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FOOd ALLERGY
definition
Hippocrates, the ancient Greek physician better known as “the father of 
medicine”, is thought to be the first person who described adverse reactions 
to food.(1) More then 2000 years ago a detailed description of food allergy was 
reported in his writings:

“But there are persons who cannot readily change their diet with 
impunity; and if they make any alteration in it for one day, or even a 
part of day, they are greatly injured thereby. Such persons, provided 
they take dinner when it is not their wont, immediately become 
heavy and inactive, both in mind and body, and are weighed down 
with yawning, slumbering, and thirst; and if they take supper in 
addition, they are seized with flatulence, termini, and diarrhoea, and 
to many this has been the commencement of serious disease, when 
they have merely taken twice in a day the same food which they have 
been in of the custom of taking once.”

From these noble words written by Hippocrates we learn today that the clinical 
symptoms of adverse reaction to food have not changed in the millennia since 
he lived. In the last century the disparate use of definitions to describe adverse 
reactions to food often led to a great deal of controversy. In order to bring more 
uniformity to the nomenclature of adverse reactions to food, in 1995 a subcom-
mittee of the European Academy of Allergy and Clinical Immunology (EAACI) 
published a position paper in which a mechanistic classification of adverse reac-
tions to food was proposed.(2) This position paper was revised in 2001 by an 
EAACI task force and updated by the Nomenclature Review committee of the 
World Allergy Organization (WAO) in 2003.(3;4) The term hypersensitivity is pro-
posed to be used to describe both allergic and non-allergic reactions to food 
(figure 1). Hypersensitivity is defined as follows: “Hypersensitivity causes objec-
tively reproducible symptoms or signs initiated by exposure to a defined stimulus 
(e.g. food) at a dose tolerated by normal persons”. Allergic hypersensitivity is 
defined as a hypersensitivity reaction initiated by specific immunologic mecha-
nisms. Furthermore, allergic immune responses are presumed to be either anti-
body or cell mediated. Therefore, allergic hypersensitivity is further subdivided 
into IgE-mediated and non-IgE mediated allergic hypersensitivity. In addition, 
hypersensitivity reactions which cannot be proven to be based on immunological 
mechanisms, as in hypersensitivity to aspirin,(5) the term non allergic hypersensi-
tivity is described.  

Following the position statements provided by the committees of the EAACI 
and the WAO, food allergy should be defined as hypersensitivity to food which 
is initiated by specific immunological mechanisms. When the hypersensitivity is 
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based on IgE-mediated mechanisms the appropriate term is IgE-mediated food 
allergy. Food hypersensitivity caused by other immunological mechanisms is best 
defined as Non-IgE-mediated food allergy. 

Prevalence
In the last decades food allergy has become an emerging health problem, which 
is caused by a worldwide increase in prevalence and a considerable rise in fatal or 
near-fatal allergic reactions.(6-14) To date the prevalence of food allergy in Europe 
is estimated to be greater in young children (5-8%) then in adults (1-2%).(15-17) With 
an estimated prevalence of 2-3 % cow’s milk allergy (CMA) is the most common 
food allergy in young children,(18) followed by hen’s egg (0-2.5%),(19) peanut (1%),(20) 
wheat (0.4%), soy (0.4%), tree nuts (0.2%), fish (0.1%) and shellfish allergy (0.1%).(21) 
Most children with allergy to cow’s milk proteins (CMP), hen’s egg, wheat and soy 
become tolerant to the food allergen in early childhood. However, children with 
food allergy are approximately 2 to 4 times more likely to have related conditions 
such as asthma, atopic dermatitis and respiratory allergies compared with children 
without food allergy.(10) Other allergies such as peanut, tree nuts and seafood 
allergies tend to be persistent. Therefore, adults are more likely to have allergies 
to shellfish (2%), peanut (0.6%), tree nuts (0.5%) and fish (0.4%).(22) In addition, new 
data on the prevalence of food allergy in young children will be provided by the 
Europrevall study in the near future. The Europrevall study is a large multinational 

Nonallergic hypersensitivity 
(immunologic mechanism excluded)

Allergic hypersensitivity 
(immunologic mechanism defined or 

strongly suspected)

IgE-mediated Not IgE-mediated

Nonatopic Atopic

Insect sting

Helminths

Drugs

Other

T cell:e.g. contact 
dermatitis, celiac

Eosinophil: e.g. 
gastroenteropathy

IgG -mediated: 
e.g. allergic 

alveolitis

Other

Hypersensitivity

Figure 1. Nomenclature of food allergy. Hypersensitivity is classified into allergic and non-
allergic hypersensitivity. Allergic hypersensitivity is further subdivided into IgE-mediated and Non-
IgE-mediated hypersensitivity. Figure adapted form Johansson et al. Allergy 2001: 56: 813-824.
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birth cohort study, which aims to investigate the prevalence, costs and basis of 
food allergy in young children across Europe.(23) 

Pathogenesis
The gastro-intestinal tract encompasses the largest surface area in the human 
body (200-400 m2). Its main function is to process ingested food that can be 
absorbed and used for energy and growth. At the same time, luminal and brush 
border enzymes, bile salts, and extremes of pH serve to destroy pathogens and 
render antigens less immunogenic. To accomplish these different functions the 
gut compromises both a physiochemical barrier and immunological components. 
The physiological barrier consists of a single-layer of columnar intestinal epithelial 
cells which form intrinsic tight junctions to prevent paracellular passage of 
antigenic particles.(24) The immunological components present in the gut can 
be divided in innate and adaptive immune systems. The innate immune system 
consists of immune cells which can non-specific attack pathogens, for example 
natural killer cells, basophils, neutrophils and macrophages. In contrast, the 
adaptive immune response compromises cells which are both able to recognize 
and remember specific antigens. T-cells, together with B-cells and dendritic 
cells (DCs) are key players in the adaptive immune response. The immaturity of 
both the physiological barrier and the immunological components of the gut in 
infants and young children is presumed to play an important role in the increased 
prevalence of food allergies in the first years of life. 

In allergic individuals an adaptive immune response is generated towards 
a harmless antigen. In patients with CMA immunity instead of tolerance is 
raised towards cow’s milk protein (CMP). In healthy, non-allergic individuals 
a pathophysiological immune response to food proteins is prevented by the 
development of oral tolerance. Tolerance to food antigens is generated in the gut 
associated lymphoid tissue (GALT). Peyer’s patches and mesenteric lymph nodes 
(MLN) are the most important parts of the GALT: here immunity or oral tolerance is 
induced. Food proteins are taken up by DCs in the peyer’s patches or the lamina 
propria.(25) Consecutively, the DCs migrate to the MLN, process the protein into 
smaller peptides, and present them on major histocompatibility complex II (MHC 
II) molecules to naïve T-cells. In food and inhalation allergies, CD4+ T-cells (T helper 
(Th) cells) are most important in steering this immune response.(26) Naïve T-cells 
require three signals to become fully activated.(27) The first signal is provided by 
the peptide-MHC II complex, which interacts with antigen-specific T-cell receptor 
and the co-receptor CD4. The second signal is provided by the interaction of the 
costimulatory molecules CD80 and CD86 on the DC with CD28 on the T cell. 
Once the two signal activation is complete the CD4+ T-cells will proliferate and 
depending on DC-derived signal 3, the T-cells will differentiate into various types 
of Th-cells, including effector T-cells, such as Th1, Th2 or Th17 cells or regulatory 
T-cells.(26) Many factors influence the differentiation of naïve Th-cells, including 
the nature and degree of costimulation and the cytokine milieu surrounding 
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the differentiating cells.(28) Th1 cells produce proinflammatory cytokines such as 
IFN-γ and TNF-α, which activate macrophages to kill bacteria they have engulfed 
and stimulate proliferation of CD8+ T-cells. IFN-γ also inhibits the production of 
cytokines such as IL-4, which is an important cytokine of the Th2 response. Allergic 
immune responses are attributed to Th2 cells that produce IL-4, IL-5 and IL-13. Th2 
cells and their associated cytokines IL-4 and IL-13 play a crucial role in promoting 
host survival during infection with parasitic helminthes. In allergic reactions, Th2 
cytokines (primarily IL-4), regulate isotype switching and differentiation of B-cells into 
plasma cells that produce and secrete immunoglobulines (Ig). Immunoglobulines 
consist of a heavy chain (IgG, IgA, IgM, IgD and IgE) and a light chain (kappa or 
lambda) linked together. These Ig bind to Fc receptors on mast cells and after 
a second allergen exposure, receptor cross linking results in mast cell activation 
and degranulation. Mediators released by mast cells such as histamine cause 
immediate allergic symptoms, such as urticaria, angioedema, asthma and in some 
cases life-threatening anaphylaxis. In parallel to complete antibody production, a 
surplus of free Ig light chains (Ig-fLC) is generated and secreted by plasma cells.(29) 
The immunological function of Ig-fLC has long been open to debate; however 
in the last decade increasing evidence has been generated which demonstrates 
that Ig-fLC possess antigen specific binding activity and can activate mast cells 
leading to degranulation and immediate hypersensitivity reactions.(30) Th17 cells 
are thought to play a key role in autoimmune diseases.(31;32) A more natural role for 
Th17 cells is suggested by studies that have demonstrated preferential induction 
of IL-17 in cases of host infection with various bacterial and fungal species.(33) The 
role of Th17 in food allergy is still largely unresolved. To date three members 
of the IL-17 cytokine family, IL-17A, IL-17E (IL-25), and IL-17F, have been best 
characterized both in vitro and in vivo.(34) Although IL-25 is structurally related to 
IL-17, previous studies have shown that its biological effects differ from that of 
IL-17 and other members of the IL-17 family.(34) Several studies indicate that IL-25 
may be an important mediator of type 2 immune-pathologies by inducing and 
enhancing Th2 responses.(35-37) A possible role of IL-25 in food allergy remains to 
be investigated. Besides effector T-cells, regulatory T-cells play a central role in the 
development of tolerance.(38;39) In contrast to Th1 and Th2 cells, which initiate and 
continue the adaptive immune response to antigens, regulatory T-cells have an 
immuno-modulatory or suppressive function.(40) Several types of regulatory T cells 
have been described both in mice and men. Natural regulatory T cells express the 
transcription factor foxp3 and are directly derived from the thymus, while adaptive 
or induced regulatory T cells acquire a regulatory phenotype after contact with an 
antigen. Regulatory T-cells can modulate and suppress effector T-cell responses 
through several mechanisms among which the production of cytokines (for example 
IL-10 and TGF-β, respectively).Once antigen-specific T-cells have been activated, 
they leave the MLN, travel subsequently through the bloodstream and home to 
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their target organs, where they initiate an allergic inflammation by IgE synthesis of 
plasma cells and eosinophil recruitment. 

COW’S MILK ALLERGY
Natural history
Allergy towards CMP is the most common allergic disease in infancy. Cow’s 
milk is usually the first food antigen that is introduced into an infant’s diet, and 
hypersensitivity reactions to CMP can evoke a wide spectrum of clinical symptoms. 
A unique aspect of CMA is that the majority of children regain clinical tolerance to 
cow’s milk protein. Most studies show that the prognosis of developing tolerance 
is good, with the majority outgrowing their allergy by age three years.(14;41) 
However, more recent studies have found less optimistic results, with persistency 
of IgE-mediated CMA in 15% - 58% of children by age 9 years.(42;43) This increase 
in prevalence of persistent CMA is particular alarming, whereas children with 
IgE mediated and/or persistent CMA are of greater risk for the development 
of additional allergic disorders later in childhood than those without cow’s milk 
allergy or non-IgE mediated CMA, and this risk is most pronounced in children 
with IgE-mediated CMA and persistent CMA.(10;42;44)

Genetic allergic predisposition has been dedicated to play an important role 
in the development of allergic disorders. Children with a positive family history of 
allergy have been shown to be at risk for the development of CMA.(45-47) Children 
with a single parental history of allergy have a risk of 20-40% to develop an 
allergic disorder, whereas children with a double parental history of allergy this 
risk increased towards 50-70%.(41) 

Clinical presentation
Allergic reactions to CMP can cause a wide spectrum of clinical reactions and 
are commonly classified in immediate and delayed hypersensitivity reactions.
(41) Immediate hypersensitivity reactions occur directly after ingestion of a food 
allergen and can cause diverse symptoms ranging from cutaneous (urticaria, 
angioedema), gastrointestinal (nausea, vomiting, diarrhoea), respiratory (wheez-
ing, asthma) to life-threatening systemic reactions (anaphylaxis). Delayed hyper-
sensitivity reactions are best described as clinical reactions which develop more 
then 2 hours after ingestion of a food allergen and mostly result in cutaneous 
(atopic dermatitis) and/or gastrointestinal (diarrhoea) symptoms. General symp-
toms like inconsolable crying, refusing food, failure to thrive, and irritability occur 
frequently, but mostly in combination with other symptoms.(41) 

In most children with CMA the onset of symptoms is closely related to the 
time of introduction of cow’s milk protein based formulas.(48;49) However, the first 
symptoms of CMA can also appear in children who are exclusively breastfed.(50) The 
majority of children develop the first symptoms of CMA before three months of 
age.(41) Furthermore, it has been shown that most children with CMA present with 
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two or more symptoms, and with symptoms from two or more organ systems.(41) 
In addition it has been shown that CMA plays a pathogenic role in approximately 
35% to 40% of infants with severe atopic dermatitis.(51;52) 

diagnosis 
An accurate diagnosis of CMA is of critical importance because a wrong diagnosis 
of the disease will lead to unnecessary avoidance of the suspected food allergen 
form the patients diet, which may result in dietary deficiencies, severe allergic 
reactions(53) and has been shown to have a major impact on the quality of life of 
the patient and their family.(54)

To date the gold standard for the diagnosis of CMA is the in 1976 introduced 
double-blind placebo-controlled food challenge (DBPCFC).(55) The DBPCFC is 
part of a diagnostic procedure which consists of three phases: (1) elimination of 
CMP from the patient’s diet, (2) an oral food challenge (preferably a DBPCFC) and 
(3) re-elimination of CMP. The DBPCFC has its limitations; it is a time consuming 
and costly test which can only performed by well-trained personnel in specialized 
facilities, the interpretation of a DBPCFC may be difficult due to the occurrence of 
subjective symptoms and placebo reactions,(56) and the performance of a DBPCFC 
always involves the risk of a life-threatening allergic reaction (anaphylaxis). In daily 
clinical practice facilities to perform a DBPCFC often do not exist and consequently 
to establish the diagnosis CMA the clinician needs to rely on other diagnostic 
tests which possess less sensitivity, specificity and positive predictive accuracy. 
The use of open food challenges instead of DBPCFCs is still broadly accepted, 
probably because these are easier to conduct and are less expensive, although it 
is commonly well known that the number of patients incorrectly diagnosed with 
food allergy by the performance of open food challenges is greater then 25%.(57;58) 

Next to food challenges other tests often used in clinical practice to diagnose 
CMA include allergen-specific IgE tests and skin prick tests (SPT). Various studies 
have demonstrated the limited value of food-specific IgE levels for the diagnosis 
of food allergy as over 50% of children who display raised food specific IgE levels 
or increased food specific wheal diameters do not have food allergy.(59;60) The 
usefulness of diagnostic decision points or cut-off levels of specific IgE and SPT 
wheal size to predict food allergy has been studied thoroughly. So far, the cut-off 
levels of allergen-specific IgE and skin prick test wheal diameter demonstrated 
to be predictive for food allergy (e.g. peanut specific IgE levels higher than 14.0 
kU/L and cow’s milk protein induced wheal diameters bigger than 12.5 mm)(61;62) 
are unequivocally high and thus are only applicable for a small proportion of the 
population.(63;64) However even the use of the cut-off levels described in several 
studies is open to debate as for specific food allergen vary remarkably(56) and high 
specific IgE-levels have been reported in non-allergic individuals. 

Diagnostic tests less commonly used and available for the diagnosis of CMA 
are atopy patch tests (APT) and in vitro tests such as basophile activation tests 
and lymphocyte proliferation tests. Whereas SPT are aimed at the diagnosis of 
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immediate reactions, IgE-mediated reactions to CMP, APT are focussed on delayed, 
non-IgE mediated reactions to CMP. Although the APT shows promise,(65-67) there 
are currently no standardized reagents, methods of application, or interpretations, 
and the additional information in some studies appears marginal.(68;69) Until today, 
basophil activation tests or lymphocyte proliferation tests have not demonstrated 
an acceptable sensitivity and/or specificity in the diagnosis of CMA.(70;71) In 
addition, recently several studies have described the potential usefulness of micro-
array based IgE detection for the diagnosis of food allergy.(72;73) These studies 
have shown that the advantage of micro-array analysis is that far less blood is 
necessary than the current standard (in vitro IgE antibody measurement) to test 
multiple antigens. However, because currently the knowledge of the diagnostic 
and prognostic value of positive results to many proteins is limited, interpretation 
of the result is difficult.

In conclusion, the DBPCFC, remains the gold standard for the diagnosis of 
CMA.(74) None of the available laboratory methods have proved to be indicative of 
clinical disease, or reaches sufficient sensitivity, specificity, and positive predictive 
accuracy. Recently, recommendations for clinical guidelines for the diagnosis of 
CMA have been published in several position papers and review articles.(74-77) In 
these guidelines the DBPCF remains the gold standard to diagnose CMA. Open 
food challenges are recommended to be used if the performance of a DBPCFC 
is not feasible, to help identify which foods are causing an allergic reaction or for 
rejecting the diagnosis CMA if the child is likely developing tolerance to CMP. Skin 
prick tests or measurement of IgE are recommended if the performance of a food 
challenge is not feasible(75) or for identifying other foods that may provoke allergic 
reactions.(74) Improved or new testing methodologies are needed for determining 
the presence of CMA and the prognosis of young children diagnosed with CMA. 
The development of a diagnostic method which can identify the CMA-infant at 
risk for persistent CMA and/ or the development of other allergic disorders later in 
childhood may provide tools for clinicians to decide in which patient therapeutic 
and preventive strategies are needed. 

Therapy
Currently, treatment of CMA is based on elimination of CMP from the infant’s 
diet and initiating therapy in case of accidental ingestion. Patients and caregiv-
ers should be educated in label reading, avoidance of cross-contact of foods 
with CMP during meal preparation, care in obtaining foods from restaurants and 
taught in recognizing allergic symptoms and using emergency medication and 
activating emergency services in case of anaphylaxis. The strict diet and risks of 
accidental ingestion have a major impact on the quality of life of patients and 
their families.(54)

Various medications can be prescribed for the treatment of allergic symptoms. 
Antihistamines are useful for relieve of mild IgE-mediated skin symptoms. In 
case of anaphylaxis, prompt intramuscular administration of epinephrine is the 
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key treatment. Adjunctive therapies for the treatment of anaphylaxis include 
antihistamines, glucocorticoids and bronchodilators. 

Future therapies for food allergy which are currently investigated include 
sublingual/ oral immunotherapy(78;79) injection of anti-IgE antibodies,(80) cytokine/
anticytokine therapies,(81) Chinese herbal therapies,(82) and novel immunotherapy’s 
utilizing engineered proteins and strategic immunomodulators.(83;84) The approach 
undergoing the most current research in cow’s milk allergy is oral immunotherapy 
(OIT), in which doses of CMP are given in gradually increasing amounts toward 
a maintenance dose.(85-88) OIT has been attempted at least a decade, with mixed 
success. In 2008 the results of the first double-blind trial of milk OIT showed 
that the median dose eliciting a clinical response increased from 40 mg CMP 
to approximately 5 mg in the treated group but was unchanged in the placebo 
group.(78) In some studies OIT has been supplemented with IFN-y.(89;90) These studies 
have shown that OIT can increase the threshold of reactivity to CMP in about 80% 
of patients with CMA. However, milde adverse reactions are very common, and 
occasionally more severe reactions occur. Although OIT is presumed to restore 
or induce a tolerance state towards CMP, it should be noticed that a distinction 
must be made between desensitization, in which the allergen is ingested without 
symptoms during treatment but requires daily ingestion, and tolerance, in 
which the food may be ingested without allergy symptoms despite periods of 
abstinence. The importance of this distinction is emphasized by a milk OIT study 
which showed that in children treated by OIT for approximately two years, after 
discontinuation of daily therapy for 2 months the percentage of children which 
continued to have true tolerance was 36%, which was a percentage that matched 
tolerance achieved in untreated control subjects.(79)

In conclusion, albeit OIT may be a promising future therapy for the treatment of 
CMA, more studies are needed to assess safety, efficacy and mechanisms. To date, 
the primary treatment of CMA remains avoidance of CMP from the child’s diet.  

CMP-SPECIFIC T-CELL RESPONSES
Immunogenicity of CMPs
The protein fraction of cow’s milk compromises at least 20 proteins and in 
principle, all can act as antigens. Cow’s milk consists of 80% casein proteins (αs1-, 
αs2-, β-, and κ-casein) and 20% whey proteins (β-lactoglobulin a, α-lactalbumin 
and bovine serum albumine).(91;92) Of those, αs1-casein is proposed to possess the 
most immunogenic properties, followed by α-lactalbumin and β-lactoglobulin.93) 
Based on this immunogenic character, most studies have described T cell 
responses against αs1-casein and β-lactoglobulin. 

CMP-specific T-cell proliferation and cytokine production
CMP-specific T-cell responses in children with CMA have been shown to be different 
from children without CMA. Conflicting data have been published about differences 
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in CMP-specific T-cell proliferation between children with and without CMA. Several 
studies have reported significant higher CMP-specific T-cell proliferation in children 
with CMA than in children without CMA.(70;94-96) However, other studies found no 
differences in CMP-specific proliferation between both groups.(97-99) In contrast to 
these controversial reports on CMP-specific T-cell proliferation, it has been clearly 
demonstrated that CMP-specific T-cell cytokine production in children with CMA is 
different from children without CMA. By using both blood derived lymphocytes(99) 
and mucosal lymphocytes from the gastrointestinal tract(100) it has been shown 
that CMP-specific T-cells of children with CMA produce high levels of Th2 derived 
cytokines IL-4, IL-5 and IL-13. In contrast, CMP-specific T-cell responses of children 
without CMA produce higher levels of Th1 and T-regulatory cytokines than children 
with CMA, such as IFN-γ and IL-10(99;101) Moreover, mitogen-induced lymphocyte 
production of IFN-γ and TNF-α has been shown to be lower in infants with CMA 
than in healthy children.(102;103) 

CMP-specific T-cell responses in older children with CMA who had developed 
tolerance to CMP have been compared with children with persistent CMA. It 
has been shown that CMP-specific T-cells of children with CMA who developed 
tolerance to CMP produce high levels of immunosuppressive cytokines, such 
IL-10.(101) In contrast, CMP-specific T-cells of children with persistent CMA have 
been shown to secrete high levels of Th2 cytokines, including Il-4 and Il-13. 
These data indicate that the induction of tolerance to CMP is accompanied by an 
increase in IL-10 production, most likely by regulatory T-cells. In agreement with 
these results, it has been observed that after CMP challenge in vivo, children who 
developed tolerance to CMP had an increase in circulating CD4+CD25+ T-cells, 
whereas in children with persistent CMA the number of circulating CD4+CD25+ 
T-cells was significantly reduced.(104) Furthermore, after depletion of CD25+ T-cells 
in vitro a five fold increase in T-cell proliferation to CMP in the tolerant group 
was found compared to a two fold increase in the persistent group.(104) These 
results were confirmed in another study, which showed that after depletion of 
CD4+CD25+ regulatory T-cells CMP-specific proliferation was significantly 
increased in patients who developed tolerance to CMP, whereas no increase in 
proliferation was found in patients with persistent CMA.(105) In contrast to theses 
studies, a recent study reported that persistent CMA was characterized by a 
combined T regulatory cell and Th2 profile, while the development of tolerance 
was not characterized by activation of circulating regulatory T-cells.(106) 

In addition, it should be noted that studies on CMP-specific T-cell responses 
are difficult to compare, because of differences in the CMP proteins used as 
antigens, the concentrations of antigens and differences in study populations 
(e.g. IgE-mediated or non-IgE mediated CMA). The importance of distinguishing 
between the CMP proteins used as antigens is emphasized by a study which 
reported that no difference in T-cell proliferation to casein was found between 
children with persistent CMA and children who had outgrown CMA, while in the 

18



I

G
E

N
E

R
A

L IN
TR

O
D

U
C

TIO
N

same study a significant difference was found in T-cell proliferation against whey 
protein between both groups.(95) 

CMP-specific T-cell epitopes
To further unravel the T-cell mediated immune response to CMP, several studies 
have been done aimed at the identification of CMP-specific T-cell epitopes. All 
studies have been done in relatively small populations of children with CMA and 
T-cell epitopes have been identified at β-lactoglobulin and alpha(s)1-casein only. 
Inoue et al. observed that β-lactoglobulin-specific T-cell lines of four patients with 
CMA recognized seven different epitopes on β-lactoglobulin.(107) Sakaguchi et 
al reported that four out of six T-cell clones specific for β-lactoglobulin derived 
from five patients with CMA recognized one specific epitope on β-lactoglobulin, 
BLGp97-117.(108) In a subsequent study the proliferative responses of two of the 
T-cell clones specific for BLGp97-117was investigated against single amino acid 
substitutions in BLGp97-117. It was shown that the minimum essential region in 
BLGp97-117 is BLGp102-112, and two single aminoacid substitutions in this core 
epitope lead to decreased proliferative responses and cytokine production.(84) 
Nakajima-Adachi et al. determined the specificities of seven alpha(s)1-casein-
specific T-cell lines established form two patients with CMA and found that all 
T-cell lines had different specificities to alpha(s)1-casein. Recently, Ruiter et al. 
compared the responses of alpha(s)1-casein-specific T-cell lines established to 
overlapping peptides (18-mers), spanning the alphas1-casein molecule between 
patients with CMA, atopic and non-atopic controls. Interestingly, next to the 
identification of an immunodominant sequence recognized by all three groups, a 
specific region on α1-casein was reported which was only recognized by T cells 
from children tolerant to CMPs and not by T-cells of children with CMA.(98) 

In conclusion, the CMP-specific T-cell response is presumed to play an 
important role both in the presence or absence of clinical reactivity to CMP and 
in the development of tolerance to CMP. Several studies have shown promising 
results, which in the future may lead to the development of preventive, therapeutic 
and new diagnostic methods.

