead of intact proteins may be a safe and e!ective alternative. In 

addition, we investigated the e!ect of naturally-occurring high IgG levels in food-allergic patients 

on allergen-antibody complex formation and binding to B cells.

Previous studies have indicated that immunotherapy increases allergen-specific IgG levels. 

Moreover, it has been described that these IgG antibodies inhibit the formation of allergen-IgE 

complexes and thereby IgE-facilitated antigen presentation by B cells. It has been observed 

previously that food-allergic patients have naturally high allergen-specific IgG levels but are still 

allergic. This thesis shows that these IgG antibodies are present in allergen-antibody complexes 

and influence the complex binding to B cells (Chapter 2). Whereas binding to EBV-transformed 

B cells was mediated by CD23, binding to peripheral blood B cells involved both CD23 and 

complement receptor 2 (CR2). However, upon IgG depletion, complex binding to peripheral 

blood B cells was exclusively mediated by CD23. These data suggest that the complexes 

containing IgG antibodies induce complement activation and deposition on the complexes, 

which leads to binding to CR2. This may result in altered antigen presentation or allergen 

transport to lymph nodes. The di!erence between EBV-transformed B cells and peripheral 

blood B cells reflects di!erential receptor expression and suggests that EBV-transformed B cells 

are not a representative model for complex binding and IgE-facilitated antigen presentation.

Because the risk/benefit ratio of conventional immunotherapy for food allergy is considered 

to be too high, this therapy is still not used in the clinic. A possible way to reduce the side e!ects 

of immunotherapy is by using peptides, which are too small to cross-link IgE but are still able 

to activate T cells. Previous studies in cat and bee venom-allergic patients have shown that this 

therapy may be a safe alternative. Therefore, in this thesis it was investigated whether this 

approach is also e!ective for cow’s milk allergy. First, whey hydrolysates were investigated by 

determining the time point at which these hydrolysates are still able to induce T cell proliferation 

but no mast cell/basophil activation (Chapter 3). Unfortunately, no clearcut time point was 

found. Whereas in most patients the basophil and T cell responses decreased over time, in 

some patients more basophil activation was observed after incubation with hydrolyzed proteins 

compared to non-hydolyzed proteins. Immunoblot data indicated that these patients recognized 

either a 25-30 kDa degradation product of casein or a 10 kDa degradation product of whey. 

These data indicate that not the degree of hydrolysis is important for basophil and T cell 

activation, but the presence and stability of specific IgE and T cell epitopes in the fragments.  
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In addition, T cell epitopes of the two major whey proteins, ɲ-lactalbumin and ɴ-lactoglobulin, 

were determined by using 18-amino-acid-long synthetic peptides spanning both proteins and 

human cow’s milk-specific short-term and long-term T cell lines. No major T cell epitopes 

could be determined for ɲ-lactalbumin (Chapter 4). Moreover, these data showed that 

immunogenicity of ɲ-lactalbumin is low compared to the other major allergens in cow’s milk. 

More than half of the T cell lines did not respond to this protein or lost their responsiveness 

during subsequent experiments. 

For ɴ-lactoglobulin several T cell epitopes were defined (Chapter 5). Based on these data and 

previous literature describing T cell epitopes in both men and mice, nine peptides were selected, 

which were divided over three mixtures, and tested in combination with/without a diet 

containing a specific mixture of non-digestible short-chain galacto-, long-chain fructo- and 

pectin-derived acidic oligosaccharides in a mouse model for cow’s milk allergy. Prophylactic 

treatment with two of the three mixtures significantly reduced the acute allergic response to 

whey (Chapter 5). Moreover, a stronger e!ect was seen for one of the mixtures in combination 

with the prebiotic diet. Of the four peptides in this mixture, one peptide, LLDAQSAPLRVYVEELKP, 

showed the strongest tolerance-inducing e!ect. This peptide also tended to decrease whey-

specific antibody levels and to increase the percentage of regulatory dendritic and T cells in 

the mesenteric lymph nodes.

Also in a curative setting the peptide mixture was able to reduce the acute allergic response to 

whey (Chapter 6). However, no e!ect on antibody responses was seen. Moreover, the 

percentage regulatory T cells in the mesenteric lymph nodes decreased. The peptide mixture 

did influence the number of B cells in the lymph nodes. In addition, several T cell markers were 

a!ected. Unfortunately, the observed e!ects di!ered between experiments, which may have 

been due to di!erences in the extent of sensitization. Further research is necessary to optimize 

the therapy. 