 However, current studies have primarily been focussed on the CMP-specific 
T-cell response in CMA-children older than 1 year of age with CMA, while the 
majority of children develop the first symptoms of CMA before three months 
of age.(41) Furthermore, open food challenges instead of DBPCFCs have been 
used in most studies for diagnosis of CMA, which are known to render a large 
percentage of false positive results.(57;58) Therefore, prospective follow-up studies 
are needed which investigate the CMP-specific T-cell response in CMA-infants 
in relation to development of tolerance and the development of other allergic 
disorders later in childhood are warranted. In the end, early identification of the 
child at risk for CMA and the allergic march may help clinicians in deciding in 
which patient preventive and therapeutic strategies are needed. 
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CMP-SPECIFIC B-CELL RESPONSES
Immunogenicity of CMPs
Similar to CMP-specific T-cell response, the major immunogenic proteins in CMP 
recognized by B-cells are the casein and whey fractions(109;110) Of those, it has been 
shown that αs1-casein is most immunogenic, followed by β-casein, β-lactoglobulin 
and α-lactalbumin.(111) 

CMP-specific IgE
Immunoglobulin (Ig) E has been generally accepted as the key player in food-
allergic B-cell mediated immune responses. Several studies have compared 
the presence and levels of CMP-specific IgE between children with and without 
CMA. In large population based studies it has been shown that more than 50% 
of children with CMA have detectable CMP-specific IgE levels in serum,(41) and 
that children with CMA have significantly higher levels of CMP-specific IgE than 
those without CMA. Similar to the CMP-specific T-cell responses observed in 
children without CMA, enhanced serum CMP-specific IgE levels have also been 
found in children without CMA. These results have illustrated that the presence of 
sensitization to CMP is not directly related to clinical hypersensitivity, and indicate 
that immunoglobulines are part of a physiological response. Next to IgE, the 
CMP-fraction is able to induce Ig responses of other isotypes, including IgG1, 
IgG4 and IgA. In concordance with CMP-specific IgE, these other Ig isotypes have 
been determined in children with and in children without CMA, and higher levels 
of these isotypes have been detected in the serum of children with CMA.(111)

Several studies have related the presence and levels of serum CMP-specific IgE 
in children with CMA with the development of tolerance or persistency of CMA later 
in childhood. It has been shown that infants with non-IgE mediated CMA develop 
tolerance to CMP earlier in childhood than infants with IgE mediated CMA.(41;42;112) 
Furthermore, higher levels of CMP-specific IgE level have been associated with 
persistent CMA and the development of additional allergic disorders later in life.(42;43) 
In contrast, a decrease in CMP-specific IgE levels over time has been shown to be 
prognostic for the development of tolerance to CMP.(113;114) In addition, a limited 
number of studies have investigated the relation between CMP-specific IgG4 
and the development of tolerance. High levels of CMP-specific IgG4 have been 
associated with the development of tolerance to CMP in food allergic children(115) 
and the maintenance of clinical tolerance to CMP in atopic children and adults 
without CMA.(116) In a recent study it has been showed that IgE and IgG4 antibodies 
recognize similar epitopes on the various CMP.(114) Therefore it has been suggested 
that IgG4 induces tolerance by blocking the binding of specific IgE to allergen.(117;118) 

CMP-specific B-cell epitopes
In the last decade, numerous studies have been done which were aimed at the 
identification of IgE-binding epitopes and have shown promising results. IgE 
binding epitopes have been identified on the following major CMPs: αS1-casein,(119) 
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αS2-casein,(120) β-and κ-casein,(121) α-lactalbumin and β-lactoglobulin.(122) IgE-
binding patterns have been shown to be different at diagnosis in children with 
CMA who developed tolerance to CMP than those who had persistent CMA later 
in childhood. Beyer et al. have shown that from the known IgE-binding regions 
five IgE-binding epitopes (2 on αS1-casein, 1 on αS2-casein, and 2 on κ-casein) 
were not recognized in children who had developed tolerance (n=10) but showed 
binding by the majority of the patients with persistent CMA (n=10).(123) These 
data have been confirmed in a larger population of children with CMA (n=74).(124) 
In contrast, a more recent study reported that at diagnosis IgE-binding patterns 
of children with persistent CMA were similar to children who had outgrown their 
allergy, and thus did not provide prognostic information. In addition, this study 
described that children with persistent CMA recognized IgE-peptide regions 
with greater intensity and more stable over time than children who developed 
tolerance to CMP. Interestingly, in children who developed tolerance the signal 
of IgG4 binding to peptides increased and that of IgE decreased over time.(114)

Immunoglobulin free light chains
Immunoglobulin free light chains (Ig-fLC) have been shown to possess antigen 
specific binding activity and elicit mast cells degranulation which resulted in 
immediate skin and asthma-like hypersensitivity reactions in mice.(30;125) This Ig-fLC-
elicited hypersensitivity response can be inhibited by local or systemic application 
of a specific antagonist, a 9-mer peptide F991. Acute allergic responses induced 
by IgG or IgE are not inhibited by F991. Previously, two preclinical models for 
CMA have been introduced in which mice were sensitized orally for whey or 
casein.(126) In these models the acute allergic skin reaction was monitored as a 
possible equivalent of the SPT. In both models it was shown that all mice exhibit an 
enhanced ear swelling upon intra dermal (i.d.) allergen challenge, which reflects 
systemic sensitization. The whey model resembles a typical type I allergy with high 
levels of whey-specific IgE and IgG1. However, despite developing a pronounced 
acute allergic skin reaction upon local allergen challenge, the response to casein 
was not associated with detectable levels of casein-specific IgE. Although the 
casein-sensitized mice did have enhanced specific titers of IgG1 this was found 
not to correlate quantitatively with the skin reaction.(126) Possibly, Ig-fLC play an 
important role in the acute allergic skin reaction upon local allergen challenge 
in casein sensitized mice. So far data on Ig-fLC in human models of allergy are 
limited. Concentrations of total Ig-fLC have been demonstrated to be significant 
higher in the sera of patients with allergic asthma(125) and allergic rhinitis(127) as 
compared to healthy non-allergic controls. To our knowledge no data are available 
which describe concentrations of total Ig-fLC in CMA-individuals. . 

In summary, the CMP-specific B-cell response has been dedicated to play a 
major role in the pathogenesis of CMA and the development of additional allergic 
disorders later in childhood. The role of CMP-specific IgE in CMA has been studied 
extensively. Furthermore, interesting data have been published which show that 
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determination of specific IgE-binding epitopes may provide increased diagnostic 
utility.(128) However, previous studies have shown that CMP-specific IgE levels are 
detectable in about 50% of children with CMA.(41) Therefore further research to 
explore the role of other mediators (such as Ig-fLC) which can elicit a CMP-specific 
B-cell response is warranted. 

AIMS ANd SCOPE OF THIS THESIS
This thesis aims to attain more insight in the immunological mechanisms 
which underlie clinical allergic hypersensitivity reactions to CMP in infancy and 
the development of tolerance or persistency of CMA later in childhood. In a 
prospective controlled follow-up study, responses of T-cells and B-cells to CMP 
were investigated in children with CMA in infancy and related with the presence 
of CMA and the development of tolerance or persistency of the disease in early 
childhood. In addition, diagnostic methods based on the variety of presenting 
clinical symptoms of CMA are presented in this thesis which may help clinicians 
to decide whether to refer an infant suspect for CMA to a specialized centre to 
perform a DBPCFC or to initially perform an open food challenge. 

In Chapter II a detailed description of the recruitment and diagnostic pro-
cedures used in this prospective controlled-follow-up study are described. 
Furthermore, an overview of the baseline clinical characteristics of the study 
population is given. 

In Chapter III, CMP-specific T-cell responses, CMP-specific IgE levels and 
clinical responses to CMP in infancy were related to the development of toler-
ance of CMP or persistent CMA in early childhood. Furthermore, a HLA-DR1-
binding matrix based computer algorithm designed to identify pan-DR binding 
T-cell epitopes was used to identify CMP-specific T-cell epitopes on the cow’s 
milk proteins αs1-casein, αs2-casein, β-casein, κ-casein, α-lactalbumin and 
β-lactoglobulin. In addition, an overview of the development of tolerance to CMP 
in our study population is given. 

In Chapter IV a study is presented which aimed to develop a clinical triage 
model for clinicians to decide whether to refer an infant suspect for CMA to a 
specialized centre to perform a DBPCFC or to initially perform an open food 
challenge. The predictive value of clinical signs and symptoms for a positive 
DBPCFC to CMP in infants suspected of CMA was investigated.

In Chapter V the involvement of immunoglobulin free light chains (Ig-fLC) 
in clinical allergic responses to casein and whey was investigated. In a murine 
model acute allergen-specific skin responses in mice which were casein or whey 
sensitized were determined and serum immunoglobulin and Ig-fLC concentrations 
were measured. Ig-fLC dependency was validated by using the Ig-fLC blocker 
F991, a specific antagonist for the immunological actions of Ig-fLC. Furthermore, 
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Ig-fLC serum concentrations were measured in a cohort of infants with CMA and 
infants with atopic dermatitis.

In Chapter VI a study is presented in which plasma cytokine levels in food 
allergic children were compared with food tolerant children to attain more insight 
in the factors that contribute to a food allergic response and the development of 
tolerance. Plasma levels of children suspected of peanut allergy and CMA were 
compared to food tolerant children.

In Chapter VII we responded to a paper from Eigenmann that was published 
in Pediatric Allergy and Immunology.(129) In this educational review, Eigenmann 
proposed a diagnostic flow chart for the diagnosis of CMA on which we 
commented. The presented diagnostic flow chart showed that in children with 
symptoms suggestive of non-IgE mediated CMA a successful avoidance diet is 
sufficient to establish the diagnosis CMA. However, in previous studies it has 
been clearly demonstrated that only 64-81%of food challenges in children with 
symptoms suspected for food allergy are positive.(130;131) Therefore, we aimed to 
illustrate the importance of performing a DBPCFC to confirm the diagnosis CMA 
after a successful completion of an avoidance diet.

In Chapter VIII we commented on a paper by Van den Plas and colleagues 
that was published in Archives of Disease in Childhood.(132) In this paper, the 
authors presented guidelines for the diagnosis and treatment of CMA on which 
we commented. The guidelines implied that children suspected of CMA with 
initial immediate symptoms such as urticaria and angioedema do not necessarily 
need to perform a food challenge to CMP in a hospital setting. Because of the 
increased risk of anaphylaxis in this subset of children, we replied to this paper 
to describe the importance of performing a food challenge in a hospital with 
specialized facilities and experience in performing food challenges.

In Chapter IX the studies are being discussed against the background of 
international literature. Concluding remarks are made and suggestions for future 
studies are given. 

In Chapter X an overall summary of the results of this thesis is provided.
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RECRUITMENT OF PARTICIPANTS
Recruitment of children took place at the Baby Health Clinics in the surroundings 
of Amsterdam. Baby Health Clinics are involved in the prevention and early detec-
tion of diseases in infancy and early childhood, in growth and development, and in 
nutritional advice. Ninety-eight percent of the newborns are regularly controlled 
in this manner.(1) Baby Health Clinic physicians are often the first to be confronted 
with symptoms of CMA. Infants suspected of CMA according to standardized 
criteria were referred to the Emma Children’s Hospital Academic Medical Center, 
Amsterdam, The Netherlands for evaluation of symptoms and diagnostic work up. 
The following symptoms related to ingestion of CMP were considered suspect for 
CMA: skin symptoms (atopic dermatitis, urticaria, angioedema), gastrointestinal 
symptoms (colic, vomiting, diarrhoea), respiratory symptoms (wheeze and dysp-
noea) and general symptoms (inconsolable crying and failure to thrive). 

From July 2006 to March 2008 infants with symptoms suspected of CMA 
were referred form the Baby Health Clinics to the study centre (Emma Children’s 
Hospital/ Academic Medical Center, Amsterdam). At the first visit to the study 
centre all infants were screened for eligibility and only infants who fulfilled the 
following in- and exclusion criteria were enrolled in the study:

Inclusion criteria
•	 Infants aged 0-12 months
•	 Symptoms suspect for CMA
•	 Written informed consent from the infant’s parent(s) or guardian

Exclusion criteria
•	 Infants with severe congenital malformations 

After parental informed consent was obtained a clinical chart was completed and a 
physical examination was performed. Atopic dermatitis was diagnosed according 
to criteria from Hanifin and Rajka.(2) The extent and intensity of atopic dermatitis 
was estimated by using the objective SCORing Atopic Dermatitis (SCORAD).(3;4) 

dIAGNOSTIC PROCEdURE
CMA was diagnosed according to a strict protocol based on elimination of 
CMP from the diet, a double blind placebo controlled food challenge with 
CMP, and re-elimination of CMP form the infants diet according to international 
recommendations.(5;6) Infants with a history of a severe allergic reaction to CMP 
did not perform the diagnostic procedure and the diagnosis CMA was based on 
a consistent history of anaphylaxis. 

Elimination of CMP
The elimination of CMP from the infant’s diet was performed with a minimum 
duration of one week and a maximum of six weeks. To eliminate CMP from the 
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infant’s diet an infant formula based on a mixture of free amino acids (Neocate®, 
SHS International, Liverpool, UK) was provided to bottle-fed infants. CMP was 
excluded from the mother’s diet in breastfed infants by strict elimination of CMP, 
soy and hen’s egg. If symptoms suspected of CMA did not improve during the 
elimination phase the infant was excluded from the study. Otherwise, if symptoms 
disappeared or improved significantly a DBPCFC with CMP was conducted. 

double-Blind Placebo-Controlled Food Challenge
The active and placebo arms of the DBPCFC were conducted in a random order 
on two separate days with an interval of 3-7 days. A randomization database 
(www.randomization.com) was used to assess the order of active and placebo 
arms. During active challenges skimmed milk powder (Institute of Food Research, 
Norwich, UK) dissolved in Neocate® was given in the following subsequent 
doses: 0.2 ml (0,003 mg), 2 ml (0,03 mg), 20 ml (0,3 mg) 0.2 ml (3 mg), 2 ml 
(30 mg), 6 ml (100 mg), 20 ml (300 mg), 60 ml (1000 mg) and 200 ml (3000 mg). 
Placebo challenges were performed by administrating the same volume of 100% 
Neocate.(6) The time interval between each dose was 20 min. The challenge was 
stopped if clinical symptoms were observed or the highest dose was reached. 
The infants were observed for two hours after each challenge. A challenge was 
defined as positive if objective clinical reactions were observed. The objective 
SCORAD index was used to assess the severity of atopic dermatitis before and 
two hours after each challenge. Clinical reactions after discontinuation or within 
2 hours after the highest dose were defined as early reactions, thereafter as late 
reactions. A standardized sheet was used for documenting administered doses 
and clinical reactions. 

Re-elimination and diagnosis
Elimination of CMP from the infant’s diet was continued at the days between 
the active and placebo arms of the DBPCFC until one week (re-elimination) after 
the last challenge. One week after the last challenge the code was broken and 

Table 1. Possible outcomes of a DBPCFC.(6) The outcome of a DBPCFC depended on the 
presence or absence of a clinical reaction in the verum and placebo phases and was defined as 
either positive, tolerant, placebo reaction or inconclusive. 

Verum phase Placebo phase Outcome

Reaction No reaction Positive

No reaction No reaction Tolerant

No reaction Reaction Placebo reaction

Reaction Reaction Inconclusive

Dubious reaction No reaction Inconclusive
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the outcome of the DBPCFC was assessed. CMA was diagnosed by a positive 
DBPCFC. Possible outcomes of the DBPCFC were positive, tolerant, placebo 
reaction and inconclusive (table 1). A test was considered positive when there 
was an evident reaction on the verum day and no reaction on the placebo day. A 
test was considered tolerant if there was no reaction, both on the verum as well as 
on placebo day. A test was considered as a placebo reaction when there was no 
reaction on verum day, though a reaction on placebo day. A test was considered 
inconclusive if there was a subjective or mild objective reaction on both days. 
CMA was diagnosed by a positive DBPCFC. Subjects with a negative DBPCFC 
were included as non-allergic controls. Subjects with an inconclusive DBPCFC 
consecutively performed an open food challenge to CMP to establish or reject 
the diagnosis CMA. 

FOLLOW-UP
After completing the diagnostic procedure infants were treated according to 
the national guideline of food intolerance for newborns.(7) Infants diagnosed 
with CMA were treated by continuation of the CMP-free diet, either extensively 
hydrolysed infant formula or amino acid based formula, while introduction of 
CMP (normal infant formula, partial hydrolysed formula or for BF infants mother 
was advised to introduce CMP in her diet) was advised for infants in whom the 
diagnosis CMA could be rejected. During a follow-up period of 2 years, all infants 
who had completed the diagnostic procedure were followed yearly. To study the 
development of tolerance all children diagnosed with CMA in infancy performed 
a DBPCFC to CMP yearly until tolerance to CMP was established. Children with 
a negative DBPCFC were seen yearly for physical examination, collection of a 
venous blood sample and confirmation of their non-allergic history.

BLOOd SAMPLES 
Serum 
During the initial diagnostic procedure for determination of CMP specific IgE 
levels was collected before challenge at the first day of the DBPCFC. During 
follow-up a venous blood samples for determination of CMP specific IgE levels 
was collected yearly. CMP specific IgE levels were determined by CAP System 
FEIA (Pharmacia Diagnostics, Uppsala, Sweden). 

Plasma 
Plasma for cytokine detection and measurement of Free Light Chain concentrations 
was obtained before and after each challenge during the initial diagnostic 
procedure. Concentrations of Free Light Chains were determined by ELISA 
as described in Chapter V. Plasma cytokine levels were analyzed by multiplex 
immuno-assay as described in Chapter VI. 
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Table 2. Baseline clinical characteristics of the study population.

CMA
n= 26

NA
n=25

Mean age at onset symptoms (days), range 42.5 (1-197) 22 (1-137)

Mean age at diagnosis (months), range 5.5 (2.6-10.2) 4.5 (3.2-7.4)

Mean duration of elimination until improvement of 
symptoms was observed (days), range 10.4 (1-42) 9.9 (1-44)

Gender, n (%)
♂: 17 (65.4)
♀: 9 (34.6)

♂: 15 (60)
♀: 10 (40)

Skin symptoms at presentation, n (%)
Atopic dermatitis
Urticaria
Angioedema

22 (84.6)
20 (76.9)

1 (3.8)
4 (15.4)

10 (40)
10 (40)

0 (0)
1 (4)

Mean Objective SCORAD-index, range 15 (0-53) 1.9 (0-11.9)

Gastrointestinal symptoms at presentation, n (%)
Vomiting
Abdominal cramps
Diarrhoea

19 (73.1)
8 (30.8)

17 (65.4)
7 (26.9)

22 (88)
11 (44)
20 (80)
12 (48)

Respiratory symptoms at presentation, n (%)
Wheezing
Dyspnoea

3 (11.5)
2 (7.7)
1 (3.8)

5 (20)
2 (8)

3 (12)

General symptoms at presentation, n (%)
Failure to thrive
Inconsolable crying

12 (46.2)
3 (11.5)

11 (42.3)

15 (60)
1 (4)

15 (60)

Symptoms from two or more organ systems, n (%)
Skin and gastrointestinal symptoms
Skin and respiratory symptoms
Gastrointestinal and respiratory symptoms
Skin, gastrointestinal and respiratory symptoms

16 (61.5)
15 (57.7)
3 (11.5)
2 (7.7)
2 (7.7)

10 (40)
7 (28)
3 (12)
4 (16)
2 (8)

Elevated CMP-specific IgE levels (> 0.35 kU/L), n (%) 8 (30.8) 1 (4)

CMP specific IgE < 0.35 KU/L, n (%)
CMP specific IgE 0.35-0.7 KU/L, n (%)
CMP specific IgE 0.7-3.5 KU/L, n (%)
CMP specific IgE 3.5-17.5 KU/L, n (%)
CMP specific IgE >17.5 KU/L, n (%)

18 (69.2)
2 (7.7)
1 (3.8)

4 (15.4)
1 (3.8)

24 (96)
1 (4)
0 (0)
0 (0)
0 (0)

Maternal history of allergy, n (%) 13 (50) 10 (40)

Paternal history of allergy, n (%) 7 (26.9) 9 (36)

Single parental history of allergy, n (%) 16 (61.5) 16 (64)

Double parental history of allergy, n (%) 4 (15.4) 3 (12)
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PBMCs
PBMCs to study the T cell mediated immune response as described in Chapter 
III were isolated from heparinised peripheral blood before challenge during the 
initial diagnostic procedure and yearly during follow-up. 

RESULTS
Seventy (42 boys, 28 girls) children were included in the study. Nineteen children 
(27%) were excluded from participation to the study because the symptoms 
suspected of CMA did not improve during the elimination phase. In 73% (n=51) of 
the children the symptoms suspected of CMA did improve during the elimination 
phase. Twenty-six (17 boys, 9 girls) children were diagnosed with CMA (mean 
age at diagnosis 5.5 months, range 2.6-10.2 months). In twenty-five (15 boys, 
10 girls) children the diagnosis CMA was rejected after completing the diagnostic 
procedure (mean age at diagnosis 4.5 months, range 3.2-7.4 months). No statistical 
differences in mean age and symptoms at presentation between the two groups 
were observed. Serum CMP-specific IgE levels were determined during the initial 
diagnostic procedure and during yearly follow-up. CMP-specific IgE-levels were 
detectable in 30.8% (n=8) of CMA-infants and in 4% (n=1) of non-allergic (NA)-
infants. In table 2 the baseline characteristics of the group of children in which the 
symptoms of CMA improved during the elimination phase are shown, subdivided 
in the group of children diagnosed with CMA and the group of children in whom 
the diagnosis CMA was rejected. The results of the follow-up period at age one 
year and two years are discussed in Chapter III. 
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ABSTRACT 
Background
Cow’s milk allergy (CMA) is the most common allergy in infancy. The majority 
of infants with CMA become tolerant for cow’s milk proteins (CMP) at 1 year of 
age. However, a substantial number of children has persistent CMA beyond their 
first year of life. The immunological mechanism which underlies the induction of 
tolerance or persistent CMA is not well understood. Identifying the CMA infant at 
risk for persistent CMA and the mechanism of tolerance induction is essential in 
order to provide tools for preventive, diagnostic and therapeutic strategies.

Objective
To investigate whether CMP-specific T- and B- cell responses and clinical reactions 
to CMP in CMA infants are associated with the induction of tolerance to CMP or 
persistent CMA beyond the first year of life.

Methods
Twenty-five infants with confirmed CMA by double-blind placebo-controlled food 
challenge (DBPCFC) were followed prospectively during their first two years of life. 
Clinical hypersensitivity to CMP was assessed annually by DBPCFC. Serum CMP-
specific IgE levels and CMP-specific T cell proliferation and cytokine production 
were determined.

Results
Persistent CMA is associated with enhanced CMP-specific CD4+ T cell proliferation 
and IL-10, IL-5 and IL-13 production in infancy. The number of children with 
persistent CMA was higher in the group of children with elevated CMP-specific 
IgE levels and immediate clinical reactions to CMP in comparison to those with 
no detectable CMP-specific IgE levels and delayed clinical reactions to CMP in 
infancy. 

Conclusion 
Persistent CMA is characterized by enhanced CMP-specific T cell activity and a 
Th2-skewed pattern of cytokine production in infancy.
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INTROdUCTION
Cow’s milk allergy (CMA) is the most common allergic disorder in infancy and is 
the precursor of other allergic diseases as asthma, atopic dermatitis and allergic 
rhinitis, a process termed the allergic march.(1;2) 90% of the children with CMA in 
infancy become tolerant for cow’s milk protein (CMP) by age 3 years. However, 
a substantial number of children have persistent CMA (pCMA) at school age 
and are at risk to develop other allergic diseases.(3-6) Identifying CMA infants at 
risk for pCMA and the development of additional allergic disorders is essential 
in order to provide tools for preventive, diagnostic and therapeutic strategies. 
Unravelling the immunological mechanism which underlies the development of 
tolerance or pCMA and the allergic march may provide the key to identify CMA 
infants at risk. 

It has been shown that children with IgE-mediated CMA become tolerant for 
CMP later in childhood compared to children with non-IgE-mediated CMA.(1;7-9) 
Analogous, children with delayed clinical reactions on CMP (DR) in infancy develop 
tolerance at an earlier age compared to children with immediate clinical 
reactions (IR).(6;8;9) Several studies have reported that pCMA in older children is 
characterized by a Th2 skewed CMP-specific T cell response.(10;11) No studies have 
investigated CMP-specific T cell responses in infants with CMA in association with 
the development of tolerance or pCMA later in childhood. We hypothesize that 
an aberrant Th2-skewed CMP-specific T cell response in infancy predicts pCMA 
and the development of additional allergic disorders. 

We present the first prospective controlled follow-up study investigating CMP-
specific T cell responses, CMP-specific IgE levels and clinical responses to CMP 
in infants with CMA in relation to the development of tolerance or persistency 
later in childhood. We prospectively followed twenty-two children diagnosed with 
CMA by double-blind placebo-controlled food challenge (DBPCFC) and three 
infants with a history of anaphylaxis to CMP. All children were assessed yearly for 
clinical hypersensitivity to CMP by a DBPCFC. This is the first study that shows 
that CMA beyond the first year of life is characterized by elevated CMP-specific 
IgE levels, IR and enhanced CMP-specific T cell proliferation and IL-10, IL-5 and 
IL-13 cytokine production in infancy. Further follow up of the study population 
into school age will reveal if these results precede the development of asthma, 
and other allergic disorders.

METHOdS
Subjects
Two groups of subjects were included in this controlled prospective follow-up 
study. 
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Table 1. Clinical characteristics of study population A. 

Sex Age 
(months)

Symptoms 
suspected 

of CMA

SCORAD 
Index before 
start CMP-
free diet

SCORAD
Index before 

active 
challenge

SCORAD 
Index after 

active 
challenge

Symptoms 
after active 
challenge

Eliciting 
dose 

(milligram)$

Type of 
allergic 

reaction∩

CMP 
specific 

IgE (kU/l) 
T=0

DBPCFC 
T=0

CMP 
specific 

IgE (kU/l) 
T=1

DBPCFC 
T=1

CMP 
specific 

IgE (kU/l) 
T=2

DBPCFC 
T=2

N
o

n-
al

le
rg

ic
 c

o
nt

ro
ls

1 M 6.5 D,C,IC,FT - - - - - - <0.35 - <0.35 <0.35
2 M 3.6 D,C,IC - - - - - - <0.35 - <0.35 <0.35
3 F 3.1 AD, C 4.9 0 0 - - - <0.35 - <0.35 ND
4 M 4 C,IC - - - - - - <0.35 - 0.35-0.7 0.7-3.5
5 M 7,2 AD, V,D 0.0† 0 0 - - - <0.35 - <0.35 <0.35
6 M 3.9 D,C,IC - - - - - - <0.35 - <0.35 <0.35
7 M 4.9 C, IC - - - - - - <0.35 - <0.35 <0.35
8 M 6.8 V,D,C - - - - - - <0.35 0.7-3.5 0.7-3.5
9 F 4 AD,V,C 8.4 0.0 0 - - - <0.35 - <0.35 <0.35
10 F 3.4 V,D,C - - - - - - <0.35 - <0.35 <0.35
11 M 3.4 D,C,IC - - - - - - <0.35 - <0.35 <0.35
12 F 5.1 V,D,C,IC - - - - - - <0.35 - <0.35 <0.35
13 M 3.2 AD* 0.0† 0.0 0.0 - - - <0.35 - <0.35 <0.35
14 M 3.1 AD,V,C,IC,W 4.5 7.6 7.6 - - - <0.35 - <0.35 <0.35
15 F 4.5 AD*,C 0.0‡ 3.9 3.9 - - - <0.35 - <0.35 ND
16 F 3.4 D,C,IC - - - - - - <0.35 - <0.35 0.35-0.7

C
hi

ld
re

n 
w

ith
 c

o
w

’s 
m

ilk
 a

lle
rg

y

1 F 5.8 AD,V,IC,FT 53.0 10.6 36.9 FAD,P 300 Immediate 3.5-17.5 + 0.35-0.7 + ND ND
2 M 7 AD 22.1 4.3 4.3# FAD, P 3000 Delayed 0.35-0.7 + 0.35-0.7 - <0.35
3 M 6.7 AD,C, IC 7.8 0 0 V, C 3000 Delayed <0.35 + ND + <0.35 -
4 F 7.4 AD, W 24.6 0.0 0.0# FAD 3000 Delayed <0.35 + <0.35 - <0.35
5 F 3.4 D,C - - - D 3000 Delayed <0.35 + 3.5-17.5 + 0.7-3.5 +
6 M 4.6 AD,C 0.0† 0 0 C 3000 Delayed <0.35 + <0.35 - <0.35
7 M 2.5 AD,V,C, IC 22.1 4.1 4.1# FAD, D 3000 Delayed <0.35 + <0.35 - <0.35
8 M 4.3 AD,V,C,IC,W 7.8 11.6 12.1 C 3000 Delayed <0.35 + <0.35 + ND ND
9 F 5 AD,D,C 0.0† 4.1 4.1 FAD 3000 Delayed <0.35 + <0.35 + <0.35 ND
10 M 4.1 D,C,IC - - - C 3000 Delayed <0.35 + 0.35-0.7 + <0.35 +
11 M 6.5 U, AO - - - - - Immediate 3.5-17.5 A 3.5-17.5 + 0.7-3.5 +
12 F 2.6 AD,V,D,C,IC 4.3 0.0 0.0 C 3000 Delayed <0.35 + <0.35 - ND
13 M 2.5 C,IC - - - C,D 3000 Delayed <0.35 + <0.35 + <0.35 -
14 F 5 AD,D 37.4 19.1 30.4 FAD,P,F,D 0.3 Immediate 0.35-0.7 + >17.5 + 3.5-17.5 -
15 M 7 AD,V,C,FT 19.5 0.0 0.0 P,U 300 Immediate 0.7-3.5 + <0.35 - <0.35
16 M 5,6 AD, D 16.4 4.3 23,8 FAD, P 90 Immediate <0.35 + <0.35 + <0.35 -
17 M 5.5 AD,C 0.0‡ 0 10 FAD, F 0.3 Immediate <0.35 + <0.35 + <0.35 +
18 M 5.3 AD 33.0 7.6 18.1 FAD,P,U 30 Immediate <0.35 + 0.35-0.7 + 0.7-3.5 +
19 M 8.9 AD 6.7‡ 3.7 3.7 F,U,C 30 Immediate >17.5 + >17.5 + 3.5-17.5 +
20 M 3.4 AD,V,C 19.2 4.1 8.4 FAD,P,U 300 Immediate <0.35 + <0.35 - <0.35
21 F 7.6 AD,D 18.8 7.6 7.6 P,F,U,AO,D 3 Immediate 3.5-17.5 + 0.35-0.7 + <0.35 +
22 M 5.5 AD,D,C 11.1 0.0 0.0 P,F,AO 0.03 Immediate <0.35 + <0.35 - <0.35
23 M 4.3 V,C - - - C 3000 Delayed <0.35 + <0.35 - <0.35
24 F 3.8 F,AO - - - - - Immediate <0.35 A <0.35 - ND
25 F 3 F,AO - - - - - Immediate 3.5-17.5 A 0.7-3.5 - ND

A: anaphylaxis; AD: atopic dermatitis; P: pruritus; U: urticaria; FAD: flare-up of atopic dermatitis; 
AO: angioedema; F: flush; V: vomiting; D: diarrhoea, C: colic; IC: inconsolable crying; FT: failure 
to thrive; W: wheezing; CMA: cow’s milk allergy; ND: not determined; SCORAD index: SCoring 
Atopic Dermatitis; DBPCFC: double-blind placebo-controlled food challenge; CMP: cow’s milk 
protein; LF: lost to follow-up; I: inconclusive test result. * Diagnosis of atopic dermatitis estab-
lished prior to first visit to clinic by Baby Health Clinic physician; † Cow’s milk protein free diet

started before first visit to clinic; ‡ Topical steroids used before first visit to clinic; # Exacerbation 
of AD reported 24-48 hours after active challenge: SCORAD index not assessed; $ Dose at 
which symptoms were present; ∩ Delayed allergic reaction: symptoms occurred more then two 
hours after the challenge was completed; Immediate allergic reaction: symptoms appeared 
within two hours after the eliciting dose; T=0: time of diagnosis; T=1: follow-up data age one 
year; T=2: follow-up data at age two years.
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Table 1. Clinical characteristics of study population A. 

Sex Age 
(months)

Symptoms 
suspected 

of CMA

SCORAD 
Index before 
start CMP-
free diet

SCORAD
Index before 

active 
challenge

SCORAD 
Index after 

active 
challenge

Symptoms 
after active 
challenge

Eliciting 
dose 

(milligram)$

Type of 
allergic 

reaction∩

CMP 
specific 

IgE (kU/l) 
T=0

DBPCFC 
T=0

CMP 
specific 

IgE (kU/l) 
T=1

DBPCFC 
T=1

CMP 
specific 

IgE (kU/l) 
T=2

DBPCFC 
T=2

N
o

n-
al

le
rg

ic
 c

o
nt

ro
ls

1 M 6.5 D,C,IC,FT - - - - - - <0.35 - <0.35 <0.35
2 M 3.6 D,C,IC - - - - - - <0.35 - <0.35 <0.35
3 F 3.1 AD, C 4.9 0 0 - - - <0.35 - <0.35 ND
4 M 4 C,IC - - - - - - <0.35 - 0.35-0.7 0.7-3.5
5 M 7,2 AD, V,D 0.0† 0 0 - - - <0.35 - <0.35 <0.35
6 M 3.9 D,C,IC - - - - - - <0.35 - <0.35 <0.35
7 M 4.9 C, IC - - - - - - <0.35 - <0.35 <0.35
8 M 6.8 V,D,C - - - - - - <0.35 0.7-3.5 0.7-3.5
9 F 4 AD,V,C 8.4 0.0 0 - - - <0.35 - <0.35 <0.35
10 F 3.4 V,D,C - - - - - - <0.35 - <0.35 <0.35
11 M 3.4 D,C,IC - - - - - - <0.35 - <0.35 <0.35
12 F 5.1 V,D,C,IC - - - - - - <0.35 - <0.35 <0.35
13 M 3.2 AD* 0.0† 0.0 0.0 - - - <0.35 - <0.35 <0.35
14 M 3.1 AD,V,C,IC,W 4.5 7.6 7.6 - - - <0.35 - <0.35 <0.35
15 F 4.5 AD*,C 0.0‡ 3.9 3.9 - - - <0.35 - <0.35 ND
16 F 3.4 D,C,IC - - - - - - <0.35 - <0.35 0.35-0.7

C
hi

ld
re

n 
w

ith
 c

o
w

’s 
m

ilk
 a

lle
rg

y

1 F 5.8 AD,V,IC,FT 53.0 10.6 36.9 FAD,P 300 Immediate 3.5-17.5 + 0.35-0.7 + ND ND
2 M 7 AD 22.1 4.3 4.3# FAD, P 3000 Delayed 0.35-0.7 + 0.35-0.7 - <0.35
3 M 6.7 AD,C, IC 7.8 0 0 V, C 3000 Delayed <0.35 + ND + <0.35 -
4 F 7.4 AD, W 24.6 0.0 0.0# FAD 3000 Delayed <0.35 + <0.35 - <0.35
5 F 3.4 D,C - - - D 3000 Delayed <0.35 + 3.5-17.5 + 0.7-3.5 +
6 M 4.6 AD,C 0.0† 0 0 C 3000 Delayed <0.35 + <0.35 - <0.35
7 M 2.5 AD,V,C, IC 22.1 4.1 4.1# FAD, D 3000 Delayed <0.35 + <0.35 - <0.35
8 M 4.3 AD,V,C,IC,W 7.8 11.6 12.1 C 3000 Delayed <0.35 + <0.35 + ND ND
9 F 5 AD,D,C 0.0† 4.1 4.1 FAD 3000 Delayed <0.35 + <0.35 + <0.35 ND
10 M 4.1 D,C,IC - - - C 3000 Delayed <0.35 + 0.35-0.7 + <0.35 +
11 M 6.5 U, AO - - - - - Immediate 3.5-17.5 A 3.5-17.5 + 0.7-3.5 +
12 F 2.6 AD,V,D,C,IC 4.3 0.0 0.0 C 3000 Delayed <0.35 + <0.35 - ND
13 M 2.5 C,IC - - - C,D 3000 Delayed <0.35 + <0.35 + <0.35 -
14 F 5 AD,D 37.4 19.1 30.4 FAD,P,F,D 0.3 Immediate 0.35-0.7 + >17.5 + 3.5-17.5 -
15 M 7 AD,V,C,FT 19.5 0.0 0.0 P,U 300 Immediate 0.7-3.5 + <0.35 - <0.35
16 M 5,6 AD, D 16.4 4.3 23,8 FAD, P 90 Immediate <0.35 + <0.35 + <0.35 -
17 M 5.5 AD,C 0.0‡ 0 10 FAD, F 0.3 Immediate <0.35 + <0.35 + <0.35 +
18 M 5.3 AD 33.0 7.6 18.1 FAD,P,U 30 Immediate <0.35 + 0.35-0.7 + 0.7-3.5 +
19 M 8.9 AD 6.7‡ 3.7 3.7 F,U,C 30 Immediate >17.5 + >17.5 + 3.5-17.5 +
20 M 3.4 AD,V,C 19.2 4.1 8.4 FAD,P,U 300 Immediate <0.35 + <0.35 - <0.35
21 F 7.6 AD,D 18.8 7.6 7.6 P,F,U,AO,D 3 Immediate 3.5-17.5 + 0.35-0.7 + <0.35 +
22 M 5.5 AD,D,C 11.1 0.0 0.0 P,F,AO 0.03 Immediate <0.35 + <0.35 - <0.35
23 M 4.3 V,C - - - C 3000 Delayed <0.35 + <0.35 - <0.35
24 F 3.8 F,AO - - - - - Immediate <0.35 A <0.35 - ND
25 F 3 F,AO - - - - - Immediate 3.5-17.5 A 0.7-3.5 - ND

A: anaphylaxis; AD: atopic dermatitis; P: pruritus; U: urticaria; FAD: flare-up of atopic dermatitis; 
AO: angioedema; F: flush; V: vomiting; D: diarrhoea, C: colic; IC: inconsolable crying; FT: failure 
to thrive; W: wheezing; CMA: cow’s milk allergy; ND: not determined; SCORAD index: SCoring 
Atopic Dermatitis; DBPCFC: double-blind placebo-controlled food challenge; CMP: cow’s milk 
protein; LF: lost to follow-up; I: inconclusive test result. * Diagnosis of atopic dermatitis estab-
lished prior to first visit to clinic by Baby Health Clinic physician; † Cow’s milk protein free diet

started before first visit to clinic; ‡ Topical steroids used before first visit to clinic; # Exacerbation 
of AD reported 24-48 hours after active challenge: SCORAD index not assessed; $ Dose at 
which symptoms were present; ∩ Delayed allergic reaction: symptoms occurred more then two 
hours after the challenge was completed; Immediate allergic reaction: symptoms appeared 
within two hours after the eliciting dose; T=0: time of diagnosis; T=1: follow-up data age one 
year; T=2: follow-up data at age two years.
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Study group A
Study group A consisted of 25 infants with CMA (age 2.5-8.9 months, mean 
5.1) and 16 non-allergic (NA) control subjects (age 3.1-7.2 months, mean 4.4) 
(table 1) as has been described previously.(12) All children with CMA performed a 
DBPCFC to CMP yearly until tolerance to CMP was established. All children were 
seen yearly for physically examination, and venous blood sample collection. The 
one-year follow-up rate was 100% in both groups and at age two years, 2 CMA 
children were lost to follow-up. 

Study group B
The second study group (table 2) consisted of nine children with CMA (age: 0.6-8.3 
years, mean 3.7 years) and nine NA controls (age: 2.2-10.5 years, mean 6.5 years). 
CMA was diagnosed by complete elimination of cow’s milk from the infant’s diet, 

Table 2. Clinical characteristics of study population B.  

Sex Age 
(years)

Clinical 
manifestation Diagnosis CMP

specific IgE (kU/l)

N
o

n-
al

le
rg

ic
 c

o
nt

ro
ls

1 M 10,5 < 0.35

2 F 3,0 < 0.35

3 M 5,6 < 0.35

4 M 2,2 < 0.35

5 M 4,8 0.7-3.5

6 M 3,6 < 0.35

7 M 11,1 < 0.35

8 F 9,5 < 0.35

9 M 8,4 < 0.35

C
hi

ld
re

n 
w

ith
 c

o
w

’s 
m

ilk
 a

lle
rg

y

1 M 8,3 Asthma, eczema Clinical history > 17.5

2 M 6,3 Asthma Food challenge > 17.5

3 F 3,9 Asthma, eczema Clinical history > 17.5

4 M 5,3 Asthma, eczema Clinical history >17.5

5 F 6,1 Asthma, eczema Clinical history >17.5

6 M 1,1 Eczema Food challenge < 0.35

7 M 0,8 Eczema Food challenge *

8 F 0,6 Eczema Food challenge < 0.35

9 M 0,6 Eczema Food challenge < 0.35

* Missing value.
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followed by an open cow’s milk challenge or as a clinical history of severe anaphylac-
tic reactions to cow’s milk and persistent symptoms accompanied by CMP-specific 
IgE levels greater than 17.5 kU/L. The NA controls consisted of children with no 
clinical and family history of allergy and specific IgE levels against food and inhalant 
allergens in normal range of age, undergoing routine surgery at the Wilhelmina 
Children’s Hospital, University Medical Center, Utrecht, The Netherlands.

Ethical considerations
The studies were approved by the Medical Ethical Committees of the University 
Medical Center, Utrecht and the Academic Medical Center, Amsterdam (MEC 
05/254 and MEC 08/255). Parental informed consent was obtained for all subjects. 

CMP-specific IgE was determined by CAP System FEIA (Pharmacia Diagnostics, 
Uppsala, Sweden). Children with CMA were divided in two groups according to 
serum CMP-specific IgE levels: IgE-mediated (≥ 0.35 kU/L) and non-IgE-mediated 
(< 0.35 kU/L).

CMP-specific T cell proliferation and preparation of T cell lines
PBMCs were isolated form heparinised peripheral blood by density gradient 
centrifugation on Lymphoprep (Nycomed). PBMCs were stimulated with a mix of 
CMP, which consisted of equal amounts of αs1-, αs2-, β-casein, α-lactalbumin and 
β-lactogobulin (75 μg/ml each, NIZO Food Research, Ede, The Netherlands), free 
of LPS-contamination. PBMCs were labelled with carboxy-fluorescein diacetate 
succinimidyl ester (25 µM, Invitrogen) and cultured in Iscove’s Modified Dulbecco’s 
Medium (IMDM)(Life Technologies) supplemented with 10% pooled complement 
inactivated normal human serum (Central Laboratory Blood Transfusion Service 
[CLB], Amsterdam, The Netherlands) and gentamycin (86  µg/ml, Duchefa) at 
37°C in 5% CO in a 24 well flat-bottom culture plate (1 x 106 cells/well) in the 
presence or absence of CMP in 400 µl culture medium. On day 7, cells were 
stained with anti-CD4 antibodies (BD Biosciences) and sorted by electronic gating 
into dividing and non-dividing CD4+ T cell populations using a BD FACSAria 
sorter (BD Biosciences, Sunnyvale, CA) to establish T cell lines. The divided CD4+ 
T cells were cultured for 3 days in a 96 well round-bottom culture plate in the 
presence of 40 IU/ ml IL-2 (R&D) in 200 µl culture medium. Consecutively, at day 
10 T cell lines (TCLs) were cultured in the presence of CMP specific peptides as 
described below.

Identification of CMP-specific T cell epitopes
A HLA-DR1-binding matrix based computer algorithm designed to identify 
pan-DR binding T cell epitopes (Sette, LIAI, la Jolla, CA, USA) was used to identify 
epitopes on the CMP αs1-casein, αs2-casein, β-casein, κ-casein, α-lactalbumin 
and β-lactoglobulin.(13;14) The selection of potential T cell epitopes identified by 
the computer algorithm was narrowed to 16 epitopes by using predicting binding 
scores, which were chosen from previous studies (table 3).(15) Furthermore, the 
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aminoacid sequences of the identified epitopes were compared with known 
peptide sequences by using protein databases on internet (www.ncbi.nlm.nih.gov, 
BLAST database for sequence comparisons air origin and Swiss Pdb-viewer 
(www.expasy.org/spdbv). The predicting binding scores of the peptides identified 
on αs1-casein and αs2-casein were below the cut off value of potential 

Table 3. Identification of pan-DR binding T cell epitopes on the major cow’s milk proteins by a HLA-DR1-
binding matrix based computer algorithm. Cut-off values of the algorithms were Dr1: 3.5852; Dr4: 0.9394; 
Dr7: 8.7436. Peptides with calculated scores higher than the cut-off values in all three algorithms were consid-
ered good potential pan-DR-binding epitopes. In total 20 high potential epitopes were identified.

AA-sequence of identified epitope CMP Residue 
position Score Dr1 Score Dr4 Score Dr7

A1 VPPFLQPEVMGVSKV β-casein V99-V113 5.559.571 159.927 3.622.491

A2 VPPFLQPEVLGVSKV β-casein V20- V34 1.550.307 26.873 754.392

A3 VPPFIQPEVMGVSKV β-casein V83-V97 17.854.628 324.567 6.933.410

A4 TVMFPPQSVLSLSQS β-casein T152-S166 56.960 91.281 89.814

A5 VLSLSQSKVLPVPQK β-casein V160-K174 51.693 25.853 176.495

A6 FFLVVTILALTLPFL† κ-casein F5-L19 230.538 25.265 89.370

A7 AKYIPIQYVLSRYPS κ-casein A44-S58 239.725 117.258 348.271

A8 HLSFMAIPPKKNQDK κ-casein H123-K137 346.044 805.633 226.196

A9 SPPEINTVQVTSTAV‡ κ-casein S140-V154 83.085 1.153.087 633.018

A10 MMSFVSLLLVGILFH† α-lactalbumin M1-H15 172.690 91.793 270.810

A11 TSGYDTQAIVQNNDS α-lactalbumin T52-S66 1.591.224 11.925 237.411

A12 MKCLLLALALTCGAQ† β-lactoglobulin M1-Q15 211.788 39.643 107.592

A13 AQALIVTQTMKGLDIQ β-lactoglobulin I15-Q29 3.212.181 110.210 859.087

A14 ISLLDAQSAPLRVYV β-lactoglobulin I45-V59 1.315.286 20.005 351.581

A15 QKKIIAEKTKIPAVF β-lactoglobulin Q84-F99 90.930 0.9904 127.562

A16 DKALKALPMHIRLSF β-lactoglobulin D153-F167 1.948.308 791.246 89.859

A17 SAEVATEEVKITVDD αs2-casein S76-D90 2.3958 2.2945 64.0701

A18 QYLYQGPIVLNPWDQ αs2-casein Q112-Q126 44.2938 5.1765 6.8821

A19 STEVFTKKTKLTEEE αs2-casein S158-E172 12.4851 5.4035 7.7553

A20 YVPLGTQYTDAPSFS αs1-casein Y181-S195 9.8853 17.7018 4.2181

A21 EPMIGVNQELAYFYPELFRQFYQL* αs1-casein

AA: Amino Acid sequences of identified epitopes (in bold core epitope); CMP: originating cow’s milk 
protein; † Could not be synthesized as peptide; ‡ Could not be synthesized as peptide with a purity of 
> 95%; * epitope described in literature as an immunodominant sequence on αs1-casein which was added 
to the final selection.
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pan-DR-binding epitopes. Based on the proposed immunogenic character of αs1-
casein and αs2-casein(16-18) four peptides derived from these proteins with relative 
high predictive binding scores were added to the selection. The epitopes were 
synthesized as 15-mers peptides, containing the potential epitopes preferable 
with at least three flanking residues, by automated simultaneous multiple peptide 
synthesis as described previously(15) and checked by HPLC for purity (range 13.6-
85.9%) (Ansynth BV, Roosendaal, The Netherlands). To test the immunogenicity of 
the peptides, PBMCs from the children included in study group B were incubated 
with either culture medium alone or with one of the cow’s milk protein peptides 
(30 µg/ml) and cultured as described above in a 96-well round-bottomed plate 
(2 × 105 per well) in triplicate. On day 7 cells, were incubated with [³H] Thymidine 
(1  μCi/well, Amersham, Buckinghamshire, UK) to determine proliferation as 
described previously.(19) Based on these proliferative responses nine peptides 
were selected to test further in Study group A, of which one peptide could not be 
synthesized with a purity of > 95% (peptide A9, table 3). 

One epitope on αs1-casein described in literature as immune-dominant which 
was not recognized by the computer algorithm was added to the selection (A21, 
supplementary table 3).(11) All peptides were free of LPS-contamination. CMP 
specific TCLs of 11 infants with CMA and 9 NA controls from study group A were 
established as described above. TCLs were cultured in a 96-well round-bottomed 
plate (104 per well) in the presence of autologous irradiated PBMCs at a 2:1 
ratio and incubated with culture medium alone or one of the cow’s milk protein 
peptides (30 µg/ ml). Cells were cultured in triplicate at 37°C in 5% CO in 200 µl 
culture medium. After 48 hours proliferation of cells was determined as described 
above. Stimulation index (SI) was defined as c.p.m. of cells after antigen-specific 
stimulation divided by c.p.m. of cells cultured with medium alone.

determination of CMP-specific cytokine production
PBMCs were cultured as described above and on day 7, supernatants for cytokine 
detection were collected and IL-10 (Strathmann Biotec GmbH, Germany), IL-5 
(Glaxo-Smith-Kline, UK), IFN-γ and IL-13 (U-Cytech, The Netherlands) were 
measured by ELISA, according to the manufacturer’s recommendations. The 
detection limit was 1.4 (IL-10), 2.5 (IFN-γ), 0.8 (IL-5) and 0.5 pg/ml (IL-13).

Statistical analysis
Non-parametric analysis (Mann-Whitney U test) was applied to determine signifi-
cant differences in CMP-specific T cell proliferation and cytokine production. Before 
analysis of CMP-specific cytokine production at diagnosis in comparison with the 
development of tolerance or persistent CMA at two years of age, all cytokine 
results were first normalized by 10log transformation, and differences were analyzed 
by using a student t test. Analysis of frequencies was carried out by χ2 analysis and 
by Fisher exact test. Differences associated with P values of less than .05 were con-
sidered significant (SSPS Statistical Program, version 15.0; SPSS Inc, Chicago, Ill).
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RESULTS
Infants with non-IgE-mediated CMA are possibly more prone to 
develop tolerance to CMP in the first year of life
Several studies have reported that detectable serum CMP-specific IgE levels in 
infancy are associated with pCMA.(1;7-9) However, a DBPCFC with CMP was used 
to diagnose CMA only in a limited number of these studies.(7;9) Here we present 
the first controlled follow-up study in which a DBPCFC with CMP was used both 
at diagnosis and during follow-up.

Infants with CMA were divided in two groups according to serum CMP-specific 
IgE levels: IgE-mediated (≥ 0.35 kU/L) and non-IgE-mediated (< 0.35 kU/L) CMA. 
As reported previously,(3;18) the majority of children with CMA (70%: 17 out of 
25) had no detectable CMP-specific IgE levels in infancy (figure 1A). In children 
with pCMA and no measurable CMP-specific IgE levels in infancy enhanced 
levels of CMP-specific IgE were found in 37.5% (3 out of 8) at age one year and 
50% (2 out of 4) at age two years (figure 1B). No statistical correlation was found 
between levels of CMP-specific IgE in infancy and the development of tolerance 
or pCMA. However, as shown previously,(3) a higher percentage of children with 
undetectable CMP-specific IgE in infancy had developed tolerance at one (47%: 
8 out of 17) and two years of age (73%:11 out of 15) (figure 1C) than children with 

Figure 1. Analysis of CMP specific serum IgE levels in children with CMA in relation with 
pCMA and the development of tolerance. CMP-specific IgE levels were measured in sera from 
children with CMA at diagnosis (T=0), at one year of age (T=1) and at two years of age (T=2). 
(A) Percentage of children with CMA with detectable (> 0.35 kU/L) or undetectable (<0.35 kU/L) 
CMP-specific IgE levels at different time points (B) Percentage of children with pCMA and no 
detectable CMP-specific IgE levels at T=0 with detectable or undetectable CMP-specific IgE 
levels at T=1 and T=2. Percentage of children with CMA and no detectable (C) or detectable (D) 
CMP-specific IgE levels at T=0 who had pCMA or developed tolerance to CMP at T=1 and T=2. 
Number of patients in each group is illustrated between brackets.
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CMP-specific IgE levels in infancy (respectively 37.5%: 3 out of 8 at one year of 
age and 57% 4 out of 7 at two years of age (figure 1D). Collectively these data 
illustrate that the percentage of children that develop tolerance to CMP is higher 
in children with no detectable CMP-specific IgE levels in infancy than in children 
with detectable CMP-specific IgE levels.

Infants with DR are likely more susceptible to develop tolerance to 
CMP in the first year of life
IR have been reported to occur mainly in children with IgE-mediated CMA, 
whereas DR have been described prominently in children with non-IgE-mediated 
CMA.(3;18) Few studies have investigated the clinical response to CMP in infancy 
in association with the development of tolerance or pCMA in early childhood.
(6;8;9) In the present study both at diagnosis and follow-up a DBPCFC to CMP was 
performed to assess clinical hypersensitivity to CMP, and in addition the levels 
CMP-specific IgE levels in infancy in relation to the clinical response on DBPCFC 
were determined. 

Children with CMA were divided in two groups according to the clinical re-
sponses on DBPCFC in infancy: Allergic reactions within 2 hours after the elic-
iting dose were defined as IR, thereafter as DR. CMP-specific IgE levels were 
detectable in 50% (5 out of 10) of the infants with IR whereas in only 8% (1 out 

Figure 2. The majority of infants with DR have undetectable CMP specific serum IgE levels 
and develop tolerance to CMP early in childhood. CMP-specific IgE levels were measured in 
sera from infants who performed a positive DBPCFC to CMP. Allergic reactions within 2 hours 
after the eliciting dose were defined as IR, thereafter as DR. (A) Percentage of infants with 
detectable (> 0.35 kU/L) or undetectable (<0.35 kU/L) serum CMP-specific IgE levels with IR 
or DR. Percentage of children with IR or DR in infancy who had pCMA or developed tolerance 
to CMP at one year of age (B) and two years of age (C). Number of patients in each group is 
illustrated between brackets. 
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of 12) of the infants with DR CMP-specific IgE could be detected (figure 2A). A 
clear trend towards a significant difference in the presence of CMP-specific IgE 
levels between both groups was observed (p = 0.056). In accordance with previ-
ous studies, the percentage of children who developed tolerance was higher in 
children with a DR at infancy both at age one year (50%: 6 out of 12) and age 
two years (80%: 8 out of 10) as compared to those with IR in infancy (respectively 
30%: 3 out of 10 at age one year and 58%: 5 out of 9 at age two years) (figure 2B 
and C). In conclusion, these findings show that more children with DR to CMP in 
infancy develop tolerance to CMP in childhood in comparison to children with IR 
to CMP.

CMP-specific T cells of infants without CMA produce high levels of IL-10. 
Although the immunological mechanisms which underlie CMA are not yet fully 
understood, it has been suggested that CMA is characterized by an aberrant T 
cell response.(10;20-23) Therefore we investigated the CMP-specific T cell response 
in infants with and without CMA. CMP-specific proliferation of CD4+ T cells and 

Figure 3. Infants without CMA have enhanced cow’s milk protein specific production of 
IL10. PBMCs from infants with CMA and NA controls were labeled with CFSE and cultured in 
the presence or absence of 75 μg/ml CMP for 7 days, then the percentage of antigen-specific 
CFSElow CD4+ in CD4+ was assessed by flow cytometry and levels of cytokines IL10, IFN-γ, IL5 and 
IL13 were measured in culture supernatants by ELISA. (A) Percentage of CFSElow CD4+ cells in 
stimulated (CMP) and unstimulated (medium) cultures where assessed in NA controls and infants 
with CMA. Points represent data from different individuals, while bars show the median values. 
(B, C). CMP specific cytokine levels in infants with CMA and NA. Cytokine levels are shown as 
mean + SEM. Statistical difference was measured by Mann Whitney U test (* p<0.05, ** p<0.01).

52



III

TH
E

 C
M

P-SPE
C

IFIC
 T-C

E
LL R

E
SPO

N
SE

 
1.

5 
≤ 

SI
 <

 2

 
SI

 ≥
 2

N
o

n-
at

o
p

ic
C

M
A

To
ta

l

1
2

3
4

5
6

7
8

9
to

ta
l

1
2

3
4

5
6

7
8

9
to

ta
l

A
1

 
 

 
 

 
 

 
 

 
2

 
 

 
 

 
 

 
 

 
2

4

A
2

 
 

 
 

 
 

 
 

 
2

 
 

 
 

 
 

 
 

 
5

7

A
3

 
 

 
 

 
 

 
 

 
1

 
 

 
 

 
 

 
 

 
0

1

A
4

 
 

 
 

 
 

 
 

 
1

 
 

 
 

 
 

 
 

 
4

5

A
5

 
 

 
 

 
 

 
 

 
0

 
 

 
 

 
 

 
 

 
6

6

A
7

 
 

 
 

 
 

 
 

 
2

 
 

 
 

 
 

 
 

 
0

0

A
8

 
 

 
 

 
 

 
 

 
1

 
 

 
 

 
 

 
 

 
1

2

A
9

 
 

 
 

 
 

 
 

 
1

 
 

 
 

 
 

 
 

 
4

5

A
11

 
 

 
 

 
 

 
 

 
0

 
 

 
 

 
 

 
 

 
4

4

A
13

 
 

 
 

 
 

 
 

 
1

 
 

 
 

 
 

 
 

 
4

4

A
14

 
 

 
 

 
 

 
 

 
0

 
 

 
 

 
 

 
 

 
6

6

A
15

 
 

 
 

 
 

 
 

 
0

 
 

 
 

 
 

 
 

 
4

4

A
16

 
 

 
 

 
 

 
 

 
0

 
 

 
 

 
 

 
 

 
2

2

A
17

 
 

 
 

 
 

 
 

 
0

 
 

 
 

 
 

 
 

 
2

2

A
18

 
 

 
 

 
 

 
 

 
0

 
 

 
 

 
 

 
 

 
1

0

A
19

 
 

 
 

 
 

 
 

 
1

 
 

 
 

 
 

 
 

 
3

4

A
20

 
 

 
 

 
 

 
 

 
0

 
 

 
 

 
 

 
 

 
2

2

Figure 4A.