In conclusion, this thesis showed that, in contrast to what was expected, IgG antibodies are 

involved in allergen-antibody complex formation and influence the binding to B cells, which 

may have an e!ect on antigen presentation or transport of allergen to lymph nodes. In addition, 

it was shown that not the degree of hydrolysis of whey proteins is important for basophil and 

T cell activation, but the presence and stability of specific IgE and T cell epitopes in the 

fragments. Moreover, this thesis showed that preventive and curative treatment with synthetic 

peptides containing T cell epitopes of ɴ-lactoglobulin may reduce the acute allergic response 

to whey, indicating that this therapy may be a safe and e!ective alternative for conventional 

immunotherapy. 
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Koemelkallergie komt voor bij 0.3-3.5 % van de kinderen en 0.1-0.3 % van de volwassen. 

Aangezien er geen behandeling beschikbaar is, wordt patiënten geadviseerd om koemelkeiwitten 

in het dieet te vermijden. Echter, omdat veel producten koemelkeiwitten bevatten, zijn de 

dieetkeuzes beperkt en is er een grote kans op onverwachte blootstelling. Beide hebben een 

grote impact op de kwaliteit van leven van koemelk-allergisch patiënten. Daarom zijn nieuwe 

behandelingen om koemelkallergie te voorkomen en/of behandelen nodig. 

Eerdere studies hebben onderzocht of allergeen-specifieke immunotherapie, waarbij patiënten 

blootgesteld worden aan oplopende concentraties allergeen, geschikt is als behandeling van 

koemelkallergie. Echter, afhankelijk van de toedieningsroute, was de behandeling veilig maar 

niet e!ectief of e!ectief maar traden er bijwerkingen op. In dit proefschrift is onderzocht of 

preventieve/therapeutische behandeling met peptides in plaats van intact eiwitten een veilig 

en e!ectief alternatief is. Verder is het e!ect van hoge allergeen-specifieke IgG levels, die van 

nature voorkomen in voedsel-allergische patiënten, op allergeen-antilichaam complex vorming 

en binding aan B cellen onderzocht.

Eerdere studies hebben laten zien dat immunotherapie de allergeen-specifieke IgG waardes in 

het serum verhoogd. Bovendien is er beschreven dat deze IgG antilichamen de formatie van 

allergeen-IgE complexen en daardoor IgE-gefaciliteerde antigeen presentatie door B cellen 

remt. Ook is aangetoond dat voedsel-allergische patiënten van nature hoge allergeen-specifieke 

IgG waardes hebben maar nog steeds allergisch zijn. Dit proefschrift laat zien dat de IgG 

antilichamen betrokken zijn bij de vorming van allergeen-antilichaam complexen en daardoor 

de binding aan B cellen beïnvloeden (Hoofdstuk 2). Terwijl binding aan EBV-getransformeerde 

B cellen gemedieerd werd door CD23, zijn zowel CD23 en complement receptor 2 (CR2) 

betrokken bij de complex binding aan perifere B cellen. Echter, na IgG depletie vindt de binding 

aan perifere B cellen ook via CD23 plaats. Deze resultaten suggereren dat de aanwezigheid 

van IgG in allergeen-antilichaam complexen complement activatie en depositie op de 

complexen induceert, wat leidt tot binding aan CR2. Dit kan een e!ect hebben op antigeen 

presentatie en/of op het transport van allergeen naar de lymfeknopen. Het verschil tussen 

EBV-getransformeerde B cellen en perifere B cellen reflecteert het verschil in receptor expressie 

op deze cellen en suggereert dat EBV-getransformeerde B cellen geen representatief model 

zijn voor complex binding en IgE-gefaciliteerde antigeen presentatie.

Omdat het risico op bijwerkingen bij conventionele immunotherapie als behandeling van 

voedselallergie in het algemeen als te hoog wordt beschouwd, wordt deze behandeling nog 

niet toegepast in de kliniek. Een mogelijke manier om de bijwerkingen te verminderen is door 

gebruik te maken van peptides, die te klein zijn om IgE te cross-linken maar nog wel in staat 

zijn om T cellen te activeren, te gebruiken. Eerdere studies in patiënten met een katten of bijen 

gif allergie hebben laten zien dat peptide therapie een veilig alternatief kan zijn. In dit proefschrift 

is onderzocht of deze methode ook e!ectief is voor koemelkallergie. Eerst is geanalyseerd of 

wei hydrolysaten gebruikt kunnen worden door het tijdstip te bepalen waarop de hydrolysaten 

nog wel in staat zijn om T cel proliferatie te induceren maar geen mestcellen/basofielen meer 

activeren (Hoofdstuk 3). Helaas werd er geen duidelijk tijdstip gevonden. Terwijl in de meeste 
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patiënten de basofiel en T cel respons in de tijd verminderden, werd er in sommige patiënten 

meer basofiel activatie geïnduceerd door de gehydrolyseerde eiwitten dan door de niet-

gehydrolyseerde eiwitten. Immunoblot data laten zien dat deze patiënten of een 25-30 kDa 

afbraakproduct van caseïne of een 10 kDa afbraakproduct van wei herkennen. Deze resultaten 

tonen aan dat niet de mate van hydrolyse belangrijk is voor basofiel en T cel activatie, maar de 

aan-of afwezigheid van specifieke IgE en T cel epitopen in de fragmenten.