53



III

TH
E

 C
M

P-SPE
C

IFIC
 T-C

E
LL R

E
SPO

N
SE

 
1,

5 
<

 S
I <

 2
 

 
SI

 ≥
 2

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
C

o
nt

ro
ls

P
at

ie
nt

s
 

To
ta

l

 
1

2
3

4
5

6
7

8
9

to
ta

l
 

1
2

3
4

5
6

7
8

9
1

0
1

1
to

ta
l

 

A
2

 
 

 
 

 
 

 
 

 
2

 
 

 
 

 
 

 
 

 
 

 
 

1
3

A
4

 
 

 
 

 
 

 
 

 
2

 
 

 
 

 
 

 
 

 
 

 
 

0
2

A
5

2
2

4

A
11

 
 

 
 

 
 

 
 

 
0

 
 

 
 

 
 

 
 

 
 

 
 

0
0

A
13

 
 

 
 

 
 

 
 

 
0

 
 

 
 

 
 

 
 

 
 

 
 

1
1

A
14

 
 

 
 

 
 

 
 

 
4

 
 

 
 

 
 

 
 

 
 

 
 

1
5

A
16

 
 

 
 

 
 

 
 

 
1

 
 

 
 

 
 

 
 

 
 

 
 

2
3

A
17

 
 

 
 

 
 

 
 

 
4

 
 

 
 

 
 

 
 

 
 

 
 

0
4

A
21

 
 

 
 

 
 

 
 

 
2

 
 

 
 

 
 

 
 

 
 

 
 

2
4

Figure 4B.

Figure 4. Identification of pan-DR 
binding T cell epitopes on the 
major cow’s milk proteins. A HLA-
DR1-binding matrix based computer 
algorithm was used to identify pan-
DR binding T cell epitopes on the 
major cow’s milk proteins. Identified 
T cell epitopes were synthesized as 
15-mer peptides and PBMCs and 
TCLs of children with and without 
CMA were cultured in the pres-
ence and absence of the peptides 
(30 μg/ml) for 7 days. At day 7 T 
cell proliferation was determined 
by 3H-thymidine incorporation. Pro-
life ration is expressed as stimulation 
index (SI: antigen specific prolifera-
tion divided by background prolif-
eration). Peptides inducing a SI ≥ 
1.5 are indicated. (A) Proliferation 
of PBMCs from 9 children with CMA 
and 9 NA controls to the peptides 
identified by the computer algo-
rithm. Nine of the peptides were 
selected for further experiments 
(indicated with diagonal stripes) (B) 
TCLs of 11 infants with CMA and 9 
NA controls were assessed for their 
proliferation to eight of the selected 
peptides and one peptide described 
as immunodominant in literature 
(A21). 
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CMP-specific cytokine production by PBMCs was compared between infants 
with CMA (n=19) and NA controls (n=16). As reported previously,(11;24;25) no 
difference in CD4+ T cell proliferation was observed between CMA infants and 
NA controls (figure 3A). Determination of the cytokine production revealed that 
the production of IL-10 by CMP-activated PBMCs was significantly higher in NA 
controls (figure 3B), whereas no differences were found in IFN-γ, IL-13 and IL-5. 
This data emphasize that T cell proliferation per se does not discriminate allergic 
from NA individuals, and underscore the immune-regulatory role of cytokines, 
especially IL-10, in the development of oral tolerance to CMP. 

IdENTIFICATION OF CMP-SPECIFIC T CELL EPITOPES
As the proliferative response of PBMCs to CMP in CMA infants was not different 
from infants without CMA, we hypothesized that CMA infants may recognize 
distinct CMP epitopes than infants without CMA. A HLA-DR1-binding matrix 
based computer algorithm identified 20 potential pan-DR binding T cell epitopes 
on the major CMP (supplementary table 3.) To test the immunogenicity and 
narrow the selection of the identified epitopes, PBMCs from 9 older children with 
CMA and 9 NA controls were tested for proliferation in response to epitopes 
synthesized as 15-mer peptides (figure 4A). Four epitopes were recognized solely 
by CMA children, of which two epitopes (figure 4A, A5 and A14) were recognized 
by 67% (6 out of 9) and two epitopes (figure 4A, A11 and A15) by 44% (4 out of 9) 
of the subjects. Next, the proliferative response of CMP-specific T cell lines from 
11 infants with CMA and 9 NA controls was tested to a selection of the identified 
epitopes plus one epitope described(11) in literature as immune-dominant not 

Figure 5. Children with pCMA have enhanced CMP specific CD4+ T cell proliferation and 
IL10, IL5 and IL13 production in infancy. PBMCs from infants with CMA and NA controls were 
labeled with CFSE and cultured in the presence of 75 μg/ml CMP for 7 days, then the percentage 
of antigen-specific CFSElow CD4+ in CD4+ was assessed by flow cytometry and levels of cytokines 
IL10, IFN-γ, IL5 and IL13 were measured in culture supernatants by ELISA. (A) Percentage of 
CFSElow CD4+ in CMP stimulated cultures from infants with CMA who had pCMA or developed 
tolerance to CMP at one year of age (T=1) and two years of age (T=2). Points represent data from 
different individuals, while bars show the median values. (B) Cytokine levels of infants with CMA 
who had pCMA (n=6) or developed tolerance to CMP (n=10) at two years of age. Cytokine data 
were normalized using 10log transformation and are shown as mean + SEM. Statistical difference 
was measured by Mann Whitney U test (* p<0.05, ** p<0.01). 
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recognized by the computer algorithm (figure 4B). In line with data on proliferative 
responses to CMP no difference in proliferative response to peptides was detected 
between infants with and without CMA.

pCMA is characterized by enhanced T cell proliferation and elevated IL10 
and a Th2 skewed cytokine profile in infancy. As T cells are presumed to play 
an important role in the induction of tolerance,(24;26) and in the maintenance of 
allergic immune responses, we investigated whether in infancy the CMP-specific 
T cell response of children with CMA who become tolerant to CMP is different in 
comparison to that of children with pCMA. CD4+ T cell proliferation was found to 
be significant higher in infants with pCMA (n=12) at one year of age in comparison 
with children who developed tolerance (n=7), while at two years of age a strong 
trend towards significance (p= 0.0646) in CD4+ T cell proliferation was observed 
between infants with pCMA (n=6) and infants who developed tolerance (n=10) 
(figure 5A). In addition, significant higher levels of CMP-specific IL-5, IL-13 and 
IL-10 were observed at infancy in culture supernatants from children with pCMA 
at two years of age in comparison with children who developed tolerance to CMP 
(figure 5B). Altogether these data show that in infancy CMP-specific responses 
of children with pCMA are characterised by enhanced CMP-specific CD4+ T cell 
proliferative responses, IL-10 production and a Th2 skewed cytokine pattern. 

dISCUSSION
In the present study we demonstrated that the CMP-specific T cell response of 
children with pCMA is characterized by a combination of enhanced CMP-specific 
CD4+ T cell proliferation, IL-10 production and a Th2 skewed cytokine pattern 
in infancy. Furthermore, we found that CMA infants with elevated serum CMP-
specific IgE levels or IR are likely more prone to persistent CMA than CMA infants 
with no detectable CMP-specific IgE levels or DR in infancy. 

For a better understanding of the immunological mechanism behind the 
induction of tolerance and pCMA we associated CMP-specific T- and B- cell 
responses in CMA infants with the development of tolerance or pCMA at age 
one and two years. We observed that more children with CMP-specific IgE and 
IR to DBPCFC in infancy had pCMA than children without CMP-specific IgE 
or DR which is in occordance with previous studies.(7;9;27) In addition, we found 
that enhanced CMP-specific CD4+ T cell proliferation in combination with IL-10 
production and a Th2 skewed cytokine pattern in infancy were associated with 
pCMA. This finding supports the role of Th2 cytokines in IgE-mediated disease 
by regulating istotype switching and differentiation of B-cells into plasma cells 
that produce and secrete IgE and is in line with earlier studies(22;24) and suggest 
that the activation state of antigen-specific T cells may be of importance in the 
etiology of persistent CMA, which is in accordance with previous studies which 
have shown that CMP-specific T cells from patients with CMA have an enhanced 
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activated state, with high proliferative capacity.(21-23) Moreover, we found higher 
concentrations of immune-regulatory cytokine IL-10 in infants with pCMA at two 
years of age than in those that become tolerant, as has been recently published 
by Savilahti et al.(10) Apparently, despite increased IL-10 these infants fail to 
develop tolerance to CMP, suggesting that in children with pCMA there is no lack 
in counter-regulatory mechanisms, but rather a failure of the immune system to 
suppress an exaggerated Th2-skewed immune response in infancy. 

Previously controversial data have been published on CMP-specific T cell 
responses in CMA and NA children. Several studies reported higher T cell responses 
to CMP in children with CMA in comparison to children without CMA,(21-23) while 
other studies report no differences in CMP-T cell reactivity between cow’s milk 
allergic and NA control subjects.(11;24;25) We found no difference in proliferative 
CD4+ T cell responses to CMP between infants with CMA and NA controls. 
CMP-specific production of IL-10 was found significantly decreased in the group 
of infants with CMA in comparison to NA controls, while no difference in levels 
of IFN-γ, IL-5 and IL-13 was observed between both groups. Again, these data 
emphasize the presumed importance of regulatory cytokines such as IL-10 in 
suppressing the Th2 skewed response and thereby preventing clinical disease. In 
contrast to our observations in children with pCMA, the CMP-specific production 
of IL-10 in NA controls is sufficient to suppress the Th2 skewed immune response, 
whereas in infants with CMA an impaired production of IL-10 may explain the 
allergic clinical reactions to CMP. 

As no differences in T cell proliferation to whole CMP were found between 
children with CMA and NA controls, we hypothesized that T cells from infants with 
CMA recognize distinct epitopes on the major CMPs than NA infants which may 
possibly explain the occurrence of clinical allergic reactions in CMA children and 
the absence of clinical hypersensitivity in NA children. Furthermore, recognition 
of specific epitopes might play a role in the induction of tolerance, pCMA and 
the development of other allergic disorders. Currently four studies have been 
reported on the identification of T cell epitopes on CMPs, which were either 
focussed on αs1-casein or β-lactoglobulin, of which three were performed in low 
numbers of subjects without comparing T cell epitope recognition with a control 
group.(28-30) Ruiter et al. identified a region on α1-casein recognized by T cells 
from children tolerant to CMPs and not by T cells of children with IgE mediated 
CMA. In the present study we used a novel matrix-based computer algorithm 
designed to identify pan-DR-binding T cell epitopes.(11) The computer algorithm 
did not identify epitopes in casein, which could be explained by the fact that T 
cell epitopes in casein have been described to be predominately restricted to 
HLA-DQ molecules.(31;32) To test our hypothesis we compared the peptide specific 
T cell responses of cow’s milk allergic infants to NA controls to a selection of 
the epitopes. Overall, proliferative responses to peptides were low, as could be 
expected from previous studies.(31;32) No clear difference in recognition was found 
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between both groups of subjects. In addition, due to the low number of CMP-
specific T cells used in the assay and the low proliferation of TCLs to the peptides 
we were unable to measure the production of cytokines (data not shown). Patients 
from study group B showed higher recognition of peptides in comparison 
to patients in study group A, which could reflect differences in age and CMP-
specific IgE status. In summary, these data illustrate that the identification of T cell 
epitopes on CMP is difficult, which primarily can be explained by the facts that the 
frequency of allergen specific T cells in peripheral blood is very low (in the order 
of 1:104 – 5:104)(26) and CMPs are commonly known as weakly stimulating antigens. 

Identification of risk factors for pCMA may help clinicians in predicting the 
clinical course and prognosis of the CMA infant and the risk for a patient to 
enter the allergic march. Our results suggest that detection of CMP-specific IgE 
levels, observation of clinical reactions to CMP and analysis of CMP-specific T 
cell responses might be useful tools for a clinician to predict the induction of 
tolerance or pCMA. To illustrate the possible clinical value of these parameters 
we propose a diagnostic index which is designed to identify the infant at risk for 
pCMA (figure 6). Based on the relative risk of a child having pCMA and developing 
into the allergic march, a physician could decide to modify the immune response 
by immunomodulation, for example by pre- or pro-biotics or immunotherapy. 

In conclusion, our results show that enhanced CMP-specific CD4+ T cell pro-
liferation with a Th2 cytokine pattern and IL-10, elevated serum CMP-specific 
IgE levels and IR are associated with pCMA and thus may be useful prognostic 
markers to identify the infant at risk for pCMA and possibly the allergic march.

DBPCFC – clinical reaction

CMA – tolerance CMP – specific IgE CMA – persistence

IL-10 /  Th2 CMP – specific cytokine pattern

delayed response immediate response

undetectable detectable

negative positive

Figure 6. Diagnostic index to identify infants at risk for persistent CMA. Diagnostic index 
designed to identify CMA infants at risk for persistent CMA. CMP: cow’s milk protein.
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ABSTRACT
Background
The double-blind placebo controlled food challenge (DBPCFC) is currently the 
gold standard to diagnose cow’s milk allergy (CMA). However, DBPCFCs are 
burdensome, expensive, and require specialized facilities. For primary care 
physicians selective and consistent referral to DBPCFC of infants suspected of 
CMA may be difficult.

Objective
To assess the predictive value of clinical parameters for a positive DBPCFC in 
infants suspected of CMA. 

Methods
Clinical data from 124 infants suspected of CMA that had undergone a DBPCFC 
were collected. Out of a total of 23 parameters, 9 candidate predictors were 
selected on clinical grounds. We used bootstrapped logistic regression analysis 
to find a more parsimonious and practical model.

Results
Prevalence of a positive DBPCFC was 34.7% (95%CI from 27 to 43). A well-cal-
ibrated diagnostic model containing as predictors abdominal cramps, inconsol-
able crying, and the objective SCORAD-index discriminated moderately well 
between infants with and without a positive DBPCFC. The area under the ROC 
curve was 0.68 (95%CI from 0.58 to 0.78). The 5th and 95th percentiles of the posi-
tive DBPCFC predictive probability distribution were 17% and 73% (17% and 59% 
after correction for over-optimism). 

Conclusion
A diagnostic model with 3 clinical parameters may be used for better referral for 
DBPCFCs. Large prospective studies are needed to validate these findings and 
provide additional precision.
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INTROdUCTION
Cow’s milk allergy (CMA) is the most common food allergy in early childhood af-
fecting approximately 2-3% of young infants.(1) An accurate diagnosis of CMA is 
of critical importance as an incorrect diagnosis of CMA will lead to unnecessary 
avoidance of cow’s milk protein (CMP) from the child’s diet, which may result in 
dietary deficiencies, severe allergic reactions(2) and has been shown to have a 
major impact on the quality of life of the patients and their families.(3) To date 
the double-blind placebo-controlled food challenge (DBPCFC) is the gold stand-
ard to diagnose CMA. However, in daily clinical practice, primary care physicians 
often perform open food challenges because facilities to perform a DBPCFC may 
not always be available. Although the open food challenge is an internationally 
accepted test to rule out CMA,(4) a dubious or positive outcome of an open food 
challenge needs to be followed by a DBPCFC as approximately 70% of positive 
open challenges are false positives.(5) Therefore, primary care physicians need 
to weigh the advantages and disadvantages of an open food challenge versus 
a DBPCFC. 

A diagnostic model based on clinical information that is easily obtainable in 
a primary care setting and designed to estimate the probability of the presence 
of a positive DBPCFC could help clinicians in deciding whether a patient needs 
to be referred directly to a specialized centre to perform a DBPCFC or to initially 
perform an open food challenge. If the diagnostic model indicated a high prob-
ability for a positive DBPCFC, the clinician could decide to refer the child directly 
to a specialized centre. However, if the diagnostic model indicated a high prob-
ability of a non-positive DBPCFC, the clinician could decide to initially perform 
an open food challenge to possibly reject the diagnosis CMA and thereby cir-
cumvent the need to perform a DBPCFC. The aim of this study was to develop 
a clinical diagnostic model which can provide an estimate of the probability of 
a positive DBPCFC in infants suspected of CMA. For this purpose clinical data 
of infants suspected of CMA that underwent a DBPCFC to CMP were analyzed 
retrospectively. 

METHOdS
Study population
The study was conducted among infants suspected of CMA who had undergone 
a DBPCFC with CMP. DBPCFCs were performed at the Emma Children’s Hospital 
Academic Medical Center, Amsterdam, The Netherlands. Data were collected 
retrospectively through review of clinical charts. Extraction of clinical data was 
not blinded to the DBPCFC results. All infants participated in either the Dutch 
CMA study (CMA-study) or the Dutch Birth Cohort of the EuroPrevall Study (DBC-
EuroPrevall-study). Because the recruitment procedures used in both studies were 
different these will be discussed separately.
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CMA-study
The study population, the in- and exclusion criteria and the diagnostic methods 
have been described elsewhere.(6) Briefly, infants aged 12 months or younger 
and suspected of CMA were recruited from the Baby Health Clinics in the region 
of Amsterdam, The Netherlands. Dutch Baby Health Clinics are involved in the 
prevention and early detection of diseases in infancy and early childhood. 98% 
of Dutch newborns are monitored in this manner. Infants suspected of CMA were 
referred to the Emma Children’s Hospital Academic Medical Center, Amsterdam 
for evaluation of symptoms and diagnostic work up.

dBC-EuroPrevall-Study
The DBC-EuroPrevall-Study is part of the EuroPrevall study which aims to 
investigate the prevalence, costs and basis of food allergy in infants under 30 
months of age across Europe.(7) From October 2006 to January 2010, all parents 
living in Almere (a city in the vicinity of Amsterdam), who were expecting a 
child were approached to participate in the study. Parents were recruited by 
midwives and gynaecologists. The complete study methods have been described 
elsewhere.(8) Briefly, parents were asked to contact the research team when their 
child developed symptoms suggestive of CMA. A standardized questionnaire was 
used to confirm if the symptoms were indeed suggestive for CMA.(8) If so, the 
child entered a diagnostic procedure to rule in or rule out CMA at the Emma 
Children’s Hospital Academic Medical Center, Amsterdam. 

Symptoms suspect for CMA
The following symptoms related to ingestion of CMP were considered suggestive 
of CMA: skin symptoms (atopic dermatitis, erythema, urticaria and angio-oede-
ma), gastrointestinal symptoms (abdominal cramps, vomiting and diarrhoea), 
respiratory symptoms (rhinitis, cough, wheeze, and dyspnoea) and general symp-
toms (inconsolable crying, refusing food, and failure to thrive).Atopic dermatitis 
was diagnosed according to criteria of Hanifin and Rajka.(9) The extent and inten-
sity of atopic dermatitis was estimated by using the objective SCORing Atopic 
Dermatitis (SCORAD) index.(10;11)

diagnostic procedure 
CMA was diagnosed in both study populations according to international guide-
lines(8) by a diagnostic procedure which has been published previously.(6) Briefly, 
the diagnostic procedure included three phases: (1) elimination of CMP from the 
diet, (2) a DBPCFC with CMP, and (3) re-elimination of CMP from the infant’s diet. 

CMP was eliminated from an infant’s diet for as long as one to six weeks. If 
symptoms suggestive of CMA improved clearly or disappeared, a DBPCFC with 
CMP was conducted. The active and placebo parts of the DBPCFC were con-
ducted in random order on two separate days, with at least 48 hours between the 
days. DBPCFC was stopped if clinical symptoms were observed or the highest 
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dose was reached. Infants were observed for two hours after discontinuation of 
the test or after the highest dose. A challenge was designated positive if clini-
cal reactions were observed.(8) Clinical reactions after discontinuation or within 
2 hours after the highest dose were designated as early reactions, late reactions 
otherwise. To record delayed allergic reactions parents were called by telephone 
24 hours and one week after each challenge. Ethical considerations prevented us 
from observing delayed allergic reactions in the hospital. 

Elimination of CMP from the infant’s diet was continued until one week (re-
elimination) after the last challenge. One week after the last challenge the code 
was broken and the outcome of the DBPCFC was assessed. Possible outcomes of 
the DBPCFC were positive, tolerant, placebo reaction and inconclusive (table 1). 
A test result was considered positive if there was a clear reaction on the verum 
day and no reaction on the placebo day. A test result was considered tolerant if 
there was neither a reaction on the verum nor on the placebo day. A test result 
was considered as a placebo reaction if there was no reaction on the verum day, 
but a reaction on the placebo day. A test was considered inconclusive if there was 
a dubious allergic reaction on the verum day or an allergic reaction both on the 
verum as a well on the placebo day.(8) An inconclusive test result was followed by 
an open food challenge in the CMA-study and either a prolonged DBPCFC or 
an open food challenge in the DBC-EuroPrevall-Study. An open food challenge 
was performed in the CMA-study because at the time of inclusion the facilities 
to perform a prolonged DBPCFC did not exist. In the DBC-EuroPrevall-Study, the 
decision to perform either a prolonged DBPCFC or an open food challenge was 
based on whether the child had problems with drinking the test formula. If this 
was not the case a DBPCFC was performed, otherwise an open challenge was 
performed. The open food challenge began with 1 ml standard infant formula) 
and gradually increasing the dose at 20 minute intervals until symptoms appeared 
or until a total amount of 4.5 gram CMP was consumed.If the reaction on the 
active challenge was too mild to conclude it positive or if the child developed 

Table 1. Possible outcomes of a DBPCFC. The outcome of a DBPCFC depended on the 
presence or absence of a clinical reaction in the verum and placebo phases and was defined 
as either positive, tolerant, placebo reaction or inconclusive. DBPCFC: Double-blind placebo-
controlled food challenge.

Verum phase Placebo phase Outcome

Reaction No reaction Positive

No reaction No reaction Tolerant

No reaction Reaction Placebo reaction

Reaction Reaction Inconclusive 

Dubious reaction No reaction Inconclusive 
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symptoms on reintroduction of cow’s milk, a prolonged DBPCFC was performed. 
The prolonged DBPCFC consisted of 1 bottle a day with the total amount of CMP 
given during a complete active challenge, for the duration of 5 days. The placebo 
part of the challenge contained only the base, during another 5 days. 

Family history of allergy 
Parent-reported data on allergic rhinitis, allergic conjunctivitis, asthma, bronchitis, and 
food allergies among first degree family members were extracted from the charts. 

Blood analysis
Peripheral blood samples were collected before challenge at the first day of the 
DBPCFC. Cow’s milk specific IgE was determined by CAP System FEIA (Pharmacia 
Diagnostics, Uppsala, Sweden). 

Predictive variables
Candidate predictors were selected based on the following criteria: (1) subject 
matter knowledge; (2) easy availability in a primary care setting and not involving 
invasive tests or time-consuming measurements; (3) characteristic was present 
in at least 10 infants, but in fewer than 114; (4) Spearman correlation with other 
candidate predictors was less than 0.7 to avoid (collinearity) problems in the back-
ward stepwise variable selection procedure. Thus, we selected nine candidate 
predictor variables. The candidate predictor variables were selected from the fol-
lowing five main categories: (1) skin symptoms (atopic dermatitis and erythema), 
(2) gastro-intestinal symptoms (vomiting, abdominal cramps and diarrhoea), (3) 
respiratory symptoms (wheezing or dyspnoea), (4) general symptoms (inconsol-
able crying) and (5) family history of allergy (family history of allergy). Age at 
presentation of first symptoms was added to this selection. The prevalence of 
wheezing and dyspnoea were low in our dataset. Therefore, we combined the 
variables wheezing and dyspnoea and modelled them as one dichotomous vari-
able: wheezing and/or dyspnoea versus neither. A family history of allergy was 
designated present if an infant had two parents with a positive history and at least 
one sibling if there were siblings. The continuous variable age at first presenta-
tion of symptoms was tested for its functional form (eight (fractional) polynomi-
als against the outcome (positive DBPCFC).(12) The other eight predictors were 
included dichotomously. We decided to explore the potential added value of 
the objective SCORAD-index in case the easily available predictors performed 
insufficiently, realising that a model requiring the objective SCORAD-index would 
necessitate training of primary care personnel in its use. 

data analysis
We used Royston’s multivariable fractional polynomial bootstrap (mfpboot) 
command in STATA 10.1 to select important predictors.(12) Mfpboot started with 
the full model, containing all nine predictors and determines the number of 
times each gets selected across 1000 bootstrap samples, the bootstrap inclusion 
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fraction (BIF). To serve parsimony, we accepted only those predictors that had 
a BIF of at least 500/1000. We set the p-value for inclusion of each predictor at 
0.05, 0.10, and 0.157 to explore model stability across these three thresholds. 

Table 2. Descriptives of the study population according to the outcome of the DBPCFC.

Total 
(n=124)

Positive 
(n=43)

Tolerant 
(n=31)

Placebo 
reactor 
(n=18)

Inconclusive 
(n=32)

Age at presentation 
of symptoms (days), 
median (IQR)

28.5 
(7.3-21.3)

25.0 
(7.0-44.0)

30.0 
(7.0-46.0)

21.5 
(12.3-39.0)

30.5 
(15.0-67.8)

Sex, n (%) ♂:82 (66.1)
♀:42 (33.9)

♂:25 (58.1)
♀:18 (41.9)

♂:20 (64.5)
♀:11 (35.5)

♂:09 (50)
♀:09 (50)

♂:28 (87.5)
♀:04 (12.5)

Skin symptoms, n (%)
Atopic dermatitis
Erythema
Oedema
Urticaria

104 (83.9)
83 (66.9)
88 (71.0)

5 (4.0)
5 (4.0)

38 (88.4)
32 (74.4)
34 (79.1)

4 (9.3)
4 (9.3)

25 (80.6)
17 (54.8)
19 (61.3)

0 (0.0)
0 (0.0)

14 (77.8)
12 (66.7)
12 (66.7)

0 (0.0)
1 (5.6)

27 (84.4)
22 (68.8)
23 (71.9)

1 (3.1)
0 (0.0)

Objective SCORAD-
index, median (IQR)

7.9 
(0.0-19.9)

16.4 
(0.0-22.4)

0.0 
(0.0-16.0)

2.3 
(0.0-19.6)

7.9 
(0.0-19.3)

Gastro-intestinal 
symptoms, n (%)
Vomiting
Abdominal cramps
Diarrhoea

93 (75.0)
47 (37.9)
86 (69.4)
37 (29.8)

34 (79.1)
16 (37.2)
32 (74.4)
14 (32.6)

21 (67.7)
13 (41.9)
21 (67.7)
11 (35.5)

16 (88.9)
7 (38.9)

15 (83.3)
8 (44.4)

22 (68.8)
11 (34.4)
18 (56.3)
4 (12.5)

Respiratory symptoms, 
n (%)
Rhinitis
Wheezing
Dyspnoea

46 (37.1)
28 (22.6)

7 (5.6)
9 (7.3)

19 (44.2)
14 (32.6)

1 (2.3)
3 (6.9)

11 (35.5)
5 (16.1)
1 (3.2)
3 (9.6)

7 (38.9)
5 (27.8)
1 (5.6)
1 (5.6)

9 (28.1)
4 (12.5)
4 (12.5)
2 (6.3)

General symptoms, 
n (%)
Inconsolable crying
Failure to thrive

67 (45)
7 (5.6)

21 (48.8)
4 (9.3)

14 (45.2)
0 (0)

14 (77.8)
1 (5.6)

18 (56.3)
2 (6.3)

More than one organ 
system affected, n (%) 73 (58.9) 29 (67.4) 16 (51.6) 12 (66.7) 16 (50)

Duration elimination diet 
(days), median (IQR) 12 (5-21) 13 (7-21) 10 (3-28) 14 (7-22) 8 (3-19)

Positive IgE to CMP 
(>0.35 kU/l), n (%) 15 (12.1) 10 (23.3) 2 (6.5) 0 (0) 3 (9.4)

Maternal allergy, n (%) 80 (64.5) 28 (65.1) 20 (64.5) 11 (61.1) 21 (65.6)

Paternal allergy, n (%) 60 (48.4) 23 (53.4) 13 (41.9) 8 (44.4) 16 (50)

Single parental allergy, 
n (%) 62 (50) 19 (44.2) 17 (54.8) 11 (61.1) 15 (46.9)

Double parental allergy, 
n (%) 39 (30) 16 (37.2) 8 (25.8) 4 (22.2) 11 (34.4)

Siblings with an allergy, 
n (%) 53 (37.5) 19 (44.2) 9 (29) 10 (55.5) 15 (46.9)
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The p-value of 0.157 corresponds to the Akaike information criterion, AIC.(13;14) 
Age at presentation of first symptoms was added as a continuous linear variable. 
We used parameter-wise shrinkage of the regression coefficients of the selected 
predictors to reduce over-fitting of the model. Parameter-wise shrinkage tempers 
the impact of strong predictors less than that of weak predictors (see Royston 
and Sauerbrei, Ch 2, para 8.3).(12) We plotted the distributions of the predictive 
probabilities using dot plots and line graphs. We calculated 95% confidence 
intervals to quantify imprecision.