Verder zijn de T cel epitopen in twee belangrijke wei-eiwitten, ɲ-lactalbumine en ɴ-lactoglobuline, 

bepaald door gebruik te maken van 18-aminozuur-lange synthetische peptides van beide 

eiwitten en humane koemelk-specifieke korte en lange termijn T cellijnen. Voor ɲ-lactalbumine 

werden er geen dominante T cel epitopen gevonden (Hoofdstuk 4). Bovendien lieten de 

resultaten zien dat de immunogeniciteit van ɲ-lactalbumine laag is in vergelijking met andere 

belangrijke allergenen in koemelk. Meer dan de helft van de T cellijnen reageerde niet op dit 

eiwit of verloor zijn reactiviteit gedurende de experimenten. 

Voor ɴ-lactoglobuline werden er meerdere epitopen gevonden (Hoofdstuk 5). Gebaseerd op 

deze data en op eerdere artikelen waarin T cel epitopen in zowel mens als muis beschreven 

zijn, zijn negen peptides geselecteerd, verdeeld over 3 mixen en getest in een muismodel voor 

koemelkallergie. Dit werd getest al dan niet in combinatie met een prebiotisch dieet, dat een 

specifieke mix van niet-verteerbare korte keten galacto-, lange keten fructo- en van pectine-

afkomstige zure oligosaccharides bevatte. Preventieve behandeling met twee van de drie mixen 

verminderde de acute allergische symptomen geïnduceerd door wei. Bovendien liet een van 

mixen een sterker e!ect zien in combinatie met het prebiotisch dieet. Van de vier peptides in 

de mix, had één peptide, LLDAQSAPLRVYVEELKP, het sterkste e!ect. Dit peptide lijkt de wei-

specifieke antilichaamwaardes te verminderen en het percentage regulatoire dendritische en 

T cellen in de mesenteriale lymfeknopen te verhogen. 

Ook een therapeutische behandeling met de peptide mix, die het meest e!ectief was in het 

preventieve model, was in staat om de acute allergische reactie geïnduceerd door wei te 

verminderen (Hoofdstuk 6). Echter, er was geen e!ect op de antilichaam respons te zien en 

het percentage regulatoire T cellen in de mesenteriale lymfeknopen was verlaagd. Behandeling 

met de peptides verhoogde wel het aantal B cellen in de lymfeknopen en verschillende T cel 

markers werden beïnvloed. Helaas was het e!ect van de therapie wisselend, wat mogelijk te 

maken heeft met verschillen in de mate van sensibilisatie. Verder onderzoek is nodig om de 

behandeling te optimaliseren. 

Samenvattend heeft dit proefschrift laten zien dat IgG antilichamen, tegen de verwachting in, 

betrokken zijn bij de vorming van allergeen-antilichaam complexen en daardoor de binding 

van de complexen aan B cellen beïnvloeden. Dit kan e!ect hebben op antigeen presentatie 

en/of transport van allergeen naar de lymfeknopen. Daarnaast is aangetoond dat niet de mate 

van hydrolyse van wei-allergenen in koemelk belangrijk is voor basofiel en T cel activatie, maar 

de aan- of afwezigheid van specifieke IgE en T cel epitopen in de fragmenten. Bovendien laat 

dit proefschrift zien dat preventieve en therapeutische behandeling met synthetische peptides, 
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die T cel epitopen van ɴ-lactoglobuline bevatten, in staat zijn om de allergische reactie 

geïnduceerd door wei te verminderen. Deze resultaten suggereren dat peptide immunotherapie 

een veilig en e!ectief alternatief is voor conventionele immunotherapie.



DANKWOORD
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‘Alles komt goed’

Het meest gehoorde en meest gezegde zinnetje van de afgelopen jaren en nu is het dan 

eindelijk zover: het is goed gekomen!

Hoewel het zeker niet altijd even gemakkelijk was, kijk ik vooral met heel veel plezier terug op 

de afgelopen tijd. Wat heb ik ontzettend veel leuke mensen ontmoet en heel veel leuke dingen 

gedaan. Van de borrels, labuitjes en BBQs tot, picknicken in de botanische tuinen, pannekoeken 

eten in Rhijnauwen, wadlopen, een sledehondentocht maken etc... teveel om allemaal op te 

noemen. Op de mindere momenten waren er altijd mensen in de buurt met een luisterend 

oor, een schouder om op te huilen of een helpende hand om te zorgen dat ik toch nog een 

beetje op tijd naar huis kon. Daarnaast waren er vrienden en familie die interesse toonden in 

mijn onderzoek, maar vooral voor afleiding zorgden en begrip toonden als ik het op laatste 

moment toch weer eens afhaakte. Zonder al deze mensen was dit zeker niet gelukt!

Bedankt!!

Liefs, Laura
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