Ethical Considerations
Both studies (MEC 05/254 and MEC 06/005) were approved by the medical ethics 
committee of the Academic Medical Center, Amsterdam. Parental informed 
consent was obtained for all infants.

RESULTS
Patient characteristics
124 infants (median age at presentation of symptoms: 28.5 days; IQR 7.25 – 51.25) 
participating in either the CMA-study (n=47) or the DBC-EuroPrevall-Study (n=77) 
were included. The main symptoms at presentation, family history of allergy and 
duration of the elimination diet until improvement or disappearance of symptoms 
are listed in table 2. 

diagnostic Procedure
All infants underwent a DBPCFC with CMP. Forty-three DBPCFCs (34.7%) were 
assessed as positive, 31 (25%) as tolerant, 18 (14.5%) as placebo reaction and 
32 (25.8%) as inconclusive. All infants with an inconclusive DBPCFC underwent 
either an open food challenge or a prolonged DBPCFC (figure 1). Table 3 shows 
the percentage of objective and subjective symptoms after verum and placebo 
challenge. 

Table 3. Clinical reactions at DBPCFC. Clinical reactions in verum and placebo phases of 
the DBPCFC were subdivided into immediate allergic reaction only, delayed allergic reaction 
only and immediate & delayed allergic reactions. Symptoms after challenge were classified as 
objective symptoms only, subjective symptoms only and objective & subjective symptoms.

No 
symp-
toms

Objective 
symptoms 

only

Subjective 
symptoms 

only

Objective 
& 

subjective 
symptoms

Immediate 
allergic 
reaction 

only 

Delayed 
allergic 
reaction 

only

Immediate 
& delayed 

allergic 
reactions 

Verum 
part, n (%)

49 
(39.5) 18 (14.5) 9 (7.3) 48 (38.7) 26 (21) 22 (17.7) 27 (21.8)

Placebo 
part, n (%)

92 
(74.2) 15 (12.1) 5 (4.0) 12 (9.7) 8 (6.5) 18 (14.5) 6 (4.8)
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DBPCFC

n = 124

Positive Tolerant Placebo
reaction

Inconclusive

n = 31 n = 18 n = 32n = 43 

Open food 
challenge

Prolonged
DBPCFC

n = 12 n = 20

Positive Tolerant Positive Tolerant

n = 8 n = 4 n = 11 n = 9

Figure 1

Figure 1. Flow chart of patients through the different tests and the distribution of test 
outcomes. 

Table 4. Univariate associations of candidate predictors variables of a positive outcome of 
a double-blind placebo controlled food challenge.

Predictors Odds ratio (95% CI) P- value

Age at presentation of symptoms 0.99 (0.99 to 1.00) 0.218

Atopic dermatitis 1.71 (0.75 to 3.89) 0.199

Objective SCORAD-index  
(per 10 points) 1.45 (1.11 to 1.90) 0.007

Erythema 1.89 (0.79 to 4.49) 0.151

Vomiting 0.96 (0.45 to 2.05) 0.908

Abdominal cramps 1.45 (0.64 to 3.32) 0.374

Diarrhoea 1.22 (0.55 to 2.71) 0.630

Dyspnoea or wheeze 0.73 (0.21 to 2.48) 0.611

Inconsolable crying 0.73 (0.35 to 1.53) 0.398

Family history of allergy 1.24 (0.44 to 3.46) 0.685
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Figure 2a
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Figure 2a. Distributions of the predicted probabilities before and after parameter-wise 
shrinkage. The left part of the dot plot shows the distribution of the predicted probabilities from 
the model consisting of abdominal cramps, inconsolable crying, and the objective SCORAD-
index. The right part shows that shrinkage of the model’s regression coefficients causes the 
predicted probabilities to get closer to the prior probability of a positive DBPCFC (34.7%)Figure 2b.

p = 0.996

.2

.3

.4

.5

.6

.7

.2 .3 .4 .5 .6 .7

Figure 2b. Hosmer-Lemeshow goodness of fit test. Calibration plot illustrating how the 
diagnostic probabilities of a positive DBPCFC correspond with the observed probabilities of the 
predictors in the study population. The red line represents the predicted probabilities (model-
based). The open circles indicate the observed probabilities in 6 quartiles.
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Table 5. Selection frequencies of candidate predictors of a positive outcome of a DBCFC 
across 1000 bootstrap samples. Bootstrapped logistic regression (stepwise backward selection) 
analysis was used for variable selection. The predictors were selected across three times 1000 
bootstrap samples at alpha levels of 5%, 10%, and 15.7%, respectively. Predictors with bootstrap 
inclusion frequencies (BIF) higher than the threshold (500) were considered consistent predictors 
(BIFs shown in bold).

Alpha 5% Alpha 10% Alpha 15.7%

Age at presentation of symptoms 105 202 289

Atopic dermatitis 285 382 472

Objective SCORAD-index 567 688 748

Erythema 249 350 442

Vomiting 124 227 310

Abdominal cramps 415 559 662

Diarrhoea 106 189 259

Dyspnoea or wheeze 83 160 251

Inconsolable crying 367 523 642

Family history of allergy 99 164 243

Table 6. Multivariate associations of the selected (unshrunk) predictors with a positive 
outcome of a double-blind placebo controlled food challenge. Cramps and inconsolable 
crying are binary variables while Objective SCORAD-indexes range from 0 to 75 (IQR 0 to 20). 
The odds ratio for a step of 20 Objective SCORAD-index points is 1.04^20 = 2.3.

Variables Odds ratio (95% CI) P- value

Abdominal cramps 3.10 (1.04 to 9.24) 0.043

Inconsolable crying 0.53 (0.20 to 1.38) 0.192

Objective SCORAD-index score 1.04 (1.01 to 1.07) 0.006
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Univariable analysis
Univariable analysis showed that the single predictor objective SCORAD-index 
was significantly associated with an increased risk of a positive DBPCFC. Results 
of the univariate analyses are shown in table 4. 

Multivariabe analysis
Table 5 shows how the predictors were selected across 1000 bootstrap samples 
at alpha levels of 5%, 10% and 15.7%. The bootstrap inclusion fraction of the vari-
ables abdominal cramps and inconsolable crying reached our 500/1000 threshold 
at the alpha levels of 10% and 15.7%. The variable objective SCORAD-index was 
selected at all three alpha levels. The odds ratios and corresponding predicted 
values along with their 95% confidence intervals of the selected predictors were 
calculated by multivariable regression analysis (table 6). The distributions of the 
predicted probabilities before and after parameter-wise shrinkage are shown in 
figure 2a. The Hosmer-Lemeshow goodness of fit test (calibration) had a p-value 
of 0.997, indicating that the model does not misrepresent the data (figure 2b).

dISCUSSION
In the present study we found that a diagnostic model containing the clinical 
history items abdominal cramps and inconsolable crying discriminated moderately 
well between infants suspected of CMA with a positive and non-positive 
DBPCFC. Furthermore, we demonstrated that adding the objective SCORAD-
index improved the predictive value of the proposed model. Our results show 
that a triage model based on easy obtainable parameters might be helpful for the 
primary care physician in the decision making of referral for a DBPCFC.

An important strength of our study is that, as far as we know, it is the first study 
that takes a formal multivariable approach to the diagnostic work-up for CMA. 
Second, our statistical analysis combined bootstrapping and shrinkage as safe-
guards against over-optimistic model performance. Third, we presented bootstrap 
inclusion frequencies for three reasonable cut-offs for variable selection, which en-
hances judgment of the model’s stability in terms of which predictors get selected. 

However, the current study has some limitations. First, extraction of clinical 
data was not blinded to the DBPCFC results. This may have resulted in over-
estimation of (some of) the associations between predictors and the outcome 
(DBPCFC results). This implies that the selection of the three predictors in the 
model may still be valid since overestimated associations had to compete among 
each other. However, the final model may still be overoptimistic. Second, the 
data were collected retrospectively from two different studies. Third, 25.8% of 
DBPCFC results were inconclusive, and required extended testing. In the current 
analysis, we simply distinguished positive DBPCFCs from non-positive, ignoring 
different categories in the latter type. Finally, we excluded potentially impor-
tant predictors such as angio-oedema, urticaria and CMP-specific IgE from our 
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statistical analysis due to their highly skewed distribution that limited the room to 
estimate their strength including the occurrence of zero cells when e.g the four 
children with angio-oedema had a positive DBPCFC results. However, in larger 
studies these predictors, if selected, may improve the discriminative value of the 
proposed model. 

Our observation that the majority of infants with CMA present with symptoms 
of the skin (83.9%) followed by symptoms of the gastro-intestinal (75%) and 
respiratory tract (37.1%) is in accordance with previous studies.(15,16) However, in 
comparison to other studies the percentages of symptoms in our population are 
relatively high. This might be explained by the fact that in our study infants had 
undergone a DBPCFC, while in previous studies mostly open food challenges 
were used to diagnose CMA, which are known to render a high number of false 
positive outcomes. Therefore the clinical characterisation of infants with CMA 
participating in our study is likely more specific.

Out of 124 infants who performed a DBPCFC to CMP, 34.7% of DBPCFCs 
were assessed as positive, 25% as negative, 14.5% as placebo reaction and 25.8% 
were considered inconclusive (figure 1). The rate of positive DBPCFC outcomes 
(34.7%) in our study group is in agreement with other studies, which report rates of 
39- 56%.(17-22) The percentage of placebo reactions in our study population (14.5%) 
is relatively high in comparison to other studies, which described rates from 0.2% 
to 12.9%.(17;19-21) A possible explanation of the high percentage of placebo reactions 
in our study group is that that in comparison with other studies our study group 
consisted of relatively young children (median age 28.5 days; IQR 7.3 – 51.3). At 
this age subjective reactions during DBPCFC are difficult to interpret as they are 
solely based on the observations of the parents and clinical staff, while objective 
symptoms can be misleading as infants are more prone for respiratory and gastro-
intestinal viral infections which can result in false-positive assessments.

Our results suggest that a triage model based on easily obtainable parameters 
might have a reasonably good ability to discriminate between infants suspected 
of CMA with and without a positive DBPCFC. In addition, when the objective 
SCORAD-index was added as a variable we found that the probability of a 
positive DBPCFC increased when objective SCORAD-indexes were higher, which 
is in agreement with previous studies(23;24) (figure 3). These findings suggest that 
the objective SCORAD-index could be a useful diagnostic tool for the clinician to 
judge whether a positive outcome of a DBPCFC is likely or unlikely and thus if the 
performance of a DBPCFC is desirable. 

To explore the usefulness of a clinical triage model such as proposed in 
the present study, we suggest to perform large prospective studies. A large 
population is needed to prevent that important allergic manifestations cannot be 
added to the statistical analysis. Furthermore, our results show that the objective 
SCORAD-index might be an important tool for clinical decision and thus should be 
included in future studies. However, the costs for training primary care physicians 
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how to use the objective SCORAD-index might be an important barrier to use 
the diagnostic model in clinical practice. Therefore, in our opinion a cost utility 
analysis should be performed at the usefulness of the objective SCORAD-index in 
a diagnostic model before further studies are considered.

CONCLUSION
This is the first empirical study that shows that a clinical diagnostic model based on 
easy obtainable parameters may help primary care physicians in deciding to refer 
a patient suspected of CMA to a specialized centre for a DBPCFC or to initially 
perform an open food challenge and thereby possibly circumvent the need for a 
DBPCFC. Large prospective studies are needed to validate our findings. 

Figure 3
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Figure 3. Visual representation of the discriminative power for a diagnostic model containing 
three predictors. The graphs show how the probability for a positive-DBPCFC (y-axis) depends 
on the objective SCORAD-index (x-axis) for combinations abdominal cramps and inconsolable 
crying. There were only four children who had no cramps, but did cry. Therefore, this graph 
was omitted. The horizontal dashed-dotted lines at 26.9 and 43.4 percent indicate the 95% 
confidence limits of the prior probability around 34.7%. This zone reflects the likely probability 
of CMA in this population without the use of the model. Dashed lines are 95% confidence limits; 
unbroken lines are point estimates.
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ABSTRACT
Background
Cow’s milk allergy (CMA) is affecting 2.5% of young infants. In previous murine 
studies it was observed that allergic sensitization to the major cow’s milk allergens, 
casein and whey, led respectively to immunoglobulin (Ig)E-independent and IgE-
dependent clinical responses.

Objectives
In this study, the involvement of immunoglobulin free light chains (IgLC) in the 
hypersensitivity response to cow’s milk proteins (CMP) was explored in mice 
and IgLC serum levels were determined in children affected by CMA or atopic 
dermatitis (AD).

Methods
Mice were orally sham- casein- or whey-sensitized. Acute allergen specific skin 
responses were determined, serum immunoglobulins and IgLC were measured. 
IgLC dependency was validated using IgLC blocker F991 in active and passive 
sensitized mice. IgLC serum concentrations were measured in a cohort of CMA 
infants and infants with AD.

Results
After sensitization, no specific IgE was detectable in serum of casein-sensitized 
mice, while in whey-sensitized mice specific IgE was enhanced. Instead, IgLC levels 
were increased in serum from casein-sensitized mice. Furthermore, blocking IgLC 
strongly diminished the allergic skin responses not only in casein-sensitized mice, 
but also in mice transferred with splenocytes supernatants of casein-sensitized 
mice. Both in CMA and AD patients serum IgLC concentrations were significantly 
enhanced.

Conclusions
This study indicates that sensitization with CMP can lead to both IgE-dependent 
and Ig free light chain-dependent allergic hypersensitivity responses. Also in 
children affected with CMA or AD serum IgLC concentrations were increased 
implying the relevance of IgLC measurements in the diagnoses of human allergic 
disease.
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INTROdUCTION
Cow’s milk allergy (CMA) is a complex disorder, arising early in life and affecting 
2-5% of the children of the western world. CMA is also associated with an 
increased risk to develop asthma later in life.(1, 2) The majority of CMA patients 
are allergic to the major cow’s milk proteins (CMP) casein and/or whey.(3, 4) Usually 
reactions to a skin prick test (SPT) are measured and/or titers of cow’s milk specific 
immunoglobulin (Ig)E are analyzed in the serum of patients. However, there are 
CMA patients which exhibit acute clinical features of CMA without detectable 
titers of specific IgE.(3, 5, 6) Therefore the ‘gold standard’ for diagnosis is still an 
orally induced double blind placebo controlled food challenge (DBPCFC).(7-10) The 
main disadvantages of an DBPCFC is the time consuming character of the test, 
it’s costs and the potential of inducing a severe allergic reaction. Although the 
incidence of anaphylaxis is low, its potential risk is quite stressful for the patient 
and parents.(7) Therefore the search for another clinical tool to diagnose CMA is 
ongoing. So far, no (immuno)therapy is available and merely avoidance of cow’s 
milk and the use of hydrolyzed formulae are currently the only effective strategies 
to prevent symptoms of CMA.(10)

Previously two preclinical models for CMA have been introduced in which mice 
were sensitized orally for whey or casein.(11) In these models the acute allergic skin 
reaction was monitored as a possible equivalent of the SPT. In both models all 
mice exhibit an enhanced ear swelling upon intra dermal (i.d.) allergen challenge, 
which reflects systemic sensitization. The whey model resembles a typical type I 
allergy with high levels of whey-specific IgE and IgG1. However, despite develop-
ing a pronounced acute allergic skin reaction upon local allergen challenge, the 
response to casein was not associated with detectable levels of casein-specific 
IgE. Although the casein-sensitized mice did have enhanced specific titers of IgG1 

this was found not to correlate quantitatively with the skin reaction.(11) Therefore 
an alternative explanation for the induction of the acute allergic skin reaction was 
explored. In previous studies, it was demonstrated that antigen-induced acute al-
lergic responses could be elicited via immunoglobulin free light chains (IgLC).(12-14) 
For instance, transfer of trinitrophenol-specific IgLC into naïve mice sensitized 
them to the respective antigen. Local challenge of the passively sensitized animals 
with the appropriate antigen resulted in the induction of mast cell degranulation, 
leading to a local inflammation. This IgLC-elicited hypersensitivity response can 
be inhibited by local or systemic application of a specific antagonist, a 9-mer 
peptide F991. Acute allergic responses induced by IgG or IgE are not inhibited 
by F991.(12, 14) Immunoglobulin free light chains (IgLC) are present in serum and 
their production is augmented under inflammatory conditions including allergic 
asthma as well as some autoimmune diseases.(12, 15, 16) For example, in patients 
suffering from multiple sclerosis free kappa light chains correlate with disability 
prognosis(17) and in rheumatoid arthritis there is a significant correlation between 
kappa and lambda fLC and the disease activity score.(18)
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In this study it is demonstrated that circulatory IgLC are increased after oral 
sensitization with casein. Moreover, acute allergic skin reactions to casein are 
inhibited by F991, which indicates that IgLC play a pivotal role in the allergic sen-
sitization. Clinical data indicate that IgLC concentrations are increased in children 
with CMA and in children at risk for allergy with mild atopic dermatitis (AD).

METHOdS
Chemicals
Casein and whey were obtained from DMV international, Veghel, The Netherlands. 
Cholera toxin is purchased from Quadratech Diagnostics, Epsom, UK. PBS from 
Cambrex Bio Science, Verviers, Belgium. Biotin-labeled rat anti-mouse IgE and 
IgG1 from BD Biosciences, Alphen aan den Rijn, The Netherlands. The IgLC 
antagonist F991 (AHWSGHCCL) was synthesized by Fmoc chemistry, Ansynth, 
Roosendaal, the Netherlands. All other chemicals were obtained from Sigma-
Aldrich-Chemie, Zwijndrecht, The Netherlands.

Oral sensitization and challenge of mice
Three- to 5-week-old specific pathogen free female C3H/HeOuJ mice (n = 
6 per group) were purchased from Charles River Laboratories (Maastricht, the 
Netherlands), maintained on cow’s milk protein free mouse chow (Special Diets 
Services, Witham, Essex, UK) and housed in the animal facility at the Utrecht 
University. Animal care and use were approved by and performed in accordance 
with the guidelines of the Animal Ethics Committee of the Utrecht University. Mice 
were sensitized i.g. with 0.5 mL homogenized casein or whey (40 mg/mL PBS) with 
cholera toxin (CT, 20 μg/mL PBS) as an adjuvant, using a blunt needle. Control mice 
received CT alone or PBS. Mice were boosted weekly for a period of 5 weeks. One 
week after last sensitization an i.d. ear challenge was performed. After 24 hours 
blood samples were collected and centrifuged (15 min at 16000 × g). Sera were 
stored at – 70°C. Mice were sacrificed by cervical dislocation. Cells of spleen and 
mesenteric lymph nodes of sensitized mice were collected and cultured in serum 
free RPMI (1 × 106 cells/mL) for 24 hours(14) Supernatants were collected in order 
to measure Ig and/or IgLC levels.

Measurement of specific serum immunoglobulins
Levels of casein- or whey-specific IgE and IgG1 were determined in serum by 
means of ELISA. Microlon plates (Greiner, Alphen aan den Rijn, The Netherlands) 
were coated with 100 µL whey or casein (20 µg/mL) in coating buffer (carbonate-
bicarbonate buffer, 0.05 M, pH=9.6) for 18 hours at 4°C. Plates were washed 
and blocked for 1 hour with 5% BSA. Serum samples were applied in several 
dilutions and incubated for 2 hours at room temperature. Plates were washed 
and incubated with biotin-labeled rat anti-mouse IgE or IgG1 (1 μg/mL) for one 
and a half hour at room temperature and washed. The plates were incubated with 
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streptavidin-horseradish peroxidase (HRP) for one hour, washed and developed 
with o-phenylendiamine. After 5 min the reaction was stopped with 4M H2SO4 and 
absorbance was measured at 490 nm on a Benchmark microplate reader (Biorad, 
California, USA). Results were expressed as arbitrary units (AU), with pooled sera 
from casein and whey alum-i.p. immunized mice used as a positive reference 
serum to make the titration curve, as an internal standard.

Immunoblotting IgLC 
Prior to use, serum samples were precipitated to deplete high amounts of albumin 
using trichloroacetic acid/acetone as previously described.(19) Samples were 
fractionated by SDS-PAGE under non-reducing conditions, electroblotted to PVDF 
membrane (Bio-Rad Laboratories, Veenendaal, The Netherlands) overnight and 
probed with anti-mouse kappa HRP Ab (Southern biotech Birmingham, Alabama 
USA). Immunoreactive bands were visualized using enhanced chemiluminescence. 
Optical density (OD) of the immunoreactive bands was quantified with a calibrated 
densitometer (BioRad, Veenendaal, the Netherlands).

Acute allergic skin reaction
The allergen-specific skin reaction was measured after injection of the specific 
protein in the ear pinnae. Non-sensitized mice were injected i.d. in the left ear 
with 20 μL casein (0.5 mg/mL in PBS) and in the right ear whey (0.5 mg/mL in 
PBS) to determine non-specific skin reactions. The casein- or whey-sensitized 
mice were injected in both ears with casein or whey respectively, whereas sham-
sensitized mice were injected with casein in the left ear and whey in the right 
ear. Ear thickness of mice was measured in duplicate using a digital micrometer 
(Mitutoyo, Veenendaal, The Netherlands), at t=0 and 1 hour after challenge. The 
ear swelling is expressed as μm. 

Passive transfer with spleen supernatants 
Spleen supernatants were concentrated using vivaspin 20 spin filters (Millipore). 
Concentrated fractions were 0.2 µm filtered and transferred i.v. (100 µL, approxi-
mately 400 µg protein/mL) in naïve recipient mice. Sham mice received PBS as a 
control. After half an hour skin reaction tests were performed as described above.

Antagonist studies
In the oral sensitized mice as well as in mice passively transferred with spleen 
supernatants of sensitized mice, F991, an IgLC inhibitor,(13, 20) or PBS as a control 
was administered i.v. (100 μL, 0.2 mg/mL F991) to determine whether the ear 
swelling was IgLC dependent or not. Half an hour after F991 administration the 
ear swelling test was performed as described above.

Cow’s milk allergic subjects
Infants aged equal or less than 12 months suspected of CMA were recruited from 
the Baby Health Clinics in the region of Amsterdam, The Netherlands. Baby Health 
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Clinics are involved in the prevention and early detection of diseases in infancy 
and early childhood, in growth and development, and in nutritional advice. Ninety-
eight percent of the newborns are regularly controlled in this manner. Baby Health 
Clinic physicians are often the first to be confronted with symptoms of CMA. 
Infants suspected of CMA according to standardized criteria were referred to the 
Emma Children’s Hospital Academic Medical Center, Amsterdam, The Netherlands 
for evaluation of symptoms and diagnostic work up. The following symptoms 
related to ingestion of CMP were considered suspect for CMA: skin symptoms 
(atopic dermatitis, urticaria, angioedema, erythema), gastrointestinal symptoms 
(colic, vomiting, diarrhoea), respiratory symptoms (rhinitis, cough, wheeze and 
dyspnoea) and general symptoms (inconsolable crying, refusing food, and failure 
to thrive). Atopic dermatitis was diagnosed according to criteria from Hanifin and 
Rajka.(21) The extent and intensity of atopic dermatitis was estimated by using the 
objective SCORing Atopic Dermatitis (SCORAD) index.(22, 23)

diagnostic procedure
CMA was diagnosed according to a strict protocol based on elimination of CMP 
from the diet, a DBPCFC with CMP, and re-elimination of CMP from the infants 
diet according to international recommendations.(24)

The elimination of CMP from the infant’s diet was performed with a minimum 
duration of one week and a maximum of six weeks. To eliminate CMP from the 
infant’s diet an infant formula based on a mixture of free amino acids (Neocate®, 
SHS International, Liverpool, UK) was provided to bottle-fed infants. CMP was 
excluded from the mothers diet in breastfed infants by strict elimination of CMP, 
soy and hen’s egg. If symptoms suspected of CMA did not improve during the 
elimination phase the infant was excluded from the study. Otherwise, if symptoms 
disappeared or improved significantly a DBPCFC with CMP was conducted. 

The active and placebo arms of the DBPCFC were conducted in a random 
order on two separate days with an interval of 2-7 days. A randomization database 
(www.randomization.com) was used to assess the order of active and placebo 
arms. During active challenges skimmed milk powder (Institute of Food Research, 
Norwich, UK) dissolved in Neocate® was given in the following subsequent doses: 
0.2 ml (0,003 mg), 2 ml (0,03 mg), 20 ml (0,3 mg) 0.2 ml (3 mg), 2 ml (30 mg), 
6 ml (100 mg), 20 ml (300 mg), 60 ml (1000 mg) and 200 ml (3000 mg). Placebo 
challenges were performed by administrating the same volume of 100% Neocate. 
The time interval between each dose was 20 min. The challenge was stopped if 
clinical symptoms were observed or the highest dose was reached. The infants 
were observed for two hours after each challenge. A challenge was defined as 
positive if objective clinical reactions were observed. The objective SCORAD 
index was used to assess the severity of atopic dermatitis before and two hours 
after each challenge. Clinical reactions after discontinuation or within 2 hours 
after the highest dose were defined as early reactions, thereafter as late reactions. 
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A standardized sheet was used for documenting administered doses and clinical 
reactions. 

Elimination of CMP from the infant’s diet was continued at the days between 
the active and placebo arms of the DBPCFC until one week (re-elimination) after 
the last challenge. One week after the last challenge the code was broken and 
the outcome of the DBPCFC was assessed. CMA was diagnosed by a positive 
DBPCFC. Subjects with a negative DBPCFC and cow’s milk specific IgE levels in 
the normal range were included as non-allergic controls.

Serum immunoglobulin and plasma IgLC analysis
Peripheral blood samples were collected before challenge at the first day of the 
DBPCFC. Cow’s milk specific IgE was determined by CAP System FEIA (Pharmacia 
Diagnostics, Uppsala, Sweden). In addition total levels of IgLC kappa and lambda 
were determined as described previously.(12, 25)

Ethical Consideration
The study (MEC 05/254) was approved by the medical ethical committee of the 
Academic Medical Center, Amsterdam. Parental informed consent was obtained 
for all subjects. 

Infants at high risk for allergy; serum Immunoglobulin kappa- and 
lambda-LC levels
Term born infants with a parental history of atopic eczema, allergic rhinitis or 
asthma in either mother or father were eligible for an prebiotic intervention study, 
which was described before.(26, 27) The study protocol was approved by the Ethical 
Committee of the Macedonio Melloni Maternity Hospital. In a subpopulation 
plasma immunoglobulin levels were measured as described by Van Hoffen et al. 
(CMP-IgE, IgG1, total- IgE, IgG1 and IgG2).

(27) In total 25 infants had mild symptoms 
of AD (SCORAD 5.2 – 24.7) and 49 infants did not develop AD at the age of 
6 months. For this study total levels of IgLC kappa and lambda were determined 
in plasma as described previously.(12, 25)

Statistical analysis
Ear swelling data and murine IgLC data were analyzed using one way ANOVA and 
post hoc Dunnett’s test and all other serological data were analyzed using two-
tailed Mann-Whitney test. Statistical analyses were conducted using GraphPad 
Prism software (version 4.03). * means a p-value of <0.05, ** p<0.01 and *** 
p<0.001. Murine data are represented as mean + SEM, whereas clinical data are 
represented as median.
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RESULTS
Serum specific immunoglobulin levels
Serum levels of casein-specific IgE were not increased in mice orally sensitized 
with casein when compared to control mice (4.7 ± 1.6 vs 6.0 ± 3.5 AU, re-
spectively) (Figure 1A). In contrast, casein-specific IgG1 levels were enhanced 
(404.8 ± 217.5 vs 0 ± 0 AU), although this was not significant due to two non-
responders (Figure 1B). In whey-sensitized mice both specific IgE (239.4 ± 123.6 
AU; p<0.05) and IgG1 (2671 ± 910 AU; p<0.01) were significantly increased 
compared to sham-sensitized mice (2.5 ± 1.1 and 14.0 ± 11.2 AU, respectively) 
(Figure 1C and D).

IgLC levels in sensitized mice
Next, it was examined if sensitized mice had enhanced total levels of IgLC. Sera 
of non-, casein- and whey-sensitized mice were analyzed by immunoblotting for 
the presence of kappa IgLC. The concentrations of kappa IgLC in casein-sensi-
tized mice were significantly increased compared to non- and whey-sensitized 
animals (p<0.05; non-sensitized: 66.6 ± 5.5; whey 64.2 ± 8.7 and casein 92.3 
± 9.5 OD\mm2, Figure 2A).

Figure 1. Specific serum immunoglobulin levels in casein- and whey-sensitized mice. In the 
casein-sensitized mice no increase in casein-specific IgE was found (A), but IgG1 (B) was increased 
in 4 out of 6 animals. Whey-sensitization induced levels of specific IgE (C) and IgG1 (D). * p<0.05, 
** p<0.01 and n=6.
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To analyze production of IgLC in local lymph nodes, cells from mesenteric 
lymph nodes (MLN, n=6 pooled) were cultured for 24 hours and supernatants 
were analyzed for kappa IgLC. Samples fractionated by SDS-PAGE under non-
reducing conditions showed complete immunoglobulins (about 180-200 kDa), 
IgLC dimers (about 45 kDa) and IgLC monomers (20 kDa). The MLN of casein-
sensitized mice produced higher levels of IgLC compared to the control and 
whey-sensitized animals (Figure 2B).

Figure 2. Densitometric analysis of kappa IgLC in serum and supernatant from local 
mesenteric lymph nodes (MLN) revealed IgLC levels to be increased. (A) Analysis of kappa 
IgLC in serum from individual mice. In casein-sensitized mice, levels of IgLC were significantly 
increased in comparison to control- or whey-sensitized mice. (B) Representative Western-blot of 
IgLC levels in supernatants of MLN of control-, casein- and whey-sensitized mice. Igs are total 
immunoglobulins (IgA, IgD, IgE, IgG and IgM), (Lc)2 are IgLC dimers and IgLC are the monomers. 
* p<0.05 and n=6.

a

b
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Figure 3. Effect of F991 on the induction of an acute allergen-specific skin reaction in (A) 
casein- and (B) whey-sensitized mice. F991 decreased casein-induced ear swelling significantly 
but whey-induced ear swelling was unaffected. Ear swelling (µm) is calculated as the increase in 
ear thickness induced by the corresponding antigen at one hour after challenge. ** p<0.01, *** 
p<0.001 and n=6.
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Figure 4. Effect of F991 on the induction of an acute allergic skin reaction in naïve mice 
injected (i.v.) with spleen supernatants or PBS as a control. Passive transfer with spleen 
supernatants of (A) casein and (B) whey allergic mice resulted in acute allergic skin reaction upon 
i.d. allergen challenge. Only in casein recipients the acute allergic skin reaction was abrogated 
by F991. *** p<0.001 and n=6.
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IgLC inhibitor F991 blocks the acute allergic skin reaction in casein-
sensitized mice
To analyze whether the increase in IgLC in casein-sensitized animals was 
functional relevant regarding the allergic reaction, the effect of the antagonist 
F991 was tested on the allergen-induced ear swelling. F991 greatly reduced the 
skin reaction in the casein-sensitized mice (147.4 ± 16.0 µm without and 83.3 ± 
8.3 µm with F991, p<0.05, Figure 3A). As expected, the IgLC antagonist did not 
affect the ear swelling of whey-sensitized mice (Figure 3B, 145.0 ± 9.66 and 148.5 
± 13.9 µm). Also non-specific ear swelling (irritant reaction) in control mice was 
not affected by the F991. Casein did not provoke an ear swelling in whey-allergic 
mice and vice versa (data not shown).

IgLC responsible for passive transfer of allergic sensitization to casein
In the previous experiments, it was shown that local lymphoid organs from 
casein-sensitized mice produced significantly more IgLC compared to sham- and 
whey-sensitized animals. To investigate the involvement of IgLC as a humoral 
factor in the induction of the acute allergic skin reaction, naïve recipient mice 
were injected intravenously (i.v.) with concentrated spleen supernatants (or PBS 
as a control), obtained from allergic mice, in presence or absence of F991 as 
previously described.(14) Subsequently, the cutaneous swelling was measured at 
one hour after intradermal (i.d.) allergen challenge. For recipient mice receiving 
spleen supernatants of casein-sensitized mice the allergen challenge induced a 
significant ear swelling (110.9 ± 10.2 µm). F991 inhibited the casein-induced ear 
swelling highly significantly (57.1 ± 5.7 µm, p<0.001, Figure 4). The IgLC antagonist 
did not affect the ear swelling of recipient mice receiving spleen supernatants of 
whey-sensitized mice (105.9 ± 6.6 and 105.0 ± 5.1 µm), confirming that IgLC 
did not play a significant role in the induction of the acute allergic skin reaction 
against whey protein. Casein did not provoke an ear swelling in whey spleen 
supernatant transferred mice and vice versa (data not shown).

Immunoglobulin levels and IgLC levels in infants with cow’s milk allergy
Sixteen infants (age: 2.5-8.9 months, median 5.4) with a positive DBPCFC and 
seventeen infants (age: 3.1-7.3 months, median 4.0) with a negative DBPCFC 
and cow’s milk specific IgE levels in the normal range of age were included in this 
study. Both IgLC kappa (median (IQR) 5.3 (3.1) vs. 10.1 (5.2); p=0.0042; Figure 5A) 
as well as IgLC lambda (6.8 (5.7) vs 8.6 (6.0); p=0.0222; Figure 5B) concentrations 
were significant enhanced in children suffering from CMA. IgLC kappa or IgLC 
lambda levels did not differ in the subgroups of CMA infants with detectable and 
not detectable IgE levels (data not shown).

Immunoglobulin levels and IgLC levels in infants at high risk for allergy
In order to extend the clinical relevance of the current findings, immunoglobulin 
levels and IgLC levels were also measured in plasma from children at risk of 
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Figure 5. Plasma IgLC levels in non-allergic controls (n=17) and infants with CMA (n=17). 
Both (A) kappa IgLC levels (p=0.0042) and (B) lambda IgLC levels (p=0.0222) were enhanced in 
CMA infants.
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developing allergic disease from a double-blind, randomized, placebo controlled 
prebiotic intervention study.(26, 27) These infants were six months of age and 
developed AD (SCORAD between 5.2 and 24.7) or remained negative for AD 
(SCORAD -). No differences were found between the two groups for total levels 
of IgE, IgG1, IgG2, cow’s milk-specific IgE and IgG1

 (Table I). 
In support to our findings in the preclinical and the clinical studies, IgLC kappa 

levels were found be increased in the infants that developed AD (n=25) when 
compared to infants without AD (n=49) (p=0.0075) IgLC lambda levels showed 
similar tendency (p=0.14).

dISCUSSION
In previous studies, it was shown that the allergic skin response in mice sensitized 
with casein or whey, both major allergens responsible for CMA, is substantially 
different.(10, 11, 28) Whey-sensitized mice show a classical type I allergic skin reaction 
combined with high levels of specific IgE. However, in casein-sensitized mice acute 
allergic responses were elicited in the absence of casein-specific IgE. Here, new 
data provide evidence that casein-sensitization of mice results in the induction 
of an immunoglobulin free light chain (IgLC) dependent acute hypersensitivity 
response. In addition, plasma IgLC concentrations were found to be enhanced in 
CMA patients as well as patients with AD implying a possible contribution of IgLC 
in the pathophysiology of clinical allergic disease. 

Table 1. Immunoglobulin levels in infants at high risk for allergy, divided in healthy 
(SCORAD -) and AD (SCORAD +) groups. IQR, interquartile range

Atopic dermatitis

SCORAD - SCORAD +

Number of infants n=49 n=25

Median (IQR) 0.0 (0) 6.9 (6.5)

Serum antibody Isotype Median (IQR) Median (IQR) p-value

Total IgE (kU/L) 4.50 (9) 6.00 (22) p = 0.30

IgG1 (g/L) 2.69 (1.9) 2.95 (2.5) p = 0.15

IgG2 (g/L) 0.78 (0.4) 0.91 (0.6) p = 0.41

IgLC kappa (µg/mL) 6.1 (4.0) 7.4 (3.0) p = 0.0075

IgLC lambda (µg/mL) 6.1 (4.1) 7.7 (5.6) p = 0.14

CMP-specific IgE (ng/mL) 1.95 (3.1) 2.90 (3.2) p = 0.10

IgG1 (AU/mL) 1.50 (6.5) 3.25 (7.7) p = 0.27
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Food allergy is thought to be mediated by IgE and non-IgE dependent 
mechanisms. IgE mediated food allergy is a classical type I allergy with symptoms 
occurring within a few hours. Non-IgE mediated food allergy usually is defined 
as a delayed-type hypersensitivity with enhanced T-helper 1 activity and the 
symptoms are noticeable after one or more days while cellular mechanisms are 
involved.(29-33) However, of interest is a subgroup of patients which have symptoms 
of an immediate type hypersensitivity response, while lacking detectable levels of 
IgE.(3, 5, 6) In contrast to the murine model, in humans caseins can elicit strong IgE 
responses.(3) The mice were sensitized for either casein or whey, while in infants 
hypersensitivity is raised against whey and casein derived from whole cow’s 
milk. Direct comparison between mice and human with regard to the sensitizing 
capacities for casein and whey are therefore difficult to perform. However, the 
concept of IgLC being involved in the pathophysiology of human disease has 
been described for inflammatory as well as allergic asthma.(12, 14, 17, 18, 34, 35)

Several lines of evidence suggest the critical involvement of IgLC in the 
induction of casein hypersensitivity in mice. First, casein-sensitization results in 
increased levels of IgLC in serum, while local lymph nodes of casein-sensitized mice 
show enhanced production of IgLC ex vivo. Secondly, inhibition of IgLC induced 
hypersensitivity using F991 prevented the acute allergic skin response in casein 
sensitized mice. A minor part of the ear swelling in casein-sensitized mice was not 
affected by F991, which could suggest a residual role for IgG1 or for IgE. In several 
studies it has been shown that F991 is specific for IgLC and does not affect IgE 
nor IgG mediated skin responses. Furthermore, F991 prevents local inflammation 
in different hypersensitivity models.(12, 14, 20, 36) Thirdly, allergic sensitivity to casein 
could be transferred to naïve animals by i.v. injection of culture supernatant from 
splenocytes of casein-sensitized mice and was found to be dependent on IgLC. 
Together these data indicate a prominent role for IgLC in the induction of casein 
allergy in mice. In another study (data not shown) mice were sensitized with both 
casein and whey and mice were subsequently challenged intradermally with either 
casein or whey. Both casein and whey challenge provoked an acute allergic skin 
response, whereas casein-specific IgE levels remained below detection.

Other studies using murine models for CMA indicates various, sometimes 
conflicting, results. Oral sensitization with α-casein resulted in an increase in 
α-casein-specific IgE and IgG1 titers in C3H mice.(37) On the other hand, Lara-
Villoslada et al.(38) only detected whey and casein specific IgG1, while IgE was not 
detectable in a CMA model induced by simultaneous oral sensitization with both 
casein and whey. The differences in route of sensitization, intraperitoneal vs oral, 
mouse strains and variation in allergen fractions e.g. α-casein vs complete casein 
fraction or combined whey and casein, might explain the contrasting outcome 
in these and the present studies. The fundamental different mechanisms of 
allergy observed for casein and whey may be due to the differences in digestive 
speed, dietary, chemical, physical and physiological features of the proteins.(39-42) 
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Therefore, these differences between the proteins influence not only the intestinal 
physiology, but likely the response of the immune system as well, which is a topic 
for further studies. 

In previous studies, it has been shown that IgLC can mediate immediate 
hypersensitivity-like responses. Mast cells are the primary target cells for IgLC and 
subsequent cross-linking of cell surface-bound IgLC by cognate antigen results in 
mast cell activation and the induction of a local inflammatory response.(14) Polyclonal 
IgLC levels are enhanced in chronic inflammatory diseases like inflammatory bowel 
disease,(43) rheumatoid arthritis,(16) Sjögren’s syndrome,(18) multiple sclerosis(17, 44) 
and systemic lupus erythematosus.(34) Also in allergic and non-allergic asthma, 
IgLC levels are increased when compared to healthy controls.(12) It  is estimated 
that in one third of the children suffering from AD the skin symptoms are triggered 
by sensitization to food.(45, 46) Notably, children with severe AD have higher levels 
of lambda and kappa light chain in serum.(47) Furthermore, in non-IgE mediated 
rhinitis patients both lambda and kappa IgLC levels are found to be enhanced 
in nasal secretions.(35) The present study confirms that increased IgLC may be 
associated with development of CMA. In sera from DBPCFC confirmed CMA 
patients both kappa as well as lambda IgLC concentrations were significantly 
enhanced compared to controls. IgLC concentrations did not differ between IgE 
and non-IgE mediated CMA infants, indicating that IgLC might contribute to the 
allergic symptoms in the non-IgE patients. A larger cohort of patients with non-IgE 
mediated CMA is required to elucidate this. In order to extend the evidence of a 
possible role of IgLC in allergic disease developed during early infancy, plasma 
from infants at high risk for allergy who developed mild AD were investigated 
as well. Neither enhanced CMP-specific serum IgE and IgG1 nor enhanced total 
IgE, IgG1 and IgG2 concentrations were observed in these children. However, 
serum levels of kappa IgLC were elevated significantly and lambda IgLC showed 
a similar increment. These clinical data suggest that measurement of total- and 
ultimately, specific-levels of IgLC may have relevance in the clinical diagnosis for 
CMA and AD.

In summary, sensitization with CMP can lead to both IgE-dependent and IgE-
independent allergic hypersensitivity responses. In this study, evidence is provided 
indicating that the IgE-independent allergic response to casein is mediated at 
least in part by specific IgLC. An increase in IgLC levels may be of relevance in 
CMA and AD with or without noticeable involvement of IgE. Further research is 
warranted to determine the clinical significance of assaying IgLC for the diagnosis 
of allergic diseases.
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ABSTRACT
Background
Peanut allergy is a typical IgE-mediated immune disorder. In some patients peanut 
allergy will progress as a lifelong disease whereas others are sensitized to peanut 
but do not have clinical disease. 

Objective
In the current study we addressed the question whether there is a different cy-
tokine profile in plasma of children sensitized to peanut that either show a clinical 
response to a peanut challenge or became tolerant to peanut later in childhood. 

Methods
A panel of 18 cytokines was measured in thirty children (age 3-17 years), suspected 
by their clinician of peanut allergy, who underwent a double-blind placebo-
controlled food challenge. Next, two outstanding cytokines (IL-17 and IL-25) were 
tested in three control groups, namely a group of infants suspected of cow’s milk 
allergy (n=32), an age matched healthy control group (n=20), and a group of 
children with juvenile idiopathic arthritis (n=20).

Results
IL-25 was highly elevated only in children with a proven clinical peanut allergy. 
These high levels of IL-25 were not measured in non-peanut allergic children, nor 
in our control groups. Interestingly IL-17 was lower in peanut responsive- than in 
the peanut tolerant children. 

Conclusion
Our data indicate that IL-25 is a prominent secreted cytokine only in children with 
a clinical allergic response to peanut. In combination with the finding that IL-17 
is more secreted in peanut tolerant children, this study suggests that the IL-17 
cytokine family plays an important role in peanut allergy. 
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INTROdUCTION
Peanut allergy (PA) is an IgE-mediated disease that affects about 1% of young 
children. In the past decades it has emerged as a major health problem due to 
the severity of reactions and dramatic increase in prevalence.(1;2) Peanut domi-
nates the list of food allergens implicated in fatal and near-fatal allergic reactions 
and as many as one-third of peanut-sensitive patients have severe reactions.(3) 
Unlike most other food allergies such as cow’s milk allergy (CMA), PA tends to be 
persistent, which means a lifelong problem for about 80% of the peanut allergic 
population.(4) Currently, no therapy is available for peanut allergy and treatment is 
solely based on avoidance of the allergen. However, avoidance of peanut expo-
sure is hampered by the common use of peanut as an adulterant in different food 
products, and the strict diet and risks of accidental ingestion have a major impact 
on the quality of life of patients and their families.(5) One of the factors that are 
of critical importance in food allergy management is an accurate diagnosis of the 
disease and enhanced knowledge on the mechanisms that underlie persistence 
of the disease. 

Peanut allergy is a typical IgE-mediated immune disorder. During the sensiti-
zation phase Th2-associated cytokines, such as IL-4 and IL-5, promote IgE class 
switching and the activation and migration of basophils, mast cells and eosi-
nophils, which act as effector cells during the challenge phase. The repetitive 
occurrence of late phase inflammatory reactions triggered by the ongoing expo-
sure to the allergen may lead to a chronic inflammatory response, during which 
cytokines also play important role. It remains unknown however, what drives and/
or regulates the initial and chronic activation of Th2 cells. IL-25 (or IL-17E), a re-
cently identified member of the IL-17 family of cytokines, has emerged as one of 
the candidate cytokines involved in these processes. Although IL-25 is structurally 
related to IL-17, its biological effects differ dramatically from, and even oppose 
that, of previously described members of the IL-17 family.(6) Several findings indi-
cate that IL-25 may be an important mediator of type 2 immune-pathologies by 
inducing and enhancing Th2 responses.(7-9) A possible role of IL-25 in food allergy 
remains to be investigated.

In the current study we addressed the question whether there is a different 
cytokine profile in plasma between peanut allergic and peanut tolerant children. 
A double-blind placebo-controlled food challenge (DBPCFC), the gold standard 
for the diagnosis of symptomatic food allergy, was performed to confirm the 
diagnosis of PA. To our knowledge no data of serum cytokine levels in children 
with PA are available. Furthermore, data on plasma levels of cytokines in patients 
with other food allergies are limited. Sutas et al found no significant difference 
in serum cytokine profile (IL-1ra, IL-4, IL-5, IL-6, IL-10, IFN-y and TGF-β) between 
atopic children with or without wheat allergy or CMA.(10) Another study conducted 
by Alonso et al. described significant higher serum IL-10 concentrations before 
food challenge in hazelnut tolerant patients compared to hazelnut allergic.(11) 
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Table 1. Characteristics peanut sensitised patients. Table 1A represents the characteristics of 
the peanut sensitised patients. Table 1B represents the clinical outcome of food challenge of the 
positive responders to peanut challenge. Patient no. 1-12: non-responders to peanut challenge. 
Patient no. 13-30: positive responders to peanut challenge.

Table 1A

No Sex Age 
(years)

Reason for 
peanut free  

diet
Asthma# Atopic 

dermatitis$

Specific 
IgE prior to 

test- day

SPT  
prior to 
test-day

1 M 10 Pr(S,C,D); Ps - + 4.0 <1

2 M 15 Pr(E); Ps + + 0.43 <1

3 M 14 E; CM-r; Ps - - <0.35 3

4 M 16 E; CM-r; Ps - - 2.0 2

5 M 4 E; CM-r; Ps - - 5.9 NP

6 F 3 E; CM-r; Ps - + 0.6 3

7 M 13 E; CM-r; Ps - + 1.1 2

8 M 4 E; CM-r; Ps + + 7.3 <1

9 M 15 E; Pr(AO); Ps - + 0.6 2

10 M 4 E; Pr(Ls); PsA + + 97.0 4

11 M 8 E; Egg-r; Ps - - 0.8 3

12 F 4 E; CM-r; Ps + + 1.1 2

13 M 5 E; CM-r; Ps - + >100 4.5

14 M 9 E; CM-r; Ps + - 2.2 1

15 F 16 Ps - - >100 3

16 M 7 E; Pr(AO,Cg), Ps - + 56.0 3.5

17 M 6 A; Pr(AO,D); Ps + - >100 4

18 F 7 A; Ps + + 1.9 4

19 M 4 E; Egg-r; Ps - + 3.5 NP

20 M 9 Vc; Ps + - >100 3

21 M 7 Ec; Pr(u,e); Ps + + 55.0 3

22 F 7 E; Egg-r; Pr(E); Ps + + 2.1 4

23 M 11 E; Egg-r; Ps - + 4.0 2

24 M 4 Ec; Ps; Pr(e) - + 6.0 2

25 F 6 E; CM-r; Ps - + 4.9 2

26 M 7 E; CM-r; Ps - - 15.5 3

27 M 5 E; CM-r; Ps + - 21.0 2

28 F 6 E; CM-r; Ps + + 5.3 3

29 M 6 E; CM-r; Ps + + 2.2 NP

30 F 5 E; CM-r; Ps - + NP 2
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The selection of the cytokines measured was mainly based on the proposed 
immunogenic role of different cytokines in food allergy. This selection included a 
broad panel of Th1 cytokines (IFN-y, IL-2, TNF-α), Th2-associated cytokines (IL-4, 
IL-5, IL-6, IL-10, IL-13, IL-25), Th17-associated cytokines (IL-1b, IL-6, IL-17, IL-22, 
IL-23), the Treg cytokine (IL-10), pro-inflammatory cytokines (IL-1, IL-6, IL-18, 
TNF-α, IL-2) and cytokines described to play an important role in lymphocyte 
survival and gut mucosal tolerance (IL-7, IL-15).

Children with suspected PA underwent a DBPCFC resulting in a positive 
(allergic) and negative challenge (tolerant) group. In these groups a broad panel 

Table 1B

No DBPCFC 
to peanut

Eliciting dose 
(milligram)†

Symptoms at 
elicitation

Final dose 
(milligram)‡

Symptoms 
at end of test Response∩

13 + WP P, U, V WP P, U, V 2

14 + 300 PT 3000 V, PT 3

15 + 100 PN, SA 300 V, D, N 4

16 + 100 PT 300 PT, AO 2

17 + 300 V 300 V 2

18 + 100 PT 3000 V, R 3

19 + WP V, P, UF, H WP V, P, UF, H 4

20 + 300 OA 1000 V, W 4

21 + 10 PM, PT 300 W 4

22 + 300 PM WP V, R, W 4

23 + 1000 SA, TA, Sw 1000 SA, TA, Sw 4

24 + 300 V 1000 V, R 3

25 + 300 SA, TA WP V, R 3

26 + WP V, F, U WP V, F, U 2

27 + 1000 V, Sn, R, E, C 1000 V, Sn, R, E, C 3

28 + 1000 SA 3000 V 3

29 + 1000 N, P 1000 Si 3

30 + 1000 W, AO 1000 W, AO 3

# Asthma diagnosed according to ATScriteria; $ Atopic dermatitis diagnosed according to 
criteria from Hanifin and Rajka; (14) † Dose at which first symptoms were present; ‡ Dose at 
which challenge was ended; ∩ Response according to the grading system as described by 
Sampson;(13) SPT, Skin Prick Test; DBPCFC, Double-Blind Placebo-Controlled Food Challenge; 
NP, Not performed; WP, Whole Peanut (10 g), Pr: Peanut response; Ls: Lip swelling; E: eczema; 
AO: Angioedema, SA: Stomach ache; V: Vomiting; C: Cough; D: Dyspnea; Cg: Congestion; Ps: 
Peanut sensitisation; Egg-r: allergic response to chicken egg; CM-r: allergic response to cow’s 
milk. R: rhinitis; P: pruritus; U: urticaria; PT: pruritus throat; PN: pruritius nose; Sn stomach ache; 
UF: urticaria face; H: hoarse; OA: oral allergy; PM: pruritius mouth; TA: throat ache; Sw: swelling 
throat; W: wheezing

105



VI

PLA
SM

A
 IL-25 IS A

SSO
C

IA
TE

D
 W

ITH
 C

LIN
IC

A
L R

E
A

C
TIV

ITY TO
 PE

A
N

U
T

of cytokines were analysed in plasma. Our data demonstrate that IL-25 is highly 
elevated only in children with a positive food challenge to peanut indicating that 
IL-25 may play an important role in clinical reactivity to peanut. We extended this 
observation by comparing IL-25 levels in CMA patients (confirmed by DBPCFC), 
juvenile arthritis patients and healthy controls.

METHOdS
Study populations
Four distinct populations of patients were included in this study: first a group 
of children clinically suspected of PA and consecutively a group of children with 
symptoms suspected of CMA, juvenile idiopathic arthritis and healthy controls. 
The recruitment and diagnostic procedure used in the populations were different 
and therefore these will be discussed separately. 

Children suspected of PA
Thirty children suspected of peanut allergic disease based on a previous clinical 
response to peanut and/or either elevated specific IgE to peanut (ImmunoCap 
RAST >0.35 kU/L) or positive skin test to peanut (tested because of possible food 
related atopic dermatitis earlier in life) were referred to The Wilhemina Children’s 
Hospital, University Medical Center, Utrecht, The Netherlands for a DBPCFC 
to obtain certainty about the diagnosis of peanut allergy. Thirty children that 
underwent a DBPCFC on peanut between September 2005 and December 2007 
were enrolled in the study (table 1a). All children were on a peanut free diet 
months to years before the challenge was performed.

diagnostic procedure of children with symptoms suspected of peanut 
allergy
The DBPCFC to peanut was performed as a standardised test as previously 
described.(12) In brief, the test was performed in two series with increasing quantities 
of peanut. In the first series 100 mg, 1 mg, 10 mg, and 100 mg peanut are spread 
over 7 doses including 3 random placebo gifts. In the second series the doses 
were 300 mg and 1000 mg extended with 1 random placebo gift. The test was 
ended with an open challenge of 10 g. The subsequent doses were administered 
at time intervals of at least 30 min and after the final gift patients were kept under 
observation for 2 h. The challenge was discontinued when symptoms could be 
objectified by the paediatrician. A challenge was defined as positive according to 
the grading system of Sampson as described previously.(13) In short this system is 
based on the severity of combined symptoms of the skin, the gastro-intestinal and 
respiratory tract, as well as the cardiovascular and neurological system. Patients 
that were scored with grade 1 (only local skin symptoms and/or oral symptoms) 
were not included in the study.
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Children suspected of CMA
As a control group we included a younger food allergic group of children. Study 
group A consisted of 25 infants with CMA (age 2.5-8.9 months, mean 5.1) and 
16 non-allergic control subjects (age 3.1-7.2 months, mean 4.4 ) as has been 
described previously. In summary, infants aged equal or less than 12 months 
with symptoms suspected of CMA were referred from Baby Health Clinics in the 
region of Amsterdam to the Emma Children’s Hospital Academic Medical Center, 
Amsterdam, The Netherlands. All infants performed a diagnostic procedure, 
including a DBPCFC with CMP (Cow’s Milk Protein). CMA was diagnosed by a 
positive DBPCFC. Infants with a negative DBPCFC were included as non-allergic 
controls. Clinical reactions after discontinuation or within 2 hours after the 
highest dose were defined as early reactions, thereafter as late reactions. In total 
332infants that performed a DBPCFC to CMP between June 2006 and March 
2008 were enrolled in the study (table 2a). 

Children with juvenile idiopathic arthritis and healthy controls
We also compared our results to a healthy control group as well as children 
with juvenile idiopathic arthritis (JIA). The healthy control group consisted of 
children undergoing routine surgery with no clinical history of allergy. The JIA 
group consisted of children with JIA, a typical Th1/Th17-associated autoimmune 
disease, in various stages of the disease. Informed oral consent was obtained 
from all participants or their parents. The local medical ethics review boards 
approved the study.

diagnostic procedure of skin prick test
Skin prick tests were performed on the patient’s back with a standardized 
prick needle using commercial peanut extract (ALK-ABELLÓ, Nieuwegein, the 
Netherlands). Prior to the skin tests, patients discontinued antihistamines for 
at least 2 days. Histamine dihydrochloride (10 mg/ml) was used as a positive 
control, and the glycerol diluent of the SPT-extracts was used as a negative 
control (ALK-ABELLÓ). The wheal reaction was measured after 15 minutes and 
transferred with transparent adhesive tape onto a record sheet. The area of the 
skin wheal was determined by computer scanning. SPT responses were stand-
ardized by dividing the wheal area of the peanut prick by that obtained for the 
histamine control.

Blood samples
Peripheral blood samples were collected before challenge at the first day of the 
DBPCFC in both groups suspected of food allergy. Blood from the healthy non-
atopic controls was obtained prior to routine day surgery procedures on anaes-
thetic induction. From patients with junvenile idiopathic arthritis a blood sample 
was drawn during checkup in the hospital. Specific IgE was measured with the 
available technique in the hospital, either with RAST or CAP, which have similar 

107



VI

PLA
SM

A
 IL-25 IS A

SSO
C

IA
TE

D
 W

ITH
 C

LIN
IC

A
L R

E
A

C
TIV

ITY TO
 PE

A
N

U
T

Table 2. Characteristics infants suspected of CMA. Table 2A represents the characteristics of 
the infants suspected of CMA. Table 2B represents the clinical outcome of food challenge of 
the positive responders to cow’s milk proteins. Patient no. 1-20: non-responders to cow’s milk 
challenge. Patient no. 21-32: positive responders to cow’s milk challenge. 

Table 2A

No Sex Age
(months)

Symptoms 
suspected of 

CMA

SCORAD-
index before 

elimination of CMP

SCORAD-index 
before active 

challenge

Specific IgE to 
CMP prior to 

test-day (kU/L)

1 F 3.1 AD 3.6 0.0 <0.35

2 M 3.4 D, C, IC - - <0.35

3 F 5.1 V, D, C, IC - - <0.35

4 M 3.2 AD* 0.0† 0.0 <0.35

5 M 3.1 AD, V, C, IC, W 4.5 7.6 <0.35

6 M 4.9 IC - - <0.35

7 F 4 V, C - - <0.35

8 F 4.5 AD*, C 0.0‡ 3.9 <0.35

9 M 3.7 V, C, IC - - <0.35

10 M 3.6 D, C, IC - - <0.35

11 F 4 AD, V, D, C, IC - - <0.35

12 M 3.9 D, C, IC - - <0.35

13 M 4 C, IC - - <0.35

14 F 5.4 AD, V, D - - <0.35

15 M 3.6 C, V, IC - - <0.35

16 F 7.3 AD, V, D, C 11.9 0.0 <0.35

17 M 6.5 D, C, IC, FT - - <0.35

18 M 6.8 V, D, C - - <0.35

19 M 7.2 AD*, V, D, W 0.0†‡ 0.0 <0.35

20 M 4.2 AD 8.4 0.0 0.35-0.7

21 F 2.6 AD, V, D, C, IC 4.3 0.0 <0.35

22 M 2.5 C, IC - - <0.35

23 M 4.3 AD, V, C, IC, W 7.8 11.6 <0.35

24 M 4.1 D, C, IC - - <0.35

25 M 5.3 AD 33.0 7.6 <0.35

26 M 4.3 AD, V, C 19.2 4.1 <0.35

27 M 5.5 AD, D, C 11.1 0.0 <0.35

28 F 5 AD, D 37.4 19.1 0.35-0.7

29 M 7 AD, V, C, FT 19.5 0.0 0.7-3.5

30 M 8.9 AD 6.7‡ 3.7 >17.5

31 F 7.6 D 18.8 7.6 3.5-17.5

32 F 5.8 AD, V, IC, FT 53.0 10.6 3.5-17.5

108



VI

PLA
SM

A
 IL-25 IS A

SSO
C

IA
TE

D
 W

ITH
 C

LIN
IC

A
L R

E
A

C
TIV

ITY TO
 PE

A
N

U
T

test results.. Peanut-specific IgE was measured by a Radio Allergo Sorbent Test 
(RAST) as described previously,(18) using 50 µl of plasma and Sepharose-coupled 
crude peanut extract (Sanquin, Amsterdam, The Netherlands). IgG4 against 
peanut was tested accordingly using 20 µl plasma; detection of solid phase-
bound IgG4 was performed with 125I-radiolabelled monoclonal against human 
IgG4. Total IgE was measured as described previously(19) using 10 µl of plasma. 
Dilutions from appropriate standard samples were used for quantification of spe-
cific and total IgE (kU/L), and IgG4 (arbitrary units per milliliter (AU/ml)). Cow’s 
milk specific IgE was determined by CAP System FEIA (Pharmacia Diagnostics, 
Uppsala, Sweden). 

Multiplex Immuno-assay
Antibody pairs and recombinant proteins for 18 cytokines (listed in table 2) 
were purchased from commercial sources as described previously.(19;20) In short, 
plasma samples were pre-incubated on protein-L plates (Pierce, Thermofisher 
Scientific, Etten-Leur, The Netherlands) for 1 hour at room temperature to reduce 

Table 2B

No DBPCFC 
to CMP

Symptom(s) 
after challenge

SCORAD- index after 
active challenge

Eliciting dose 
(milligram)$ Response∩

21 + C 0.0 3000 Late

22 + C, D - 3000 Late

23 + C 12.1 3000 Late

24 + C - 3000 Late

25 + FAD, P, U 18.1 30 Early

26 + FAD, P, U 8.4 300 Early

27 + P, F, AO 0.0 0.03 Early

28 + FAD, P, F, D 30.4 0.3 Early

29 + P, U 0.0 300 Early

30 + F, U, C 3.7 30 Early

31 + P, F, U, AO 7.6 3 Early

32 + FAD, P 36.9 300 Early

AD: Atopic Dermatitis diagnosed according to criteria form Hanifin and Rajka;(14) P: Pruritus; 
U: Urticaria; FAD: Flare-up of Atopic Dermatitis; AO: Angioedema; F: Flush; V: Vomiting; D: 
Diarrhoea, C: Colic; IC: Inconsolable Crying; FT: Failure To Thrive; W: Wheezing; CMA: Cow’s 
Milk Allergy; SCORAD index: Scoring Atopic Dermatitis;(15) DBPCFC: Double-Blind Placebo-
Controlled Food Challenge; CMP: cow’s milk protein. * Diagnosis of atopic dermatitis estab-
lished prior to first visit to clinic by Baby Health Clinic physician; † Cow’s milk protein free diet 
started before first visit to clinic; ‡ Topical steroids used before first visit to clinic; $ Dose at 
which symptoms were present; ∩ Late allergic reaction: symptoms occurred more then two 
hours after the challenge was completed; Early allergic reaction: symptoms appeared within two 
hours after the eliciting dose.
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aspecific immunoglobulin binding as previously described.(20) Calibration curves 
from recombinant protein standards were prepared using two-fold dilution steps. 
Samples were measured and blank values were subtracted from all readings. All 
assays were carried out directly in a 96 well 1.2 µm filter plate (Millipore, Billerica, 
MA, USA) at room temperature and protected from light. A mixture containing 
microspheres for each mediator (total volume 10 µl/well) was incubated together 
with a standard, sample, or blank for 1 hour at room temperature. Next, 10 µl of 
a cocktail of biotinylated antibodies was added to each well and incubated for 
an additional 60 minutes. After washing beads were incubated with 50 ng/well 
streptavidin R-phycoerythrin (BD Biosciences, San Diego CA, USA), fluorescence 
intensity of the beads was measured in a final volume of 100 µl HPE-buffer 
(Sanquin Reagents, Amsterdam, the Netherlands). Measurements and data 
analysis of all assays were performed using the Bio-Plex system in combination 
with the Bio-Plex Manager software version 4.1 using five parametric curve fitting 
(Bio-Rad Laboratories). The lower limit of detection (LLOD) values are indicated 
in table 2.

Statistical analysis
Basic descriptive statistics were used to describe the patient population. The non-
parametric Mann Whitney U test was applied to determine significant differences 
between the positive and negative challenge groups regarding cytokine and 
immunoglobulin production. A p-value < 0.05 was considered significant (SSPS 
Statistical Program, version 15.0; SPSS Inc, Chicago, Ill).

RESULTS
Patient characteristics
Eighteen patients (age: 3-16 years, median 9.0) with a positive DBPCFC to peanut 
and twelve patients (age: 4-17 years, median 6.0) with a negative DBPCFC to 
peanut were included in the study (table 1b). None of the patients had only oral 
allergy symptoms, and all patients had a Sampson-anaphylaxis-score >1. 

Twelve infants (age: 2.5-8.9 months, median 5.2) with a positive DBPCFC 
to CMP and twenty infants (age: 3.1-7.3 months, median 4.0) with a negative 
DBPCFC to CMP were included (table 2b). 

Furthermore, a healthy control group (n=20; age 1-11 years: median 4) and a 
group of children with juvenile idiopathic arthritis, a Th1 disease (n=20; age 4-12 
years; median 8) were included in this study.

Food-specific IgE and IgG4
In the group of children suspected of PA, peanut-specific IgE and IgG4 and total 
IgE levels were measured in plasma collected on the day of the challenge (figure 
1 A-C) to determine the status of sensitisation to peanut at the time of challenge 
and to associate the outcome of the challenge response with antibody levels. As 
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expected, levels of peanut-specific plasma IgE were significantly higher in the 
responding (median 8.6 (IQR: 4.6 – 100) kU/L) than in the non-responding group 
(median 2.9 (IQR: 0.5 – 7.8) kU/L) (figure 1A). However, especially in the positive 
challenge group, a large variation was observed with peanut-specific IgE levels 
ranging from 1.1 – 100 kU/L. Furthermore, the majority (10 out of 18) of patients 
within the positive challenge group showed levels below 10 kU/L indicating that 
low peanut-specific IgE did not exclude clinical reactivity to peanut. Levels of 
peanut-specific IgG4 (figure 1B), another Th2-associated immunoglobulin, were 
also significantly higher in the responder (median 8.0 (IQR: 3.7 – 10.8) AU/ml) 
versus non-responder group (median 3.2 (IQR: 1.1 – 5.0) AU/ml). No difference in 
total IgE levels was found between the 2 groups (figure 1C). These results show 
the significance as well as the limitations of specific IgE. 

In the group of patients suspected of CMA, CMP specific IgE levels were 
determined on the first day of the DBPCFC prior to the challenge. In the group of 
infants with a positive DBPCFC 42% had raised CMP specific IgE levels compared 
to 5% in the group infants with a negative DBPCFC. Therefore, in children with a 
suspected CMA and a favorable response to elimination of CMP, elevated serum 
CMP specific IgE levels were associated with a positive outcome of the DBPCFC 
(p≤0.05). However, the detection of elevated CMP specific IgE levels in the child 
with a negative DBPCFC again illustrates that more mediators contribute to a 
food allergic response. 

Figure 1. Antibody levels in plasma of peanut-sensitised patients. Using a radio allegro sorbent 
test, antibody levels were measured in plasma samples of 30 sensitised children. The data are 
presented on a logarithmic scale. Results are plotted in box-plots with single dots representing 
individual patients. In white (n=12) peanut-non-responders, in grey (n=18) clinical responders to 
peanut. *, significantly different (p <0.05). Figure 1a: Peanut-specific IgE levels (kU/L); Figure 1b: 
Peanut-specific IgG4 levels (AU/ml)); Figure 1c: Total IgE levels (kU/L).

111



VI

PLA
SM

A
 IL-25 IS A

SSO
C

IA
TE

D
 W

ITH
 C

LIN
IC

A
L R

E
A

C
TIV

ITY TO
 PE

A
N

U
T

Cytokine serum levels in children suspected of peanut allergy 
No significant differences were found for the majority of cytokines, namely IL-1α, 
IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12, IL-13, IL-15, IL-22 IL-23, TNF-α and 
IFN-γ. Levels of the classical Th2 cytokines IL-4, IL-5, and IL-13 were very low 
(< 5pg/ml) and most of the time not detectable at all (figure 2). In contrast, a 
striking difference was found for the type 2-related cytokine IL-25. Whereas plasma 
IL-25 was not detected in any of the children with a negative challenge response, 
plasma IL-25 was highly elevated in 6 children of the positive challenge group 
(figure 3A). In all these children the IL-25 concentration was very high, with levels 

IL25 IL17 IL1a IL1b IL2 IL4 IL5 IL6 IL7 IL10 IL12 IL13 IL15 IL18 IL22 IL23 TNFα IFNγ
1
2
3
4
5
6
7
8
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10
11
12

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

ND LLOD 100 101 102 103 104

Figure 2. Cytokine profile in peanut-sensitised patients. Using a multiplex assay 18 cytokines 
were measured in plasma samples of 30 sensitised children. The cytokine levels (in pg/ml) are 
presented in a colour profile to show differences between patients that have responded positive 
and negative to the peanut challenge. Patient numbers correspond to numbers in table 1. Patient 
no. 1-12: non-responders to peanut challenge; Patient no. 13-30: positive responders to peanut 
challenge. IFN: interferon; IL: interleukin; ND: not detected.
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ranging up to 13000 pg/ml. Elevated plasma IL-25 did not associate with severity 
of symptoms or the presence of asthma and atopic dermatitis. Plasma IL-25 also 
did not associate with peanut-specific IgE levels (data not shown) indicating that 
IL-25 is not a specific inducer of IgE, nor did it associate with other production 
of cytokines, including IL-17, another member of the IL-17 family. IL-17 often, 
implicated in autoimmune disease, was however significantly lower in the positive 
challenge than in the negative challenge group (p<0.01) (figure 3B). 

Cytokine serum levels in children suspected of cow’s milk allergy, 
juvenile idiopathic arthritis and healthy controls 
As IL-25 is a relatively new cytokine, which has not been previously studied in 
plasma-samples of food allergic individuals, we wanted to know how unique 
this finding is. We therefore measured IL-17 and IL-25 and the conventional Th2 
cytokines IL-4, IL-5 and IL-13 in three control groups: 1) a younger food allergic 
group of children (n=32); an age-matched healthy control group (n=20) and an 
age-matched group of children with juvenile idiopathic arthritis, which is a typical 
Th1/Th17-disease (n=20). 

Figure 3. IL-17 and IL-25 plasma levels in peanut sensitised patients. Using a multiplex assay 
cytokines of the IL-17 family were measured in plasma samples of 30 peanut-sensitised children. 
The cytokine levels (in pg/ml) are presented on a logarithmic scale and are plotted in box-
plots. With open circles are (n=12) peanut-non-responders and in closed circles (n=18) clinical 
responders to peanut are presented.. ND: not detected; *, significantly different (p < 0.05); 
** significantly different (p < 0.01). A) IL-25 levels. B) IL-17 levels.
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Similar to the infants suspect for PA, the levels of the Th2 cytokine IL-4, IL-5 
and were mostly not detectable and below the LLOD in the plasma of the infants 
suspected of CMA. In contrast, no IL-17 was detectable in the plasma of the 
infants suspected for CMA (figure 4). In the group of children with JIA IL-4 and 
IL-5 were mostly not detectable in plasma, while IL-13 was measured in 5 out 
of 12 children of which most values were below the LLOD. In the plasma of the 
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Figure 4. Cytokine profile in infants suspect for CMA who performed a positive or negative 
DBPCFC. Using a multiplex assay 9 cytokines were measured in plasma samples of 32 infants 
suspect for CMA. The cytokine levels (in pg/ml) are presented in a colour profile to show differ-
ences between the control groups. Patient numbers of the infants suspect for CMA correspond to 
numbers in table 2. Patient no. 1-20: non-responders to cow’s milk challenge; Patient no. 21-32: 
positive responders to cow’s milk challenge. IFN: interferon; IL: interleukin; TNF: Tumor Necrosis 
Factor; ND: not detected.
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children included as healthy controls no IL-4 was detectable, 4 out of 20 children 
had raised plasma levels of IL-13 and IL-5 was elevated in 2 out of 20 children.

IL-25 was significantly higher in children with a clinical response to peanut, 
compared to healthy controls and children with juvenile arthritis (figure 5a and 
5b). The highly elevated levels of IL-25 as seen in peanut allergic children were 
not measured in any of the children of the control groups. In the infants suspected 
of CMA allergy we did however measure low levels of IL-25. The frequency of 
elevated levels showed a similar pattern as in peanut allergy: 5 out of 12 CMA 
proven patients had elevated IL-25 (5c) In addition we measured low levels of 
IL-25 in two children of the non-atopic healthy control group and two of the 
non-CMA allergy group (figure 5e and 5f). These results suggest that IL-25 is a 
cytokine secreted only in high amounts in peanut allergic children and that the 
IL-17 cytokine family plays a role in peanut allergic disease.

Figure 5. IL-25 plasma levels. IL25 plasma levels in peanut sensitised children with a positive or 
negative DBPCFC to peanut (figure 5a and 5b), infants suspect for CMA who performed a positive 
or negative DBPCFC to CMP (figure 5c and 5d), healthy controls (5e) and children with JIA (5f). 
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dISCUSSION
Peanut allergy is an emerging health problem affecting about 1% of the children. 
Previous studies on peanut allergy, as well as our study, show that peanut specific 
serum IgE is the major predictor of sensitization to peanut. Peanut sensitised 
subjects however not always have a clinical response to peanut. 

In the current study a broad panel of cytokines in addition to antigen-specific 
antibodies was determined in peanut sensitized children who all underwent a 
DBPCFC for peanut to accurately define clinical reactivity. We show that the 
presence of the recently described cytokine IL-25 in plasma is highly secreted 
only in children with a peanut allergic response. In contrast to Th2 cytokines, 
which were, if at all, only detected at very low levels, plasma IL-25 was present 
in very high levels and was positively associated with a clinical response to 
peanut. Interestingly, no association was found between the presence of IL-25 
and specific IgE levels indicating that IL-25 may play an important additional role 
in the mechanism of a peanut allergic response. It is also remarkable that IL-25, in 
contrast to other Th2 cytokines seems to be chronically elevated in this sub-group 
of peanut allergic children, even though all these children are on a peanut-free 
diet. This may suggest that elevated plasma IL-25 is a sign of chronic immune 
activation that is not induced by the provoking allergen itself. Our data in age-
matched healthy controls and in children with chronic autoimmune inflammation 
also indicate that elevated IL-25 is strongly and specifically associated with a Th2-
type inflammatory disease. 

In infants suspected of CMA we only detected low levels of IL-25. Although 
these levels were even below the LLOD, the frequency of patients in which 
IL-25 was measured was significantly higher and showed the same pattern as in 
peanut allergy. Further analysis of these data showed that 4 of the 5 infants with 
elevated IL-25 in the CMA group had elevated levels of specific foods later in life 
(data not shown). This might suggest that at a younger age, when sensitization 
is established IL-25 does not play a major role, but that it does play a role in the 
further development and persistence of atopy and food allergy. These findings 
warrant further data showing the relevance of elevated IL-25 in a larger cohort of 
patients as well as in other (food) allergies.

Our data raise questions about the source and trigger of IL-25 in these children 
and the possible relation with food allergic reactions. IL-25 was initially described 
as a type 2 cytokine produced by Th2 cells,(7) mast cells,(21) and activated eosinophils 
and basophils.(9) The IL-17 family consists of cytokines that are important in 
immune regulation. IL-17 is associated with pro-inflammatory immune responses 
in autoimmune disease and is particularly important in neutrophil recruitment and 
activation. IL-25 is structurally related to IL-17, however its biological effects differ 
dramatically from, and even oppose that of IL-17 and other members of the IL-17 
family.(6) Several findings indicate that IL-25 may be an important mediator of type 
2 immune-pathologies by inducing and enhancing Th2 responses. For example, 
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in mice, intranasal administration of IL-25 triggers an asthma-like disease(7) and 
transgenic over-expression of IL-25 results in eosinophilia, elevated IgE antibody 
levels and increased Th2 cytokine production.(8) In humans elevated expression of 
IL-25 and IL-25R transcripts has been found in asthmatic lung tissues and atopic 
dermatitis skin lesions.(9) Recent data suggest that IL-25 may also play a role in the 
innate response since lung and gut epithelial cells and alveolar macrophages also 
have been shown to produce IL-25.(22;23) Increased production of IL-25 triggered 
by environmental antigens in the gut or lungs might contribute to persistence 
of atopy and allergy by promoting Th2 differentiation and the maintenance of 
allergen specific Th2 memory cells. Furthermore, commensals in the gut have 
been shown to induce expression of IL-25 by epithelial cells, thereby limiting 
pro-inflammatory responses via direct regulation of the IL-23-IL-17 axis,(23) which 
fits with our finding of significantly less IL-17 in plasma of children with a positive 
peanut challenge than those with a negative clinical response.

In conclusion, this study is the first to show that IL-25 is highly elevated in peanut 
allergic children and suggests a role for IL-25 in the pathogenesis of food allergy.
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LETTER TO THE EdITOR
To the editor,

We read with interest the educational review by Eigenmann(1) in which three 
cases of cow’s milk allergy (CMA) are discussed and general recommendations for 
the diagnostics and clinical management of CMA are given. The author presents 
a diagnostic flow chart, on which we would like to comment.

Nowadays, the double-blind, placebo-controlled food challenge (DBPCFC) is 
the gold standard for the diagnosis of food allergy. The DBPCFC is part of a diag-
nostic procedure that includes three phases: elimination of the suspected food, 
challenge with the suspected food, and re-elemination. If symptoms improve sig-
nificantly during elimination, it is advocated to perform a food challenge (prefer-
able a DBPCFC) followed by a re-elimination period to confirm the diagnosis. If 
symptoms do not disappear during an adequate elimination period, it is unlikely 
that these rely on food allergy and thus a food challenge will be superfluous.

When symptoms suggestive for a non-IgE mediated CMA are present and an 
avoidance diet is unsuccessful, it is not logical to perform a standardized food 
challenge as proposed in the diagnostic flow chart, because it is unlikely that a 
food allergy will be the cause of the symptoms. Furthermore, interpretation of the 
results of the challenge test is not possible when symptoms already exist before 
the challenge.

The diagnostic flow chart illustrates that when symptoms suggestive of 
non-IgE mediated CMA are present and an avoidance diet is successful, only 
follow-up of CMA is sufficient. This suggests that in this specific situation a food 
challenge is not necessary to confirm the diagnosis, with which we disagree. It is 
well known that diagnosis of food allergy based on a successful avoidance diet 
only, will result in a large number of false positive diagnoses. The importance of 
performing a food challenge is confirmed by studies which have shown that only 
64% up to 81% of the food challenges in children with symptoms suspected for 
food allergy are positive.(2,3) This implies that not all symptoms suspected for food 
allergy indeed rely on a food allergy. Moreover, an unnecessary avoidance diet 
may lead to acute allergic reactions in children with atopic eczema dermatitis 
syndrome after CMA exposure later in childhood.(4) 

The diagnostic flow-chart starts with determination of the specific IgE value 
and/or a skin prick test (SPT) when symptoms of IgE mediated CMA are present. 
Although specific IgE measurements, skin prick tests (SPT) and atopy patch tests 
can be of value in the diagnostic pathway and follow-up of CMA, the results of 
these tests are not sufficient to predict the outcome of a food challenge test, i.e. 
to diagnose CMA. The results of studies using specific IgE cut-off points or skin 
prick test weal size for the prediction of food allergy vary widely.(5,6) For above 
mentioned reasons the proposed diagnostic algorithm is confusing. The DBPCFC 
remains the gold standard in the diagnostic process of IgE mediated and non-IgE 
mediated CMA. 
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LETTER TO THE EdITOR
To the editor,

With interest we have read the review by VandenPlas and coworkers(1) in 
which guidelines for the diagnosis and management of cow’s milk protein allergy 
(CMPA) in infants are discussed and general recommendations with respect to 
these issues are given. The authors present two diagnostic algorithms, on which 
we would like to comment.

The authors developed separate diagnostic algorithms for exclusively breast-
fed and formula-fed infants with a suspicion of CMPA. In both algorithms a 
clinical assessment divides the flow chart into two branches: suspicion of mild 
to moderate CMPA or suspicion of severe CMPA. Symptoms that put the child 
at an immediate life-threatening risk or may interfere with the child’s normal 
development, differentiate severe from mild to moderate CMPA. Children with 
a suspicion of severe CMPA are referred to a paediatric specialist and a food 
challenge will be performed in a hospital setting. 

Our first comment on the presented diagnostic algorithms concerns the 
manner at which the diagnosis CMPA is confirmed. Nowadays the food challenge, 
preferable a double blind placebo controlled challenge (DBPCFC), is the gold 
standard for the diagnosis of food allergy. The food challenge is part of a diagnostic 
procedure that includes three phases: elimination of the suspected food, challenge 
with the suspected food, and re-elimination. For simplicity and socio-economic 
reasons an open food challenge instead of a DBPCFC is recommended by the 
authors. It is well known that the diagnosis of food allergy based on an open food 
challenge will result in large numbers of false positive diagnoses. To limit this 
number of false positive diagnoses, the diagnostic procedure should include the 
three phases mentioned above. Unfortunately, in both diagnostic algorithms the 
re-elimination phase is not mentioned. 

Second, in the algorithm for formula-fed infants angio-edema and urticaria are 
described as mild to moderate symptoms. This implies that children with these 
symptoms are not referred to a paediatric specialist and a food challenge will be 
performed in a non-hospital setting, with which we strongly disagree. Urticaria 
and angio-edema are both manifestations of a systemic reaction and are the 
most common manifestations of anaphylaxis.(2;3) No clear data are available that 
describe the risk of a severe life threatening allergic reaction in children suspected 
of CMPA with initial symptoms such as urticaria and angio-edema. For other food 
allergies such as nut allergy, it is known that severity of subsequent reactions 
can not be predicted by history alone.(4) Furthermore, in children with initial mild 
symptoms such as atopic eczema dermatitis syndrome, acute allergic reactions to 
cow’s milk after a prolonged cow’s milk protein diet are described.(5) In our opinion 
children with initial symptoms of angio-edema and generalized urticaria are at risk 
of a similar or even severe allergic reactions when they are challenged with the 
suspected food. Therefore, a challenge test should be performed in a hospital 
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setting supervised by a medical staff experienced in recognizing and managing 
severe allergic reactions.

Third, the instructions how to perform a food challenge in formula-fed infants 
are incomplete. The authors propose a challenge protocol with a stepwise 
increased dose scheme expressed in milliliters formula. No instructions are given 
about the amount of cow’s milk protein needed in each dose step. The amount 
of cow’s milk protein is different in each infant formula. Therefore the guideline 
should provide information about the amount of cow’s milk protein in milligrams 
needed in each challenge step. 

Furthermore, no instructions are given by the authors how to perform a food 
challenge in breast-fed infants. According to the national guideline of the baby 
health clinics in the Netherlands,(6) we propose that a food challenge in breast-
fed infants is performed by instructing the mother to drink a stepwise increasing 
amount of milk on three consecutive days (up to 500ml daily). If symptoms of 
CMPA re-appear, the challenge is followed up by a re-elimination phase of one 
week. If no reaction occurs, the mother is instructed to drink 500ml milk each 
day for the next two weeks and the parents are told to observe the child for late 
reactions. 

In summary, children suspected of CMPA need to complete a diagnostic 
procedure including a re-eliminiation phase to confirm the diagnosis CMPA. 
Furthermore, children suspected of CMPA with initial symptoms such as urticaria 
and angio-edema should be referred to a paediatric specialist and a food 
challenge needs to be performed in a hospital setting. Finally, instructions on 
how to perform a food challenge should include the amount of cow’s milk protein 
needed in each challenge step. 
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INTROdUCTION
CMA is the most common food allergy in infancy. To date the gold standard for 
the diagnosis of CMA is the DBPCFC which has its limitations, including the risk of 
a severe anaphylactic reaction.(1) Treatment of CMA is based on strict elimination 
of CMP from the infant’s diet, which may have major impact on the quality of life 
of patients and their families.(2) Fortunately, the majority of CMA infants will regain 
tolerance to CMP before the age of three years.(3) However, infants with CMA are 
more prone to the development of other allergic disorders later in childhood; a 
process also termed the allergic march.(4;5) Currently, the pathogenesis of CMA 
and the development of tolerance is poorly understood. Whereas the prevalence 
of food allergy is increasing worldwide,(6;7) improvement of the current knowledge 
on the pathogenesis underlying CMA is urgently needed. A better understanding 
of the pathophysiology of CMA may provide clues for the development of 
preventive, diagnostic and therapeutic strategies. 

The studies in this thesis have attempted to extend our insight of the 
pathogenesis of CMA by focusing on the role of B- and T-cells in CMA in infancy 
and the development of tolerance to CMP and the development of other allergic 
disorders later in childhood. In the next paragraphs, the most relevant findings of 
this thesis are discussed. In addition, suggestions for future research are provided. 

CMP-SPECIFIC T-CELL RESPONSES
CMP-specific T-cells are presumed to play a major role in CMA. Several studies 
have shown that CMA is characterized by a Th2-skewed CMP-specific T-cell 
response,(8;9) while the absence of CMA has been associated with enhanced 
production of regulatory cytokines, such as IL-10.(10;11) Important limitations of 
previous studies are that a DBPCFC was used to diagnose CMA only in a limited 
number of studies and that most studies have been performed in older children 
with CMA. To our knowledge, there are no studies which have investigated the 
CMP-specific T-cell response in infants in association with the development of 
tolerance to CMP or persistency of CMA later in childhood. 

In Chapter III we presented the first controlled prospective follow-up study on 
the role of T-cells in the pathogenesis of CMA in infancy and the development 
of tolerance later in childhood. Both at diagnosis and follow-up a DBPCFC was 
performed to assess clinical hypersensitivity to CMP. In this thesis we demonstrated 
for the first time that the CMP-specific T-cell response of children with persistent 
CMA beyond the first year of life is characterized by a combination of enhanced 
CMP-specific CD4+ T-cell proliferation, IL-10 production and a Th2-skewed 
cytokine pattern in infancy. These data support the role of Th2-cytokines in IgE-
mediated disease by regulating istotype switching and differentiation of B-cells 
into plasma cells that produce and secrete IgE. In addition, we found that IL-10 
production was found significantly decreased in the group of infants with CMA in 
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comparison to NA-controls. These data emphasize the presumed importance of 
regulatory cytokines such as IL-10 in suppressing the Th2-skewed response and 
thereby preventing clinical disease. 

The presumed important role of cytokines in regulating the immune response 
and thereby preventing or inducing clinical reactivity to food allergens was further 
investigated in Chapter VI. In this chapter we compared plasma cytokine levels in 
food allergic with food tolerant children to attain more insight in the contribution 
of cytokines to a food allergic response and the development of tolerance. We 
found that plasma levels of IL-25 (or IL-17E), a recently identified member of the 
IL-17 family of cytokines, were highly elevated in children with a proven clinical 
peanut allergy in comparison to NA-controls. Furthermore, we found low levels of 
IL-25 (1.5-14 pg/ml) in 42% of CMA-infants (n=12). Interestingly, further analysis 
of the data showed that 4 of the 5 infants with elevated IL-25 in the CMA group 
had elevated levels of food-specific IgE later in life. Together these data may 
indicate that elevated plasma IL-25 is a sign of chronic immune activation that is 
not induced by the provoking allergen itself and reflects a persistent or severe 
allergic subtype. 

In conclusion, our results suggest that CMP-specific T-cell cytokine production 
plays an important role in the presence or absence of clinical reactivity to CMP 
in infancy and persistency of CMA later in childhood. Long term follow-up of 
our study population may reveal if a Th2-skewed CMP-specific T-cell response in 
CMA-infants is associated with the development of other allergic disorders later 
in childhood. However, because our data were established in a relatively small 
study population, it is of great importance that our results will be confirmed in 
a large prospective controlled, randomized study. In our opinion future research 
should be aimed at the development of immunological strategies to modulate 
the CMP- specific T-cell immune response in order to prevent or to overcome 
clinical reactivity to CMP. We feel that future studies should be focused on 
the development of immunotherapy’s which are based on utilizing engineered 
proteins, for example by immunomodulation of CMP-specific T-cell epitopes as 
discussed in the next paragraph. 

CMP-EPITOPE-SPECIFIC T-CELL RESPONSES
As described in Chapter III, no difference in CMP-specific T-cell proliferation was 
found between CMA-infants and NA-controls. Consecutively we proposed that 
CMA-infants recognize different CMP-specific T-cell epitopes than NA-controls. 
Previously four studies have been reported on the identification of T cell epitopes 
on CMPs,(12-14) which were either focussed on αs1-casein or β-lactoglobulin, of 
which three were performed in low numbers of subjects without comparing T 
cell epitope recognition with a control group. Ruiter et al. identified a region 
on α1-casein recognized by T cells from children tolerant to CMPs and not by T 
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cells of children with IgE mediated CMA.(8) In the present study we used a novel 
matrix-based computer algorithm designed to identify pan-DR-binding T cell 
epitopes.(15) The selected potential CMP-specific T-cell epitopes were synthesized 
as peptides and next we compared the peptide specific T cell responses of older 
CMA-children and NA-controls in a pilot study. The results of this pilot study 
were encouraging in that way that four peptides were recognized solely by CMA 
children, of which two were recognized by 67% and two epitopes by 44% of the 
subjects. However, when we tested the proliferative response of these peptides 
to CMP-specific T cell lines from 11 infants with CMA and 9 NA controls, we 
observed no difference in proliferative responses between infants with and 
without CMA. The observed difference in recognition of peptides between the 
pilot study and the study in infants may reflect differences in age, CMP-specific IgE 
status and test-analyses. For example, in the pilot study PBMCs were used to test 
epitope-specific proliferative responses, while in the second study CMP-specific 
T-cell lines needed to be created, because of the limited amount of blood which 
could be collected of the infants due to ethical considerations. We conclude that 
identification of CMP-specific T cell epitopes in infants is difficult, which may be 
explained by the facts that the frequency of allergen specific T cells in peripheral 
blood is very low (in the order of 1:104 – 5:104)(16) and CMPs are commonly known 
as weakly stimulating antigens. However, we feel that the results of both previous 
studies and our pilot study have shown that CMP-specific T-cell epitopes should 
be considered as potential targets for the development of diagnostic, preventive 
and therapeutic strategies. Therefore, in our opinion future research in this field 
is warranted. 

CMP-SPECIFIC B-CELL RESPONSES
The role of CMP-specific B-cells in CMA has been studied extensively. CMP-specific 
IgE has been shown to play a major role in the CMP-specific B-cell mediated 
immune response.(3;17) CMP-specific IgE has been shown to elicit immediate type 
clinical allergic reactions by binding to Fc receptors on mast cells and thereby 
inducing mast cell degranulation and release of mediators such as histamine. 

Several studies have shown that more than 50% of children with CMA have 
detectable CMP-specific IgE levels in serum.(3;5) In contrast, we found detectable 
CMP-specific IgE-levels in only 30,8% of CMA-infants (Chapter II). However at 
age 1 and 2 years the percentage of detectable CMP-specific IgE levels in CMA-
children increased to more than 50% (Chapter III). Differences in our observations 
and previous reported CMP-specific IgE levels in CMA-children may be explained 
by differences in age and the fact a DBPCFC was only performed in a limited 
number of previous studies.  

Numerous studies have related the presence and levels of serum CMP-specific 
IgE in children with CMA with the development of tolerance or persistency of CMA 
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later in childhood.(18-20) It has been shown that infants with non-IgE mediated CMA 
develop tolerance to CMP earlier in childhood than infants with IgE mediated 
CMA. In line with these studies we found that CMA-infants with elevated serum 
CMP-specific IgE-levels are likely more prone to persistent CMA than CMA-infants 
with no detectable CMP-specific IgE-levels in infancy. Taken together, our results 
subscribe the major contribution of CMP-specific IgE in CMA and the persistency 
of CMA beyond the first year of life.

Previous studies have shown that immediate type allergic reactions can occur 
in CMA-children who do not have detectable CMP-specific-IgE levels.(3) In our 
study population we found that only 50% of infants with immediate type allergic 
reactions to CMP had raised serum CMP-specific IgE levels (Chapter III). Therefore, 
we hypothesized that immediate type allergic reactions may be caused by other 
mediators which can elicit mast cell degranulation, for example immunoglobulin 
free light chains (Ig-fLC). Ig-fLC have been shown to possess antigen specific 
binding activity and elicit mast cells degranulation in mice.(21;22) Up till today, data 
on Ig-fLC in human models of allergy are scarce. Concentrations of total Ig-fLC 
have been demonstrated to be significant higher in the sera of patients with 
allergic asthma and allergic rhinitis as compared to healthy non-allergic controls.
(23;24) In Chapter V we presented the first clinical study on the contribution of 
Ig-fLC in CMA. We showed that plasma Ig-fLC levels were significantly higher in 
a group of CMA- infants in comparison to NA-controls. In addition, we showed 
in a mice model that sensitization with CMP can lead to both IgE- and Ig-fLC 
dependent clinical allergic reactions. Our results emphasize the presumed role 
of Ig-fLC in CMA and the possible diagnostic and therapeutic value of Ig-fLC 
in CMA and other food allergies. To date, an important restriction in the utility 
of Ig-fLC as a diagnostic tool is the fact that detection of CMP-specific Ig-fLC is 
not possible. Therefore, studies aimed at the development of methods to detect 
CMP-specific Ig-fLC are necessary to further explore the diagnostic properties of 
Ig-fLC in CMA and are currently under analysis. Next, other efforts need to be 
addressed to develop reference data and predicted values of CMP-specific Ig-fLC 
in CMA-subjects.

CONCLUSION
The studies performed in this thesis have resulted in a better understanding of 
the immunological mechanism underlying the pathogenesis of CMA in infancy 
and the development of tolerance to CMP or persistency of CMA beyond the first 
year of life. It was found that the CMP-specific T-cell response of children with 
persistent CMA beyond the first year of life is characterized by a combination 
of enhanced CMP-T cell reactivity, IL-10 production and a Th2-skewed cytokine 
pattern in infancy. 

Follow-up of our study population may reveal if a Th2-skewed cytokine pattern 
in CMA-infants is associated with the development of other allergic disorders 
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later in childhood. Because our data were established in a relatively small study 
population we feel that future research should initially be aimed at confirmation 
of our results, for example in a large controlled, randomized prospective study. 
Consecutively, studies should be aimed at the development of new diagnostic 
methods and immunological strategies to modulate the CMP- specific T-cell 
immune response in order to prevent or overcome clinical reactivity to CMP and 
possibly to prevent the development of other allergic disorders later in childhood. 
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Chapter I describes a general introduction about the definition, prevalence 
and pathogenesis of food allergy followed by a review of the natural history, 
prognosis, clinical presentation, diagnosis, therapy and the CMP-specific 
B-and T-cell mediated immune response of CMA. Furthermore, the aims of the 
studies are described. The overall goal of this thesis is to attain more insight 
in the immunological mechanism which underlies clinical allergic hypersensitivity 
reactions to CMP in infancy and the development of tolerance or persistency of 
CMA later in childhood. In addition, diagnostic methods based on the variety of 
presenting clinical symptoms of CMA are presented which could help clinicians 
to decide whether to refer an infant suspect for CMA to a specialized centre to 
perform a DBPCFC or to initially perform an open food challenge. 

In Chapter II a detailed description of the study population which has been 
included in the studies of this thesis is provided. Infants aged equal or less than 
12 months with symptoms suspected of CMA were referred from Baby Health 
Clinics in the region of Amsterdam to the Emma Children’s Hospital Academic 
Medical Center, Amsterdam, The Netherlands. All infants performed a diagnostic 
procedure, including a DBPCFC with CMP. CMA was diagnosed by a positive 
DBPCFC. Infants with a negative DBPCFC were included as non-allergic controls. 
To study the development of tolerance, all children diagnosed with CMA in infancy 
performed a DBPCFC to CMP yearly until tolerance to CMP was established. 
Seventy (42 boys, 28 girls) children were included in the study. In 73% (n=51) of the 
children the symptoms suspected of CMA improved during the elimination phase. 
Twenty-six children where diagnosed with CMA, in 25 children the diagnosis CMA 
was rejected after completing the diagnostic procedure. Baseline characteristics 
of the study population are provided in this chapter.

In Chapter III we present a study in which we investigated whether CMP-
specific T- and B- cell responses and clinical reactions to CMP in CMA infants are 
associated with the induction of tolerance to CMP or persistent CMA beyond the 
first year of life. Furthermore, we used a HLA-DR1-binding matrix based computer 
algorithm designed to identify pan-DR binding T cell epitopes to identify CMP-
specific T cell epitopes on the major CMPs. In this study we found that the 
CMP-specific T cell response of children with persistent CMA is characterized 
by a combination of enhanced CMP-specific CD4+ T cell proliferation, IL-10 
production and a Th2 skewed cytokine pattern in infancy. Furthermore, we found 
that CMA infants with elevated serum CMP-specific IgE levels or immediate type 
allergic clinical reactions to CMP are likely more prone to persistent CMA than 
CMA infants with no detectable CMP-specific IgE levels or delayed type allergic 
reactions in infancy. In addition, we identified 8 potential CMP-specific T cell 
epitopes. No difference in epitope recognition was detected between infants 
with and without CMA. We conclude that enhanced CMP-specific CD4+ T cell 
proliferation with a Th2 cytokine pattern and IL-10, elevated serum CMP-specific 
IgE levels and immediate type allergic clinical reactions to CMP are associated 
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with persistent CMA and thus may be useful prognostic markers to identify the 
infant at risk for persistent CMA and possibly the allergic march.

In Chapter IV a study is presented which aimed at the development of a 
clinical triage model based on clinical parameters which could help physicians in 
deciding to refer a patient suspected of cow’s milk allergy to a specialized centre 
for a double-blind placebo-controlled food challenge or to initially perform an 
open food challenge and thereby possibly circumvent the need for a double-
blind placebo-controlled food challenge. Our results show that a diagnostic 
model containing as predictors the clinical symptoms abdominal cramps and 
inconsolable crying, and an atopic dermatitis severity score system the objective 
SCORAD-index discriminated moderately well between infants with and without 
a positive DBPCFC. We conclude that a clinical diagnostic model based on easy 
obtainable parameters may help primary care physicians in deciding to refer a 
patient suspected of CMA to a specialized centre for a DBPCFC or to initially 
perform an open food challenge. 

Chapter V describes a study in which the involvement of specific IgE and 
immunoglobulin free light chains (Ig-fLC) in clinical allergic responses to casein 
and whey was investigated. In a murine model mice were orally casein- or whey-
sensitized after which mice exhibited acute clinical reactions upon challenge with 
the specific antigen. We show that after sensitization serum whey-specific IgE 
levels were elevated in whey-sensitized mice, while in casein-allergic mice casein-
specific IgE levels were not measurable. Instead Ig-fLC levels were increased in 
serum from casein-sensitized mice. Furthermore, by using a specific antagonist 
for the immunological actions of Ig-fLC(F991) allergic skin reactions in casein-
sensitized mice strongly diminished, while whey-induced skin reactions were 
unaffected. In addition, in a human model we found significant higher kappa and 
lambda free light chain levels in serum of CMA infants as compared to non-allergic 
infants. We conclude that sensitization to CMPs may lead to both IgE-dependent 
and Ig-fLC-dependent clinical allergic reactions and suggest that measurement of 
Ig-fLC may be important in the diagnosis of allergy.  

In Chapter VI a study is presented in which plasma cytokine levels in food 
allergic children were compared with food tolerant children to attain more insight 
in the factors that contribute to a food allergic response and the development 
of tolerance. Plasma levels of IL-25 (or IL-17E), a recently identified member of 
the IL-17 family of cytokines, were highly elevated only in children with a proven 
clinical peanut allergy. These high levels of IL-25 were not measured in non-
peanut allergic children, or in CMA infants. We did not find differences in the 
conventional Th2 cytokines, IL-4, IL-5 and IL-13. We conclude that that IL-25 is a 
prominent secreted cytokine in peanut allergic children. In combination with the 
finding that IL-17 is more secreted in peanut tolerant children, this study suggests 
that the IL-17 cytokine family plays an important role in peanut allergy. 
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In Chapter VII we responded to a paper from Eigenmann that was published 
in Pediatric Allergy and Immunology.(1) In this educational review, Eigenmann 
proposed a diagnostic flow chart for the diagnosis of CMA on which we 
commented. The presented diagnostic flow chart showed that in children with 
symptoms suggestive of non-IgE mediated CMA a successful avoidance diet is 
sufficient to establish the diagnosis CMA. However, in previous studies it has 
been clearly demonstrated that only 64-81%of food challenges in children 
with symptoms suspected for food allergy are positive. Therefore, we aimed to 
illustrate the importance of performing a DBPCFC to confirm the diagnosis CMA 
after a successful completion of an avoidance diet.

In Chapter VIII we commented on a paper by Van den Plas and colleagues 
that was published in Archives of Disease in Childhood.(2) In this paper, the 
authors presented guidelines for the diagnosis and treatment of CMA on which 
we commented. The guidelines implied that children suspected of CMA with 
initial immediate symptoms such as urticaria and angioedema do not necessarily 
need to perform a food challenge to CMP in a hospital setting. Because of the 
increased risk of anaphylaxis in this subset of children, we replied to this paper 
to describe the importance of performing a food challenge in a hospital with 
specialized facilities and experience in performing food challenges.

144



X

SU
M

M
A

RY

REFERENCES
1. Eigenmann PA. The spectrum of cow’s milk allergy. Pediatr Allergy Immunol 2007; 

18(3):265-71.

2. Vandenplas Y, Koletzko S, Isolauri E, Hill D, Oranje AP, Brueton M et al. Guidelines for 
the diagnosis and management of cow’s milk protein allergy in infants. Arch Dis Child 
2007; 92(10):902-8.

145





&
NEdERLANdSE SAMENvATTING, 
dANKWOORd EN CURRICULUM vITAE



A
D

D
E

N
D

U
M

&

NEdERLANdSE SAMENvATTING
In Hoofdstuk I wordt een algemene introductie gegeven over de definitie, 
prevalentie en pathogenese van voedselallergie. Ook wordt een overzicht 
gegeven van de huidige kennis over het natuurlijk beloop, de prognose, klinische 
presentatie, diagnose en therapie van koemelkallergie (KMA). Daarnaast wordt 
de huidige kennis van de rol van koemelkeiwit (KME)-specifieke B- en T-cellen 
in de allergische respons tegen koemelkeiwit besproken. Aan het einde van dit 
hoofdstuk worden de doelen van dit poefschrift besproken. Het doel van dit 
proefschrift is om meer inzicht te krijgen in de immunologische mechanismen die 
ten grondslag liggen aan het ontstaan van KMA en de ontwikkeling van tolerantie 
of persisterende KMA later op de kinderleeftijd. Tevens worden diagnostische 
methoden beschreven die gebaseerd zijn op de diversiteit van de kliniek van KMA 
en die in de praktijk clinici kunnen helpen om te besluiten welke zuigeling met een 
verdenking op KMA voor diagnostiek door te verwijzen naar een gespecialiseerd 
centrum dan wel in eerste instantie een open voedsel provocatie te verrichten

In Hoofdstuk II wordt een gedetailleerde beschrijving gegeven van de 
onderzoekspopulatie die is gebruikt voor de verschillende studies in dit 
proefschrift. Zuigelingen met symptomen verdacht voor KMA en met een 
leeftijd van 12 maanden of jonger, werden door de consultatiebureaus in de 
omstreken van Amsterdam doorverwezen naar het Emma Kinderziekenhuis, 
Academisch Medisch Centrum te Amsterdam. Alle zuigelingen volgden een 
diagnostische procedure, welke onder andere bestond uit een dubbelblinde 
placebogecontroleerde voedselprovocatie (DBPGVP). De diagnose KMA werd 
gesteld op basis van een positieve uitslag van een DBPGVP. Om de ontwikkeling 
van tolerantie te vervolgen werden alle kinderen met KMA jaarlijks teruggezien 
om een DBPGVP te verrichten. In totaal werden zeventig kinderen (42 jongens, 
28 meisjes) in het onderzoek geincludeerd. De symptomen verdacht voor KMA 
verbeterden bij 73% (n=51) van de kinderen tijdens de eliminatie fase van de 
diagnostische procedure. De diagnose KMA werd gesteld bij 26 kinderen, en 
werd verworpen bij 25 kinderen met symptomen verdacht voor KMA. In dit 
hoofdstuk worden de karakteristieken van de onderzoekspopulatie beschreven.

Hoofdstuk III beschrijft een studie waarin we hebben onderzocht of KME-
specifieke T- en B-cel responsen en klinische reacties tegen KME bij kinderen 
met KMA op de zuigelingenleeftijd geassocieerd zijn met de ontwikkeling van 
tolerantie of persisterende KMA na het eerste levensjaar. Daarnaast gebruikten wij 
een computer algoritme, welke gebaseerd is op een HLA-DR1-bindende matrix 
en ontwikkeld is voor het identificeren van pan-DR bindende T cell epitopen, om 
KME-specifieke epitopen te identificeren op de belangrijkste koemelkeiwitten. 
In deze studie vonden wij dat de KME-specifieke T-cel respons van kinderen 
met persisterende KMA gekarakteriseerd wordt door een combinatie van 
verhoogde KME-specifieke CD4+ T-cel proliferatie, IL-10 produktie en een Th2 
gemedieerd cytokine patroon. Ook vonden wij dat zuigelingen met KMA en 
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verhoogde KME-specifieke IgE waarden of acute klinische reacties tegen KME 
waarschijnlijk vaker persisterende KMA later op de kinderleeftijd hebben dan 
kinderen zuigelingen met geen detecteerbare KME-specifieke IgE waarden of 
late klinisch reacties tegen KME. Daarnaast identificeerden wij 8 potentiële KME-
specifieke T-cel epitopen. Wij vonden geen verschil in de herkenning van KME-
specifieke epitopen tussen zuigelingen met en zonder KMA. Wij concluderen dat 
verhoogde KME-specifieke CD4+ T-cell proliferatie met een Th2 gemedieerd 
cytokine patroon en IL-10 produktie, verhoogde KME-specifieke IgE waarden en 
acute klinische reacties tegen KME geassocieerd zijn met persisterende KMA en 
dus bruikbare prognostische instrumenten kunnen zijn om de zuigeling met KMA 
te identificeren die een verhoogd risico heeft op persisterende KMA, en mogelijk 
ook op de allergische mars later op de kinderleeftijd.

In Hoofdstuk IV wordt een studie beschreven welke als doel had een triage 
model te ontwikkelen dat gebaseerd is op de diversiteit van de kliniek van KMA 
en in de praktijk clinici handvaten geeft om te besluiten welke zuigeling met een 
verdenking op KMA voor diagnostiek door te verwijzen naar een gespecialiseerd 
centrum voor het verrichten van een DBPGVPV, dan wel in eerste instantie een 
open voedsel provocatie te laten verrichten en daarbij het verrichten van een 
DBPGVP mogelijk te voorkomen. Onze resultaten laten zien dat een diagnostisch 
model met als voorspellende waarden buikkrampen, ontroostbaar huilen en een 
score systeem voor atopisch eczeem the objectieve SCORAD index redelijk goed 
onderscheid maakt tussen zuigelingen met en zonder een positieve uitslag van 
een DBPGVP. Wij concluderen dat een triage model, dat gebaseerd is op relatief 
makkelijk te verkrijgen klinische parameters, artsen die werken in de eerstelijns 
gezondheidszorg zou kunnen helpen om te besluiten welke zuigeling met een 
verdenking op KMA voor diagnostiek door te verwijzen naar een gespecialiseerd 
centrum, dan wel in eerste instantie een open voedsel provocatie te laten 
verrichten. 

Hoofdstuk V beschrijft een studie waarin de bijdrage van specifiek IgE en im-
munogluboline vrije lichte ketens in de klinische allergische reacties op caseïne- 
en wei proteïnes is onderzocht. In een dier model werden muizen oraal gesensi-
biliseerd met caseïne of wei proteïnes waarna de muizen acute klinische reacties 
vertoonden na provocatie met het specifieke antigen. Wij laten zien dat na sen-
sibilisatie de serum waarden van wei-specifiek IgE verhoogd waren in wei ges-
ensibiliseerde muizen, terwijl in het serum van caseïne gesensibiliseerde muizen 
het caseine-specifiek IgE niet verhoogd was. Daarintegen waren de waarden 
van immunogluboline vrije lichte ketens verhoogd in caseïne gesensibiliseerde 
muizen. Tevens verminderde de klinische reacties in caseïne gesensibiliseerde 
muizen door het gebruiken van een specifieke antagonist van immunogluboline 
vrije lichte ketens (F991), terwijl wei geïnduceerde klinische reacties hierdoor 
niet veranderden. Daarnaast vonden wij in een humaan model significant hogere 
waarden van kappa en lambda vrije lichte ketens in het serum van zuigelingen 
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met KMA in vergelijking met niet allergische zuigelingen. Wij concluderen dat 
sensibilisatie met koemelkeiwitten kan leiden tot zowel IgE-afhankelijk en immu-
nogluboline vrije lichte keten afhankelijke klinische allergische reacties en sug-
gereren dat het meten van de serum waarden van immunogluboline vrije lichte 
ketens een belangrijke waarde kan hebben bij het stellen van de diagnose KMA.

In Hoofdstuk VI wordt een onderzoek beschreven waarin de waarden van 
cytokines in plasma van kinderen met een voedselallergie vergeleken zijn met 
kinderen zonder voedselallergie, met als doel meer inzicht te krijgen in de factoren 
die bijdragen aan voedselallergische klinisch reacties en de ontwikkeling van 
tolerantie. De waarden in plasma van IL-25 (IL-17E), een recent geïdentificeerd 
lid van de IL-17 familie van cytokines, waren alleen sterk verhoogd meetbaar 
bij kinderen met een bewezen pinda allergie. Deze hoge waarden werden niet 
gemeten bij kinderen zonder pinda allergie, en ook niet bij zuigelingen met KMA. 
We vonden geen verschillen in de conventionele Th2 cytokines IL-4, IL-5 en IL-13. 
Wij concluderen dat IL-25 prominent wordt uitgescheden door kinderen met pinda 
allergie. In combinatie met de bevinding dat IL-17 meer wordt uitgescheiden in 
kinderen die tolerant zijn voor pinda, suggereert deze studie dat de IL-17 familie 
een belangrijke rol speelt bij pinda allergie.

In Hoofdstuk VII reageren wij op een manuscript van Eigenmann dat is 
gepubliceerd in Pediatric Allergy and Immunology.(1) In deze educatieve review, 
stelt Eigenmann een diagnostisch stroomschema voor om de diagnose KMA 
te stellen, waarop wij commentaar hebben gegeven. Het gepresenteerde 
diagnostische stoomschema laat zien dat voor de groep van kinderen met 
symptomen verdacht voor een niet-IgE gemedieerde KMA een eliminatie dieet 
voldoende is voor het stellen van de diagnose KMA. Echter, in eerdere studies 
is duidelijk gedemonstreerd dat 64 -81% van de voedselprovocaties verricht bij 
kinderen met symptomen verdacht voor voedselallergie positief zijn. Daarom was 
het doel van onze reactie om de noodzaak te benadrukken van het verrichten 
van een DBPGVP voor het stellen van de diagnose KMA na een succesvolle 
eliminatiefase. 

In Hoofdstuk VIII geven wij commentaar op een manuscript van Van den 
Plas en collega’s dat is gepubliceerd in Archives of Disease in Childhood.(2) In dit 
manuscript presenteren de auteurs richtlijnen voor het stellen van de diagnose 
en de behandeling van KMA, waarop wij commentaar hebben gegeven. De 
richtlijnen impliceren dat het niet noodzakelijk is dat kinderen die worden verdacht 
van een KMA met initiële acute symptomen zoals urticaria en angio-oedeem 
een voedselprovocatie verrichten in een ziekenhuis. Gezien het verhoogd risico 
op een anafylactische reactie in deze groep kinderen, hebben wij gereageerd 
op dit manuscript om het belang te benadrukken van het verrichten van een 
voedselprovocatie in een ziekenhuis met gespecialiseerde faciliteiten en met 
ervaring in het verrichten van voedselprovocaties.
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